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Colony stimulating factor 1: friend or

foe of neurons?
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Colony stimulating factor 1 receptor
(CSF1R) is a tyrosine kinase receptor
primarily expressed on microglia and a small
subpopulation of neurons in the central
nervous system (CNS), which directly controls
the homeostasis, activation, and proliferation
of microglia. Its ligands include CSF1 and
interleukin-34 (IL-34), which bind to the
same region of CSF1R. The two ligands have
overlapping functions, however, they also
have some differences in signal transduction
and induce different transcription profiles.
CSF1 and IL-34 are generally expressed
by neurons in the CNS, but CSF1 is also
expressed by astrocytes. The colony
stimulating factors were first characterized
by their ability to trigger the differentiation
of bone marrow precursor cells into mature
myeloid cells but were later found to also act
on mature myeloid cells including microglia.
In the homeostatic brain, a baseline level of
CSF1 helps to maintain microglial roles of
synaptic pruning, release of neurotrophic
factors, and promotion of brain connectivity.
However, over the past decade or so, chronic
activation of microglia has been implicated
in exacerbating neurodegenerative
disorders, including Alzheimer’s disease
(AD), Parkinson’s disease, multiple sclerosis
(MS), and amyotrophic lateral sclerosis (ALS)
(Xu et al., 2021). Yet there have also been
studies in contradiction, which showed that
in other circumstances, activated microglia
were therapeutic and might mitigate
neurodegeneration. So, is CSF1 the friend or
foe of neurons?

It has been proposed that activation of
microglia via CSF1R and other microglial
receptors such as TLRs, CX3CR1, and
purinoceptors induces different phenotypes
depending on the types and stages of the
lesion, and the age of the brain, as all these
factors into the cytokine milieu. Generally, a
proinflammatory M1 phenotype is induced
by the stimulation of CSF1R and other
receptors in the presence of, for example,
pro-inflammatory cytokines, B-amyloid,
lipopolysaccharides or myelin debris,
and contributes to neurodegeneration.
An anti-inflammatory M2 phenotype is
produced by the stimulation of CSF1R and
other receptors in the presence of anti-
inflammatory cytokines and contributes
to neuroprotection via phagocytosis,
proliferation, and remyelination (Figure
1). Upon acute injury, microglia polarize
to an M1 phenotype to combat the insult/
infection, and subsequently switch to a more
M2-like phenotype to enable tissue repair.
However, during chronic neurodegeneration,
more microglia of M1 phenotype are
maintained and, in this way, the microglia
mainly exacerbate the disease.

We examined levels of CSF1 in the
mouse spinal cords of acute and chronic

experimental autoimmune encephalomyelitis
(EAE) and found that CSF1 was significantly
upregulated among neurons, especially the
motor neurons, and astrocytes (Gushchina
et al., 2018). This corresponded to increased
localized proliferation and activation of
microglia, which enwrapped the neurons
with high-level CSF1. In the chronic EAE
mice, the number of large motoneurons
expressing CSF1 was significantly lower,
perhaps indicating that those motoneurons
expressing a high-level of CSF1 had died
during the progression of EAE to the chronic
stage. Our studies contribute to the growing
body of evidence that the CSF1-CSF1R
signaling pathway is pivotal to the pathology
of EAE, and a potential target for treatments
to halt neurodegeneration. Several studies
have shown that administration of various
CSF1R inhibitors reduced disease severity
and slowed its progression, which was
associated with a reduction in the number
of microglia and infiltrated macrophages,
inhibition of myelin-specific T cell responses,
and reduced levels of inflammatory factors.
A recent study also showed a significant
increase in CSF1 and CSF1R levels in the
brains of progressive MS patients (Hagan et
al., 2020). In the same study administration
of a novel CSF1R inhibitor attenuated a
disease-associated microglial phenotype and
blocked the axonal damage and neurological
impairments in an EAE model.

Indeed, many studies in different disease
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models, such as AD, Parkinson’s disease,
ALS, prion disease, and spinocerebellar
ataxia type 1, have been performed which
show that microglial elimination via CSF1R
inhibition ameliorates neurodegeneration
and functional recovery (Gomez-Nicola et
al., 2013; Martinez-Muriana et al., 2016).
Administration of CSF1 to a mouse model
of ALS was found to accelerate disease
progression, with increased numbers of
microglia and upregulated inflammatory
cytokines (Gowing et al., 2009).

Yet there is also a body of evidence that
implies the opposite, emphasizing the
neuroprotective role of CSF1/CSF1R. Jin
et al. found that a significant reduction
in microglia number (~90%) using the
CSF1R inhibitor PLX3397 exacerbated brain
infarction and dramatically increased the
production of inflammatory mediators
by astrocytes — they thus proposed a
neuroprotective role of microglia in inhibiting
a post-ischemia astrocyte response (Jin et
al., 2017). A recent study on a rat hypoxic-
ischemic encephalopathy model showed the
intranasal administration of recombinant
human CSF1 1 and 24 hours after ischemia
reduced the infarcted areas and improved
neurobehavioral deficits (Hu et al., 2020).
The anti-inflammatory effects of CSF1 are
thought to be partly mediated through
the CSF1R/PLCG2/PKCe/CREB signaling
pathway, presumably, in microglia. Luo et
al. (2013) found that CSF1 reduced kainic
acid (an excitotoxin)-induced cell loss in
the hippocampus when administered
systemically before or up to 6 hours after
injury. However, they proposed that this
occurred via a direct effect on neurons
as both CSF1 and IL-34 activated cAMP-
responsive element-binding protein signaling
in neurons, which enables their survival.
Rice et al. (2015) highlighted this microglial
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Figure 1 | Effects of increased CSF1 release under pathological conditions of the CNS.

Increased secretion of CSF1 from neurons and astrocytes in various pathological conditions of the CNS
activates the resting microglia, which can polarise to an M1-like or M2-like state, depending on the
cytokine milieu. Proinflammatory cytokines lead to a neurotoxic M1-like phenotype contributing to
neurodegeneration, while anti-inflammatory cytokines lead to a neuroprotective M2-like phenotype
contributing to neuroprotection. Note that M1 and M2 are not binary states, but rather two ends of a
spectrum. Note also that ‘?" represents the currently unknown direct effects of CSF1 on neurons. AB:
B-Amyloid; CSF1: colony stimulating factor 1; IL: interleukin; LPS: lipopolysaccharides; NO: nitric oxide;
ROS: reactive oxygen species; TGF: transforming growth factor 3; TNFa: tumor necrosis factor a.
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dualism of neurotoxicity/neuroprotection
by examining the effects of CSF1R inhibition
on recovery from diphtheria toxin-induced
hippocampal lesions. They found that
inhibition of CSF1R post-lesioning improved
neuron survival and functional recovery,
while inhibition pre-lesioning increased
neuron loss and impaired functional
recovery.

The studies described above are acute
injury models. The neuroprotective effects
of CSF1-CSF1R signaling pathways have also
been reported in a few EAE and AD models.
A recent study showed that administration
of CSF1 and IL-34 to the cisterna magna
induced the expansion of CD11c" microglia,
a population believed to be critical for
primary myelination, and resulted in
the amelioration of EAE symptoms and
decreased demyelination (Wlodarczyk et
al., 2018). In an MS model with cuprizone-
induced demyelination, intraperitoneal
administration of CSF1 was shown to reduce
myelin loss (Laflamme et al., 2018). Such
results are contradictory to those reports
on the detrimental effects of elevated
CSF1 expression in EAE models. Different
types of MS models may contribute to the
discrepancy of the results as microglia may
respond differently to the different methods
used to induce demyelination. Furthermore,
different treatments, i.e., administration of
CSF1 or IL-34 vs. CSF1R inhibitors, may affect
different subtypes of microglia such as the
CD11c" subtype, which may partly explain
the contradictory results observed.

A few in vitro and in vivo studies support the
neuroprotective role of CSF1 in AD models,
based on the observation that CSF1-induced
activation of microglia enhances their ability
to phagocytose B-amyloid and ameliorated
memory deficits although Luo et al. (2013)
found that the beneficial effects of CSF1
on cognitive function in their hAPP mice
are likely independent of AB accumulation.
Since several other studies demonstrated
the beneficial effects of CSF1R inhibition
in AD models, it is postulated that the
neuroprotective effect of CSF1 is limited to
the early stage of the disease.

While the studies mentioned above have
largely focused on the effect of CSF1 on
microglia, there are conflicting reports as to
the expression of CSF1R in neurons. Initial
studies by Wang et al. (1999) and another lab
using multiple CSF1R antibodies from three
companies found CSF1R expression in several
neuronal subpopulations. However, these
data were somewhat invalidated by Luo et
al. (2013) who found that none of the CSF1R
antibodies tested was specific as they stained
the CSF1R-deficient mouse brains. Luo et
al. instead used reporter mouse models,
as well as in situ hybridization, to detect
Csflr mRNA in neurons. They reproduced
some of the findings of Wang et al. (1999)
finding that under homeostatic conditions
CSF1R was expressed by roughly 1-2% of
neurons, mostly located in the hippocampus.
Excitotoxicity induced an increase in CSF1R
expression, which may implicate a direct
role for CSF1 on neurons, rather than via
microglial activation. One might speculate
that this could have played a role in other

studies, such as on the effect of CSF1/CSF1R
inhibition in hippocampal lesions (Rice et
al., 2015). Overall, very little is known about
what direct effects CSF1 might have on
neurons.

The role of IL-34 is similarly understudied.
Our results showed that IL-34 level did not
significantly change in EAE (Gushchina et al.,
2018), and this aligns with the observations
of Martinez-Muriana et al. (2016) who
demonstrated that CSF1 mRNA and protein
increased in ALS spinal cords, but IL-34 did
not. However, in a prion disease model,
CSF1, IL-34 and CSF1R mRNA all increased
in the hippocampus and thalamus (Gomez-
Nicola et al., 2013). It is possible that IL-34
plays a role in also stimulating CSF1R under
certain circumstances, and in some specific
regions in the CNS.

In summary, despite the ongoing conflict
between studies of the neurodegenerative
and neuroprotective roles of CSF1/CSF1R,
most research suggests that blocking the
CSF1/CSF1R system is neuroprotective
in many neurodegenerative models. The
supposed mechanism is via the elimination
of chronically activated proinflammatory
microglia. However, attention must be
paid to conflicting evidence concerning
the neuroprotective role of CSF1/CSF1R,
particularly in AD models and acute brain
insults. Future research using different
disease models should focus on varying
CSF1/CSF1R inhibition by brain region,
stages of disease progression, age of the
brain, cytokine exposure, etc. This will help
elucidate the spatiotemporal divergence of
microglial phenotypes and functions. Further
research should also aim to investigate the
role, if any, of IL-34 and the potential direct
effects of CSF1 on neurons. Such knowledge
will enable the development of clinical
studies targeted at the CSF1/CSF1R pathway.

We thank Miss Longyan Sun for the artwork
in Figure 1. We apologize to the researchers
for not being able to cite their research
described in the article due to the limit of
space.

The present work was supported by Foresight
Inc. (to XB). No conflicts of interest exist
between Foresight Inc. and publication of this
work.

Lorna Bo, Xuenong Bo’
School of Clinical Medicine, University of

Cambridge, Cambridge, UK (Bo L)

Centre for Neuroscience, Surgery and Trauma,
Blizard Institute, Barts and the London School of
Medicine and Dentistry, Queen Mary University of
London, London, UK (Bo X)

*Correspondence to: Xuenong Bo, PhD,
x.bo@gmul.ac.uk.
https://orcid.org/0000-0002-9202-3562
(Xuenong Bo)

Date of submission: January 31, 2021

Date of decision: February 23, 2021

Date of acceptance: May 28, 2021

Date of web publication: August 30, 2021

https://doi.org/10.4103/1673-5374.322451
How to cite this article: Bo L, Bo X (2022) Colony

774 | NEURAL REGENERATION RESEARCH | Vol 17 | No. 4 | April 2022

stimulating factor 1: friend or foe of neurons?
Neural Regen Res 17(4):773-774.

Copyright license agreement: The Copyright
License Agreement has been signed by both
authors before publication.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.

Open access statement: This is an open access
Jjournal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

Open peer reviewers: Joachim M. K. Oertel,
Universitdt des Saarlandes, Germany; Clotilde
Lauro, Sapienza University of Rome, Italy.

References

Gomez-Nicola D, Fransen NL, Suzzi S, Perry VH (2013)
Regulation of microglial proliferation during chronic
neurodegeneration. J Neurosci 33:2481-2493.

Gowing G, Lalancette-Hébert M, Audet JN, Dequen F,
Julien JP (2009) Macrophage colony stimulating factor
(M-CSF) exacerbates ALS disease in a mouse model
through altered responses of microglia expressing
mutant superoxide dismutase. Exp Neurol 220:267-
275.

Gushchina S, Pryce G, Yip PK, Wu D, Pallier P, Giovannoni
G, Baker D, Bo X (2018) Increased expression of
colony-stimulating factor-1 in mouse spinal cord
with experimental autoimmune encephalomyelitis
correlates with microglial activation and neuronal loss.
Glia 66:2108-2125.

Hagan N, Kane JL, Grover D, Woodworth L, Madore C,
Saleh J, Sancho J, Liu J, Li Y, Proto J, Zelic M, Mahan A,
Kothe M, Scholte AA, Fitzgerald M, Gisevius B, Haghikia
A, Butovsky O, Ofengeim D (2020) CSF1R signaling is
a regulator of pathogenesis in progressive MS. Cell
Death Dis 11:904.

Hu X, Li S, Doycheva DM, Huang L, Lenahan C, Liu R,
Huang J, Xie S, Tang J, Zuo G, Zhang JH (2020) Rh-CSF1
attenuates neuroinflammation via the CSF1R/PLCG2/
PKCepsilon pathway in a rat model of neonatal HIE. J
Neuroinflammation 17:182.

Jin WN, Shi SX, Li Z, Li M, Wood K, Gonzales RJ, Liu Q (2017)
Depletion of microglia exacerbates postischemic
inflammation and brain injury. J Cereb Blood Flow
Metab 37:2224-2236.

Laflamme N, Cisbani G, Préfontaine P, Srour Y, Bernier
J, St-Pierre MK, Tremblay ME, Rivest S (2018) mCSF-
induced microglial activation prevents myelin loss
and promotes its repair in a mouse model of multiple
sclerosis. Front Cell Neurosci 12:178.

Luo J, Elwood F, Britschgi M, Villeda S, Zhang H, Ding Z,
Zhu L, Alabsi H, Getachew R, Narasimhan R, Wabl R,
Fainberg N, James ML, Wong G, Relton J, Gambhir SS,
Pollard JW, Wyss-Coray T (2013) Colony-stimulating
factor 1 receptor (CSF1R) signaling in injured neurons
facilitates protection and survival. J Exp Med 210:157-
172.

Martinez-Muriana A, Mancuso R, Francos-Quijorna I,
Olmos-Alonso A, Osta R, Perry VH, Navarro X, Gomez-
Nicola D, Lépez-Vales R (2016) CSF1R blockade slows
the progression of amyotrophic lateral sclerosis by
reducing microgliosis and invasion of macrophages
into peripheral nerves. Sci Rep 6:25663.

Rice RA, Spangenberg EE, Yamate-Morgan H, Lee RJ,
Arora RP, Hernandez MX, Tenner AJ, West BL, Green
KN (2015) Elimination of microglia improves functional
outcomes following extensive neuronal loss in the
hippocampus. J Neurosci 35:9977-9989.

Wang Y, Berezovska O, Fedoroff S (1999) Expression of
colony stimulating factor-1 receptor (CSF-1R) by CNS
neurons in mice. J Neurosci Res 57:616-632.

Wlodarczyk A, Benmamar-Badel A, Cédile O, Jensen
KN, Kramer |, Elsborg NB, Owens T (2018) CSF1R
stimulation promotes increased neuroprotection by
CD11c+ microglia in EAE. Front Cell Neurosci 12:523.

Xu'Y, Jin MZ, Yang ZY, Jin WL (2021) Microglia in
neurodegenerative diseases. Neural Regen Res 16:270-
280.

P-Reviewers: Qertel IMK, Lauro C; C-Editors: Zhao M,
Zhao LJ, Qiu Y; T-Editor: Jia Y



