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PERSPECTIVE

Targeting colony stimulating factor 1 
receptor to prevent cognitive deficits 
induced by fractionated whole-brain 
irradiation 

Whole-brain irradiation (WBI), usually delivered in 25–30 
fractions to accumulate a total dose of 55–60 Gy, is common-
ly used for the treatment of primary tumors in the central 
nervous system (CNS) and brain metastases. With improved 
treatment techniques patients have prolonged overall survival, 
but are more likely to experience late adverse effects. In con-
trast to other symptoms that concur with treatment, cognitive 
impairments develop in 50–90% of long term survivors (> 6 
months) after WBI and are often progressive and irreversible 
(Greene-Schloesser and Robbins, 2012). The mechanisms re-
sponsible for the progressive cognitive impairments are poorly 
understood, and there is no clinical treatment to prevent or re-
duce these adverse effects. 

We have previously shown that a single dose of 10 Gy WBI 
induces accumulation of periphery monocytes in the CNS start-
ing 7 days following WBI (Morganti et al., 2014). In line with 
these findings, previous studies have shown that WBI induces 
infiltration and activation of immune cells that express MHC II, 
CD11c, CD3 (Moravan et al., 2011). Although Han et al. (2016) 
did not observe monocyte-derived macrophages in the acutely 
irradiated adult brain, the incongruence could be due to the 
different radiation sources and the methods used for monocyte 
quantification. We recently demonstrated that after fraction-
ated WBI (fWBI) treatment with a specific colony stimulating 
factor 1 receptor (CSF-1R) inhibitor reduces the number of 
resident and peripherally derived mononuclear phagocytes 
at the time of irradiation and prevents the development of 
memory deficits and dendritic spine loss at later time points in 
mice (Feng et al., 2016). Here we discuss our results and recent 
reports by others focusing on targeting CSF-1R to ameliorate 
radiation-induced cognitive deficits, and provide perspectives 
for future investigations.

Modulating WBI induced cognitive deficits: microglia or 
monocytes? The CSF-1 signaling is essential for the survival, 
proliferation and function of mononuclear phagocytes (Chitu 
et al., 2016). Its receptor, CSF-1R, is expressed on the surface of 
both microglia in the CNS and monocytes in the periphery. As 
a result, CSF-1R inhibition has profound impact on both pop-
ulations. In mice treated with CSF-1R inhibitors, microglia can 
be stably diminished depending on the dose used. Treatment 
with PLX5622, a CSF-1R specific inhibitor, supplemented in 
the chow at 300 ppm, results in 30–50% reduction of microglia 
(Dagher et al., 2015; Feng et al., 2016) while treatment with 
higher dose of PLX5622 at 1,200 ppm, or PLX3397 (an analog 
of PLX5622) at 290 ppm results in nearly full elimination (> 
95%) of microglia (Spangenberg et al., 2016). Both partial and 
full elimination of microglia prevent WBI induced dendritic 
spine loss and the development of cognitive deficits (Acharya 
et al., 2016; Feng et al., 2016). Notably dendritic spine loss is 

not detected at two weeks post fWBI but is apparent at one 
month when also cognitive deficits are measured, and persists 
to several months after fWBI (Feng et al., 2016 and Feng, Rosi 
unpublished data). While it is known that radiation induces 
microglia activation and infiltration of peripherally derived 
monocytes (Belarbi et al., 2013; Morganti et al., 2015), the 
mechanisms by which WBI and fWBI induces dendritic spine 
loss are not known. We have previously reported that WBI 
induces elevated levels of the chemoattractant cytokine CCL2 
in the brain which allows CNS accumulation of peripherally 
derived CCR2+ monocytes (Morganti et al., 2014). CCR2 is 
a chemokine receptor expressed in blood derived monocytes 
but not in brain resident microglia (Morganti et al., 2015) and 
activation of the CCR2-CCL2 signaling axis has been shown 
to recruit CCR2-expressing monocytes (“inflammatory mono-
cytes”) into the injured tissue where they become activated 
macrophages, expressing multiple proinflammatory mediators 
(Prinz and Priller, 2010). CCR2 deficiency prevents the emi-
gration of CCR2+ Ly6Chigh monocytes from the bone marrow 
into the blood stream (Saederup et al., 2010) and prevents 
neuronal and cognitive dysfunctions induced by WBI (Belarbi 
et al., 2013). PLX5622 treatment both at high and low dose 
results in partial depletion of Ly6Chigh “inflammatory” mono-
cytes in the blood while the Ly6Clow patrolling monocyte pop-
ulation remains unchanged (Feng et al., 2016). Consequently, 
fWBI-induced Ly6Chigh monocyte accumulation in the CNS 
is reduced by CSF-1R antagonism. In the periphery Ly6Chigh 
cells enter injured or infected tissues and differentiate into 
macrophages or dendritic cells. It has been hypothesized that 
in neuroinflammatory models such as traumatic brain injury 
and experimental autoimmune encephalomyelitis (a model for 
multiple sclerosis), Ly6Chigh monocytes initiate and maintain 
inflammatory responses upon entering the CNS while microg-
lia are involved in tissue remodeling (Saederup et al., 2010). 
Activation of these myeloid cells might add to the neuronal 
damage caused directly by WBI. However, based on previous 
reports we cannot draw a definitive conclusion as to whether 
microglia or monocytes are the main contributors that are 
responsible for persistent neuroinflammation after WBI and 
fWBI. It is possible that both populations directly and/or indi-
rectly are involved in modulating cognitive functions. Further 
studies selectively targeting either population can help to de-
fine their functions.

CSF-1R inhibition as potential therapy to prevent WBI 
induced cognitive deficits: While the exact mechanisms are 
unclear the fact that CSF-1R inhibition prevents WBI and 
fWBI-induced cognitive deficits remains extremely important 
for treatment strategy. However, further preclinical studies are 
necessary to assess the safety and efficacy of CSF-1R inhibitors. 
First, CSF-1R signaling plays different roles in young and old 
brains. Cortical neurons, immature neurons, neural progeni-
tor cells during development and after chemical injury express 
CSF-1R (Chitu et al., 2016). Therefore, targeting CSF-1R under 
these conditions might directly affect neuronal functions and 
should be considered when planning CSF1-R therapy. Second, 
microglia express CSF-1R but not CCR2, while monocytes 
express both receptors that are involved in their survival and 
migration. Therefore, CSF-1R inhibition is likely to cause dif-
ferential responses in contexts of CNS and peripheral inflam-
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mation. Although there is increasing evidence showing that 
blocking CSF-1R drastically reduces microglia, it is unclear how 
CSF-1R inhibition can influence monocytes and contribute to 
periphery inflammatory response. During PLX5622 treatment, 
we observed about 30% reduction of Ly6Chigh monocytes but not 
Ly6Clow monocytes. However, reports by others show that CSF-
1R antibody depleted the nonclassical CD14+CD16+ monocytes 
but not the classical CD14+CD16– monocytes in human (Ries 
et al., 2014). These differences could be caused by a number of 
reasons such as usage of small inhibitor compound vs. antibody, 
the specificity of the inhibitor/antibody and different responses 
to CSF-1R inhibition between rodents and human. The possible 
crosstalk between CSF-1/CSF-1R and CCL2/CCR2 signal path-
ways is currently unknown. Third, patients usually experience 
cognitive decline several months or years after receiving WBI. 
However, in published animal studies, CSF-1R inhibition lasted 
from 7 days to 12 weeks. It is unclear whether transient CSF-
1R inhibition during irradiation is enough to prevent long-term 
cognitive deficits after WBI in humans or mice. In addition, 
macrophages may play different roles in different microenvi-
ronments. Infiltrating monocytes/macrophages may switch 
their functions from promoting clearance of debris and tissue 
damage into wound healing and tissue repair over time. Further 
studies are needed to optimize the treatment window and un-
derstand potential long-term side effects of CSF-1R inhibition. 
Finally, the currently published data look at WBI models in 
tumor-free conditions, focusing on radiation effects on normal 
brains. However, brain tumor patients represent the largest 
population who receive whole brain irradiation, and they often 
experience surgery followed by chemotherapy and fractionated 
radiotherapy. CSF-1R inhibitors target tumor associated mac-
rophages, the most abundant immune cells in brain tumors. 
Therefore, it is possible that CSF-1R inhibitor may interact with 
brain tumors by interfering with both on-going therapies and 
tumor microenvironment. It has been reported that CSF-1R in-
hibitor alters the polarization of tumor associated macrophages 
and blocks glioma progression (Pyonteck et al., 2013), but more 
than half of tumors recur after prolonged treatment (Quail et al., 
2016). Although these results suggest overall benefits in survival 
after CSF-1R inhibitor treatment, the cognitive outcomes are 
unknown. Therefore, preclinical studies in brain tumor models 
that recapitulate clinical conditions are necessary to examine 
these issues. 
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