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Abstract

Microglia are long-lived resident macrophages of the brain with diverse roles that span 

development, adulthood, and aging. Once thought to be a relatively homogeneous population, 

there is a growing recognition that microglia are highly specialized to suit their specific brain 

region. Cerebellar microglia represent an example of such specialization, exhibiting a dynamic, 

transcriptional, and immunological profile that differs from other microglial populations. Here we 

review the evidence that cerebellar microglia shape the cerebellar environment and are in turn 

shaped by it. We examine the roles microglia play in cerebellar function, development, and aging. 

The emerging findings on cerebellar microglia may also provide insights into disease processes 

involving cerebellar dysfunction.
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Cerebellar microglia in the light of microglial heterogeneity

Microglia, the innate immune cells of the central nervous system (CNS), directly shape and 

influence neural development and function. Classically studied for their roles in pathology, it 

is becoming increasingly clear that even under homeostatic conditions microglia are not 

quiescent sentinels but actively survey and patrol the CNS and are able to respond rapidly to 

chemotactic cues [1,2]. As they do so, they make frequent transient contacts with neural 

elements [3], eliminate synapses [4,5], and influence the formation of dendritic spines [6]. 

Microglia-mediated plasticity depends upon a number of signaling pathways including 

complement signaling [4,5], purinergic signaling [7], β-adrenergic signaling [8], fractalkine 

signaling [9], neurotrophic factors [10], inflammatory cytokines [11,12], and superoxide 
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levels [13]. Disturbances to these pathways have been shown to result in aberrant neural 

development and plasticity [14,15] (Box 1).

Much of our knowledge of microglia-neuron interactions derives from the study of cortical 

or hippocampal microglia, which have largely been assumed to be representative of all 

microglia. The notion that microglia are relatively homogeneous in their phenotypes and 

behaviors may stem in part from the fact that all microglia are thought to originate from the 

same early yolk sac progenitors [16-18]. These early progenitors infiltrate the brain before 

the blood brain barrier fully matures, and proliferate to populate all brain regions, becoming 

the CNS’s first line “immune system” (Fig 1), a function that could be envisioned to be 

largely uniform throughout the brain. Given our current understanding of the expanded roles 

of microglia and the different functions, structures, cellular profiles of different brain areas, 

it seems likely that the microglia embedded in these different milieus exhibit some degree of 

regional specification to fit the demands of surrounding neurons. Indeed, evidence is 

emerging that microglia are not homogeneous and vary greatly between brain regions in 

terms of morphology, signaling pathways and gene expression patterns [19-22]. For 

instance, adjacent basal ganglia nuclei, such as the ventral tegmental area and the substantia 

nigra pars reticulata, contain microglia characterized by distinct morphologies, 

electrophysiological signatures, and transcriptional profiles [23]. These microglial 

characteristics appear to be dependent upon highly specific, local, developmentally 

regulated, signaling cues embedded within each brain structure [18,23,24]. Thus, while 

cortical and hippocampal microglia have been intensely studied, they may not be 

representative of other microglial populations.

The cerebellum is an evolutionarily ancient structure, responsible for motor coordination and 

other functions, displaying a unique architecture of neurons organized into stereotyped input 

and output circuits (Box 2; see also refs [25-27]). In addition, the cerebellum possesses a 

unique astrocyte population, which constitutes by itself an area of intense study (Box 3). 

Given the radically different function, cytoarchitecture, macroglial populations, and levels of 

activity between the cerebellum and other brain regions [27], it is perhaps not surprising that 

microglia in the cerebellum display unique characteristics. In this review, we will examine 

the lines of evidence suggesting that cerebellar microglia are a distinct microglial population 

with unique profiles driven by the cerebellar environment. Intriguingly, many of the 

differences observed in cerebellar microglia may have their origins in development, and we 

will explore how the microglial functions during this early period may shape their long-term 

characteristics. We will then conclude with a discussion of future directions and potential 

applications of the new understanding of cerebellar microglia to neurodevelopmental 

disorders and aging processes.

Adult cerebellar microglia represent a distinct microglial population

Cerebellar microglia show unique functional dynamics

As mentioned, microglial dynamics have thus far been studied largely in the context of 

cortical microglia. Cortical microglia are highly ramified and regularly tile the neocortex, 

maintaining non-overlapping territories. In vivo and brain slice time lapse imaging 

experiments have shown that the cell bodies of these microglia are fairly stationary, while a 
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very motile process arbor samples the defined territory of each cell. These microglia also 

rapidly respond to injury. For instance, following a high-intensity, focal laser applied to the 

tissue, microglia rapidly extend their processes to surround the injury core [7]. These 

dynamic changes in microglial morphology are thought to be critical to their function, both 

in physiological processes, where they facilitate interactions with other cell types such as 

neurons, and during injury and disease, where they allow microglia to rapidly restore 

homeostasis [2,7].

Studies have shown that the description of “canonical” microglial features based on cortical 

microglia do not hold true for the cerebellum. Cerebellar microglia are less ramified and are 

sparsely distributed within the tissue [28-31]. As a consequence, they survey less of the 

cerebellar parenchyma in the same amount of time compared to their cortical counterparts, 

despite their motile processes [29] (Box 1). Perhaps in order to compensate for decreased 

density and surveillance, cerebellar microglia exhibit somatic motility, by which their somas 

rapidly translocate, moving through the cerebellum on a timescale of tens of microns an 

hour. While adult cortical microglial somas are largely stationary, cortical microglial soma 

motility has been reported in aged mice [32,33], although not nearly to the degree observed 

in young adult cerebellar microglia [29]. It remains unclear what triggers the motility of 

cerebellar microglial somata. This motility may be directed, as in the chemotactic response 

to chemoattractants, or may be a random sampling of the environment, as is thought to be 

the case for the surveillant motility of microglial processes. While the mechanisms of soma 

motility in the cerebellum are not known, it is possible that the process is similar to the 

migration observed in other peripheral macrophage populations, whose morphology 

resembles that of the less ramified cerebellar microglia. In the periphery, macrophages 

migrate through tissues under steady state conditions, sampling the microenvironment for 

antigens and replacing tissue specific monocytes as needed [34]. Peripheral macrophage 

motility appears to be partly under control of MHC-II (see Glossary) and it is perhaps worth 

noting that MHC-II related genes are upregulated in cerebellar microglia [20]. No studies 

have, as of yet, determined the function of MHC-II in homeostatic microglia, though in 

neurodegenerative conditions, knocking out MHC-II prevents microglial activation [35]. 

Establishing the mechanisms that control soma motility in cerebellar microglia may provide 

insights into the function of this phenomenon.

Possibly as a result of differential surveillance dynamics, cerebellar microglia exhibit 

different focal injury responses than their cortical counterparts. In the cerebellum, microglial 

processes are recruited from a greater distance but arrive at the injury core in approximately 

half the time of cortical microglia [29]. This may be indicative of distinct signaling pathways 

that control chemoattraction and directed motility, and may be expressed differently in 

cerebellar microglia than those in the neocortex. P2Y12 is a key mediator of directed 

motility during the injury response in the neocortex [7,36], and it is possible that it mediates 

differential microglial responses in these two parts of the brain. However, P2Y12 is 

expressed to a roughly similar extent in cerebellar and cortical microglia, when assayed at 

both the RNA and protein level [20,29]. This suggests that changes in downstream 

intracellular effector pathways may be at play, or that different receptors sense damage in the 

two microglial populations. To further elucidate the role of P2Y12 in the cerebellum, 

Stoessel and Majewska Page 3

Trends Neurosci. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparative immunohistochemical or in situ hybridization studies may be necessary and 

could be combined with electron microscopy to compare subcellular localization of P2Y12 

in microglia at rest and during injury response.

Are cerebellar microglia a uniform cell population?

Most studies have not attempted to classify different sub-populations of microglia within the 

cerebellum. However, there is some evidence to suggest that cerebellar microglia are 

heterogeneous and that layer specific differences exist. Histological studies have reported 

differences in microglial morphology based on cerebellar layer, with microglia in the 

molecular layer being less arborized than those in the granule cell layer [31], and microglia 

in the granule cell layer being more densely packed, although still much less so than in the 

neocortex [29]. Process motility is also slightly higher in the Purkinje cell layer than the 

molecular layer [29]. Further studies have suggested lobule specific differences in the 

developmental phagocytic activity of cerebellar microglia [37,38] Additionally, some 

cerebellar microglia are more susceptible to acute ethanol intoxication, with microglia in the 

Purkinje cell layer but not the molecular layer responding to ethanol with hyperramification 

of the arbor and decreased arbor dynamics [39]. More experiments will be needed to better 

elucidate layer-specific differences within the cerebellar microglia population. Techniques 

such as layer-specific RNA sequencing or cerebellar slice two photon microscopy can better 

define markers for different populations that may exist in separate layers, identify 

differential signaling pathways, and describe functional differences in microglial behavior.

Cerebellar microglia have a distinct immune status

The distinct morphological and dynamic phenotypes of cerebellar microglia may be driven 

by the fact that microglia in the cerebellum have altered immune signaling compared to 

cortical and hippocampal microglia. RNA profiling of microglia isolated from different brain 

regions of adult mice has demonstrated that cerebellar microglia show enrichment of 

pathways involved in pathogen recognition such as lectins (Clec4e and Clec7a), interferon 

pathway genes (Stat1, Stat4, Irf7), and genes involved in antigen presentation such as MHC-

I (H2-D1 and H2-K1) and MHC-II (H2-Aa, H2-Ab1), leading to the idea that these cells are 

more “immunovigilant” than their cortical and hippocampal counterparts and more 

responsive to various immune signals [20]. While cerebellar microglia express signature 

microglial genes, including those that comprise the microglial “sensome”, they express 

lower levels of canonical sensome genes that are thought to be involved in reducing 

inflammatory signaling, such as CX3CR1 [40,41]. Likely as a result of these expression 

patterns, cerebellar microglia show an increased capacity to clear apoptotic cells and exhibit 

greater numbers of pyknotic cups than cortical microglia at baseline [19,38], although the 

ability to clear pathogens has not been compared across these microglial populations. This 

increased phagocytic capacity may be driven by intrinsic signaling within cerebellar 

microglia or by on-going reciprocal microglia-astrocyte or microglia-neuron interactions 

which may be distinct in the cerebellum as compared to other brain regions.

It is likely that cerebellar microglia morphology and the motility of their somata arise from 

this elevated immune activity. Microglia morphology and function are closely linked (Fig 2) 

[42], and these highly plastic cells are known to alternate between highly ramified 
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morphologies—such as those seen in the neocortex during periods of synaptic 

reorganization—and much less ramified or even ameboid morphologies—such as those 

typically associated with disease processes [7,43]. In general, highly ramified microglia are 

thought to carry out surveillance and homeostatic functions, while less ramified cells are 

thought to be phagocytically active and inflammatory [1,42]. In the adult CNS, microglia 

exist on a reversible continuum between these states, and are able to rapidly alter their 

phenotype and dynamics based on local cues. Thus, the less ramified morphology is likely 

the result of the increased immune signaling of cerebellar microglia. It has been observed 

that activated microglia adopt such a morphology upon stimulation with lipopolysaccharide 

(LPS) or a similar danger signal, with microglia retracting their processes and becoming 

ameboid in shape [44,45]. The gene expression patterns of cerebellar microglia, however, 

are distinct from those observed after immune challenges that elicit classical or alternative 

microglial activation. For example, Nos2 and Arg1, which typify classical and alternative 

activation respectively, are absent from the transcriptional profile of cerebellar microglia, 

suggesting a distinct immune profile, at least from a transcriptional standpoint [20]. As 

discussed above, soma motility may also arise from their particular immune state, though 

this link is not well established [29]. However, increased expression of immunoregulatory 

genes in cerebellar microglia is accompanied by increased expression of genes involved in 

cellular metabolism and energy production [20]. Increased metabolic capacity may be 

required in these cells to meet the demands of surveying a larger area by physically 

migrating the cell body. The augmented response to focal injury may also be a consequence 

of enhanced immune signaling. This may suggest that cerebellar microglia have common 

phenotypes with “primed” microglia which are also more responsive to injury and 

pathogens. In fact, microglia that are challenged during development with infection, 

toxicants or even alcohol exposure, are more responsive to a “second hit”, which can include 

an enhanced response to focal injury [46-49]. It is interesting to note that cerebellar 

microglia may acquire their immune phenotype early due to the unique environment of the 

developing cerebellum similar to “primed” microglia which are generated by insults that 

also occur during development (see section “Microglia are essential to cerebellar 

development” below).

Immune challenges during early development can modify microglia, affecting their function 

and reactivity throughout the lifespan, and set the stage for microglial behavior in the 

context of age-related and neurodegenerative disease. During aging, microglia throughout 

the brain decrease their phagocytic capacity, while increasing the severity of the reactive 

state [50,51], with such shifts being accompanied by bioenergetic and transcriptomic 

changes [40,52]. RNA profiling suggests that microglia upregulate pathogen sensing genes, 

while downregulating receptors to recognize endogenous ligands [40]. Cerebellar microglia 

appear to be particularly sensitive to the aging process, with changes in their expression 

profiles occurring steadily from mid-life into old age. As they age, cerebellar microglia 

become distinct from other microglial populations such as those in the neocortex and 

hippocampus, upregulating expression of immunoregulatory genes (such as Stat1), 

maintaining levels of antigen presentation genes (such as H2-Aa), and decreasing their 

expression of microglial signature genes (such as P2Y12, Tmem119) [20,53]. Such patterns 
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suggest a cerebellar microglia specific aging process which exacerbates the reactive state in 

these cells, rendering them more susceptible to disease processes and environmental insults.

Cerebellar microglia phenotypes arise from differential signaling

Though still an emerging field of study, it is likely that many of the regulatory cues for 

microglial specialization arise from epigenetic modifications, similar to what is observed in 

other myeloid cell populations. Epigenetic modifications have been shown to influence 

expression of key myeloid genes, often converging around the transcription factor PU.1 and 

its effectors [54,55]. It has been further shown that microglia use epigenetic modifications to 

modulate their response to environmental stimuli. Microglia lacking histone deacetylase 

complexes (HDAC) 1 and 2 were unable to respond appropriately to treatment with LPS 

[55]. The epigenetic modification H3Kme2 has also been implicated in the maintenance of 

the disease associated microglia (DAM) phenotype [56].

In a similar manner, expression of many of the inflammatory genes and the phagocytic 

capacity of cerebellar microglia discussed above have been shown to depend on the removal 

of the repressive epigenetic histone modification, H3K27me3. H3K27me3 is an important 

modulator of regional identity of other tissue specific macrophages, and it would follow that 

H3K27me3 plays a role in determining regional differences between microglial populations 

as well [57,58]. H3K27me3 is deposited on histones by polycomb repressive complex 2 

(PRC2) and removed by two demethylases KMD6a and KMD6b. PRC2 and KDM6a/

KDM6b act in opposition, with PRC2 being active in homeostatic microglia (those of 

neocortex and striatum) and KDM6a and KDM6b being active in immunologically primed 

microglia (those of cerebellum). Inactivation of PRC2 in striatal microglia which results in 

loss of H3K27me, leads these microglia to adopt a “cerebellar-like” phenotype [19]. Such 

mechanisms may explain the process by which microglia receive region specific cues and 

specialize to their environments.

One such possible environmental cue is transduced by the colony stimulating factor-1 

receptor (CSF-1R), which is expressed by all microglia and whose signaling is required for 

microglial maintenance. Deletion or blockade of CSF-1R causes widespread microglial 

depletion [16,59,60]. CSF-1R binds two structurally similar ligands, colony stimulating 

factor-1 (CSF-1) and interleukin 34 (IL-34) [59,61] whose spatial expression is tightly 

regulated. In the CNS, IL-34 is produced by neurons of the neocortex and hippocampus, but 

not the cerebellum, while CSF-1 is expressed by astrocytes, oligodendrocytes, and microglia 

throughout the brain [62-64]. IL-34 has been shown to be crucial for the development and 

maintenance of cortical microglia, and the same was assumed of cerebellar microglia [65]. 

However, it has been recently demonstrated that deletion of CSF-1 causes a significant 

reduction of cerebellar microglia, leaving cortical microglia largely unaffected [66]. 

Furthermore, application of IL-34 to cerebellar microglia drives a cortical profile, whereas 

application of CSF-1 to cortical microglia drives a cerebellar profile [66]. This provides an 

example as to how differential signaling through common microglial receptors can influence 

regional specificity in microglial populations as well as a potential tool to dissect cortical 

and cerebellar microglia.
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Intriguingly, cerebellar microglia share this dependence on CSF-1 signaling with white 

matter microglia. When CSF-1 is removed using an antibody sequestration method, white 

matter microglia are also selectively depleted [63]. Furthermore, similar to cerebellar 

microglia, white matter microglia have been shown to exhibit lower densities, 

hyporamification, higher expression of genes related to phagocytosis, especially early in 

development (P0-P10 in mice), and an exaggerated response to insults such as LPS (Fig. 2 

see section “Microglia are essential to cerebellar development”) [30,51,67,68]. Though 

many questions remain, the similarities between cerebellar and white matter microglial 

populations may be due to the fact that cerebellar microglia emerge from the cerebellar 

white matter postnatally, from ~P4-P8 in the mouse, which is later than microglia in the 

neocortex and hippocampus [69]. As a consequence of their prolonged residence in the 

white matter in development, cerebellar microglia may maintain some of the characteristics 

and transcriptional patterns of their white matter counterparts well into adulthood, especially 

as some of those characteristics are essential to the proper development of cerebellar 

circuits.

Microglia are essential to cerebellar development

Microglia are integral to the developing nervous system and have been shown to influence 

synaptic remodeling in diverse regions such as the developing lateral geniculate nucleus 

(LGN) [4,5], primary visual [3,7,29] and somatosensory [6,70] cortices, and the 

hippocampus [14,15,71]. In these areas, microglia interact with synapses to restructure 

synaptic inputs, often in an activity-/experience-dependent manner that has been linked to 

their ability to phagocytose or trogocytose synaptic material [5,7,14,72]. The clearance 

activities of microglia are augmented in the cerebellum due to epigenetic changes which 

increase phagocytic potential [19]. These in turn may be set in place due to the demands 

placed on microglia by developing cerebellar neurons and nascent circuits. Here, we will 

review cerebellar specific developmental roles of microglia and potential consequences for 

adult cerebellar transcriptional and dynamic profiles. Though we focus on certain types of 

microglial interactions with the developing cerebellar circuit such as phagocytosis, much of 

this landscape remains unexplored, and it remains unclear what role, if any, microglia play 

in many cerebellar processes such as granule cell maturation, molecular layer interneuron 

development, axonal guidance, and vascularization [25,73]. Microglial involvement in these 

cerebellar specific processes is an important future direction of study.

Microglia clearance activity ensures Purkinje cell function

Throughout cerebellar development, microglia clear apoptotic Purkinje cell bodies [74]. 

Shortly after birth in mice, Purkinje cells undergo a period of apoptosis, which peaks at 

approximately P10 [75]. Cerebellar microglia trigger apoptosis in immature Purkinje cells 

by producing superoxide ions and then proceed to engulf the debris [74]. This clearance 

activity was shown to depend upon caspase-3 activity within the apoptotic Purkinje cells 

[74]. As expected, this period coincides with increases in cerebellar microglia phagocytosis 

and pyknotic cup-like morphology [37,38]. Microglia-mediated clearance activity is vital to 

proper establishment of cerebellar circuits: preventing microglial activity or depleting 

cerebellar microglia has been shown to result in aberrations in Purkinje cell development—
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such as overlapping, multiplanar arbors and ectopic cell body insertion—and disruption of 

cerebellum-dependent behaviors, as seen for instance in movement disorders and social 

deficits [66]. Microglial clearance of neuronal cell bodies also occurs in other brain regions, 

principally those known to undergo adult neurogenesis, such as the olfactory bulb and the 

dentate gyrus of the hippocampus [76-78]. Neuron elimination in these areas is also 

caspase-3 dependent, but it does not occur on the same scale, nor does it have the same 

functional importance as in the cerebellum. This developmental phagocytic activity likely 

shapes future microglia transcriptional profiles, as cerebellar and hippocampal microglia 

share some transcriptional characteristics [19,20,79]. Exposing forebrain microglia to 

apoptotic cells in vitro also induces the expression of “cerebellar” microglia genes, 

suggesting that triggering phagocytosis may alter microglial phenotypes and immune 

signaling [19]. Intriguingly, single cell RNA sequencing data shows that cerebellar microglia 

express similar suites of genes throughout different stages of life – from development, when 

they first embed in the cerebellum and undergo a sustained period of phagocytosis, into 

adulthood [79]. This suggest that cerebellar microglia retain some of their developmental 

qualities throughout the lifespan of the animal.

Microglia shape cerebellar circuits

In addition to their contributions to Purkinje cell development, microglia also play a crucial 

role in shaping the connectivity and function of these cells. Microglia are critical to the 

formation of climbing fiber (CF) synapses and in CF translocation on Purkinje cell arbors 

(Box 4). In mice, at P0, Purkinje neurons are innervated by multiple immature CFs of 

relatively equal input strength. However, from P7-P12, the excess fibers undergo elimination 

and a single fiber is translocated to the proximal Purkinje cell dendritic arbor [80,81]. This 

elimination of excess synapses is akin to developmental synaptic refinement in the thalamus, 

neocortex, and hippocampus, where microglia have been shown to be critical players in the 

removal of synapses after an early period of exuberant synaptogenesis [25,69,80]. CF 

elimination requires both GABAergic transmission and the presence of microglia, as 

disruptions of either of these from P10-P16 impairs excess CF elimination [82]. 

Interestingly, the phenotype observed in both impaired GABA transmission and microglial 

ablation conditions could be rescued with local application of diazepam, a GABAAR 

agonist, suggesting a link between GABA transmission and microglia’s role in excess CF 

elimination [69,82]. In fact, recently, microglia have been shown to be a part of a negative 

feedback loop that dampens neuronal activity, supporting the idea that inhibitory neuronal 

signaling and microglia may work together to shape circuits [83]. Direct microglial 

phagocytosis of CFs was rarely observed [69], which is surprising given previously 

described roles of microglia in the developing cerebellum and other areas of the brain [74]. 

Microglial release of neurotrophic factors (e.g. BDNF) has been shown to be crucial in 

controlling synapse remodeling and plasticity [10]. Therefore, it is possible that non-

phagocytic mechanisms mediate microglial roles in CF elimination, as has been shown in 

other brain regions [84]. It is also possible, however, that cerebellar microglia use different 

mechanisms to interact with synapses than microglia in other brain regions. In fact, 

fractalkine signaling, which mediates plasticity in the somatosensory cortex and 

hippocampus, is not involved in CF elimination [85]. This finding is in keeping with reports 

that the importance of fractalkine signaling to neuronal development varies regionally 
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[6,9,70,86]. It is also possible that microglia affect CF elimination through actions 

(including phagocytosis) at a different synapse type that is critical to GABAergic signaling 

within the circuit, such as at the synapse between molecular layer interneurons and Purkinje 

cells. In fact, astrocytes show a much greater level of ensheathment of cerebellar synapses 

than those in neocortex and hippocampus (Box 3), suggesting that glia may have extended 

roles in the remodeling of most synapses in the cerebellum [87-89]. While the role of 

microglia at the much more diffuse and weak PF synapses is currently unknown, the fact 

that developmental loss of cerebellar microglia leads to an increase in excitatory synaptic 

events in Purkinje cells [66] may suggest that microglia also affect non-CF inputs to 

Purkinje cells as well. Microglia may also shape cerebellar circuits by altering intrinsic 

excitability of cerebellar neurons [90]. Though not unique to cerebellum, intrinsic 

excitability is pivotal in shaping cerebellar firing properties, and thereby affecting behavior 

by modulating membrane properties through calcium induced potassium (SK) channels to 

change conductance and signal propagation within the dendrite [91]. Microglial 

inflammatory signaling in the cerebellum was recently shown to directly impact intrinsic 

excitability and SK channel activation through the cytokine TNFα [11].

Microglial modulation of cerebellar neurons and synapses has functional effects. Microglial 

depletion has been shown to alter both cerebellar neuronal firing properties and increase 

cerebellar linked anxiety behaviors [66]. Further, cerebellar microglial inflammatory 

activation changed Purkinje cell excitability, communication from the cerebellum to 

prefrontal cortex and promoted repetitive and anxiety like behaviors [11]. While it is clear 

that microglia are active participants in shaping cerebellar function, more work will be 

needed to elucidate the cellular and synaptic partners of microglia, and how these 

interactions alter different behaviors. Microglial depletion, possibly using a conditional CNS 

specific CSF-1 knockout to ablate cerebellar microglia during development vs. adulthood 

[66], could be used to systematically assay which cerebellar learning paradigms or tasks 

require microglia. The circuits underlying these tasks could then be probed to determine the 

locus and mechanisms through which microglia contribute.

Concluding Remarks and Future Directions

Mounting evidence suggests that cerebellar microglia are distinct from other microglial cell 

populations, as demonstrated by their differential morphology, distribution and dynamics 

[29]. These characteristics arise from altered transcriptomics, epigenetics, and signaling 

pathways within cerebellar microglia and cerebellar-specific environmental cues 

[11,19,20,66]. Many of these differences may have their origins in cerebellar development, 

where microglia clear entire apoptotic neuronal cell bodies and participate in excess CF 

elimination [69,74,79]. In particular, the clearance of entire cell bodies in the cerebellum is 

notable, and this early developmental phagocytic role may contribute to the adult phenotype 

and a differential aging process [20,21,79].

Given that cerebellar microglia in the adult share many similarities with microglia in early 

developmental stages, and that cerebellar microglia have a distinct aging process compared 

to other brain regions, it is possible that this microglial subpopulation is more susceptible to 

disease than other microglia populations. Both developing and aging microglia possess a 
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greater sensitivity to environmental insult [46,48,92]. As such, cerebellar microglia may be a 

unique nexus between the environment and the brain and be key to many aspects of 

cerebellar disease. For example, in fetal alcohol spectrum disorder and chronic alcoholism, 

cerebellar microglia and Purkinje cells are some of the first cell types to be affected 

[39,46,93-95]. Furthermore, there is a growing appreciation of the cerebellum as a critical 

contributor to dysfunction in disorders that involve altered brain-wide connectivity patterns, 

including autism spectrum disorder, schizophrenia, and to a lesser extent Alzheimer’s 

disease [93,96-99]. While historically appreciated as a self-contained circuit that comprises 

“the little brain” and controls motor activities, the cerebellum actually makes wide-ranging 

connections, and growing evidence suggests that most motor and cognitive functions are 

smoothed and corrected by the cerebellum [93,100,101]. The computations underlying these 

corrections are distributed throughout the cerebellum, feeding back to cortical and motor 

areas through cerebellocortical connections that are vital to many cognitive processes and 

everyday life. Given the sensitivity of cerebellar microglia to developmental insults and their 

impact on the maturation of the cerebellum and its functions, it is imperative to clarify how 

and through which molecular mechanisms microglia contribute to the normal workings of 

the cerebellum (see Outstanding Questions). This knowledge may facilitate the design of 

better interventions for disorders involving cerebellar dysfunction and expand our 

understanding of how neural and glial cells function within the CNS as a cohesive unit.
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Glossary:

Climbing fiber (CF)
A projection fiber from the inferior olivary nucleus to cerebellar Purkinje cells, thought to 

encode sensory information. Each Purkinje cell is innervated by a single climbing fiber, 

although this single fiber makes thousands of synapses onto the Purkinje cell dendritic arbor. 

The CF is one of the two excitatory inputs to Purkinje cells.

Disease associated microglia (DAM)
a transcriptomic signature defined as suites of differentially expressed genes in microglia 

during disease processes when compared with microglia in a healthy environment.

Histone deacetylase complex (HDAC)
a complex of enzymes involved in epigenetic regulation which remove acetyl groups from 

histones.

Lateral geniculate nucleus (LGN)
A thalamic nucleus and part of the visual system, which receives input from retinal ganglion 

cells. Synaptic pruning and eye specific segregation occurs in the LGN early in the 

development of the visual system. It was shown in several landmark studies that microglia 

are required for this segregation through the process of synaptic pruning, mediated by the 

complement cascade.
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Lipopolysaccharide (LPS)
large compounds found on the cell walls of gram-negative bacteria such as E. coli. 
Commonly used as a systemic immune challenge to assess microglial responses.

Major histocompatibility complex II (MHC-II)
a key complex of antigen presenting molecules present on the surfaces of many immune 

cells, notably dendritic cells and macrophages.

Parallel fiber (PF)
each parallel fiber makes contact with ~150,000 Purkinje cells, with ~1-2 synapses per 

Purkinje cell. Granule cells receive inputs through the mossy fibers, which originate in the 

pontocerebellar tract.
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Outstanding Questions:

Astrocytes and microglia both interact with synapses and contribute to the maintenance 

and remodeling of synaptic function. Both of these cell types have distinct phenotypes in 

the cerebellum that set them apart from their counterparts in other areas of the CNS. Do 

these differences call for adjustments in the conception of the “quad-partite synapse” in 

the cerebellum, and if so in what ways?

Microglia are required for the elimination of “weaker” CFs, although direct phagocytosis 

has yet to be observed. What are the mechanisms by which microglia contribute to CF 

elimination? Do microglia play a role in the elimination of excess PF synapses?

How are the unique dynamic properties of cerebellar microglia regulated by canonical 

microglial signaling pathways known to be important in other parts of the CNS, such as 

complement, purinergic, adrenergic, and fractalkine signaling?

It is known that microglia associate and make contact with cerebellar neurons. What 

pathways control associations with different classes of cerebellar neurons? What 

functional roles do these contacts play in cerebellar neuronal properties? How does this 

affect cerebellar-mediated behaviors?

Developing microglia are vulnerable to environmental insult and cerebellar microglia 

may be particularly sensitive due to their enhanced immune profile. What role might this 

susceptibility have in diseases of the cerebellum? Does the dysfunction of cerebellar 

microglia contribute to other neurological and psychiatric disorders?
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Highlights:

Microglia, the innate immune cells of the central nervous system (CNS), directly shape 

and influence neural development and function.

Much of our knowledge of microglia-neuron interactions derives from the study of 

cortical or hippocampal microglia, which may not fully represent other microglial 

populations. Microglia in the cerebellum represent an extreme case of regional 

specification and differ from microglia residing in the cortex and hippocampus 

phenotypically and functionally.

Cerebellar microglia show distinctive functional dynamics compared to other microglial 

populations studied to date and their properties may stem from their gene expression 

profiles which are enriched for immune pathways.

Microglia play cerebellar-specific roles in development, phagocytosing apoptotic 

Purkinje cells and facilitating the development of the cerebellar circuit.

The developmental roles of cerebellar microglia, such as pronounced phagocytic activity, 

likely influence their distinctive adult phenotype, however the cerebellar environment in 

adulthood may also play a role in maintaining microglial characteristics.
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Box 1:

Technical approaches to deciphering microglial roles in altering synapses 
and circuits

A common approach to investigating how microglia interact with neurons is to alter 

microglial function and observe the effects on neuronal properties, circuit function or 

animal behavior. Early studies relied on pharmacological methods to interfere with 

microglial immune function, but were limited in their specificity to microglia (e.g. drugs 

like minocycline affect astrocytes and other cell types in addition to microglia) and did 

not address non-immune microglial pathways [102,103]. Pharmacological and genetic 

microglial depletion experiments have illuminated the diverse roles microglia play in 

brain function, but lessons learned from the removal of such a large number of cells may 

not accurately mirror normal function [60,104,105]. The CX3CR1-creERT mouse 

revolutionized the study of microglia by allowing the conditional expression and removal 

of target genes in microglia, facilitating the modification of specific pathways at distinct 

developmental time points [10,106]. Unbiased genomic profiling approaches have 

generated candidate pathways for manipulation, also highlighting microglial changes 

throughout the lifespan or in disease, and exposing differences between microglial 

populations [41,43,56]. Bulk RNAseq [20], single cell RNAseq [79,107], and translating 

ribosome affinity purification (TRAP) sequencing [19], have revealed differential gene 

expression patterns between cerebellar microglia and other microglial cell populations. 

These powerful genomic approaches, however, must be carefully vetted as changes at the 

mRNA level do not always reflect changes in protein expression or activity, and do not 

provide detailed spatiotemporal information, a limitation which may be partly alleviated 

by new spatial transcriptomic methods [108,109]. In parallel, in vivo imaging techniques 

allowed the assessment of these reactive cells in their native milieu and revealed the 

unprecedented dynamics of microglial structures, as well as their ability to dynamically 

interact with other brain cells [1,2]. While technical challenges remain in imaging 

undisturbed microglia, and depth limitations prohibit access to some microglial 

populations [110,111], the different dynamics of cerebellar and cortical microglia 

underscore this cell type’s functional heterogeneity [29]. Technical advances now allow 

further characterization of cerebellar microglia and their functions. Transcriptomic 

approaches could further elucidate cerebellar microglial subtypes while in vivo imaging 

paired with electron microscopy could illuminate the precise nature of microglia-neural 

contacts, not just with Purkinje cells but with climbing fibers, parallel fibers, 

interneurons, and granule cells [3,112]. Electrophysiology combined with genetic 

knockout studies and microglia depletion paradigms could be used to demonstrate the 

functions of microglia within the cerebellar circuit [11,66,85]. Lastly, the same tools 

could be paired with cerebellar specific behavioral paradigms, such as the optokinetic and 

vestibule-ocular reflexes [113] to better understand the effect of microglia and microglia 

signaling pathways on behaviors mediated by the cerebellum.
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Box 2:

Cerebellar anatomy and structure

The cerebellum is at once a deceptively simple, and wonderfully complex structure. 

Canonically thought to be primarily involved in motor coordination and balance, a 

growing body of research is revealing vast arrays of novel emotional and cognitive 

functions [11,66,101,114-117]. Cerebellar cytoarchitecture was famously described by 

Santiago Ramón y Cajal and Camilio Golgi in early 20th century [118]; however, the 

assemblage of this unique structure is still the topic of intense research and necessitates 

the accurate and functional formation of billions of synapses. Incorrect assembly can lead 

to many motor and cognitive deficits, often through impairment of long term depression 

which has been shown to be critical to cerebellar learning [119]. The cerebellar cortex is 

organized into three layers, the molecular layer (ML), the Purkinje cell layer (PCL), and 

the granule cell layer (GCL) with the cerebellar white matter located furthest from the 

ML (Fig I). On the circuit level, the cerebellum contains millions of repeated cellular 

units, with each unit centering around the Purkinje cell. In the adult mammalian 

cerebellum these complex ramified cells are the only output of cerebellum, sending 

inhibitory projections to one of the deep cerebellar nuclei, which in turn send projections 

to a wide range of regions of the CNS. Purkinje cells receive two distinct excitatory 

inputs; one from climbing fibers (CFs) and the other from parallel fibers (PFs). CFs send 

vestibular information and project from the inferior olivary nucleus. Each CF innervates 

only one Purkinje cell, but in doing so makes hundreds of thousands of synapses onto the 

proximal dendritic arbor. PFs are the axons of granule cells, which receive inputs from 

mossy fibers. Mossy fiber inputs carry information from many sources in the CNS all via 

the pontocerebellar tract. In contrast to CFs, each Purkinje cell receives functionally 

weak but numerous inputs from PFs to its distal dendrites [119,120]. It remains unclear 

how the cerebellum’s unique structure alters the microglia residing in the cerebellum and 

how these microglia, in turn, alter cerebellar structure and function.
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Figure I: Cerebellar lamination and circuitry.
The mature cerebellum is composed of three principal layers: the molecular layer (ML), 

the Purkinje cell layer (PCL), and the granular cell layer (GCL), as well as a white 

matter tract (cWM). The ML is a layer of dense neuropil, containing the Purkinje cell 

arbor. The PCL contains large Purkinje cell bodies (red) in a monolayer. The GCL 

contains the much smaller cerebellar granule cells (cyan), which receive inputs via mossy 

fibers (orange) and then send their axon arbors into the ML to become parallel fibers 

(PFs; cyan/green; running into (solid) and out of (dashed) the plane of the page in 3D). 

Each PF makes synapses with hundreds of thousands of Purkinje cells. In contrast to this, 

each Purkinje cell is innervated by one CF (blue), which makes thousands of synapses 

onto that cell and receives input from the inferior olivary nucleus (ION). In addition to 

the cell types shown here, there are several classes of inhibitory interneurons which 

provide GABAergic inhibition to both the GCL and ML.
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Box 3:

Cerebellar astrocytic heterogeneity

Glia specialization in the cerebellum is not limited to microglia but extends to astrocytes 

as well. Cerebellar astrocytes are often grouped into three main forms: white matter 

astrocytes, granular layer astrocytes, and Bergmann glia (BG). Cerebellar astrocytes are 

thought to share a common lineage, all arising from cerebellar radial glial during 

development [121]. These same radial glia give rise to cerebellar oligodendrocytes and 

molecular layer neurons as well, though it is unclear if a cerebellar radial glia may 

become all cell types or if there are further lineage restriction mechanisms at play [121]. 

Cerebellar white matter astrocytes are typically compared to fibrous astrocytes seen in 

other white matter tracts in the CNS, and possess similar morphologies, fulfilling 

functions similar to those of other white matter astrocytes. Granular layer astrocytes are 

typified by their “bushy” morphology with many fine diffuse processes and are thought to 

carry out many of the homeostatic and support functions carried out elsewhere in the 

CNS by protoplasmic astrocytes. BG are perhaps the most unique cerebellar astrocyte 

population, with distinct morphologies and specific interactions with other cell types. BG 

are often compared to radial glia in the neocortex. In mice, BG originate from cerebellar 

radial glia at approximately E14.5-E18 [122]. They serve a similar function, though later 

in development, guiding Purkinje cell precursor cells to their eventual location. 

Importantly BG remain in the cerebellum throughout life, unlike their cortical radial glia 

counterparts.

As in other regions of the brain, cerebellar astrocytes perform vital neuronal support 

functions. Astrocytic synaptic contacts in the cerebellum facilitate synaptogenesis, and 

maintain synaptic health, and synaptic persistence [88,123,124], similar to other regions 

of the brain [125]. The synaptic roles of cerebellar astrocytes may be particularly 

important as nearly all synapses within the cerebellar cortex are ensheathed in astrocytic 

processes, as opposed to 50% or less in the hippocampus and neocortex [87-89,126]. It 

has been shown that association of BG, in particular, with cerebellar Purkinje cells is 

critical in maintaining key electrophysiological properties—specifically bistability—of 

these neurons [124]. Such mechanisms may be similar to astrocyte regulation of neuronal 

networks in the hippocampus and neocortex [127].
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Box 4:

Climbing fiber selection during development

Immature Purkinje cells typically send dendrites into many planes within the molecular 

layer. Through a series of complex molecular cues, an orientation of the Purkinje cell is 

established and extraplanar arbors are eliminated from approximately postnatal day (P)7 

to P30 (in mice) [25,81,128]. These immature Purkinje cell bodies are innervated by 

multiple CFs in what has been dubbed the “creeper” stage (Fig I). They are more 

ramified than mature CFs and from P3-P7 establish synapses onto perisomatic 

protrusions which emerge from the Purkinje cell bodies. By P7, the creeper CFs have 

essentially enveloped the Purkinje cell body in a structure called the pericellular nest 

[129]. Translocation, or the process of CF selection and excess synapse elimination, 

begins around this time. Translocation is thought to occur in two distinct phases, an early 

phase (P7-P12) and a late phase (P12-P20). During the early phase, the pericellular nest 

is composed of both large and small CFs, with larger CFs innervating the soma and the 

developing proximal dendrites, while smaller CFs being generally restricted to the soma. 

The eventual strength of this synapse is determined both by the presynaptic CF and the 

postsynaptic Purkinje cell. Identical stimulation patterns that pair pre- and postsynaptic 

activity in large and small CFs cause LTP and LTD, respectively, strengthening the large 

winning CF and weakening the smaller CF [130-132]. This is mediated by the magnitude 

of Ca2+ elevations postsynaptically, which are greater in the dendrites due to differential 

Cav2.1 expression and the larger surface area to volume ratio in those dendrites. The later 

phases of translocation are characterized by elimination of excess CF synapses and the 

smaller fibers. This requires Purkinje cell expression of glutamate receptor δ2 subunit 

(GluRδ2) [133], the metabotropic glutamate receptor subtype-1 (mGluR1) [133], the 

complement family protein C1ql1 [134], current through NMDA channels [135] and the 

immediate early gene Arc/Arg3.1 [136]. These pathways allow for retrograde signaling 

from the Purkinje cell to the CF, primarily using semaphorin class signaling molecules 

Sema7A and Sema3A [137]. Disruption of any these genes or their corresponding 

proteins has profound consequences for circuit development. As previously mentioned, 

this period is also marked by growth of the Purkinje cell dendritic arbor and the pruning 

of extraplanar arbors. As the cell matures, one primary plane of growth is established. It 

has been suggested that extraplanar dendritic outgrowths are innervated by weaker CFs 

[81], although how exactly these extraplanar dendrites are eliminated is still unclear. 

Other factors, such as the presence of microglia and GABAergic transmission have been 

shown to be required for proper CF elimination as well [69,82].
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Figure I: Climbing fiber (CF) translocation is a multistep process that occurs postnatally in 
the mouse.
(A) From P3-P7, multiple (~4-5) CF afferents innervate a single immature Purkinje cell. 

All of these make several large synapses with the Purkinje cell soma, all of equal strength 

during the “creeper” stage. This creates the pericellular nest. (B) From P7-P12, during 

early CF translocation one of these fibers, the “winning” fiber starts to strengthen, in an 

activity-dependent manner. The Purkinje cell arbor begins to grow into the molecular 

layer. (C) From P11-P17, during late CF translocation, the “winning” CF begins to move 

to the developing proximal dendritic arbor of the Purkinje cell, while “weaker” CFs are 

eliminated. The arbor grows further and begins to segregate into a single plane. (D) By 

~P17 the “winning” CF has fully translocated to the dendritic arbor and mono-

innervation of each Purkinje cell has been achieved.
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Figure 1: Microglial infiltration of the CNS and transformation by local cues.
(A) Microglia are born in the yolk sac and in mice, infiltrate the embryonic CNS between 

embryonic day (E)8.5 and E9.5 before the closure of the blood brain barrier. (B) Between 

E10 and E15 the blood brain barrier reaches full functionality, and microglia distribute 

within the CNS. (C) From E15 onward, influenced by local cues, microglia specialize to suit 

their local microenvironment. Pictured here are in vivo images of microglia from primary 

visual cortex (V1) and cerebellum (Cbl) in CX3CR1-GFP mice (unpublished images by 

Mark Stoessel and Ania Majewska). Scale bars = 25 μm. Figure created with Biorender.
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Figure 2: Cerebellar microglial dynamics and morphologies in development and in the adult.
While many different morphologies may be present in the cerebellum at any given time, this 

figure seeks to give an overview and provide examples of the dominant morphology at 

developmentally relevant points. Developmental stages refer to postnatal day (P) in mice. 

(A) In the perinatal cerebellum, microglia are primarily ameboid in morphology and 

confined to what will become the cerebellar white matter. At P5 they begin to travel 

outward, towards the developing Purkinje cell layer and external granule cell layer. (B) 

Microglia distribute themselves within the developing cerebellum and participate in 

cerebellar development. Microglia engulf apoptotic Purkinje cells, and as such are often 

observed with more pyknotic cups and thicker processes than adult cerebellar microglia. It is 

during this period that the cerebellar circuit is established. (C) In the adult cerebellum, 

microglia have distributed themselves throughout the layers of the cerebellum and actively 

survey the cerebellar parenchyma. Microglia exhibit soma motility. Microglial morphology 

at this stage is characterized by long thin processes and some ramification, though not to the 

degree of their cortical counterparts. (D) As the cerebellum ages, some degree of this 

ramification is lost, as is the phagocytic capacity. Immune reactivity is hypothesized to 

increase. It is unclear whether aging affects soma and process motility.
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