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A B S T R A C T

Microglia, the resident immune cells of the central nervous system (CNS), play multiple roles in maintaining CNS
homeostasis and mediating tissue repair, including proliferating in response to brain injury and disease. Cranial
irradiation (CI), used for the treatment of brain tumors, has a long-lasting anti-proliferative effect on a number of
cell types in the brain, including oligodendrocyte progenitor and neural progenitor cells; however, the effect of CI
on CNS-resident microglial proliferation is not well characterized. Using a sterile cortical needle stab injury model
in mice, we found that the ability of CNS-resident microglia to proliferate in response to injury was impaired by
prior CI, in a dose-dependent manner, and was nearly abolished by a 20 Gy dose. Similarly, in a metastatic tumor
model, prior CI (20 Gy) reduced microglial proliferation in response to tumor growth. The effect of irradiation was
long-lasting; 20 Gy CI 6 months prior to stab injury significantly impaired microglial proliferation. We also
investigated how stab and/or irradiation impacted levels of P2Y12R, CD68, CSF1, IL-34 and CSF1R, factors
involved in the brain’s normal response to injury. P2Y12R, CD68, CSF1, and IL-34 expression were altered by stab
similarly in irradiated mice and controls; however, CSF1R was differentially affected. qRT-PCR and flow
cytometry analyses demonstrated that CI reduced overall Csf1rmRNA levels and microglial specific CSF1R protein
expression, respectively. Interestingly, Csf1rmRNA levels increased after injury in unirradiated controls; however,
Csf1r levels were persistently decreased in irradiated mice, and did not increase in response to stab. Together, our
data demonstrate that CI leads to a significant and lasting impairment of microglial proliferation, possibly through
a CSF1R-mediated mechanism.
1. Introduction

Cranial irradiation is used to treat as many as 92% of the 80,000
patients that are diagnosed each year in the United States with central
nervous system (CNS) tumors (Boyle and Levin, 2008; Delaney et al.,
2005; Ewend et al., 2005). By impairing cancer cell survival and mitosis,
irradiation is effective at slowing the growth and spread of tumors. Un-
fortunately, cranial irradiation also impacts healthy cells in the brain,
contributing to normal tissue injury. Indeed, the proliferation of oligo-
dendrocyte precursor cells (OPCs) and neural progenitor cells (NPCs) is
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2018; Mizumatsu et al., 2003; Rola et al., 2004a; Sweet et al., 2014,
2016). Importantly, these effects on proliferation are associated with
impairments in neural function and animal behavior (Rola et al., 2004b;
Snyder et al., 2005) and may relate to the many side effects of cranial
radiotherapy (Greene-Schloesser et al., 2013).

Microglia, often referred to as the tissue resident macrophages of the
CNS, mediate CNS repair in many contexts of injury and disease. ATP
released from damaged cells binds to the microglial specific receptor,
P2Y12R, mediating microglial process extension towards the lesion,
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which may help restore the blood brain barrier (Davalos et al., 2005; Lou
et al., 2016; Swiatkowski et al., 2016). Additionally, microglia proliferate
robustly at sites of brain injury, contributing to a glial scar and isolating
peripheral immune cell infiltration to the wounded area (Bellver-Landete
et al., 2019; Lalancette-Hebert et al., 2007; Leibovich and Ross, 1975).
Proliferation may also serve to increase the number of microglia avail-
able for mounting and resolving inflammation and phagocytosing dead
cells and debris (Tremblay et al., 2011). Although postnatal expansion of
the microglial population was previously thought to occur through the
infiltration of circulatingmonocytes, it is now known that proliferation of
CNS-resident microglia is largely responsible for increased microglial
numbers after CNS injury (Ajami et al., 2007; Mildner et al., 2007).

Key signals that induce and regulate microglial proliferation include
colony stimulating factor 1 (CSF1) and interleukin 34 (IL-34), which are
expressed by a variety of cell types in the brain (Gomez-Nicola et al.,
2013; Greter et al., 2012; Masteller andWong, 2014; Mizuno et al., 2011;
Wang and Colonna, 2014; Yamamoto et al., 2012; Zhang et al., 2014).
Both ligands bind the CSF1 receptor (CSF1R), which, in the CNS, is pri-
marily present on microglia (Chihara et al., 2010; Raivich et al., 1998).
When CNS tissue is injured, neurons and microglia upregulate CSF1,
which leads to microglial proliferation by binding CSF1R (Guan et al.,
2016; Okubo et al., 2016; Raivich et al., 1998; Takeuchi et al., 2001;
Yamamoto et al., 2010). Indeed, either absence of CSF1 or pharmaco-
logical inhibition of CSF1R prevents microglial proliferation after injury
(Berezovskaya et al., 1995; Okubo et al., 2016; Raivich et al., 1994).
Additionally, alterations in CSF1, IL-34 and CSF1R expression can induce
or prevent microglial proliferation in various disease and injury models
(Gomez-Nicola et al., 2013; Okubo et al., 2016; Raivich et al., 1998;
Yamamoto et al., 2010). While studies have demonstrated that irradia-
tion increases tumor CSF1 expression (Xu et al., 2013), to our knowledge,
none have investigated whether cranial irradiation alters CSF1R, CSF1
and IL-34 expression in normal tissues of the brain.

A number of studies have investigated the effects of cranial irradia-
tion on microglia. Irradiation causes double strand breaks and can lead to
acute loss of microglia (Chen et al., 2016; Eriksson and Stigbrand, 2010;
Kalm et al., 2009; Menzel et al., 2018; Xue et al., 2014). Surviving
microglia can become activated, exhibiting an increase in expression of
pro-inflammatory factors and reactive oxygen species and a change in
morphology (Chen et al., 2016; Menzel et al., 2018; Monje et al., 2002;
Moravan et al., 2011; Xue et al., 2014; Zhou et al., 2017). In mice,
microglial activation has been reported within hours and as late as 6
months after cranial irradiation, demonstrating that irradiation has
lasting effects (Chiang et al., 1993; Kyrkanides et al., 1999; Mildenberger
et al., 1990; Mizumatsu et al., 2003; Moravan et al., 2011).

Other long-term effects of high dose cranial irradiation include re-
ductions in microglial number (Han et al., 2016; Menzel et al., 2018),
which may reflect an impaired ability of microglia to proliferate to
replace other microglia that die throughout the lifespan (Askew et al.,
2017). Indeed, some studies have shown that microglial proliferation is
decreased acutely after irradiation (Chen et al., 2016; Han et al., 2016;
Menzel et al., 2018), while others have shown increases in some brain
areas (Hua et al., 2012; Monje et al., 2002). However, the long-term ef-
fects of irradiation on the capacity of microglia to proliferate are not well
characterized.

Few studies have examined the effect of irradiation on microglial
proliferation in response to CNS injury (Allen et al., 2014; Bosco et al.,
2012; Gilmore et al., 2003). One report noted that irradiation reduced
microglial proliferation in the context of spinal cord lesion, although
these observations were not quantified (Gilmore et al., 2003). In a model
of glaucoma, irradiated mice had fewer microglia proliferating in the
optic nerve than unirradiated controls (Bosco et al., 2012). However, in
both of these studies, animals were irradiated after injury; thus, decreases
in the percentage of microglia positive for proliferation markers may be
due to irradiation killingmitotic cells, and not a reflection of the ability of
microglia to proliferate. Another study suggested that irradiation may
exacerbate the effects of traumatic brain injury on microglial
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proliferation (Allen et al., 2014). Therefore, additional models in which
irradiation is given prior to a proliferation-inducing stimulus may be
informative.

The goal of this study was to determine if cranial irradiation has an
acute and persistent effect on the ability of CNS-resident microglia to
proliferate in response to brain injury. We used a sterile needle cortical
stab model, which induces robust microglial proliferation (Amat et al.,
1996; Zhu et al., 2003), to test the impact of irradiation given 1 week to 6
months prior to injury. We also investigated whether irradiation alters
factors that are important for microglial injury detection and prolifera-
tion, such as P2Y12R, IL-34, CSF1 and CSF1R (Davalos et al., 2005;
Gomez-Nicola et al., 2013; Haynes et al., 2006; Lou et al., 2016; Okubo
et al., 2016; Raivich et al., 1998; Swiatkowski et al., 2016; Yamamoto
et al., 2010, 2012). Lastly, we used a metastatic brain tumor model to
investigate whether cranial irradiation prevents microglial proliferation
in response to tumor growth.

2. Materials and methods

2.1. Animals

Subjects were 9- to 15-week-old male and female C57BL/6J mice
obtained from Jackson Laboratories (Bar Harbor, ME). Male mice were
used for the experiments presented in Figs. 1–6. Female mice were used
for the experiment presented in Fig. 7. All animal procedures were
reviewed and approved by the University of Rochester’s Committee on
Animal Resources and are fully compliant with the National Institute of
Health guidelines. Mice were housed in groups of 3–5 animals per cage
with free access to food and water, in temperature (23 �C � 3 �C) and
light (12:12 light:dark) controlled rooms. Cages of mice were assigned
randomly to the experimental groups.

2.2. Irradiation

Mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg
xylazine administered by intraperitoneal (i.p.) injection and exposed to
gamma radiation using a 137Cesium source at the University of Rochester
Medical Center (Rochester, NY). A lead collimator with a 5 mm slit was
positioned to deliver radiation to the forebrain, while shielding the body,
throat, esophagus, eyes and ears. Mice were positioned supine on the
collimator. Doses of 1, 2.5, 5, 10 or 20 Gy were delivered at a rate of 1.25
Gy/min. Unirradiated control animals received anesthesia and were
handled similarly to irradiated animals. Mice were returned to their
home cages and returned to the vivarium after recovery from anesthesia.

2.3. Stab injury/sham surgeries

Animals received stab injury or sham surgery 1 w (Figs. 1–5) or 1 w, 1
m, 3 m, or 6 m after irradiation (Fig. 6) to test acute and long-term effects
of irradiation. Animals were anesthetized with isoflurane (1.75% iso-
flurane in 30/70% oxygen/nitrogen) and secured on a stereotaxic appa-
ratus (Kopf Instruments, Tunjunga, CA). Ophthalmic ointment was applied
to the eyes and the hair over the scalp was cleared with Nair (Church and
Dwight, Ewing, NJ). The scalp was sterilized with ethanol (70%) followed
by iodine and was opened with a small incision made by a sterile scalpel.
For both stab injury and sham surgery, a 0.5mmburr hole was drilled 2.25
mm caudal and 1.5 mm lateral from bregma with a power drill. The hole
was drilled to just above, but not through, the dura. For stab injury sur-
geries only, a 33 G (0.21 mm diameter) syringe needle (Hamilton, Reno,
NV)was lowered slowly into the center of the hole over the course of 2min
to a depth of�1.1 mm from the surface of the brain. The needle was left in
place for 2 min and then slowly retracted over the course of 2 min. Sham
and stab injury burr holes were plugged with bone wax and the scalp
incision was closed with veterinary adhesive. Post-surgery, animals
received a single 0.3 mg/kg dose of buprenorphine subcutaneously and
topical lidocaine to the scalp and were monitored for full recovery.



Fig. 1. Prior cranial irradiation prevents stab injury-induced microglial proliferation. A) Study design. Mice received cranial irradiation of 0, 1, 2.5, 5, 10, or 20
Gy. 1 w post-irradiation, mice received a cortical stab injury to one brain hemisphere and a sham surgery to the contralateral hemisphere. A single dose of BrdU was
given 48 h post-lesion (hpl) and mice were sacrificed 72 hpl. B) Representative image of BrdUþ staining at the stab site in a coronal brain section. C) Representative
P2Y12R and BrdU staining at stab injury or sham surgery sites, in 0 Gy control and 20 Gy irradiated mice. P2Y12Rþ BrdUþ cells per image field were counted. Scale
bars ¼ 50 μm. D) Close up of a P2Y12Rþ BrdUþ cell. Red ¼ P2Y12R, green ¼ BrdU. Scale bar ¼ 10 μm. E) Quantification of P2Y12Rþ BrdUþ cells per image field
(897.43 � 667.85 μm), which was centered on the stab and sham surgery sites. N ¼ 8 per group. Mean � SEM shown. Two-way ANOVA with Sidak’s correction for
multiple comparisons. * indicates p < 0.05, **p < 0.01, ****p < 0.0001.
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For the immunohistochemistry (IHC) studies, mice received a stab
injury to one hemisphere and a sham surgery to the contralateral hemi-
sphere. For the flow cytometry experiments, mice received two stab in-
juries, with the second stab injury 1.5 mm lateral and 1.0 rostral from
bregma, and a second sham surgery at the corresponding coordinates on
the contralateral hemisphere. After dissection (described below), tissue
from both sham and both stab sites were combined for each animal to
increase the total number of cells available for flow cytometry analysis.
For the qRT-PCR experiments, mice received either two sham surgeries
(one to each hemisphere) or two stab surgeries (one to each hemisphere),
and tissues from the two surgical sites were pooled for each animal.

To ensure that irradiated and control mice received identical injuries,
the same animal surgeon performed the surgeries on the same day, with
the same equipment, following the same protocol for all mice. The order
of surgery was randomized between irradiated and control mice and the
technician was blinded to which group the mice belonged.
2.4. Tumor cell injection

For our metastatic brain tumor model, we used EO771 cells, which
are derived from a spontaneously occurring mammary tumor in wild type
C57BL/6J mice (Casey et al., 1951) and have been shown to metastasize
to other tissues (Ewens et al., 2005; Johnstone et al., 2015). Cultured
3

EO771 cells were a gift from Dr. Michelle Janelsins’ Laboratory (Uni-
versity of Rochester Medical Center, Rochester, NY). Frozen cells were
stored in liquid nitrogen until rapidly thawed in a 37 �C water bath. Cells
were plated in sterile T-75 flasks with RPMI 1640 medium and incubated
in an air chamber at 37 �Cwith 5% CO2. Culture media was replaced with
10 ml fresh media after 4–8 h of incubation and replaced daily. On the
day of injection, culture media was removed and the cells were rinsed
with sterile 1X PBS. The cell layer was dispersed by adding 5 ml 0.05%
Trypsin-EDTA and incubating for 2 min at 37 �C. 10 ml media was then
added and cells were aspirated by gentle pipetting and centrifuged at
1000 rpm for 3 min. The supernatant was discarded and cells were
washed in 10 ml HBSS three times. After the final wash, the cell pellet
was resuspended in HBSS to a concentration of 10,000 cells per 1 μl and
kept on ice until injection the same day.

Surgery was conducted similar to the stab wound surgery, described
above. On the right hemisphere, 20,000 cells in 2 μl HBSS were injected
into the striatum (0.5 mm rostral, 2.0 mm lateral, 2.5 mm ventral to
bregma) at a rate of 0.2 μl per min, using a 30 G (0.31 mm diameter)
syringe needle (Hamilton). After injection, the needle was left in place for
5 min and slowly retracted over the course of 2 min. Sham and injection
site burr holes were plugged with bone wax and the scalp incision was
closed with veterinary adhesive. Animals received a 0.3 mg/kg dose of
buprenorphine subcutaneously and topical lidocaine to the scalp and



Fig. 2. Flow cytometry demonstrates that prior irradiation impairs stab-induced microglial proliferation and enhances recruitment of peripheral myeloid
cells. A) Study design. Mice received 0 or 20 Gy cranial irradiation 1 w prior to receiving sham surgery on one brain hemisphere and stab surgery on the contralateral
hemisphere. A single EdU injection was given 48 hpl and mice were sacrificed 72 hpl. B) Example of gating strategy used to exclude doublets, debris and dead cells,
and to identify CD45lo CD11bþ microglia, CD45hi CD11bþ infiltrating myeloid cells, and EdUþ cells. Quantification of the number of cells in the C) CD45lo CD11bþ

and D) CD45hi CD11bþ gates, regardless of EdU positivity, in a round punch of cortical tissue with a 3 mm diameter centered on each stab or sham injury site of
irradiated and control mice. E) Representative histograms demonstrating EdU fluorescent intensity in CD45lo CD11bþ cells from an unirradiated mouse and an
irradiated mouse, which both received contralateral stab and sham surgeries. The lower fluorescing peak is the EdU negative population. F) Quantification of EdUþ
cells that fall within the CD45lo CD11bþ gate or CD45hi CD11bþ gate. N ¼ 6 per group. Mean � SEM shown. Two-way ANOVA with Sidak’s correction for multiple
comparisons. *, #, indicate p < 0.05, ** and ##p < 0.01, ****p < 0.0001. Asterisks and hashtags refer to significant differences in CD45lo CD11bþ and CD45hi

CD11bþ populations, respectively.

E.K. Belcher et al. Brain, Behavior, & Immunity - Health 4 (2020) 100057
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Fig. 3. Microglia in irradiated brains detect and
respond to stab injury. A) Representative image of
CD68þ staining around the stab wound, 72 hpl, in 0
Gy control and 20 Gy irradiated mice. B) Quantifi-
cation of CD68 positive area within a 10x image field
(897.43 � 667.85 μm) centered on the stab wound, in
0 Gy and 20 Gy irradiated animals, 72 hpl. C)
Representative images of P2Y12Rþ microglial pro-
cesses extending towards the stab wound 6 hpl in 0
Gy control and 20 Gy irradiated mice. N ¼ 8 per
group. Mean � SEM shown. Unpaired student’s t-test.
* indicates p < 0.05. Scale bars ¼ 50 μm.

Fig. 4. mRNA levels for microglial proliferation-related genes change with stab injury and/or irradiation. Mice received 0 Gy or 20 Gy cranial irradiation 1 w
prior to receiving sham or stab surgery. Stabbed mice were sacrificed 6, 24, 48, or 72 hpl. Sham mice were sacrificed at the time of the 6 hpl stab group. qRT-PCR for
mRNA of A) Csf1, B) Il34, and C) Csf1r. N ¼ 3–5 per group. Mean � SEM shown. Two-way ANOVA with Sidak’s correction for multiple comparisons. Every group was
compared to the unirradiated sham group (significant differences indicated by hashtags). Additionally, 0 and 20 Gy groups were compared to each other, within each
time point, to test the effect of irradiation. * and # indicates p < 0.05, ##p < 0.01, ***p < 0.001, **** and ####p < 0.0001.
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were monitored for full recovery.
2.5. BrdU and EdU injections

Single injections of 150 mg/kg of Bromodeoxyuridine (BrdU, Sigma,
St. Louis, MO) or 100 mg/kg of Ethynyldeoxyuridine (EdU, Carbosynth,
San Diego, CA) dissolved in 0.9%NaCl were given i.p. at 2 or 24 h prior to
sacrifice as described for each experimental paradigm. EdU was used for
flow cytometry experiments in which the HCl treatment used for BrdU
immunostaining was not compatible with co-labeling of other cellular
antigens.
5

2.6. Tissue processing

Mice were deeply anesthetized with 540 mg/kg ketamine and 48 mg/
kg xylazine delivered via i.p. injection. Mice were perfused transcardially
with 0.15 M phosphate buffer (PB) with 0.5% w/v sodium nitrite and 2
IU/ml heparin.

For IHC analysis, mice were then perfused transcardially with
approximately 50 ml ice-cold 4% paraformaldehyde in 0.15 M PB, pH
7.2. Dissected whole brains were immersion fixed for 2 additional hours
at 4 �C before overnight immersion in 30% sucrose in 0.15 M PB. Whole
brains were flash frozen in �78 �C isopentane and stored at �80 �C until



Fig. 5. Microglial CSF1R but not P2Y12R expression changes with irradiation. A) Study design. Mice were received 0 Gy or 20 Gy cranial irradiation 1 w prior to
receiving two sham surgeries on one hemisphere and two stab surgeries on the contralateral hemisphere. Tissue from the two injury and two stab sites were pooled for
flow cytometry. Mice were sacrificed 48 hpl. B) Example of gating strategy used to exclude doublets, debris and dead cells, and to identify CD45lo CD11bþ microglia
and CD45hi CD11bþ infiltrating myeloid cells. C) Representative histograms of CSF1R median fluorescent intensity (MFI) in all live cells (purple) and in CD45lo

CD11bþ microglia (red) in each sham/stab and control/irradiated condition. D) Quantification of the percent of cells in the CD45lo CD11bþ microglia gate that are
positive for CSF1R. E) Quantification of the fold change of CSF1R MFI of CD45lo CD11bþ microglia relative to the unstabbed unirradiated control. F) Representative
histograms of P2Y12R median fluorescent intensity (MFI) in all live cells (purple) and in CD45lo CD11bþ microglia (red) in each sham/stab and control/irradiated
condition. G) Quantification of the percent of cells in the CD45lo CD11bþ microglia gate that are positive for P2Y12R. H) Quantification of the fold change of P2Y12R
MFI of CD45lo CD11bþ microglia relative to the unstabbed unirradiated control. N ¼ 6 per group. Mean � SEM shown. Two-way ANOVA with Sidak’s correction for
multiple comparisons. * indicates main effect of irradiation, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

E.K. Belcher et al. Brain, Behavior, & Immunity - Health 4 (2020) 100057
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Fig. 6. Cranial irradiation leads to a long-term deficit in injury-induced microglial proliferation. A) Study design. Mice were exposed to 0 or 20 Gy cranial
irradiation and subjected to stab on one hemisphere and sham surgery to the contralateral hemisphere at either 1 w, 1 m, 3 m, or 6 m after irradiation. Mice received a
single BrdU injection 48 hpl and were sacrificed 72 hpl. B) Quantification of P2Y12Rþ BrdUþ cells within a 10x image field (897.43 � 667.85 μm), centered on the
stab and sham surgery sites, at each time point. N ¼ 5–8 per group. Mean � SEM shown. Two-way ANOVA with Sidak’s correction for multiple comparisons. *
indicates p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 7. Prior cranial irradiation reduces tumor-related microglial proliferation. A) Study design. Female mice were exposed to 0 or 20 Gy cranial irradiation 1 w
prior to receiving a unilateral injection of EO771 breast adenocarcinoma cells to the striatum. 7 d post injection, mice received a single BrdU injection and were
sacrificed 24 h later. B) Hemoxylin and eoxin staining of representative tissue sections. C) Representative images of P2Y12R and BrdU staining. Scale bars ¼ 200 μm.
D) Representative images of P2Y12R (red) and BrdU (green) staining around the tumor site. Arrows point to examples of double-positive cell staining. Dashed line
indicates approximate tumor border. E) Quantification of P2Y12Rþ BrdUþ cells. All P2Y12Rþ BrdUþ cells on the hemisphere ipsilateral to the tumor were counted.
N ¼ 5–6 per group. Mean � SEM shown. Unpaired student’s t-test. **** indicates p < 0.0001. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

E.K. Belcher et al. Brain, Behavior, & Immunity - Health 4 (2020) 100057
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sectioning on a sliding microtome. For stab injury experiments, 25 μm
horizontal sections were cut. For the tumor experiment, 30 μm coronal
sections were cut. Free-floating sections were stored at �20 �C in cryo-
protectant until processing for IHC.

For flow cytometry and qRT-PCR analysis, the cortex was dissected
from the underlying brain tissue. Then a 3 mm round punch of cortex
centered on each stab or sham surgery site was taken. For flow cytometry,
tissue punches were immediately processed for analysis. For qRT-PCR,
tissue was immediately flash frozen in isopentane and stored at �80 �C
until processing.

2.7. Immunohistochemistry

Sections of brain tissue were washed in 0.15 M PB and blocked with
3% normal goat serum (GIBCO, Carlsbad, CA). For BrdU, antigen
retrieval was performed by incubating free floating tissue sections in 4 N
HCl for 20 min at room temperature. Staining of free-floating sections
was performed using rabbit anti-P2Y12R (1:3000; Anaspec, Fremont,
CA), rat anti-BrdU (1:300; Abcam, Cambridge, UK), and rat anti-CD68
(1:1000; Serotec, Raleigh, NC). Secondary antibodies included goat
anti-rabbit Alexa 594 (1:2000; Invitrogen) and goat anti-rat Alexa 488
(1:2000; Invitrogen). To visualize BrdU for Fig. 1B, biotinylated goat
anti-rat (1:1000; Vector, Burlingame, CA), followed by avidin-biotin
complex kit solution (Elite Vectastain ABC, Vector) and subsequent 3-
3’ -diaminobenzidine reaction kits (Vector), were used according to the
manufacturer’s protocols. Hemoxylin and eoxin (H and E) were used to
stain the tumor sections presented in Fig. 7B.

2.8. Image acquisition and analysis

A Zeiss Axioplan Ili light microscope (Zeiss, Germany) and Sensicam
QE Camera (Cooke Optics, Mountain Lakes, NJ) were used to obtain all
images. Slidebook software (Intelligent Imaging Innovations, Denver,
CO) was utilized for image acquisition. ImageJ software (National In-
stitutes of Health, Bethesda, MD) was used for analysis, as described.
Slides were analyzed in a random order and in a blinded fashion.

Cell counting for BrdU and P2Y12R in the stab injury model: Cross hairs
of the camera objective were centered on the stab wound or the corre-
sponding area on the contralateral brain hemisphere and a 10x image
was taken. Looking at the digital image of the BrdU channel only, the
experimenter marked and counted all BrdUþ cells within the field of this
897.43 � 667.85 μm image, exclusive of edges, using the ImageJ Cell
Counter plugin. Then, by looking through a 40x lens with a combined
filter for detecting both Alexa Fluor 488 and 594 secondary antibodies,
all previously counted BrdUþ cells were determined to be either
P2Y12Rþ or P2Y12R-, and were marked on the digital image in ImageJ.
Counts from 2-3 sections per animal were averaged.

CD68 quantification in the stab injury model: For CD68 quantification,
10x images were acquired, centered on the stab wound, and thresholded
in ImageJ to create a binary image where each pixel was deemed positive
or negative for CD68. CD68 area measurement was calculated by con-
verting total positive pixels per field to μm2. 2-3 sections were averaged
per animal.

Hole area quantification in the stab injury model: To quantify the area of
the hole in the tissue made by the stab wound, 10x images were acquired,
centered on the stab wound. ImageJ was used to trace the perimeter of
the stab hole and calculate its area. 2-3 sections were averaged per
animal.

Cell counting for BrdU and P2Y12R in the tumor model: All BrdUþ cells
on the hemisphere of the brain ipsilateral to the tumor, excluding the
tumor area (which contained few to no P2Y12Rþ cells), were quantified
and determined to be P2Y12Rþ or P2Y12R-, as described above. The
entire hemisphere ipsilateral to the tumor was quantified, since the
tumor lesions were large. 2-3 sections per animal were averaged.
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2.9. Flow cytometry

Tissue was dissociated into 0.5% BSA in 1x PBS (pH 7.2) buffer with a
Dounce homogenizer (Cole-Parmer, Vernon Hills, IL), passed through a
70 μm strainer to create a single cell suspension, and centrifuged (7 min/
240 G at 4 �C). Pelleted cells were incubated with myelin removal beads
(Miltenyi, Bergisch Gladbach, Germany) and passed through an LS col-
umn attached to a MACS magnetic separator (Miltenyi) to remove
myelin. After washing with PBS, cells were incubated with a fixable
viability dye, Zombie Yellow (Biolegend) or Ghost Dye Violet 450 (Tonbo
Biosciences, San Diego, CA) at room temperature. A Click-iT EdU Alexa
Fluor 488 Flow Cytometry Assay Kit (Invitrogen) was used according to
the manufacturer’s instructions to label proliferating cells. Cells were
then blocked with anti-CD16/32 Fc Block (2.4G2, BD Pharmingen, San
Jose, CA) for 15 min at room temperature and stained for extracellular
markers for 30 min at 4 �C. The following antibodies were used: anti-
CD11b (M1/70), anti-CD45 (30-F11), anti-P2Y12R (S16007D) and
anti-CSF1R (AFS98), all from Biolegend. CountBright counting beads
(eBioscience, Fisher Scientific, Hampton, NH) were used to determine
absolute numbers of cells in each sample, according to the manufac-
turer’s protocol.

Samples were read with a LSRII cytometer (BD Biosciences, San Jose,
CA). Gating and analysis was conducted in FCS Express 6 (De Novo
Software, Glendale, CA). Side and forward scatter gating was used to
exclude doublets and debris. Cellular internalization of viability stain
was used to exclude dead cells. Fluorescent-minus-one and single-stained
controls were used to determine positive antibody staining and/or EdU
positivity among the live cells. CD11b and CD45 expression were used to
identify CD45lo CD11bþ microglia or CD45hi CD11bþ infiltrating
myeloid cells.

For calculation of CSF1R and P2Y12R fold change, median fluores-
cent intensities of CSF1R and P2Y12R were normalized to the respective
medians of the unirradiated, unstabbed group.

2.10. qRT-PCR

Frozen tissue was homogenized and processed with an RNeasy Mini
Kit (Qiagen, Hilden, Germany). RNA was quantified using a Nanodrop
apparatus (Thermo Scientific, Waltham, MA) and 0.33 μg of total RNA
was reverse transcribed with a Superscript III kit (Invitrogen). cDNA was
stored at �20 �C until analysis with qRT-PCR. Reactions for Csf1, Il34,
and Csf1r were performed as duplex reactions with Gapdh in a final
volume of 10 μl with TaqMan Multiplex Master Mix and Taqman Kits
(Applied Biosystems, Foster City, CA). Samples were denatured at 95 �C
for 10 min, followed by 40 cycles of denaturing at 95 �C, annealing at 60
�C, and extension at 72 �C, each for 30 s. Samples were run in triplicate
and threshold counts (Ct) averaged per sample. The efficiency of each
reaction was determined using a dilution series of standards for each
marker. To determine the fold increase of gene X relative to Gapdh, the
following equation was used: (1þefficiencyGAPDH)Ct for GAPDH/
(1þefficiencyX)Ct for X.

2.11. Statistical analyses

Sample size was determined by power analysis from preliminary data.
For each analysis, data was collected in a random order and in a blinded
fashion. Data was analyzed in Prism (GraphPad Software, version 8, San
Diego, CA) using unpaired student’s t-tests and one- and two-way anal-
ysis of variance (ANOVA). Sidak’s correction for multiple comparisons
was conducted where appropriate. All results are expressed as mean-
�SEM. Subjects were deemed to be outliers at the time of data acquisi-
tion, before unblinding, if their tissue quality prevented accurate
analysis. A p value < 0.05 was considered significant in all experiments.
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3. Results

3.1. Prior cranial irradiation prevents stab injury-induced microglial
proliferation

To test our hypothesis that cranial irradiation impairs the ability of
microglia to proliferate, mice were exposed to 0, 1, 2.5, 5, 10 or 20 Gy
cranial irradiation 1 w prior to receiving a unilateral stab injury (Fig. 1A).
To assess irradiation effects that may be independent of stab, a sham
surgery was conducted on the contralateral hemisphere of each animal
(Fig. 1B). Mice received a single i.p. injection of BrdU to label prolifer-
ating cells 48 h post-lesion (hpl), a time at which stab-induced prolifer-
ation peaks (Fig S1). Mice were sacrificed 24 h after the BrdU injection
(72 hpl) and IHC was performed to visualize P2Y12R and BrdU (Fig. 1C).

P2Y12R is a specific marker of microglia in the brain (Butovsky et al.,
2014) and can be visualized with immunostaining to distinguish
CNS-resident microglia from infiltrating macrophages. P2Y12Rþ BrdUþ
cells (Fig. 1D) were quantified to examine the effect of stab and irradi-
ation on CNS-resident microglial proliferation (Fig. 1E). P2Y12R- BrdUþ
cells were also quantified (Fig S2). Two-way ANOVA revealed a main
effect of irradiation (F (5, 72) ¼ 5.311, p < 0.001), stab (F (1, 72) ¼
46.54, p < 0.0001) and an interaction (F (5, 72) ¼ 5.131, p < 0.001) on
the number of P2Y12Rþ BrdUþ cells per field (Fig. 1E). In unirradiated
mice, the unstabbed hemisphere had few detectable P2Y12Rþ BrdUþ
cells (0.31 � 0.19), confirming a low baseline turnover of microglia in
the healthy cortex (Askew et al., 2017). No significant differences were
seen between the unstabbed hemisphere of the unirradiated control
group and the unstabbed hemispheres of any irradiated group, suggest-
ing that at 1 w post irradiation, irradiation does not impact baseline
microglial proliferation. In unirradiated animals, stab injury significantly
increased the P2Y12Rþ BrdUþ cell count per field (59.6 � 13.5). While
stab injury did cause a significant increase in P2Y12Rþ BrdUþ cells in 1,
2.5, and 5 Gy animals, these stab-induced increases were blunted
compared to that of controls (1 Gy: 33.1 � 6.8, p < 0.05; 2.5 Gy: 40.0 �
14.1, p ¼ 0.17; 5 Gy: 34.2 � 9.8, p < 0.05). The effect of 10 and 20 Gy
irradiation was so profound that stab injury failed to increase P2Y12Rþ
BrdUþ cells in these animals. These data indicate that the ability of
microglia to proliferate in response to stab injury is acutely impaired by
prior cranial irradiation in a dose-dependent manner.
3.2. Flow cytometry demonstrates that prior irradiation impairs stab-
induced microglial proliferation and enhances recruitment of peripheral
myeloid cells

We next sought to determine whether stab injury and/or irradiation
altered the overall number of microglia and whether these insults
impacted the infiltration of myeloid cells from peripheral circulation into
the brain. We additionally sought to quantify the relative contribution of
CNS-resident microglia versus infiltrating myeloid cells to the prolifera-
tion response in our model. Mice were given stab and sham surgeries 1 w
after 0 or 20 Gy irradiation. EdU was injected 48 hpl, mice were sacri-
ficed at 72 hpl, and tissue was immediately processed for flow cytometry
(Fig. 2A). Cells were gated according to CD45, CD11b, and EdU expres-
sion (Fig. 2B) and counting beads were used to calculate cell numbers in a
round punch of cortical tissue with a 3 mm diameter centered on the stab
or sham injury site.

First, we quantified the overall number of CD45lo CD11bþ (Fig. 2C)
and CD45hi CD11bþ cells (Fig. 2D), regardless of EdU expression, in
tissue of each stabbed and unstabbed, irradiated and unirradiated con-
dition. Neither stab injury nor irradiation impacted the number of CD45lo

CD11bþ cells; however, there was a trend towards increased numbers in
the unirradiated stabbed animals (p¼ 0.11), which may reflect increased
microglial proliferation and subsequent increases in microglial number
following stab alone. In contrast, stab injury increased the count of
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CD45hi CD11bþ cells in the brains of both unirradiated and irradiated
mice (p < 0.01 and p< 0.0001), suggesting that peripheral myeloid cells
infiltrate the brain in response to needle stab injury. Interestingly, while
irradiation alone did not increase the CD45hi CD11bþ cell number, it
heightened the stab response, leading to more CD45hi CD11bþ cells than
in the unirradiated stabbed brain (p < 0.05). One interpretation of these
data is that irradiation led to a preconditioned state that enhanced
monocyte infiltration when the brain was subsequently injured (Moravan
et al., 2016). Alternatively, peripheral monocytes may have infiltrated to
compensate for the diminished resident microglial response (Fig. 2F)
(Varvel et al., 2012).

Next, to analyze proliferation in response to stab injury, EdUþ posi-
tive cells were identified as being CD45lo CD11bþ microglia or CD45hi

CD11bþ infiltrating myeloid cells and quantified (Fig. 2E and 2F). In both
unirradiated and irradiated mice, few EdUþ cells were seen in the sham
surgery condition, indicating that baseline proliferation rates are low. In
unirradiated animals, stab injury significantly increased the number of
EdUþ cells (p < 0.0001); these cells were mostly comprised of CD45lo

CD11bþ cells (86.2 � 7.1%), with some CD45hi CD11bþ cells (4.1 �
2.5%), suggesting that the majority of proliferating cells isolated from the
tissue punches were CNS-resident microglia and not infiltrating myeloid
cells. Similar to our results assessing P2Y12Rþ and BrdUþ by IHC, 20 Gy
cranial irradiation drastically reduced the number of CD45lo CD11bþ

microglia that were EdUþ in stabbed tissue (p < 0.0001), such that the
number of EdUþ microglia was not different in the irradiated sham
versus irradiated stabbed condition (p ¼ 0.46). These data support our
IHC experiments (Fig. 1) which showed low baseline microglial prolif-
eration in the uninjured brain, a robust upregulation of CNS-resident
microglial proliferation following stab injury, but an impaired stab-
induced proliferation response in previously irradiated animals. The
number of EdUþ CD45hi CD11bþ cells in the stabbed cortex did not
decline with cranial irradiation, possibly because these cells proliferated
in and emerged from the bone marrow after irradiation, as would be
expected with their short lifespan (van Furth and Cohn, 1968; Yona et al.,
2013).

3.3. Microglia in irradiated brains detect and respond to stab injury

Our IHC and flow cytometry data demonstrated that prior high dose
cranial irradiation significantly reduced stab-induced microglial prolif-
eration (Figs. 1E and 2F). We next investigated whether microglia in
irradiated mice were still able to detect and respond in other ways to stab
injury. 0 and 20 Gy tissues, generated for the experiment presented in
Fig. 1, were stained for CD68, a marker associated with monocyte acti-
vation and phagocytosis, which has been shown to be upregulated in
response to brain injury (Fu et al., 2014). CD68 was upregulated around
the stab site in the brains of both irradiated and unirradiated mice
(Fig. 3A). An unpaired student’s t-test demonstrated no significant dif-
ferences in CD68þ area per field around the stab wound in unirradiated
and irradiated mice (t ¼ 1.276, df ¼ 14, p ¼ 0.228, Fig. 3B), suggesting
that microglia in mice exposed to high dose cranial irradiation retained
functionality with respect to their ability to upregulate CD68 in response
to injury. There was a significant decrease in the area of the hole left in
the tissue from stab wound (unirradiated: 31,937 � 3643 μm2, irradi-
ated: 17,134 � 3719 μm2, mean � SEM), which may reflect an altered
ability of microglia or other cells in the irradiated brain to clear damaged
tissue from the wound site.

In the injured brain, microglia are known to extend their processes
towards the lesion site (Davalos et al., 2005; Lou et al., 2016; Swiat-
kowski et al., 2016). In our tissues, we observed that microglia in the
brains of irradiated mice demonstrated comparable P2Y12Rþ process
extension towards the lesion to the unirradiated mice (Fig. 3C), sug-
gesting that cranial irradiation does not prevent microglial injury
detection or process extension. Therefore, post-irradiation deficits in
microglial proliferation are not likely due to the inability of microglia to
detect injury.
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3.4. mRNA levels for microglial proliferation-related genes change with
stab injury and/or irradiation

CSF1 and IL-34 are cytokines that bind the CSF1R on microglia and
are important regulators of microglial proliferation under homeostatic
conditions. Additionally, CSF1 has been shown to increase and induce
microglial proliferation in many models of CNS injury (Guan et al., 2016;
Okubo et al., 2016; Raivich et al., 1998; Takeuchi et al., 2001; Yamamoto
et al., 2010, 2012). Injury and increases in CSF1 can lead to CSF1R
upregulation, which potentially serves to increase microglial sensitivity
to CSF1 (Okubo et al., 2016; Raivich et al., 1998). We sought to quantify
potential changes in CSF1, IL-34 and CSF1R in our stab model and
determine whether cranial irradiation altered the stab response. Mice
were exposed to 0 or 20 Gy cranial irradiation 1 w prior to receiving sham
or stab surgery and sacrificed 6, 24, 48, or 72 hpl. mRNA for Csf1, Il34
and Cs1r in 3 mm diameter round tissue punches centered around the
stab and sham surgery sites were quantified by qRT-PCR.

Csf1 mRNA levels increased in response to stab injury in both 0 Gy
controls and 20 Gy irradiated mice (two-way ANOVA, main effect of time
after stab (F(4, 37 ¼ 5.667), p < 0.01), Fig. 4A), and there were no
significant differences between unirradiated and irradiated mice at any
post-stab/sham time point, although there was a trend at 6 hpl (p ¼
0.09). Stab injury significantly elevated Csf1 mRNA at 24 hpl in unirra-
diated mice (p < 0.05), and there was a trend towards increased Csf1 at
48 and 72 hpl (p ¼ 0.11, for both). In irradiated mice, stab injury
increased Csf1 mRNA at all time points post-injury, relative to the
unstabbed unirradiated tissue (p < 0.05).

Il34 mRNA levels decreased in response to stab injury in both 0 Gy
controls and 20 Gy irradiated mice (two-way ANOVA, main effect of time
after stab (F(4, 37) ¼ 5.678, p < 0.01), Fig. 4B), and there were no sig-
nificant differences between unirradiated and irradiated mice at any
post-stab/sham time point. In unirradiated mice, stab injury significantly
reduced Il34 mRNA at 48 and 72 hpl (p < 0.05). In irradiated mice, Il34
mRNA was significantly reduced 6, 48, and 72 hpl (p < 0.05), relative to
the unstabbed unirradiated tissue.

Interestingly, Csf1r was differentially affected in 0 Gy controls versus
20 Gy irradiated mice (two-way ANOVA, main effect of stab: (F(4, 37) ¼
9.425, p < 0.0001), irradiation: (F(1, 37) ¼ 154.2, p < 0.0001), inter-
action: (F(4, 37)¼ 6.818, p< 0.001)), (Fig. 4C). In unirradiated controls,
stab injury increased Csf1r mRNA significantly at 72 hpl (p < 0.05). In
contrast, irradiation alone significantly reduced Csf1r mRNA (p < 0.05)
and low Csf1r levels persisted, not rising at any time measured after stab
injury.

3.5. Microglial CSF1R but not P2Y12R expression changes with
irradiation

To determine whether the effect of irradiation on Csf1r extends to
protein expression and to specify it to microglia, we analyzed microglial
CSF1R protein expression by flow cytometry. A new set of mice were
exposed to 0 or 20 Gy 1 w prior to sham or stab surgery and sacrificed 48
hpl (Fig. 5A), at the determined peak of microglial proliferation (Fig S1),
when CSF1R-mediated signaling is likely to be important. Cells were
gated according to CD45 and CD11b expression (Fig. 5B).

First, we verified that CSF1R expression was confined to CD45lo

CD11bþ microglia in tissue from all four unstabbed/stabbed and unir-
radiated/irradiated conditions (Fig. 5C). Next, we analyzed whether the
percent of CD45lo CD11bþ microglia that were positive for CSF1R was
altered by stab and/or irradiation (Fig. 5D). Two-way ANOVA revealed
no differences between any of the conditions, demonstrating no effect of
stab (F(1, 20) ¼ 1.251, p ¼ 0.28) or irradiation (F(1, 20) ¼ 1.251, p ¼
0.09), and no interaction (F(1, 20)¼ 0.25, p¼ 0.62). Having determined
that the percent of total microglia that were positive for CSF1R did not
change, we next investigated whether the level of CSF1R expression
decreased on CD45lo CD11bþmicroglia in any of our conditions (Fig. 5E).
Irradiation reduced median fluorescent intensity of CSF1R on microglia
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(two-way ANOVA (F(1, 20) ¼ 6.35, p < 0.05), but we did not detect an
effect of stab. These data confirm our qRT-PCR data, which demonstrated
that at 48 hpl, stab injury does not yet significantly increase CSF1R
expression in unirradiated mice (Fig. 4C), and that irradiation decreases
CSF1R expression.

Some studies have shown that microglial P2Y12R expression also
changes in the context of injury and inflammation (Haynes et al., 2006).
We investigated whether irradiation and/or stab injury altered P2Y12R
expression in our model. First, we confirmed that P2Y12R expression was
confined to CD45lo CD11bþ microglia (Fig. 5F). Next, we quantified the
percent of CD45lo CD11bþ microglia that expressed P2Y12R and detec-
ted no changes with irradiation and/or stab (Fig. 5G). Lastly, median
fluorescent intensity of P2Y12R was quantified in CD45lo CD11bþ

microglia (Fig. 5H). There were no significant differences in P2Y12R
expression with irradiation, stab, or both, demonstrating that neither
stab injury nor irradiation affected microglial P2Y12R expression, at the
time point analyzed.

3.6. Cranial irradiation leads to a long-term deficit in injury-induced
microglial proliferation

Cranial irradiation has been shown to lead to a long-term impairment
in the proliferation of some cell populations in the brain, including OPCs
and NPCs (Begolly et al., 2018; Mizumatsu et al., 2003; Sweet et al.,
2014, 2016). We hypothesized that cranial irradiation would have a
long-lasting impact on the ability of microglia to proliferate in response
to stab injury, relative to unirradiated controls. To test this, mice were
exposed to 0 or 20 Gy cranial irradiation, as previously described, but
then subjected to contralateral stab and sham surgeries at a range of
intervals, 1 w, 1 m, 3 m, or 6 m after irradiation (Fig. 6A). Mice at each
time point received a single i.p. BrdU injection 48 hpl and were sacrificed
72 hpl.

P2Y12Rþ BrdUþ cells were quantified around the sham surgery and
stab injury sites in unirradiated and irradiated mice at each time point
(Fig. 6B). At all time points, there were few P2Y12Rþ BrdUþ cells in the
sham surgery tissue, with no significant differences between irradiated
and unirradiated groups. At each time point, stab significantly increased
P2Y12Rþ BrdUþ cells per field in unirradiated animals, demonstrating
that CNS-resident microglia proliferate in response to injury, even in
older mice. Importantly, at every time point, animals that had been
previously irradiated had fewer P2Y12Rþ BrdUþ cells around the stab
injury site, relative to unirradiated controls, suggesting that cranial
irradiation impairs injury-induced microglial proliferation, even when
the injury occurs long after irradiation.

3.7. Prior cranial irradiation reduces tumor-related microglial proliferation

Because cranial irradiation is a component of cancer therapy for many
patients, we sought to examine the proliferation of microglia in response
to tumor growth and determine if prior irradiation impairs this prolif-
eration response. Mice were exposed to 0 or 20 Gy cranial irradiation 1 w
prior to receiving 20,000 EO771 cells injected directly into the striatum.
1 w post injection, mice received a single i.p. dose of BrdU and were
sacrificed 24 h later (Fig. 7A). This interval allowed the microglial pro-
liferation related to the needle insertion to abate (Buffo et al., 2005) and
the tumor to establish and grow (Fig. 7B).

Tissue sections were stained for P2Y12R and BrdU (Fig. 7C). The le-
sions consistently included large numbers of BrdUþ cells, demonstrating
that the tumor was highly proliferative, regardless of the radiation con-
dition. However, while P2Y12Rþ cells were present throughout the brain
and in the periphery of the tumor, the lesions were mostly devoid of
P2Y12Rþ cells, suggesting that P2Y12Rþ microglia may not infiltrate
the tumor used in this model. Importantly, cells that were positive for
both P2Y12R and BrdU surrounded the tumor in unirradiated controls
(Fig. 7D), whereas prior cranial irradiation led to a significant reduction
in P2Y12Rþ BrdUþ cell numbers (t ¼ 7.126, df ¼ 8, p < 0.001, Fig. 7E).
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This suggests that prior cranial irradiation altered the proliferative
response of microglia to brain tumor growth.

4. Discussion

Because patients with cancer are now living longer, it is becoming
increasingly important to consider the long-term side effects of cancer
treatment, including the effects of irradiation on the brain (DeSantis
et al., 2014). Microglia, the tissue resident macrophage of the CNS, play
many important roles in maintaining brain homeostasis. Microglial
proliferation is a component of the CNS response to many brain insults,
including stroke, traumatic brain injury, tumor growth, Aβ deposition
and neurodegeneration; in some injuries, this proliferative response may
be important for brain repair (Ahn et al., 2018; Gomez-Nicola et al.,
2013; Kamphuis et al., 2012; Li et al., 2013; Olmos-Alonso et al., 2016).
Given the anti-proliferative effects that irradiation has on other cell
types, cranial irradiation may impact how microglia proliferate in
response to CNS injuries. However, data demonstrating the effect of prior
cranial irradiation on injury-induced microglial proliferation is limited
(Allen et al., 2014).

The goal of this study was to determine whether prior cranial irra-
diation impairs the ability of CNS-resident microglia to proliferate in
response to injury or tumor growth. We demonstrated that exposure to 1
and 5 Gy cranial irradiation reduced, and 10 and 20 Gy abolished, the
microglial proliferation response to subsequent stab injury, in mice.
Additionally, we showed that a 20 Gy dose reduced microglial prolifer-
ation in response to a stab injury that was given 6 months after irradia-
tion. These data suggest that the effect of irradiation on microglial
proliferation is long-lasting. Given the role of microglial proliferation in
the context of many brain injuries and diseases, a long-term reduction in
microglial proliferation after cranial radiotherapy may leave patients’
brains more vulnerable to the effects of future morbidities. However, we
note that most of the experiments reported herein used a higher dose of
radiation than typically given to patients in the clinic. This may limit the
clinical relevance of the data we show, which will need to be followed up
with studies at lower doses.

Our data may also have implications for patients who receive cranial
radiotherapy prior to CNS tumor resection (Udovicich et al., 2019) or for
prophylactic purposes to prevent the spread of high-risk disease to the
CNS (Jeha et al., 2019; Manapov et al., 2018; Slotman et al., 2007; Yin
et al., 2019). While cranial irradiation is often given after tumor resec-
tion, it has been proposed that stereotactic irradiation be given before
surgical removal of a brain tumor in an effort to reduce leptomeningeal
disease (Udovicich et al., 2019). Since microglial proliferation is
important for wound healing and combatting infection (Bellver-Landete
et al., 2019; Chen et al., 2019; Lalancette-Hebert et al., 2007; Rice et al.,
2017), our data suggest that potential for alterations in the proliferative
capacity of microglia after irradiation may impact healing or contribute
to post-surgical complications. Indeed, we saw that prior irradiation
decreased the area of the hole left in the cortical tissue due to the stab
wound, which may reflect an altered ability of microglia to phagocytose
damaged tissue from the wound site. Additional experiments are neces-
sary to determine whether and to what extent microglial phagocytic
capacity is altered by irradiation. Our data also suggest that prior irra-
diation may impact how microglia respond to new tumor growth in pa-
tients with metastatic disease.

We utilized a brain tumor metastasis model to continue our investi-
gation of the impact of irradiation on the microglial proliferation
response. Overall, our data showed that CNS-resident microglial prolif-
eration was increased in the periphery of a tumor, but that this response
was blunted by prior cranial irradiation. The role of microglia and
microglial proliferation in the context of brain tumors is complex, since
microglia can assume either an anti-tumorigenic or pro-tumorigenic role
(Roesch et al., 2018). Since it is unclear as to the conditions that deter-
mine whether newly proliferated microglia adopt a pro-tumor or
anti-tumor phenotype, further studies are necessary to determine
11
whether an irradiation-related reduction in the microglial proliferation
response is beneficial or detrimental to the host, in the context of a tumor.
For example, if microglia in the tumor border are resisting tumor growth,
fewer microglia, as a result of impaired proliferation, could result in
faster and more diffuse tumor expansion into the surrounding tissue.
Whether irradiation impacts the microglial-tumor cell relationship is an
interesting question, although beyond the scope of this present work.

Historically, radiation biologists proposed that the radiation effects
seen in normal tissues were the result of cell killing and were directly
correlated with DNA damage. However, more recently, consideration has
been given to the understanding that cells and tissues respond to irra-
diation in complex ways and that many factors contribute to irradiation-
induced cell death (Prise et al., 2005; Williams et al., 2016). Likewise,
irradiation impacts cell proliferation in a complex way (Di Maggio et al.,
2015), and the effects may be tissue dependent. We investigated how
irradiation may impact brain injury detection and microglial prolifera-
tion by examining the effect of irradiation on P2Y12R, CSF1, IL-34 and
CSF1R, critical factors in the brain’s normal response to injury.

When the brain is injured, soluble factors, such as ATP, are released
from damaged cells and subsequently bind to receptors on microglia,
such as P2Y12R, leading to microglial process extension toward the
injury site, microglial translocation through tissue, and blood brain
barrier repair (Davalos et al., 2005; Eyo et al., 2018; Lou et al., 2016;
Swiatkowski et al., 2016). In our experiment, microglia in both irradiated
and unirradiated mice extended their processes towards the injury site,
demonstrating their ability to detect the wound. Additionally, our data
show that irradiation did not affect P2Y12R expression on microglia, in
contrast to another model of microglial activation (Haynes et al., 2006).
These findings are important for the interpretation of our IHC quantifi-
cation of microglial proliferation in response to stab injury, since P2Y12R
was used as a marker to quantify CNS-resident microglia. Our study also
demonstrated that microglia in irradiated brains maintain their ability to
respond in other ways to brain injury, such as increasing the activation
and phagocytic marker, CD68. These data demonstrate that not all
functions of microglial injury response are lost in animals exposed to
high-dose irradiation, despite a demonstrated loss of proliferative
capacity.

CSF1 and IL-34 both bind to the CSF1R and stimulate microglial
proliferation under homeostatic conditions, although CSF1 may be more
important for injury responses (Ginhoux et al., 2010; Lin et al., 2008;
Okubo et al., 2016; Wang and Colonna, 2014). Indeed, in the context of
injury, CSF1 is released by damaged cells and stimulates microglial
proliferation, while IL-34 expression decreases, is unaltered, or increases
only temporarily (Chihara et al., 2010; Gomez-Nicola et al., 2013; Greter
et al., 2012; Okubo et al., 2016; Yamamoto et al., 2010). We demon-
strated that levels of mRNA for Csf1 increased while Il34 levels decreased
in response to needle stab injury, confirming prior studies demonstrating
a difference between Csf1 and Il34 injury responses. Additionally, since
these responses were unaffected by irradiation, it appears unlikely that
the impairment in injury-induced microglial proliferation seen in the
irradiated mice was due to alterations in the ability of injured tissue to
express Csf1 or Il34.

Microglia are the main cell type that expresses CSF1R in the brain
(Zhang et al., 2014) and CSF1R-mediated signaling is critical for micro-
glial proliferation and survival. Indeed, pharmacological blockade or
genetic knockout of CSF1R leads to a loss of microglia and their ability to
maintain baseline proliferation (Elmore et al., 2014; Erblich et al., 2011;
Greter et al., 2012; Oosterhof et al., 2018). Additionally, reducing
CSF1R-mediated signaling has been shown to dampen injury-induced
microglial proliferation (Berezovskaya et al., 1995; Okubo et al., 2016;
Raivich et al., 1994); however, to our knowledge, the effect of irradiation
on microglial CSF1R has not been previously studied. Our data demon-
strated that irradiation reduced Csf1r mRNA levels in cortical tissue and
reduced CSF1R protein expression on microglia. These data provide ev-
idence that reductions in CSF1R expression after cranial irradiation may
decrease microglial sensitivity to the proliferative signal of CSF1, and
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thereby contribute to a blunted proliferation response of microglia to
injury. Interestingly, Csf1r mRNA levels increased after injury in unir-
radiated controls, consistent with other studies (Yamamoto et al., 2010,
2012); however, Csf1 levels were persistently decreased in irradiated
mice, not increasing in response to stab. Follow up studies could inves-
tigate how irradiation impacts regulators of CSF1R expression, such as
the C/EBPα-PU.1 pathway (Bonifer and Hume, 2008; Celada et al., 1996;
Zhang et al., 1999), to elucidate possible mechanisms of impaired
microglial CSF1R upregulation in response to injury in irradiated
animals.

Because CSF1R is expressed on microglia, changes in the level of Csf1r
mRNA measured in tissue samples could reflect changes in the overall
number of microglia. However, our flow cytometry experiment provided
evidence that microglial number was unchanged after irradiation at the
acute time points analyzed. Furthermore, flow cytometry demonstrated
that the amount of CSF1R expressed on microglia was decreased after
irradiation. CSF1R quantification was not affected by microglial number
using this method, since fluorescent intensity for the CSF1R antibody was
quantified for individual microglial cells. Therefore, we interpret our
data as a reflection of a true reduction in CSF1R expression on microglia
after irradiation, and not a result of there being fewer microglia present
in the tissue samples.

In summary, we confirmed our hypothesis that cranial irradiation
reduces microglial proliferation in response to a needle stab injury and
that this impairment is long-lasting. We demonstrated that irradiated
microglia can detect a stab injury, but that reduced CSF1R expression
may contribute to impaired injury-induced microglial proliferation in
irradiated mice. Lastly, we demonstrated that prior cranial irradiation
impairs the proliferation response of microglia to the growth of a tumor.
Because of the important role of microglial proliferation in maintaining
brain homeostasis and contributing to brain repair, and the intersection
of irradiation and brain trauma in patients with cancer, continued
investigation of irradiation-induced changes in microglial proliferation is
important for understanding the effects of cranial irradiation on cancer
survivors and for potentially developing strategies to mitigate side effects
of cranial radiotherapy.
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