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Don’t know what you got till it’s gone: microglial 
depletion and neurodegeneration

David Graykowski, Eiron Cudaback*

Abstract  
In the central nervous system, immunologic surveillance and response are carried out, 
in large part, by microglia. These resident macrophages derive from myeloid precursors 
in the embryonic yolk sac, migrating to the brain and eventually populating local tissue 
prior to blood-brain barrier formation. Preserved for the duration of lifespan, microglia 
serve the host as more than just a central arm of innate immunity, also contributing 
significantly to the development and maintenance of neurons and neural networks, 
as well as neuroregeneration. The critical nature of these varied functions makes the 
characterization of key roles played by microglia in neurodegenerative disorders, especially 
Alzheimer’s disease, of paramount importance. While genetic models and rudimentary 
pharmacologic approaches for microglial manipulation have greatly improved our 
understanding of central nervous system health and disease, significant advances in the 
selective and near complete in vitro and in vivo depletion of microglia for neuroscience 
application continue to push the boundaries of research. Here we discuss the research 
efficacy and utility of various microglial depletion strategies, including the highly effective 
CSF1R inhibitor models, noteworthy insights into the relationship between microglia and 
neurodegeneration, and the potential for therapeutic repurposing of microglial depletion 
and repopulation.
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Microglia in Health and Disease
The brain is often described as immune privileged, functionally 
protected from cellular and noncellular effectors of peripheral 
immunity. This mixed blessing is assumed to result from a 
number of unique tissue characteristics, including the highly 
restrictive blood-brain barrier, a lack of typical lymphatic 
vessels, and a purported finite army of only moderately 
efficient antigen presenting cells, the microglia (reviewed in 
Forrester et al., 2018). These resident macrophages serve 
as the tissue-specific arm of innate immunity in the central 
nervous system (CNS), tirelessly surveilling the parenchyma 
for potential injury, insult, or infection. As sentinels, microglia 
are able to recognize a myriad of environmental threats 
via an array of cell-surface receptors, including but not 
limited to complement and FC receptors (link microglia 
to acellular effectors of the innate and adaptive immune 
systems) (Lunnon et al., 2011; reviewed in Crehan et al., 
2012), scavenger receptors (a structurally diverse family of 
receptors that mediate the uptake of endogenous proteins 
and lipids, as well as various pathogens) (reviewed in 
Wilkinson and El Khoury, 2012), and the toll-like receptors 
(so-called pathogen-associated molecular pattern receptors 
that bind evolutionary conserved molecules on pathogens) 
(reviewed in Su et al., 2016). Following threat detection, 
microglia undergo rapid morphologic and physiologic 
transformation, initiating a number of canonical responses 
that lead to pathogen neutralization and clearance (Stopper 
et al., 2018). Importantly, such inflammatory responses are 

not intrinsically deleterious, and microglia cycle through 
both pro- and anti-inflammatory states, creating a balance 
that ultimately benefits the host. However, exacerbated 
or protracted pro-inflammatory responses, or diminished 
anti-inflammatory activities, can drive disequilibrium and 
disruption of these precisely orchestrated processes, 
resulting in neuron dysfunction and cell death, in addition 
to other neuropathologic outcomes. Indeed, this so-
called neuroinflammation is thought to contribute to the 
pathogenesis of many neurodegenerative disorders, including 
Alzheimer’s disease (AD) (reviewed in Streit et al., 2004). 

Microglia serve as much more than just local protection, 
however, also acting as key cellular regulators of CNS 
homeostasis, providing direct support to neurons and assisting 
in the formation and maintenance of the expansive neural 
networks that drive nervous system function (reviewed in 
Pósfai et al., 2019). To this end, microglia play an integral role 
in neurodevelopment, helping to orchestrate the complex and 
highly dynamic processes of synapse formation, elimination, 
and remodeling, ultimately contributing to memory formation, 
memory extinction, and synaptic plasticity (Parkhurst et al., 
2013; Nguyen et al., 2020; Wang et al., 2020a). These activities 
persist throughout the entirety of an organism’s life span as 
microglia tirelessly prune and refine synapses (reviewed in 
Cowan and Petri, 2018). Not surprisingly, however, microglial 
dysfunction has been implicated in a number of neurological 
disorders characterized by disruption to neurodevelopmental, 
disequilibrium of neural networks, and the eventual 
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degeneration of neurons themselves (reviewed in Chung et 
al., 2015).   

These diverse yet often subtle roles played by microglia in 
health and disease have presented noteworthy challenges to 
studying their overall station in brain. Moreover, overlapping 
functions with other supportive CNS cells, as well as 
numerous indistinguishable similarities to monocyte-derived 
macrophages crossing over from the periphery, have further 
complicated experimental inquiries. Over the last decade, 
simple experimental approaches have been developed 
that efficiently and effectively eliminate microglia from 
the adult rodent brain, thereby allowing for more detailed 
interrogation of microglial functions in-vivo. These so-called 
microglial depletion studies have so far helped to fill gaps in 
our understanding of both basic and more complex microglial 
biology, and may even offer much needed therapeutic 
opportunities for neurodegenerative diseases, as well as other 
CNS damage or dysfunction. Here we review the most effective 
methodologies, the value of these depletion strategies for 
deciphering microglial function under both healthy and 
pathologic conditions, and the realistic potential. We begin by 
briefly discussing microglia. Specifically, this review will cover 
the current literature on microglia and AD and use this as an 
example on the method of microglia depletion methodology, 
but other ailments will also be discussed.

Search Strategy
For the present review, we searched the literature published 
from the time periods of January 1, 2010–October 15, 
2020 using keywords such as “microglia depletion and 
neurodegeneration” on PubMed and Google scholar. In 
addition, we also used modifications of the above main 
keywords to thoroughly search the literature. The major 
inclusion criteria preferred the literature comprising “microglia 
depletion.” 

Depletion of Microglia
Experimental approaches used to characterize the broad 
functional repertoire of microglia in the context of health 
and diseases have relied on both pharmacologic and genetic 
methodologies. The high efficiency of pharmacology provided 
opportunity for identifying and effectively describing many 
of the rudimentary immunologic roles played by microglia in 
the CNS. For example, we now know that microglia serve as 
specialized sensors, continuously and skillfully surveilling brain 
parenchyma for any tissue damage or disruption (Nimmerjahn 
et al., 2005). In turn, damage- and pathogen-associated 
molecular patterns reproducibly activate microglia through 
interaction with cell-surface pattern recognition receptors, 
including members of the toll-like receptor family (Su et 
al., 2016). In addition, it is known that individual activation 
signatures commonly produce a number of simultaneous 
molecular outcomes, as is the case with stimulation of 
the purinergic ionotropic receptor, P2X7, which results in 
production of reactive oxygen species, synthesis and secretion 
of the cytokines interleukin-1β and interleukin-18, and 
increased phagocytosis (reviewed in Bhattacharya and Biber, 
2016). Regardless, activated microglia exhibit polarization 
toward one of two recognizable macrophage phenotypes, M1 
or M2, although that interpretation remains open for debate 
(reviewed in Ransohoff, 2016). Genetic approaches, especially 
transgenic animals, allowed for disruptive molecular targeting, 
leading to more precise definitions of these key functional 
elements, likewise improving our understanding of the diverse 
nature of microglial activities beyond simple tissue-specific 
immunity For instance, we now know that microglia control 
senile plaque formation in AD, in part through stimulation of 
the chemokine receptor CXCR3 (Krauthausen et al., 2015). 
They also influence developmental synaptic refinement 

through activation of TREM 2, a cell-surface triggering receptor 
and important genetic risk factor for AD involved in microglial 
migration, proliferation, and viability (Mazaheri et al., 2017). 
And of particular interest, microglia regulate synaptogenesis 
and developmental apoptosis of neurons in brain through 
release of growth factors, including nerve growth factor and 
brain-derived neurotrophic factor (reviewed in Bessis et 
al., 2007 and Reemst et al., 2016). Still, these experimental 
approaches have been necessarily limiting, allowing for the 
dissection of microglial function one molecular piece at a time, 
but unable to fully appreciate the finished puzzle (Heppner et 
al., 2005; Goldmann et al., 2013). The first genetic strategies 
for microglial depletion, including models based on Cd11b-
HSVTK and diptheria toxin, presented significant challenges, 
including only short-lived depletion, cognitive impairments, 
BBB compromise, side effects associated with the inducers 
tamoxifen and ganciclovir, among other deficits. Genetic 
models now offer greatly improved temporal, spatial, and 
target manipulation of microglia with noteworthy examples 
including CX3CR1CreER/+:Csf1rFlox/Flox, Csf1rΔFIRE/ΔFIRE, Csf1r–/–, and 
Sall1creER/+Csf1rflox/flox (reviewed in Green et al., 2020; Wu et al., 
2020). Yet even as such models offer advanced precision and 
indefinite depletion, they require thoughful, time-consuming 
genetic crossing, and cannot be extrapolated to human use.  

Microglial depletion synchronously ablates this entire 
catalogue of functions, providing a more holistic lens through 
which to study these complicated relationships. Two unique 
pharmacologic strategies for elimination of parenchymal 
microglia have so far been optimized, each taking advantage 
of unique microglial characteristics. The first attempts to 
deplete microglial populations exploited clodronate, a well-
studied drug of the bisphosphonate class used clinically to 
treat disorders of dysfunctional bone metabolism, including 
hypercalcemia caused by excessive bone resorption, 
osteolytic bone metastases, and hyperparathyroidism 
(reviewed in Frediani and Bertoldi, 2015). When packaged 
in liposomes, clodronate is rapidly taken up by phagocytic 
cells where it induces apoptosis. Therefore, the selectivity 
of liposomes (phagocytes) and their route of administration 
(intracerebroventricular) have the potential to provide 
target specificity for microglia in the CNS, respectively (Lee 
et al., 2012; Asai et al., 2015). Indeed, administration of 
clodronate liposomes (Clo-Lip) does not specifically deplete 
microglia, but instead ablates most circulating and tissue-
specific macrophages, including but not limited to alveolar 
(Gonzalez et al., 2007), testicular (Bergh et al., 1993), and 
colon derived macrophages (Kruse et al., 2013). Further, this 
pharmacologic method relies on central administration of Clo-
Lip via stereotaxic intracerebral or intracerebroventricular 
injection, and exhibits reduced duration of depletion, making 
longitudinal investigations especially prohibitive since multiple 
clodronate doses would be required over the course of a 
single study (reviewed in Rooijen and Sanders, 1994; Serrats 
et al., 2010; Han et al., 2019a). Use of Clo-Lip can also result 
in significant molecular consequences, including impairment 
of vascular integrity, disruption of ATP metabolism in neurons, 
and robust upregulation of proinflammatory molecules (Han 
et al., 2019b), factors that make the prospect of therapeutic 
application in humans untenable. Interestingly, prior to in vivo 
studies, liposome-mediated clodronate delivery was used 
in vitro to eliminate contaminating microglia from primary 
mixed glial cultures (Kumamaru et al., 2012), as well as ex vivo 
to deplete microglia in an organotypic hippocampal culture 
model of excitotoxicity (Vinet et al., 2012).  The second, and 
far superior, depletion strategy exploits CSF1R, a constituent 
of the quantitative transcriptome in adult murine microglia, 
confirming genetic overlap with peripheral macrophages 
(Elmore et al., 2014). Development and survival of CD45+/
c-Kit–/CX3CR1+ macrophages from the embryonic yolk 
sac, cells that eventually migrate to the brain to become 
microglia, depend on CSF1R and its cognate ligand, CSF-
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1 (Erblich et al., 2011; Nandi et al., 2012; Elmore et al., 
2014). Several small molecule inhibitors of CSF1R have 
been developed that effectively block receptor activation 
and downstream signaling, resulting in ablation of greater 
than 99% of microglia in treated mice (Elmore et al., 2014). 
The extremely high efficacy of CSFR1 inhibitors, especially 
PLX5622, PLX3397, and GW2580 (Figure 1), combined with 
the use of simple experimental designs (no requirement for 
responsive transgenic animals), establishes this technique as 
the preferred experimental method over clodronate-loaded 
liposomes or complicated genetic models. However, recent 
reports call into question the microglial selectivity of CSF1R 
inhibitors, particularly PLX5622, observing suppression of 
both circulating and tissue-specific macrophages (e.g. lung 
and liver) that persisted for weeks after treatment (Lei et al., 
2020). The authors also noted that bone marrow-derived 
macrophages exhibited impaired phagocytosis and cytokine 
response following LPS challenge (Lei et al., 2020). While 
these findings support additional review of remaining CSF1R 
inhibitor specificity and selectivity, these compounds have 
allowed for unparalleled interrogation of critical microglial 
functions in both health and disease. It is worth noting that 
although the utility of genetic models is largely overshadowed 
by CSF1R inhibitors, and even Clo-Lip approaches, they do 
offer superior specificity and selectivity. Here we review 
recent work in neurodegeneration that specifically utilize 
various microglial depletion strategies for investigation. 

The Role of Microglia in Alzheimer’s Disease 
and Other Neurodegenerative Disorders
As a group, neurodegenerative diseases are characterized 
by loss of neuron function and connectivity, frequently 
resulting in cell death. One of the most studied and 
appreciated examples is AD, a slowly progressive, incurable 
neurodegenerative disorder of the aged that presents clinically 
with select memory loss and dementia (reviewed in Masters 
et al., 2015). Affected brains exhibit abnormal accumulation 
of extracellular amyloid-containing senile plaques, as well 
as intracellular neurofibrillary tangles composed of the 
hyperphosphorylated microtubule-associated tau protein 
(reviewed in Masters et al., 2015). In addition, reactivate 
microglia associate with AD lesions, evidence of failed 
attempts to stave off or reverse the harmful effects of these 
neurotoxic peptides. This arrested pro-inflammatory state is 
thought to appear during prodromal stages of AD and persist 
through advanced disease. Although well intentioned, this 
so-called neuroinflammation significantly impairs normal 
microglial functions leading to tissue damage, and in this 
way may facilitate AD pathophysiology. However, the exact 
role played by microglia remains incompletely understood 
and therefore represents a critical line of investigation. Given 
the substantial evidence supporting this, an attempt to 
elucidate the roles of microglia in AD pathogenesis is crucial. 
Additionally, the purported long lifespan of microglia makes 
them a potentially valuable therapeutic target for treatment 
of age-dependent brain diseases like AD (Additional Box 1). 

Evidence to date identifies microglia as key players in the 
maintenance of senile plaques in AD (Olmos-Alonso et al., 
2016). Microglial depletion using the inhibitor PLX5622 was 
recently shown to impair plaque formation and significantly 
limit the number of dystrophic neurites developed in 5xFAD 
mice, a transgenic line that reproduces many of the pathologic 
features of AD (Spangenberg et al., 2019). Interestingly, 
subsequent repopulation of microglia resulted in the 
reseeding of amyloid plaques to the same extent as untreated 
age-matched controls. Importantly, depletion did not appear 
to alter amyloid precursor protein processing or amyloid levels 
in 5xFAD mice, although a shift in amyloid localization from 
brain parenchyma to vasculature was observed, suggesting an 
attempt at vascular clearance. Interestingly, RNA-seq analysis 

found no significant alterations in the expression of AD-risk 
genes (e.g. Ache, Ptk2b) to explain the microglia-dependent 
changes. These findings support the theory that microglia are 
able to adopt deleterious phenotypes that have the potential 
to promote the pathophysiology of neurodegenerative 
diseases. Moreover, it appears likely that activated pre-
depleted pools produce an inflammatory environment 
sufficiently persistent to rapidly activate repopulating pools, 
thereby conferring neuroinflammatory behaviors to new cells. 
These results were independently confirmed with the PLX3397 
inhibitor which significantly reduced fibrillar and pre-fibrillar 
oligomers, as well as intracellular amyloid deposition and 
neuritic plaques (Sosna et al., 2018). Specifically, the authors 
reported marked reductions in soluble fibrillar oligomers in 
brain and pre-fibrillar oligomers in plasma from 5XFAD mice. 
In addition, the study found that microglial depletion was 
associated with improved cognitive performance on fear 
conditioning tests, behavioral outcomes likewise supported by 
Ortega-Martinez and colleagues in transgenic mice expressing 
either FAD-linked PS1 or PS1M146V/+ and treated with PLX5622 
(Ortega-Martinez et al., 2019). Moreover, microglial depletion 
rescued proliferation, differentiation, and survival of adult 
hippocampal neural progenitor cells using an environmentally 
enriched paradigm, conditions normally predicted to cause 
deficits in PS1 mice. Of special note, while microglial depletion 
in other amyloid models successfully prevented neuron loss 
(Fuhrmann et al., 2010) and cognitive improvement (Dagher 
et al., 2015), the number of plaques remained unchanged. 
Even more intriguing, data from one study suggests that 
microglia may act to stabilize plaque size, thereby restricting 
plaque growth and subsequent synaptic loss (Zhao et al., 
2017). Importantly, the study used a Cx3CR1-iDTR transgenic 
model to deplete microglia, and analyzed plaque burden using 
only Congo-red (e.g. no confirmatory thioflavin S fluorescent 
staining) rather than a more robust ELISA assay. Collectively, 
these findings suggest both beneficial and detrimental roles 
for microglia in AD, although differences in transgenic mice, 
depletion, and experimental design (especially timing) may 
account for the contradictory observations. 

AD is also pathologically characterized by formation of 
intraneuronal neurofibrillary tangles composed of aggregated 
bundles of hyperphosphorylated tau. In addition to AD, 
abnormal metabolism of tau in neurons and glia is associated 
with neurodegenerative diseases that include frontotemporal 
dementia, chronic traumatic encephalopathy, and even 
posttraumatic stress disorder, making continued research in 
this area broadly relevant (reviewed in Spillantini and Goedert, 
2013). Depletion studies in murine tauopathy models have 
likewise shed light on the role of microglia in AD. For example, 
misfolded microtubule-associated protein tau is known to 
leak into the extracellular environment, whether purged 

Figure 1 ｜ Structures of commonly used CSF1R small molecule inhibitors. 
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from affected neurons as a protective measure or released 
from dying cells (reviewed in Perea et al., 2018). Once in 
the interstitium, tau pathology propagates throughout 
the brain with a stereotypic pattern that correlates with 
specific cognitive decline (reviewed in Graykowski et al., 
2020). One study found that microglia contribute to this 
pathologic spread by phagocytosing tau, packaging it into 
exosomes, and then releasing it where it can be taken up 
and neutralized by neighboring cells (Asai et al., 2015). 
They also reported significant reduction in tau propagation 
following microglial depletion in mice treated with either a 
CSF1R inhibitor or intracerebroventricular administration 
of clodronate liposomes, presumably through reduced 
phagocytosis and secretion of tau-containing exosomes. 
Others groups have observed similar results using tau P301S 
transgenic mice (Mancuso et al., 2019). Interestingly, this 
study utilized a less common CSF1R inhibitor, JNJ-52, and 
found reduced production of pro-inflammatory molecules, 
as well as significantly decreased tau phosphorylation at AT8 
sites and insoluble tau levels. As with microglial and amyloid 
studies, variations in selected animal models and depletion 
strategies have complicated broader interpretations of 
the exact relationship between microglia and tauopathies, 
justifying additional investigation. Of course, even in light of 
compelling evidence for the attenuation of tau pathology by 
microglia, some have suggested that microglial depletion does 
little to mitigate tau pathology in AD (Bennett et al., 2018). 
Surprisingly, this study found that PLX3397 administration 
resulted in a roughly 30% reduction of microglia, compared 
to the near 99% depletion achieved by the majority of groups 
using CSF1R inhibitors. Consequently, they found that in 
Tg4510 transgenic mice, microglial depletion did not impact 
tau burden, levels or phosphorylation status, and did not 
result in changes to disease-associated microglial transcripts 
(e.g. Trem2). Nevertheless, as with current literature regarding 
the relationship between microglial depletion and amyloid 
burden, more studies are needed. 

Likewise, depletion strategies have proven useful in 
deciphering the role of microglia in other neurodegenerative 
disorders. MS is a demyelinating, neuroinflammatory disease 
of the CNS characterized by disease-associated microglia 
(DAM), although their precise pathologic contributions 
remain ambiguous. To this end, CSF1R inhibitors have been 
used in experimental autoimmune encephalomyelitis (EAE) 
mice, a widely accepted animal model of MS, to study the 
contribution of microglia to disease progression. For example, 
Nissen and colleagues found that weight loss and mobility 
impairments were mitigated, and myelination and immune 
activation showed marked improvement, in EAE mice treated 
with PLX5622 (Nissen et al., 2018). Interestingly, the authors 
identified a shift in inflammatory phenotype (e.g. decreased 
iNOS-positive microglia), reduced spinal cord demyelination, 
and an increase in mature oligodendrocyte. It is important 
to note that previous studies in EAE found that microglial 
ablation by genetic means significantly reduced disease 
progression (Heppner et al., 2005; Mildner et al., 2009). 
However, a group investigating secondary progressive multiple 
sclerosis utilizing EAE mice found that microglial depletion 
following PLX3397 administration actually led to a worsening 
of disease characterized by exacerbated demyelination, 
inflammation, axonal degeneration, CD4+ T cell proliferation, 
and increased mortality (Tanabe et al., 2019). As with the 
AD studies cited herein, these incongruous results suggest 
that microglia have the capacity to play both neuroprotective 
and neurodegenerative roles in MS, supporting the need for 
additional inquiry. Indeed, similarly paradoxical results have 
also been reported for depletion studies conducted in models 
of traumatic brain injury (TBI).

TBI is defined by a heterogenous set of clinical outcomes, and 
represents a major cause of death and disability (reviewed in 

Blennow et al., 2016). Not surprisingly, chronically activated 
disease-associated microglia are an important pathologic 
hallmark of TBI as well, with the resulting neuroinflammation 
thought to promote neurodegeneration (reviewed in Donat 
et al., 2017). For example, increased neurodegeneration 
was observed with intracerebroventricular administration of 
clodronate-loaded liposomes following closed head injury 
in neonatal rats, a model of pediatric brain injury, which 
the authors attribute to decreased clearance of dying cells 
(Hanlon et al., 2019). Interestingly, another group found that 
intravenous administered of clodronate liposomes prior to 
closed cortical impact (CCI) injury in adult rats increased blood-
brain barrier permeability (Aertker et al., 2019). In regard to 
these findings, it is important to note the relative timing of 
depletion, as well as its systemic nature, effectively ablating 
monocytes, macrophages, and microglia, and therefore 
requiring a more thoughtful interpretation of the interaction 
between peripheral and central responders to injury. The 
higher efficacy, small-molecule CSF1R inhibitors have also been 
used in similar TBI studies, and as with models of AD and MS, 
results have been largely inconsistent. An imaging study found 
that pre-CCI administration of PLX5622 successfully prevented 
injury-induced deficits in cerebral energetic metabolism as 
measured by hyperpolarized [1-13C] lactate-to-pyruvate 
ratios and pyruvate dehydrogenase activity (Guglielmetti et 
al., 2017). Unfortunately, in the absence of corresponding 
pathologic or behavioral data, it is difficult to translate these 
findings to the greater body of depletion studies. A recent 
study from Willis et al. (2020) found that sustained pre-
injury microglial depletion achieved by continuous PLX5622 
administration had no appreciable effect on spatial learning 
and memory deficits, or hippocampal neurogenesis, typically 
seen with rodent CCI models. The authors, however, did find 
that repopulation of microglia attenuated TBI-induced spatial 
learning and memory deficits, as well as stimulated interleukin-
6-dependent functional neurogenesis in the hippocampus 
following injury. Another group partially substantiated 
these results, finding that depletion of chronically active 
microglia with PLX5622 administration allowed for a pool of 
less reactive, ramified microglia to repopulate the injured 
brain during a critical period of neurodegeneration, reducing 
neuroinflammation, neuronal death, and small cortical lesions 
(Henry et al., 2020). Together, these studies highlight the 
potential value of microglial depletion and repopulation as 
a powerful therapeutic strategy for treatment of TBI, and 
possible other neurodegenerative diseases. 

While similar depletion approaches have been used 
to  invest igate the involvement of  microgl ia  in  the 
pathophysiology of other neurodegenerative disorders, 
including Parkinson’s disease (Yang et al., 2018; Neal et al., 
2020; Oh et al., 2020) and amyotrophic lateral sclerosis (Lee 
et al., 2012; Martínez-Muriana et al., 2016), existing literature 
is sparse and more research is needed. 

That being said, pharmacologic depletion and repopulation 
of microglia as both research tools and potential therapeutic 
interventions are not strictly limited to neurodegenerative 
diseases, as other maladies of the CNS may benefit. Indeed, 
exciting data has been generated from models of stroke (Szalay 
et al., 2016; Otxoa-de-Amezaga et al., 2019), depression (Cai 
et al., 2020; Wang et al., 2020b; Zhang et al., 2020), epilepsy 
(Feng et al., 2019; Liu et al., 2020), spinal cord injury (Gerber 
et al., 2018), glioblastoma (Butowski et al., 2016) and retinal 
degeneration (Zhang et al., 2018), among others.

Therapeutic Potential of Microglial 
Repopulation
While work investigating the effects of microglial depletion 
on models of neurodegeneration has vastly expanded our 
understanding and appreciation of the myriad functions 
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served by microglia in health and disease, evidence for the 
benefits of their repopulation in brain may be cause for 
greater excitement. Only recently have studies begun to parse 
the cellular mechanisms that drive and shape repopulated 
tissue (Zhang et al., 2018; Zhan et al., 2019), as well as  
explore relevant therapeutic potential, and yet the work that 
has been done looks to be the start of a very compelling story. 
Importantly, microglial depletion in the living animal has thus 
far proven safe for the host, with no observed disruption 
to normal brain functions (Willis et al., 2020). In addition, 
depletion efficacy in the CNS commonly exceeds 99%, 
followed by rapid and complete repopulation (Elmore et al., 
2014; Bruttger et al., 2015; Yao et al., 2016). Here, it is worth 
noting that, as a group, CSF1R inhibitors have been shown to 
be the most effective depletion approach, with PLX5622 in 
particular displaying the highest potency and selectivity (Liu et 
al., 2019). Especially relevant, these compounds show efficacy 
in rodents as well as nonhuman primates (Hillmer et al., 
2017). Given the discussion thus far, the evidence regarding 
the potential therapeutic value of microglial repopulation 
is understandably mixed. One study found depletion and 
repopulation of microglia in adult wild type mice associated 
with changes in the brain microenvironment, activating 
astrocytes, and decreasing neuronal markers and blood 
vessel integrity (Han et al., 2019a). Similarly, repopulation 
of microglia following depletion in adult, aged mice gave 
rise to a nacent pool of cells that still responded to immune 
challenge with the same hyperactivation of their predecessors 
(O’Neil et al., 2018). It has also been noted that repopulation 
effectiveness in the adult rodent brain is dependent on the 
extent of microglial depletion, and that repeated repopulation 
decreases efficiency (Najafi et al., 2018). However, even 
though selective depletion from the hippocampus in wild 
type mice, or systemic elimination, were shown to alter 
performance on certain learning and memory tasks, and 
disrupt social behaviors, microglial repopulation completely 
restored observed deficits (Torres et al., 2016). In organotypic 
hippocampal slice culture, repopulation helped to temper 
subsequent proinflammatory responses, with tissue exhibiting 
reduced responsivity to a variety of inflammagens (Coleman 
et al., 2020), and in wild type mice repopulation resolved 
neuroinflammation and facilitated recovery after neuron loss 
(Rice et al., 2017). Repopulating microglia were even shown 
to play a beneficial role in a model of severe sepsis, helping to 
restore systemic inflammatory balance (Michels et al., 2019). 
Moreover, microglial depletion and repopulation reversed 
age-related alterations to hippocampal architecture, among 
other deficits, and increased neurogenesis and dendritic spine 
densities (Elmore et al., 2018). A variety of disease states 
also appear to improve with microglial repopulation. One 
group found that pro-inflammatory microglia associated with 
neurodegenerative environments can undergo necroptosis, 
a form of programmed inflammatory cell death, thereby 
creating a niche for regenerated microglia capable of 
remyelinating damaged neurons in a type-1 IFN signaling-
dependent manner (Lloyd et al., 2019). In the SOD1G93A 
mouse model of ALS, repopulation of microglia is able to 
slow disease progression and extend lifespan (Lee et al., 
2012). Notably, this study repopulated microglia through 
bone marrow repopulation and found that mSOD1 levels 
were reduced in the newly populated microglial pool. And as 
mentioned previously, repopulation of microglia significantly 
improved outcomes following CCI (Willis et al., 2020). 

These and other studies provide strong support for continued 
investigation into the development of neurodegenerative 
therapies based on the microglial depletion and repopulation 
methods described here. However, additional lines of inquiry 
remain, with basic questions still requiring answers. For 
example, more work is needed to evaluate the effects of 
latency to repopulation, or duration of microglial depletion, 
on therapeutic efficacy. In addition, if prospective treatment 

regimens necessitate long-term microglial depletion, then 
consideration must be given to the potentially confounding 
effects of protracted absence of microglia on an already 
pathologic environment. It will also be important to thoroughly 
characterize repopulating pools of microglia, especially 
those determinants mediating pathogen recognition, healthy 
inflammatory response, and regeneration, so that preferred 
activities can be selectively stimulated and coordinated for 
maximum benefit. 

The Future
The more we learn about microglia, the more we learn 
about the brain – the good and the bad – and the better 
positioned we are to move the science of CNS health and 
disease forward. As a research tool, microglial depletion 
will continue to serve as an important driver of scientific 
discovery in the field of neuroscience, especially given our, 
as yet, incomplete understanding of microglial biology and 
the diseases characterized by them. One interesting outcome 
from the development of depletion techniques is the 
potential to adapt these methodologies for the targeting of 
other cell types in the CNS. For example, astrocytes represent 
the most abundant cell in brain, and similar to microglia, are 
involved in both normal and pathologic processes (reviewed 
in Sofroniew and Vinters, 2010). Genetic depletion of 
astrocytes has been shown to cause rapid loss of neurons and 
consequential motor impairment resulting from imbalances in 
redox homeostasis (Schreiner et al., 2015). In Theiler’s murine 
encephalomyelitis, a virally-induced murine model of MS, 
ganciclovir-mediated depletion of astrocytes was shown to 
mitigate clinical symptoms with concomitant downregulation 
of pro-inflammatory molecules (Allnoch et al., 2019). As with 
the specific pharmacologic depletion methods discussed 
here, analogous strategies could be imagined for the efficient, 
discrete elimination of astrocytes or oligodendrocytes for 
subsequent study of glial biology.

The development of CSF1R inhibitors for selective depletion 
of microglia in brain also created the potential for future 
therapeutic intervention of neurodegenerative diseases. 
Although efficacy in human disease has yet to be achieved, 
work in both science and medicine press ahead. In 2016, 
it was reported that orally administered PLX3397 was well 
tolerated by study subjects and readily crossed the blood-
brain barrier in an early phase clinical trial for GBM (Butowski 
et al., 2016). As above, in one form or another, the tools are 
available and more time is needed. 

Conclusion
Microglia play a number of essential roles in both CNS health 
and disease, many more than the moniker of “resident 
macrophages of the brain” would suggest. A variety of 
microglial depletion techniques have provided exciting new 
opportunity to identify and study novel functions in vitro, ex 
vivo, and in vivo. Elimination of microglia in healthy animals has 
confirmed many of the housekeeping duties already ascribed 
to these cells, but also uncovered the broader impact that 
associated activities, especially those other than inflammatory, 
have on the host brain. In addition, mounting evidence from 
related studies strongly support microglia as critical regulators 
of neuron development and homeostasis, especially relating 
to neuroregeneration. The application of depletion strategies 
to rodent models of various neurodegenerative diseases 
has also significantly advanced our understanding of specific 
pathophysiology, and opened the door to potentially powerful 
therapeutic avenues. While more work is certainly needed to 
better define the molecular determinants that drive microglia 
toward friend or foe, as well as their value as therapeutic 
targets, microglial depletion shows great promise in the 
continued study of neurodegeneration and neuroregeneration 
in science and medicine. 
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At  the  request  o f  the  authors ,  Neura l 
Regeneration Research is retracting the original 
article titled “Brain-derived neurotrophic factor 
expression in dorsal root ganglion neurons 
in response to reanastomosis of the distal 
stoma after nerve grafting” (Yu et al., 2012; 
doi:10.3969/j.issn.1673-5374.2012.26.002). 

The bands of BDNF and GAPDH products from 
RT-PCR were put together in Figure 1, which 
looks like they were separated by agarose 
gel in the same lane. This might cause some 
confusion for readers. Figure 2 is affected by 
the identified errors. 

The authors apologize for any inconvenience 
this retraction may cause for readers and regret 
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