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Abstract
The recognition that there is an innate immune system of the brain, referred to as the neuroimmune system, that preforms 
many functions comparable to that of the peripheral immune system is a relatively new concept and much is yet to be learned. 
The main cellular components of the neuroimmune system are the glial cells of the brain, primarily microglia and astrocytes. 
These cell types preform many functions through secretion of signaling factors initially known as immune factors but referred 
to as neuroimmune factors when produced by cells of the brain. The immune functions of glial cells play critical roles in the 
healthy brain to maintain homeostasis that is essential for normal brain function, to establish cytoarchitecture of the brain 
during development, and, in pathological conditions, to minimize the detrimental effects of disease and injury and promote 
repair of brain structure and function. However, dysregulation of this system can occur resulting in actions that exacerbate 
or perpetuate the detrimental effects of disease or injury. The neuroimmune system extends throughout all brain regions, but 
attention to the cerebellar system has lagged that of other brain regions and information is limited on this topic. This article 
is meant to provide a brief introduction to the cellular and molecular components of the brain immune system, its functions, 
and what is known about its role in the cerebellum. The majority of this information comes from studies of animal models 
and pathological conditions, where upregulation of the system facilitates investigation of its actions.
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Introduction to the neuroimmune system 
of the brain

It is well known that the peripheral immune system is a host 
defense system that protects the body against adverse condi-
tions such as the presence of pathogens (e.g., bacteria and 
viruses), tissue damage, debris, toxic chemicals and other 
insults that cause disease or injury. A variety of cell types 
comprise and perform the basic functions of the peripheral 
immune system including leukocytes (e.g., macrophages, 
neutrophils, mast cells, eosinophils, basophils, dendritic 
cells) and lymphocytes, which are a special type of leu-
kocyte (e.g., T cells, B cells and natural killer cells). Leu-
kocytes and lymphocytes are produced from a multipotent 
cell type in the bone marrow known as hematopoietic stem 
cells. The immune cell types have specific functions that are 
critical to the successful operation of the peripheral immune 

system. Most peripheral immune cells are mobile and cir-
culate in the blood and lymphatic vessels where they survey 
the body to locate sites of adverse conditions and insults. At 
such sites, immune cells, though the production and action 
of small proteins referred to as immune factors, co-ordinate 
and orchestrate complex multicellular behaviors involved in 
the recovery and repair programs that negate or minimize 
the effects of adverse conditions on the body.

Historically the brain has been considered an ‘immune 
privileged’ site, reflecting the capacity of the brain envi-
ronment to limit the influence of the peripheral immune 
system on brain function, although peripheral immune 
cells do traffic through the brain looking for pathogens or 
evidence of other adverse conditions, and to interact with 
brain cells. However, recent research, much of it involving 
animal models of human diseases, has now established that 
the brain has its own innate immune system, called the neu-
roimmune system, which like the peripheral immune system, 
acts to protect the brain from detrimental consequences of 
adverse conditions (e.g., pathogens, disease, injury). Cells 
of the neuroimmune system produce and secrete some of the 
same immune factors as the peripheral immune system, but 
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these factors are referred to as neuroimmune factors when 
produced by the cells of the brain. Importantly, the neuroim-
mune system also plays essential roles in the healthy brain, 
as a homeostatic regulator of physiological processes that 
maintain the brain in a balanced state (i.e., a homeostatic 
state), which is crucial for normal brain function, and as 
a regulator of brain development. However, if conditions 
cause the neuroimmune system to become dysregulated, its 
actions can contribute to the negative effects of the adverse 
conditions. For example, excessive production of neuroim-
mune factors is thought to be a contributing factor to the 
brain dysfunction characteristic of many pathological condi-
tions such as neurodegenerative disease, psychiatric condi-
tions, brain injury, and infection [50, 119, 120, 138].

The recognition that glial cells of the brain, primarily 
microglia and astrocytes, function as an innate immune sys-
tem of the brain evolved from early studies (1990’s) on the 
neurological consequences of human immunodeficiency 
virus (HIV) infection [40, 147]. In these early studies, it 
was found that HIV infected the brain shortly after periph-
eral infection and that the brain infection produced a variety 
of neurological symptoms such as cognitive disfunction, 
dementia, abnormal behavioral as well as motor dysfunction. 
These findings led to the discovery that the virus only rarely 
infected brain neurons, that glial cells of the brain, primarily 

microglia, harbored the virus, and that in response to viral 
infection microglia produced immune factors that altered the 
biology of brain cells, including microglia, astrocytes and 
neurons, resulting in altered brain function [40, 60, 88, 147]. 
It is now widely accepted that a neuroimmune system exists 
in the brain and plays critical roles in brain function under 
both physiological and pathological conditions. It is also 
widely accepted that: (a) astrocytes and microglia are the 
primary cell types that comprise the neuroimmune system, 
(b) both astrocytes and microglia have multifunctional roles, 
some of which overlap and involve cooperative actions, (c) 
astrocytes and microglia can accomplish many functions, 
comparable in certain respects to those performed by periph-
eral immune cells, and (d) the production and secretion of 
signaling factors classically known as immune factors, but 
referred to as neuroimmune factors when produced by brain 
cells, play an important role in the actions of the neuroim-
mune system on the brain [18, 21, 25, 41, 44, 56, 132, 133]
(Fig. 1).

The neuroimmune system extends throughout all brain 
regions, including the cerebellum. Studies of this systems is 
one of the fastest-growing fields today. However, attention to 
the cerebellar neuroimmune system has lagged that of other 
brain regions. For example, a PubMed search using the term 
‘neuroimmune and cerebellum’ between the years 1992 and 

Fig. 1   Overview of origin, function and morphological characteristics 
of microglia and astrocytes of the neuroimmune system. Abbrevia-
tions: AD, Alzheimer’s disease; PD, Parkinson’s disease; HD, Hun-
tington’s disease; MND, motor neuron disease; FTD, frontotemporal 

dementia; MS, multiple sclerosis. (Reprinted with minor modification 
“Microglia and Astrocyte Function and Communication: What Do 
We Know in Humans?” by Garland, E, et al., 2022, Front Neurosci, 
p. 3 [41])
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2023 revealed 56 citations, compared to 396 citations for 
the term ‘neuroimmune and hippocampus’ and 348 citations 
for the term ‘neuroimmune and cortex’. This regional dis-
crepancy may reflect the fact that the neuroimmune system 
has been primarily studied with respect to conditions that 
affected cognitive function such as occurs in neurodegen-
erative disorders, brain injury and viral or bacterial infec-
tion, whereas classically the cerebellum was thought to be 
involved primarily in motor control. However, it has now 
become clear that the cerebellum has an important impact 
on the functioning of many brain regions through recipro-
cal circuit connections and is involved in a wide range of 
behaviors including cognitive function [114, 115]. Moreo-
ver, emerging research has revealed an involvement of the 
neuroimmune system in several conditions associated with 
cerebellar motor dysfunction such as ataxias, a group of neu-
rological disorders exemplified by loss of balance and coor-
dinated motor function. For example, preclinical studies in 
mouse models have implicated a role for both microglia and 
astrocytes in spinocerebellar ataxias (SCA), diseases that are 
caused by the expansion of CAG trinucleotide repeats and 
are among the most understood ataxias [27, 35, 145]. Thus, 
understanding the structure and functioning of the cerebellar 
neuroimmune system is basic to understanding cerebellar 
function and mechanisms responsible for the healthy state 
and alterations that occur in disease and injury.

The neuroimmune system is very complex with many 
interacting cells, pathways and molecular players. It has 
become a focus of recent research and much of the informa-
tion is new, with much more to be discovered, especially with 
respect to the cerebellum. As information on the cerebellum 
is limited, the goal of this article is to provide general infor-
mation about the neuroimmune system of the brain and its 
physiological and pathological roles, with specific informa-
tion on the cerebellum where available. The majority of this 
information comes from studies of animal models, particu-
larly those involving disease or injury, and may differ some-
what from what is known about the neuroimmune system 
in the human brain, where studies are more limited in scope 
and primarily focus on pathological conditions. References, 
predominately review articles, are provided for some topics 
that can be referred to for further information. In addition to 
neuroimmune factors, cells of the neuroimmune system also 
produce factors such as nitric oxide (NO), reactive oxygen 
species (ROS), excitotoxins (e.g., glutamate) and comple-
ment proteins, and these factors can also contribute to the 
actions of neuroimmune cells depending on conditions but 
are beyond the scope of this article. Some of the cited refer-
ences discuss these factors (e.g., [25]). Also beyond the scope 
of this article are interactions between the peripheral immune 
system and the central immune system, which can be particu-
larly important in pathological conditions (e.g., [11, 62]).

Neuroimmune factors and their receptors

Immune factors

The primary immune factors produced and released by 
astrocytes and microglia are small (~ 6–70 kDa) signal-
ing proteins that belong to a large superfamily of soluble 
proteins referred to as ‘cytokines’. These signaling factors 
play an important role in the actions of the neuroimmune 
system in both healthy and pathological states and are a 
focus of this article. The classification of a protein as a 
cytokine and its designation into a particular cytokine 
superfamily is generally based on similarities in struc-
ture and function. Within the cytokine superfamily there 
are superfamilies that differ structurally and functionally, 
although redundancy in function does occur, with sev-
eral cytokines having the capability to subserve the same 
physiological, biochemical or pathological functions. 
Also, many cytokines are pleiotropic (e.g., interleukin-6) 
meaning that a single cytokine can elicit different bio-
logical responses often involving different cell types. The 
cytokine superfamilies include members of the chemokine, 
interleukin (IL), interferon (IFN), colony stimulating fac-
tor (CSF), transforming growth factor (TGF) and tumor 
necrosis factor (TNF) superfamilies [28]. Although 
chemokines are part of the cytokine superfamily, they 
are often referred to as a separate family rather than as 
a component of the cytokine superfamily (i.e., the term 
‘cytokines and chemokines’ is used rather than the term 
‘cytokine’).

Families exist within the superfamilies. The IL-1 fam-
ily consists of 11 cytokines, IL-1α, IL-1β, IL-18, IL-33, 
IL-36α, IL-36β, IL-36γ, IL-36ra, IL-37, and IL-38. The 
IL-6 family consist of IL-6, IL-11, IL-27, ciliary neuro-
trophic factor (CNTF), leukemia inhibitory factor (LIF), 
oncostatin M (OSM), cardiotrophin 1 (CT-1), and car-
diotrophin-like cytokine (CLC). The TNF superfamily 
contains 19 family members including TNFα, TNF-β, 
and TNFγ. The IFN superfamily consists of more than 20 
members that are typically classified as Type I IFN, Type 
II IFN, or Type III IFN; within each class there are numer-
ous members. Three key interferons are INFα, IFN-β, and 
IFNγ. Four members comprise the CSF family, G-CSF 
(granulocyte colony-stimulating factor), M-CSF (CSF1; 
macrophage colony-stimulating factor), GM-CSF (CSF2; 
granulocyte–macrophage colony-stimulating factor), and 
IL-3. The TGF-β family consists of 33 members.

In spite of the large number of cytokines that have been 
identified, only a relatively small percentage have been 
detected in the brain, perhaps because the neuroimmune 
system is an emerging field and information is still limited. 
Technical issues concerning the detection of low levels of 
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proteins could also be a contributing factor. Moreover, the 
neuroimmune system may not use all the immune factors 
that are used by the peripheral immune system, a pos-
sibility that will take further scientific inquiry to resolve. 
Some of the major cytokines shown to be expressed in the 
cerebellum at the mRNA or protein levels under normal or 
pathological conditions include IL-1β, IL-6, IL-9, IL-10, 
IL-15, IL-8, TNFa, CCL2, CXCL12, CXCL14, IP-10, 
MIP1α, GM-CSF and TGFβ.

Levels of neuroimmune factors in the brain are tightly 
regulated under normal homeostatic conditions (i.e., physi-
ological conditions) and are difficult to detect, due to the 
low levels (pM or lower) at which they are produced and 
secreted or other issues such as the dynamic nature of their 
secretion processes and their short half-lives. Thus, studies 
of the neuroimmune system have primarily involved adverse 
or pathological conditions when increased production (e.g., 
nM or higher levels) occurs as part of the defense, recovery, 
and repair functions of astrocytes and microglia. Typically, 
levels of neuroimmune factors in the brain are measured by 
immunoassays such as enzyme-linked immunoassay (ELI-
SAs), which can determine the level of a single protein, or 
multiplex analysis systems that can simultaneously deter-
mine levels of multiple cytokines [73]. Measurement of neu-
roimmune factors at mRNA level is also common and can 
detect low levels of mRNA. However, although detectible 
expression occurs at the mRNA level, it may not be trans-
lated to expression at the protein level. Nevertheless, the 
presence of mRNA suggests the ability of the cell to express 
the protein when conditions call for it. A number of preclini-
cal or clinical studies have demonstrated the expression of 
cytokines/chemokines in the cerebellum of animal models 
of pathological conditions or in human patients, suggesting 
a role for these factors in the pathological condition [106]. 
Some examples of these studies are listed in Table 1. Note 
that the cellular source of the factor was not always identi-
fied and could have involved a contribution from peripheral 
immune cells (e.g., infiltrating macrophages and T cells) 
trafficking through the cerebellum in addition to cerebellar 
glial cells.

Cytokines and chemokines are commonly described as 
acting in a proinflammatory or anti-inflammatory manner, 
terms that reflect functional roles. Inflammation, which is 
commonly referred to as neuroinflammation when it occurs 
in the brain, is a local response to cell injury or infection 
that is designed to stop the negative effects of an insult and 
promote healing and repair. Proinflammatory cytokines pro-
mote the inflammatory reaction to stop the negative effects 
of detrimental conditions but can make conditions worse if 
the actions are uncontrolled. Anti-inflammatory cytokines 
act in opposition to the proinflammatory cytokines and serve 
to reduce inflammation and promote healing and repair. 
The cytokines TNF-α, IL-6, IL-1β, IL-12, and CCL2 are 

considered the major proinflammatory cytokines in the 
brain, whereas the cytokines interleukin-1 receptor antago-
nist (IL-1Ra), IL-4, IL-10, IL-11, and IL-13 are considered 
the major anti-inflammatory cytokines. However, context 
plays an important role in the functional consequences of 
cytokine action. Issues such as the level of expression of 
the cytokine, cellular source, target cell type, receptors 
expressed by target cells and signaling pathway activated, 
as well as the presence of other interacting factors can be 
deciding factors in whether the cytokine is acting in a pro-
inflammatory or anti-inflammatory manner. For example, 
IL-6 is considered a proinflammatory cytokine, but it can 
also have beneficial effects reflective of anti-inflammatory 
actions [39, 113]. Under healthy conditions, proinflamma-
tory and anti-inflammatory neuroimmune factors act in con-
cert to perform a multitude of roles that are essential for the 
normal development and function of the brain.

Inflammation can be initiated by the presence of a patho-
gen but can also occur when there is no pathogen present, 
for example when cell damage or brain injury occurs. When 
inflammation occurs in the absence of a pathogen, it is 
referred to as a sterile inflammation [7]. A sterile inflamma-
tory response is initiated by endogenous molecules that are 
released from dead or necrotic cells or are modified during 
a disease process (e.g., misfolded or aggregated peptides 
such as occurs in Alzheimer’s disease). These molecules 
are referred to as damage-associated molecular patterns 
(DAMPs). Pathogen-associated molecular patterns also 
occur, are associated with inflammation initiated by a path-
ogen, and are referred to as PAMPs. Specialized pattern-
recognition receptors (PRRs) on the surface of glial cells 
can recognize and bind to DAMPS and PAMPs resulting in 
PRR activation that initiates both biochemical and morpho-
logical changes associated with an activation phenotype of 
the glial cells. Depending on conditions, the activated glial 
cells then produce and secrete anti-inflammatory cytokines 
that act in a beneficial manner or proinflammatory cytokines 
that may contribute to further cellular damage [7]. Chronic 
activation of glial cells and over-production of neuroimmune 
factors is a common feature of neurodegenerative diseases 
and can lead to detrimental effects on brain structure and 
function [120].

Experimentally, one of the most commonly used methods 
to induce inflammation and production of neuroimmune fac-
tors is by the application of lipopolysaccharide (LPS), a bac-
terial toxin that is a major constituent of the outer membrane 
of gram-negative bacteria. LPS acts at PPRs. One of the 
best characterized families of PPRs are the toll-like receptors 
(TLRs), one of which (TL4) is activated by LPS and other 
PAMPs and DAMPs. TLRs are expressed on the cell surface 
(TLR1, 2, 4, 5, and 6) or in endosomal vesicles (TLR3, 7, 
8, and 9) and signal through complex intracellular pathways 
that lead to gene expression (Fig. 2). In the brain, microglia 
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and astrocytes are the primary cell types that express these 
receptors, but the receptors also can be expressed by other 
brain cells (e.g., oligodendrocytes, neurons, endothelial 
cells). Toll-like receptors in microglia have been intensively 
studied but information about toll-like receptors in astro-
cytes is relatively limited. Toll-like receptors play important 
roles in both normal and pathological conditions [69, 89].

Receptors for immune factors

Biological actions of neuroimmune factors are mediated by 
complex receptor systems that are classified into superfami-
lies based on similarities in structure and composition of 
subunits that form the receptors. For example, most of the 
interleukins utilize receptors classified as Type I receptors, 

INF and IL-10 utilize receptors classified as Type II recep-
tors, and TNF utilizes the TNF family of receptors. Cytokine 
receptors generally consist of two to four receptor chains 
(i.e., subunits) that can be structurally distinct or identi-
cal with individual chains shared by members of the same 
receptor family to form distinct receptors. One or more of 
the receptor chains contain a cytokine (i.e., ligand) bind-
ing site and/or sites that interact with signal transduction 
partners. For example, generally Type 1 receptors are com-
posed of two subunits, a unique a chain that contains the 
ligand binding/recognition site that confers specificity for a 
particular cytokine(s) and a common subunit that is utilized 
by all members of the particular cytokine family. The IL-1 
family of receptors (IL-1R) is a Type 1 receptor family and is 
comprised of five ligand-binding subunits (IL-1R1, IL-1R2, 

Table 1   Representative examples of preclinical and clinical studies showing altered expression of neuroimmune factors in the cerebellum

nd1 not determined

Condition Neuroimmune factors Source cell type Species Reference

lead exposure IL-1β, IL-6,TGFβ nd1 rat pups [20]
hypoxic neonatal rat brain TNFα, and IL-1β activated microglia rat pups [61]
asphyxia TNFα, IL-10, IL-1β, IL-6 nd fetal rat [140]
hepatic encephalopathy IL-1β and TNFα, IL-4 microglia and astrocyte activa-

tion
rats [1]

mercury-induced deficits in 
social behavior

TNFα Glial activation male voles [127]

wobbler mouse, as a model for 
Amyotrophic lateral sclerosis 
(ALS)

IL-1β, TNFα1, TGF-β1, IL-10 microglia and astrocyte activa-
tion

mouse [109]

Spinocerebellar Ataxia Type 1 
mouse models

TNFα, IL-6, MCP-1 microglia and astrocyte activa-
tion

mouse [27]

Sporadic Creutzfeldt–Jakob 
disease (sCJD) MM1 and 
VV2 subtypes

TGFβ1, TGFβ2, IL10, 
IL10Rβ, IL6st, IL8, TNFα, 
TNFRSF1A,

mainly microglia, IL6, 
IL10RA, and TNF-α in glial 
cells, IL10, M-CSF, and 
TNFα in neurons

postmortem cerebellar tissue 
from sCJD patients

[74]

Fragile X Tremor and Ataxia 
Syndrome (FXTAS) 

IL-12,TNFα nd postmortem cerebellar tissue 
from FXTAS cases and 
controls

[30]

Autism MCP-1 and IL-6 astrocytes postmortem cerebellar tissue 
from autistic cases and 
controls

[135]

Lurcher mouse, model for 
ataxia

IL-1β nd mouse [139]

Rat model of pediatric mild 
traumatic brain injury

CXCL1, IL-5, VEGFα nd rat [37]

Mouse model of lupus mRNA for IL-6, IFNγ, IL-1β, 
and IL-10

nd mouse [129]

Mouse model of Alzheimer’s 
disease

TNFα, MCP-1 nd mouse [64]

Alcohol (ethanol) mRNA analysis of IL-1β, TNF-
α, CCL2, IL-18, TGFβR1

nd mouse [86]

Alcohol (ethanol) CCL2 and IL-6 in the adult but 
not the adolescent cerebellum

nd mouse [59]

Viral infection IL-1α,IL-1- β, IL-6 TNFα reactive astrocytes and acti-
vated microglia

rats [111]
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IL-1R4, IL-1R5, and IL-1R6) and two types of accessory 
subunits (IL-1R3, IL-1R7). Receptors that only bind to a 
specific cytokine are referred to as a cognate receptor for that 
cytokine and are generally named according to the cytokine 
that binds to the receptor with the addition to the letter ‘R’ to 
designate receptor. A simplified diagram of several cytokine 
receptors and associated signal transduction pathways that 
lead to gene expression are illustrated in Fig. 3.

Once a cytokine binds to the binding/recognition subunit 
(s) of a receptor, transduction of the cytokine signal occurs 
and involves an interaction of the binding/recognition subu-
nit with one or more secondary subunits that express sites 
that interact with and activate specific intracellular signal 
transduction pathways (Fig. 4). For example, the IL-6 recep-
tor family receptors link to non-receptor tyrosine kinase 
pathways and the transforming growth factor-β (TGF-β) 
family receptors link to the Smad signaling pathway. TNF 
in the brain primarily utilizes the TNF receptor 1 (TNFR1), 
which signals through nuclear factor-kappa β (NF-κβ) and 

mitogen-activated protein kinase (MAPK) pathways, but 
also has a death domain in its cytoplasmic part that can link 
to cytotoxic signal pathways that cause cell death. The final 
biological effect associated with receptor activation gener-
ally involves regulation of gene expression. However, the 
signal transduction components comprising a pathway can 
also regulate other biochemical/physiological processes, a 
situation that can make identification of mechanisms mediat-
ing the actions of neuroimmune factors challenging.

In addition to membrane bound receptors, some cytokines 
can also act through soluble receptors, which are formed 
by a variety of mechanisms including shedding from the 
membrane by proteolytic cleavage, alternative splicing of 
mRNA transcripts, or transcription of genes that encode a 
soluble form of a receptor [68]. Soluble receptors can regu-
late cytokine actions by a variety of mechanisms such as 
acting as agonists and activating signaling as is the case 
for the IL-6 soluble receptor (sIL-6Rα) or acting as antago-
nists that binds to the soluble receptor but cannot activate 

Fig. 2   Toll-like receptors in the brain. A,B. Diagram illustrating 
toll-like receptor (TLR) expression that has been reported for neu-
rons and glial cells of the brain (A) and the signaling partners asso-
ciated with the receptor (B). Abbreviations: TIR, toll-interleukin-1 
receptor domain; TIRAP, TIR-domain containing adapter protein; 
MyD88, myeloid-differentiation primary response gene 88; IRAK, 
interleukin-1 receptor associated kinase; TRAF, TNF receptor-asso-
ciated factor (TRAF)-6 adapters; TANK, TRAF-family member-

associated nuclear factor-ΚB (NF-κβ) activator; TBK-1, TANK-
binding kinase-1; NF-κβ, nuclear factor kappa β; IRAK, IL-1 receptor 
(IL-1R)–associated kinase; TRAM, translocating chain-associated 
membrane protein; TRIF, TIR-domain-containing adapter-inducing 
interferon-β; MAPK, map kinase; JNK, c-Jun N-terminal kinase; 
AP-1, activator protein 1. (Reprinted from “Interplay Between 
Exosomes, microRNAs and Toll-Like Receptors in Brain Disorders” 
by Paschon, V. et al., 2016, Mol Neurobiol 53, p. 2020 [96])
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it and thus competes with membrane bound receptors for 
the cytokine, as is the case for the IL-1 soluble receptor 
(sIL-1Ra). A variety of cytokine receptors can form solu-
ble receptors and multiple soluble receptors can exist for a 
particular cytokine with different mechanisms of action and 
endpoints [49, 75, 92].

An interesting and important aspect of IL-6 signaling is 
that the IL-6 receptor (IL-6R) itself does not have an intrin-
sic signaling element. Instead, the receptor utilizes a ubiqui-
tous signaling subunit called glycoprotein 130 (gp130). All 
members of the IL-6 superfamily of ligands signal through 
a homo- or heterodimer of gp130. In the classical signal 
pathway, IL-6 binds to the membrane bound IL-6R enabling 
the formation of a trimer consisting of IL-6, IL-6R and two 
gp130s, which is the active receptor complex. The IL-6 
receptor can also exist as a soluble receptor that can bind 
to IL-6 in the extracellular fluid. The soluble IL-6R/IL-6 
complex is capable of binding to membrane bound gp130 

resulting in an active receptor that can induce IL-6 signal 
transduction (Fig. 5). The ubiquitous distribution of gp130 
in cells enables brain cells that do not endogenously express 
IL-6R to form active receptors that initiate signal trans-
duction and through downstream actions contribute to the 
effects of IL-6 in the brain [107]. This form of IL-6 signaling 
is referred to trans-signaling and has received considerable 
attention with respect to the mechanisms mediating effects 
of IL-6, particularly under pathological conditions [108].

In contrast to Type I/II cytokines and receptors, members 
of the chemokine superfamily of cytokines utilize receptors 
with a seven transmembrane region that links to pertussis 
toxin sensitive Gαi-protein, which couples to signal trans-
duction pathways (see Fig. 3). Chemokines are chemotactic 
cytokines that can induce directed movement (i.e., chemot-
axis) in cells responsive to a chemical gradient of a specific 
cytokine(s). Chemokines are particularly important during 
cerebellar development where they direct cell movement to 

Fig. 3   Cytokine receptors and signal transduction pathways that are 
activated by binding of the cytokine to the receptor. Abbreviations: 
JAK, Janus kinase; STAT, signal transducer and activator of tran-
scription; TNF, tumor necrosis factor; IKK, Inhibitory-κβ  Kinase; 
Iκβ, Nuclear Factor-κβ; NFκβ, Nuclear Factor-κβ; C/EBP delta, 
CCAAT/enhancer binding protein delta; Smad, mothers against 
decapentaplegic; CoSmad (Smad4), “common-mediator”; GPCR, G 
protein-coupled receptor; GDP, guanosine diphosphate; guanosine 

GTP, triphosphate; ATP, adenosine triphosphate; AMP, adenosine 
monophosphate; PKA, protein kinase A; CREB, cAMP response 
element-binding protein; IP3, inositol 1,4,5-triphosphate; PLC, Phos-
pholipase C; DAG, diacylglycerol; PKC, protein kinase C: ERK, 
extracellular signal-regulated kinase.(Reprinted with modification 
from “Type I/II cytokines, JAKs, and new strategies for treating auto-
immune diseases” by Schwartz, D. et al., 2016, Nat Rev Rheumatol 
12, p. 19 [116])
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form the appropriate cerebellar architecture. Chemokines are 
classified into four categories as CXC, CC, C and C3C based 
on the placement of conserved cysteine residues within the 
peptide structure, and the receptors are classified according 
to the CXC, CC, C or CX3C ligand that binds the receptor, 
however some chemokine receptors are promiscuous and 
can bind chemokines from more than one ligand class, as 
shown in Table 2.

The expression of specific cytokine receptors in the 
brain varies across cell types and brain regions. However, 
microglia and astrocytes express many of the same cytokine 
receptors, secrete the same cytokines, and are activated by 
the same cytokines. Thus, cytokines produced and secreted 
by microglia or/and astrocytes can alter the function of the 

producing cells and/or other microglia and astrocytes present 
in the local environment. Neurons also express receptors 
for cytokines and neuronal function can also be impacted 
by the factors produced by local microglia and astrocytes. 
Environmental conditions, for example the concentration of 
a cytokine or the presence of a cell type specific stimulant, 
are important determinates of the cell type that first initiates 
cytokine secretion, which then influences activities of other 
cell types in the local environment that express the cognate 
receptors. A number of studies under healthy or pathological 
conditions have shown that the cerebellum expresses recep-
tors for many neuroimmune factors. For example, several 
chemokine receptors are expressed in the cerebellum includ-
ing CXCR1, CXCR2, CXCR3, CXCR4 [76, 103]. Receptors 

Fig. 4   General model of cytokine signaling. Two-step activation 
is common among cytokine receptors. The cytokine (yellow) in the 
extracellular fluid first binds to site 1 of a high-affinity receptor subu-
nit (cyan) of the cognate receptor located in the cellular membrane, 
which results in recruitment of the low-affinity membrane bound 
receptor subunit (green) to form a ternary cytokine receptor complex. 
The formation of the complex enables the activation and transphos-

phorylation of the intracellular Janus kinases (JAKs) (green, purple), 
triggering the phosphorylation STAT (a transcription factor) which 
then translocates to the nucleus where it regulates gene expres-
sion. (Reprinted with modifications from “Emerging Principles of 
Cytokine Pharmacology and Therapeutics” by from Saxon, R. et al., 
Nat Rev Drug Discov, 2023, 22, p. 25 [112])
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for IL-6 and LIF are expressed on Purkinje neurons [79]. 
TNF1 receptors for TNF are expressed in Bergman glia 
[117].

Actions of neuroimmune factors in the cerebellum

A variety approaches and models have been used to gain 
an understanding of the function of the neuroimmune sys-
tem and the effects of neuroimmune factors on brain cells, 
although only a limited number of studies have focused on 
cerebellar cells. This section summarizes some of the studies 
that have appeared involving mature or developing cerebellar 
cells. Taken together, the studies show that neuroimmune 
factors have a diversity of effects on mature and developing 
cerebellar cells under both physiological and pathological 
conditions, consistent with important roles for the cerebellar 
neuroimmune system.

Of the neurons that comprise the cerebellar cortex of 
adult mammals (Purkinje cells, Golgi cells, granule cells, 
basket cells, stellate cells, Lugaro cells, unipolar brush cells, 
candelabrum cells), Purkinje neurons have been a favored 
neuron for study because of their large size, accessibility and 
importance to cerebellar function, as they provide the only 
output from the cerebellar cortex, and thus, play a critical 
role in the transmission of information from the cerebellum 
to the rest of the brain. A variety of studies using exogenous 
application of neuroimmune factors in rodent models (in 
vivo or ex vivo) have shown that neuroimmune factors can 
influence the activity of Purkinje neurons by altering the 
firing rate or synaptic transmission. For example, in vivo 
electrophysiological recordings of spike firing activity of 
Purkinje neurons in anesthetized mice showed that focal 

administration of IL-1β to the Purkinje neurons, which have 
been shown to express IL-1β receptors [38], increased the 
spike firing rates of the Purkinje neurons [80]. Also, local 
microinjection of IL-1β into the cerebellum in vivo produced 
ataxia, whereas local microinjection of IL-6 did not, sug-
gesting a role for IL-1β in ataxia [2].

In electrophysiological studies of excitatory synaptic 
events (derived from either parallel fibers or climbing fib-
ers; source not identified) recorded in Purkinje neurons in 
slice preparations of mouse cerebellum, application of IL-1β 
enhanced the excitatory synaptic events, while application of 
TNFα had no effect [77]. Associated with the enhancement 
of synaptic events was a downregulation by IL-1β of the 
glutamate-aspartate transporter/excitatory amino acid trans-
porter 1 (GLAST/EAAT1), a glial protein that is responsible 
for uptake of extracellular glutamate during excitatory syn-
aptic transmission [77]. These results suggest that IL-1β by 
acting on glial cells can regulate synaptic transmission at 
excitatory synapses to the Purkinje neurons.

Using a similar approach, TNFα applied to rat Purkinje 
neurons in cerebellar slices in vitro increased spike fir-
ing of the Purkinje neurons and produce a prolonged 
increase in excitability [117]. Results from additional 
studies identified the underling mechanism as involving an 
action of TNFα to evoke an increase in glutamate release 
from the Bergman glia cells, which are closely associ-
ated with Purkinje cell dendrites, resulting in glutamate 
activation of metabotropic glutamate receptors (mGluR) 
on the Purkinje neuron dendrites [117]. The activated 
mGluRs increased excitability of the Purkinje neurons 
through a G-protein coupled signal transduction pathway 
that regulates the function of ion channels responsible 

Fig. 5   IL-6 signaling. IL-6 signal transduction can occur through two 
pathways, through a membrane bound receptor (classic signaling) or 
a soluble receptor (trans-signaling). The IL-6/IL-6R complex inter-
acts with two membrane bound gp130 subunits which enables activa-
tion of a JAK/STAT signaling pathway. In addition, the IL-6/IL-6R/
gp130 complex can activate RAS/mitogen-activated protein kinase 

(p44/42 MAPK, also called ERK1/2; MAPK) and phosphatidylinosi-
tol-3 kinase (PI3K) signaling pathways. All three signaling pathways 
activate downstream signaling molecules and effectors. (Reprinted 
from “Impact of Increased Astrocyte Expression of IL-6, CCL2 or 
CXCL10 in Transgenic Mice on Hippocampal Synaptic Function” by 
Gruol, D., 2016, Brain Sci, 6, p.3 [46])
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for excitability. This mechanism contrasts to mechanisms 
responsible for changes in excitability produced by acti-
vation of other subtypes of glutamate receptors (e.g., 
NMDARs (N-methyl-D-aspartate receptors) and AMPAR 

(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptors). For these receptors, the ion channel is part of 
the receptor complex and ligand binding to the receptor 
directly links to channel activation.

Table 2   Representative examples of chemokines and their receptors

Ligand 
name

CC- Chemokines CXC-Chemokines

Other names for 
ligand

Receptor Ligand name Other names for 
ligand

Receptor

CCL3 MIP-1a CCR1 CXCL6 GCP-2 CXCR1,CXCR2

CCL4 MIP-1b CCR1,
CCR5

CXCL8 IL-8, NAP-1, MDNCF, 
GCP-1

CXCR1,CXCR2

CCL6 C-10, MRP-2 CCR1 CXCL1 Gro-�, GRO1, NAP-3, 
KC

CXCR2

CCL8 MCP-2 CCR1,
CCR2B, CCR5

CXCL2 Gro-�, GRO2, MIP2� CXCR2

CCL9/10 MRP-2, CCF18, MIP1 CCR1 CXCL3 GRO3, MIP2� CXCR2

CCL23 MPIF-1, MIP-3, MPIF-1, 
Ckb8

CCR1 CXCL10 IP-10, CRG-2 CXCR3

CCL2 MCP-1 CCR2 CXCL11 I-TAC,�-R1, IP-9 CXCR3, 
CXCR7

CCL12 MCP-5 CCR2 CXCL12 SDF-1, PBSF CXCR4, 
CXCR7

CCL7 MARC, MCP-3 CCR2 CXCL13 BCA-1, BCL CXCR5

CCL13 MCP-4, NCC-1, Ck�10 CCR2, CCR3, 
CCR5

CXCL16 SRPSOX CXCR6

CCL17 TARC, dendrokine, 
ABCD-2

CCR4
C-Chemokines

CCL22 MDC,DC/b-CK CCR4

CCL28 MEC CCR3, CCR10 XCL1 Lymphotactin �, SCM-
1�, ATAC

XCR1

CCL5 RANTES CCR5C XCL2 Lymphotactin �, SCM-
1 �

XCR1

CCL20 LARC, Exodus-1, Ckb4 CCR6
CXC-Chemokine

CCL19 Exodus-3, ECL, Ckb11 CCR7 CX3CL1 Fractalkine, 
Neurotactin, ABCD-3

CXCR3
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Chemokines are also effective in altering synaptic 
transmission in Purkinje neurons. Application of the CXC 
chemokine interleukin-8 (IL-8) or growth-related gene prod-
uct α (GROα) to Purkinje neurons in mouse cerebellar slices 
increased the number of spontaneous inhibitory and excita-
tory synaptic events and increased the amplitude of excita-
tory synaptic events evoked by stimulation of the parallel 
fibers [42]. GROα also blocked the induction of long-term 
depression of synaptic transmission (LTD) at the parallel 
fiber to Purkinje neuron excitatory synapse [42]. LTD is 
a form of synaptic plasticity that plays an important role 
in motor learning. In contrast, in similar types of studies 
in rat and mouse cerebellar slices the chemokine SDF-1α 
(CXCL12) depressed excitatory synaptic events at parallel 
fiber to Purkinje neuron synapses, an action that involved a 
reduction in transmitter release from the presynaptic termi-
nals of the parallel fibers [104]. Cerebellar Purkinje neurons, 
granule cells and glial cells all express CXCR4, the receptor 
for SDF-1α (i.e., CXCL12)[71].

In studies of cultured Purkinje neurons from rat cerebel-
lum, acute application of high concentrations of CCL2, 
thought to simulate pathological conditions, increased intra-
cellular resting Ca2+ levels and the intracellular Ca2+ signal 
elicited by exogenous application of an agonist for mGluR1 
(metabotropic glutamate receptor 1) but depressed action 
potential generation [134]. Chronic exposure of cultured 
Purkinje neurons to high concentrations of IL-6, to simulate 
pathological conditions, altered intrinsic electrophysiologi-
cal properties, intracellular Ca2+ signaling and Ca2+ signals 
evoked by mGluR1 in the Purkinje neurons [84, 85]. Thus, 
both CCL2 and IL-6 appeared to target similar functions in 
the Purkinje neurons.

Effects of chemokines and other neuroimmune factors on 
cerebellar development and cell positioning has also been 
investigated using both in vivo and ex vivo approaches and 
rodent models. These studies demonstrated the critical role 
neuroimmune factors play in cerebellar cytoarchitecture. 
Chemokines such as CXCL12 and CXCR4 have chemotactic 
properties that are important in the control of cell number 
and position and have been shown to play a key role in nor-
mal brain development including cerebellar development [6, 
128]. During development chemokines, by binding to and 
activating their cognate receptor, initiate a process referred 
to as targeted cell migration, an important mechanism in 
the prominent morphological and structural changes that 
occur during fetal and postnatal development of the cer-
ebellum. For example, CXCL12, produced and secreted by 
cells of the pia mater surrounding the cerebellum, through 
interactions with its cognate receptor CXCR4 expressed on 
granule cells, direct tangential migration of granule cell pro-
genitors in the external granule layer. Dysfunction in this 
pathway may be involved in medulloblastoma (a malignant 
neoplasm) pathogenesis, considered the most frequent brain 

tumor of childhood [91]. Involvement of CXCL14 in granule 
cell migration during development has also been reported. 
However, in this case CXCL14 is thought to be produced 
by Purkinje cell dendrites in the molecular cell layer and 
also the Purkinje cell body. CXCL14 expression occurs only 
during the period associated with granule neuron migration 
(e.g., postnatal day 8 to 22) but not in the adult cerebellum 
[95].

TGFβ1, another neuroimmune factor that contributes to 
the complex mechanisms involved in cerebellar develop-
ment, is secreted by granule neurons and astrocytes in addi-
tion to the meninges of the pia. TGF-β1 has been shown to 
regulate expression of specific types of potassium channels 
in the granule neurons and thereby influence not only elec-
trical activity but also differentiation, growth, survival and 
maturation of the granule neurons [151]. TGF-β2 is also 
involved in granule cell development where it serves as a 
growth and survival factor for granule cell precursors [31].

In vitro studies have shown that IL-6 can also impact 
granule neuron development and viability. When granule 
neurons were exposed chronically to elevated levels of IL-6 
during their development in culture, IL-6 increased the 
expression of NMDARs and the membrane depolarization 
and Ca2+ signal produced by NMDAR activation [101]. The 
NMDA subtype of glutamate receptors plays an important 
role in granule neuron development, excitatory synaptic 
transmission, and synaptic plasticity. Glutamate is the pri-
mary excitatory neurotransmitter in the brain but also can 
act as a tropic or toxic factor.

In another study using chronic IL-6 treatment of cultured 
rat granule during development, IL-6 at low doses (thought 
to reflect physiological conditions) promoted the growth 
of cultured granule neurons, but at high doses (thought to 
reflect pathological conditions) produced cell loss by a pro-
cess that did not involve apoptosis; IL-6 also increased sus-
ceptibility to a toxic insult produced by excessive activation 
of NMDAR [23]. In other studies, IL-6 was shown to protect 
against NMDAR-mediated toxicity in developing cultured 
rat granule neurons, actions that were dependent on the IL-6 
concentration and the degree of neuronal damage, effects 
shown to involved suppression of Ca2+ release from the 
intracellular Ca2+ stores [97, 125]. Exogenous application 
of IL-10 also blocked the toxic effects of excess activation 
of NMDARs by glutamate in cultured rat cerebellar granule 
neurons, an action that was associated with IL-10 blockade 
of glutamate-mediated induction of caspase-3 and NF-kβ 
DNA binding activity [5].

In studies using an in vitro adenoviral gene delivery 
approach to induce elevated IL-6 expression in cultured cer-
ebellar granule neurons during development, IL-6 reduced 
granule cell adhesion and migration and increase expression 
of proteins associated with excitatory synapses (synapto-
physin, a major component of synaptic vesicles and marker 



2522	 The Cerebellum (2024) 23:2511–2537

1 3

for synapses, and the vesicular glutamate transporter, which 
transports glutamate into synaptic vesicles and is also a 
marker for excitatory synapses [143]).

Studies of transgenic mice that express altered levels of 
a specific neuroimmune factor in the brain, such as IL-6, 
CCL2, interferon-α (INFα), interferon-gamma (INFγ), 
IL-10 or soluble IL-1 receptor among others, have also 
been used to investigate the role of neuroimmune factors in 
brain neuropathology [3, 11–13, 15, 19, 27, 37, 47, 54, 65, 
71]. These models have provided information on the in vivo 
consequences of elevated levels of specific neuroimmune 
factors on cerebellar structure and function (see also sec-
tion on astrocytes). For example, altered differentiation and 
morphogenesis during development and altered cerebellar 
cytoarchitecture was observed in transgenic mice in which 
IFNγ was overexpressed selectively by astrocytes, a nor-
mal cellular source for this cytokine; in addition, the mice 
showed ataxia and died at an early age [65]. In another study 
of IFNγ transgenic mice with targeted astrocyte overexpres-
sion, IFNγ induced tumorigenesis including a high incidence 
of medulloblastoma in the cerebellum, a condition thought 
to involve immature cerebellar granule neuron precursors 
[72, 142]. In another transgenic model, IL-6 transgenic mice, 
over expression of IL-6 by astrocytes resulted in (depending 
on the level of expression) increased numbers of microglia 
and astrocytes in the cerebellum (i.e., gliosis), neurologic 
dysfunction including tremor and ataxia, cerebellar neuro-
degeneration in older animals, altered protein expression and 
altered synaptic function [15, 17, 19, 47, 83, 90].

One caveat for studies using transgenic models, which can 
also apply to other models, is that the neuroimmune factor 
that was targeted for elevation in the brain of the transgenic 
mice could induce production of other neuroimmune factors 
from the same or neighboring cells. This situation makes 
it difficult to identify the specific neuroimmune factor, 
cell type mechanisms underlying the observed differences 
between the transgenic and control mice. The operation of 
the neuroimmune system typically involves simultaneous 
production of multiple factors, a complexity that is a chal-
lenge for research in this area.

Cells of the neuroimmune system

In adults, microglia and astrocytes are considered the pri-
mary cell types that comprise the neuroimmune system. Two 
other glial cell types are also present in the brain, oligoden-
drocytes and NG2 glia (also known as oligodendrocyte pre-
cursor cells). These cell types have been shown to produce 
neuroimmune factors and to contribute to typical actions of 
the neuroimmune system [149, 150]. However, the informa-
tion on the neuroimmune actions of these cell types is still 
limited and they are not discussed in this article.

Microglia and astrocytes are distributed throughout 
the brain, share many common traits and have overlap-
ping functions. They can display marked brain region 
dependent phenotypic diversity both across and within 
brain regions depending on local requirements of the neu-
rons, other cell types or neuronal networks. Bidirectional 
signaling has been shown to occur between microglia and 
astrocytes and between these cell types and neurons and 
to play an important role in establishing the phenotypic 
characteristics of microglia and astrocytes, and conse-
quently, the functioning of the neuroimmune system [55, 
133]. Environmental conditions such as the presence of 
regulatory/stimulatory factors, pathogens, neurochemicals 
released by tissue damage, and other factors also play an 
important role in defining phenotypic characteristics of 
microglia and astrocytes.

Classically the phenotypic characteristics of microglia 
and astrocytes have been considered to fall within one of 
two states, a ‘resting or homeostatic’ state that is associ-
ated with physiological housekeeping functions necessary 
to maintain the brain in a healthy state, or an ‘activated or 
reactive’ state that is associated with host defense functions 
and brain pathology (Fig. 6). While this terminology has 
been useful, recently studies have questioned its adequacy, 
as microglia and astrocytes appear to exist in a spectrum 
of states between resting/homeostatic verses activated/reac-
tive. Consequently, efforts are underway to develop a more 
comprehensive classification that takes into consideration 
characteristics of these cells that have been revealed by new 
techniques (e.g., transcription profiling) [33, 94, 144]. For 
the purposes of this article, we will use the terms ‘resting or 
homeostatic’ to refer to the physiological state (i.e., normal 
healthy state) and ‘activated or reactive’ to refer to patho-
logical states, as new terminology has yet to be firmly estab-
lished and these terms are used in many relevant articles that 
may be of interest to readers. Activated/reactive microglia 
and/or astrocytes in the cerebellum have been described in 
a number of disease states including Alzheimer’s disease 
[118], autism [135], Creutzfeldt-Jakob disease [81], Spi-
nocerebellar ataxia type 1 [27] and other ataxias [35, 67], 
traumatic cerebellar injury [98], and Gerstmann-Sträussler-
Scheinker disease [10].

The increasing attention to the phenotypic characteris-
tics (i.e., structure, function, gene expression) of micro-
glia and astrocytes reflects a growing understanding of the 
role that these cell types play as basic components of the 
neuroimmune system and the importance of the neuroim-
mune system to many aspects of normal brain function and 
development, as well as disease and injury [26, 57, 94, 133, 
144]. The availability of new techniques with which to study 
microglia and astrocytes has been an important factor in 
the recent progress and has contributed significantly to an 
understanding of the activities of microglia, astrocytes, their 
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interactions with each other and with neurons, and the bio-
chemical pathways that mediate their functions in normal 
and pathological conditions [36, 43, 52, 131, 136, 137].

For example, studies on the function of microglia and 
astrocytes have been facilitated by the development of tech-
niques that enable the visualization of live cells in vivo such 
as microscopic digital imaging combined with newly created 
non-toxic, fluorescently-tagged chemicals that can identify 
specific cell types or biological processes in live cells. For 
example, the development of microscopic Ca2+ imaging 
techniques has enabled visualization of intracellular Ca2+ 
levels in live cells of the brain in vivo or in ex vivo slice 
and culture preparations. Recent studies using this tech-
nique have shown that like neurons, microglia and astrocytes 
express receptors for a variety of environmental signals such 
as neurochemicals (e.g., neurotransmitters) and mechanical 
signals. When the receptors are activated, the cells respond 
with transient or prolonged changes in intracellular Ca2+, 
a process referred to as Ca2+ signaling. In astrocytes Ca2+ 
signals commonly occur as Ca2+ waves that travel through 
astrocytic networks (Fig. 7), while in microglia Ca2+ sig-
nals typically are localized to processes and occur in a 
more localized fashion. Ca2+ is an important second mes-
senger that regulates numerous biochemical pathways, gene 
expression and ion channel function. Therefore, changes in 
the level of intracellular Ca2+ can significantly affect the 

biochemistry, and consequently, the function of microglia 
and astrocytes.

Much of the microglial Ca2+ activity in vivo is thought to 
occur through metabotropic signaling between neurons and 
microglia involving ATP (the ligand) and G-protein coupled 
purinergic receptors. Neurons release ATP during periods 
of activation, which binds to and activates the metabotropic 
purinergic receptors on the microglia, which are linked to Ca2+ 
release from intracellular Ca2+ stores. In astrocytes Ca2+ activ-
ity involving glutamate signaling is prominent. Glutamate is 
released at synaptic terminals during excitatory synaptic trans-
mission and can bind to and activate Ca2+ permeable glutamate 
receptors expressed on astrocytes, which are closely associated 
with the synapses. Receptor activation results in Ca2+ flux into 
the astrocytes through the glutamate receptor ion channel.

Microglia

Microglia are multifunctional cells that play similar but criti-
cal roles across brain regions, with regional variations as a 
result of neuronal diversity, differences in the chemical and 
structural microenvironment, hemodynamics and other fac-
tors [45]. Under physiological conditions microglia serve 
as regulators of brain development and aging, participate 
in the formation and maintenance of neuronal networks, are 
regulators of synaptic function, perform basic homeostatic 

Fig. 6   Function of astrocyte-microglia signaling from homeostasis 
to pathology. Under physiologic conditions (i.e., resting/homeostatic 
state) astrocytes and microglia support neuronal functions, whereas 
in pathological conditions (activated/reactive state) they lose some of 
their supportive functions in favor of optimizing survival. This tran-
sition from homeostatic to pathological states is accompanied by a 
change in morphology and the expression and secretion of molecules 
associated with the activated/reactive state. Abbreviations: GFAP, 

glial fibrillary acidic protein, a structural protein primarily expressed 
by astrocytes in the brain; P2Y12, a purinergic receptor selectively 
expressed by microglia in the brain. The levels of GFAP and P2Y12 
are affected by the state of the astrocyte or microglia, respectively. 
Arrows signify interactions between these two cell types (reprinted 
with modification from “Astrocytes and Microglia: In Sickness and 
in Health” by Vainchtein, I. and Molofsky, A, 2020, Trends Neurosci 
43, p. 18 [133])
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functions such as clearance of pathogens, cell debris, and 
abnormal proteins from the brain, and assist in the repair 
process. Microglia are highly motile cells and provide con-
tinuous surveillance of brain parenchyma and synaptic con-
tacts. Under adverse conditions microglia carry out func-
tions that are intended to combat the effects of the adverse 
conditions and repair damage. However, if these functions 
become dysregulated, activated microglia can contribute to 
the pathology (Fig. 8).

Research involving new technologies (e.g., RNA 
sequencing, proteomics, epigenetics, and bioinformatics) 
have shown that brain microglia are embryonically derived 
from mesodermal progenitor cells in the yolk sac, cells 
that are also a source of hematopoietic stem cells. During 

embryogenesis the hematopoietic stem cells in the yolk sac 
travel to the embryo where they populate the bone marrow. 
From this population, microglial progenitors evolve, travel 
to and populate the developing brain where they eventu-
ally complete the differentiation process to become mature 
microglia [70, 121].

A study brains from ~ 33 mammalian species (primar-
ily adult animals) showed that microglia are distributed 
throughout the brain at similar densities within brain regions 
and across brain regions. However, they constitute only a 
relatively small minority of all brain cells, approximately 
7% of the non-neuronal brain cells in adult animals [29]. 
In contrast to the similarity in density of microglial across 
brain regions, the number of neurons vary widely across 

Fig. 7   Spontaneous transglial Ca2+ waves in the cerebellar cortex 
of rats or mice in vivo. A Staining patterns of the cerebellar cortex 
bolus-loaded with fluo-5F/AM (rat), a Ca2+ sensitive fluorescent 
dye, or expressing GFP (green fluorescent protein) under control of 
the glial fibrillary acidic protein (GFAP) promoter (mouse). In the 
brain, GFAP is primarily expressed in astrocytes. (Top) Optical sec-
tions acquired in the molecular layer [ML, locations indicated by the 
upper dotted lines (Middle)] show a distinct striate pattern matching 
lateral protrusions from stem processes of Bergmann glia (BG). (Mid-
dle) Maximal side projection showing similarity between fluo-5F/
AM labeling and GFAP-GFP expression. (Bottom) Optical sections 
taken from the Purkinje cell layer, with BG somata arranged around 
Purkinje cells. B Spontaneous radial wave measured in the ML. C 

Putative stem processes and side branches from BG show calcium 
increases with a time course typical of glial signals. D (Left) Wave-
front slowing with distance from the initiation site. (Right) Linear rate 
of increase of wave area, with an average apparent diffusion constant 
Dapp -165_m2/s. Data are shown for 4 waves. E Distribution of wave 
orientation relative to the parallel fiber (PF) axis. F Radial wave in 
ML measured in an xz parasagittal plane orthogonal to the surface of 
the cerebellum. G Wave orientation along the axis of BG stem pro-
cesses. H Distribution of wave orientation relative to the pia–Purkinje 
cell axis.(Reprinted from “Radially expanding transglial calcium 
waves in the intact cerebellum” by Hoogland, T. et  al., 2009, Proc 
Natl Acad Sci U S A, 106, p. 3497 [53])
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brain regions, with the cerebellum having a large number of 
neurons due to the large granule neuron population. Conse-
quently, the cerebellum has a lower percentage of microglial 
cells relative to the total cerebellar cell population than for 
other brain regions. For example, microglial cells comprise 
approximately 5.8 ± 0.4% of the total number of cells in the 
cortical region of the brain but only 1.5 ± 0.2% of the total 
number of cells in the cerebellum. This percentage translates 
to ∼3 microglial cells per neuron in the cortex of large non-
primate brains but only ~ 1 microglial cell per > 100 neurons 
in the cerebellum of several species [29].

In a healthy brain under normal circumstances, microglia 
replacement/replication occurs at a low rate and by clonal 
expansion; although under some circumstances microglia 
can replicate by replacement from macrophages recruited 
from the blood [99]. Recent studies using an innovative 
multicolor fluorescence fate mapping system to chroni-
cally monitor microglial dynamics in the brain of mice 
under homeostatic conditions revealed that the microglial 
network in the cerebellum, hippocampus and cortex of the 
adult mouse showed considerable stability and a low rate of 
microglial self-renewal [110]. Microglia were estimated to 
completely turn over within 20 months in the cerebellum 
compared to 15 months in the hippocampus and 41 months 
in the cortex [110]. However, microglia can rapidly increase 
proliferation in response to adverse environmental condi-
tions [54].

Recent research has revealed the complexity of microglia 
and has led to new concepts regarding microglia morphol-
ogy, physiology, chemistry and function [22, 25, 94]. Micro-
glia exhibit diverse morphological and functional states that 
can vary with brain region, species, age, sex, environmental 
factors and context (e.g., health or disease). Recent research 
has also shown that cerebellar microglia differ from micro-
glia in other brain regions (e.g., cortex) in a variety of char-
acteristics including morphology, motility, gene expression 
and immune function among other differences [45, 122, 126, 
132]. Microglia express a variety of genes and proteins that 

are relatively unique to and dependent on their state. For 
example, microglia express receptors that enable them to 
identify molecular patterns in their environment that are 
associated with pathogens (PAMPs; e.g., LPS) or tissue 
damage (DAMPs; e.g., denatured intracellular nuclear or 
cytosolic proteins), and to phagocytose or endocytose the 
damaged cells or abnormal proteins and thereby clear their 
environment [22].

Several terms have been used to describe microglial 
states, a subject that has aroused considerable attention and 
discussion in an effort to achieve consensus as to the most 
appropriate nomenclature [94]. As noted above, classically 
microglia have been considered to exist in two states referred 
to as ‘resting/homeostatic’ or ‘activated/reactive’. More 
recently the activated/reactive state has been characterized 
as ‘M1 or M2’, where M1 refers a state associated with a 
defense response (i.e., an inflammatory response) and the 
production pro-inflammatory cytokines, and M2 refers to a 
state associated with adverse or pathological conditions and 
considered to be an anti-inflammatory and healing state that 
promotes the release of anti-inflammatory cytokines [22, 
124] (Fig. 9).

However, new technological developments such as in vivo 
imaging of specific brain cell types, has made it evident that 
the M1/M2 classification for microglia is not sufficiently 
detailed and that microglia can exist in multiple states that 
differ with respect to morphological features, the functions 
performed, and gene and protein expression including the 
types of neuroimmune factors produced. A discussion of the 
more complex microglial states is beyond the scope of this 
article. Thus, as noted above, a two state terminology will 
be used in this article where “resting or homeostatic” is used 
for states associated with normal/healthy (e.g., physiologi-
cal) conditions and ‘activated or reactive’ is used for states 
associated with conditions that are adverse or pathological.

In the homeostatic state, microglial typically have a small 
somata from which numerous thin and highly ramified pro-
cesses extended. The processes are very dynamic, extending 

Fig. 8   Typical morphologi-
cal and functional differences 
between ‘homeostatic’ 
and ‘activated’ microglia. 
(Reprinted with modifications 
from “The semantics of micro-
glia activation: neuroinflamma-
tion, homeostasis, and stress” 
by Woodburn et al., 2021, J 
Neuroinflammation, p. 258 
[144] http://​creat​iveco​mmons.​
org/​licen​ses /by/4.0/)

http://creativecommons.org/licenses
http://creativecommons.org/licenses
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and contracting as they survey the surrounding cells, syn-
apses and environment. In the activated state, microglia typi-
cally transform to a more ameboid morphology associated 
with phagocytosis of damaged tissue (see Fig. 8). Time-
lapse in vivo imaging experiments of adult microglial in the 
cortex of the brain have shown that that in the homeostatic 
state, somata of microglia show only minor movement (1 to 
2 μm per hour), whereas their processes continuously exhibit 
cycles of de novo formation and withdrawal (within a time 
scale of minutes) as they survey the surround, actions that 
result in morphological changes in the microglia [87]. In a 
study that compared characteristics of cortical and cerebellar 

microglia using two-photon imaging in live transgenic mice 
with fluorescently labeled microglia (GFP label) and neu-
rons (tdTomato label), cerebellar microglia exhibited less 
ramified microglial arbors and had a greater rate of somatic 
mobility than microglial in the cortex [122]. Cerebellar 
microglia were also observed to have diverse but dynamic 
and intimate interactions with Purkinje neuron dendrites that 
typically lasted between 5 to 60 min. Interactions between 
microglia and Purkinje neuron somas were also observed 
(Fig. 10).

Recent studies have also demonstrated that factors 
released by microglia can alter the electrical activity of 

Fig. 9   Diagram illustrating microglial activation states M1 and M2, 
the neuroimmune factors associates with these states and conse-
quences to the target neuron. Abbreviations: CSF1R colony stimu-
lating factor 1 receptor; SIRP1A, signal regulatory protein CD172, 
chemokine CX3CL1, and CD200R, a type-1 cell membrane glyco-
protein of the immunoglobulin supergene family; Arg1, arginase 1; 
CCL, chemokine (C–C motif) ligand; CD, cluster of differentiation; 
CSF1R, colony stimulating factor 1 receptor; CXCL, chemokine 
(C-X-C motif) ligand; Fizz1, found in inflammatory zone; IL, inter-

leukin; GM-CSF, granulocyte–macrophage colony-stimulating factor; 
IFN-γ, interferon-γ; iNOS, inducible nitric oxide synthase; MAMPs, 
microbe-associated molecular patterns; MHC-II, major histocompati-
bility complex II; SIRP1A, signal regulatory protein CD172; SOCS3, 
suppressor of cytokine signaling-3; TNF-α, tumor necrosis factor-α; 
Ym1, chitinase-like protein. (Reprinted from “Targeting Microglial 
Activation States as a Therapeutic Avenue in Parkinson's Disease” 
by Subramaniam, S. and Federoff, H., 2017, Front Aging Neurosci, 
9, p.1 [124])
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Purkinje neurons. For example, in a recent in vitro study of 
Purkinje neurons in cerebellar slices, microglia activation by 
application of LPS, an antigen (a PAMP) normally found on 
the cell surface of most gram-negative bacteria that binds to 
Toll-like receptor 4 expressed on microglia, increased excit-
ability of Purkinje neurons through a complex mechanism 
involving TNFα and ATP; parallel in vivo studies showed 
that the microglia activation resulted in altered behavior 
(Fig. 11) [146]. In another study, chemogenetic activation of 
microglia in the cerebellar vermis in vivo resulted increased 
firing of Purkinje neurons, increased expression of TNF-α, 
IL-1β and CCL-2 and produced ataxia in mice [145]. Results 
suggested that the increased excitability of the Purkinje neu-
rons was primarily a result of an action of TNFα on Purkinje 
neurons [145].

The role of microglia in the cerebellum has also been 
studied using microglial deficient mice. For example, in 
one study, selective deletion of cerebellar microglia was 
achieved by cell-selective genetic manipulation involving 

an antibody to CX3CR1, a chemokine receptor that is highly 
expressed in microglia of the cerebellum [82]. The absence 
of microglia in this study resulted in significantly impaired 
GABAergic transmission to Purkinje neurons and impaired 
climbing fiber elimination [82]. In another study, mice that 
were genetically modified to produce a CSF-1 deficiency 
in the cerebellum also resulted in depletion of cerebellar 
microglia. CSF-1 and its receptor CSF1-R play a critical role 
in proliferation, differentiation, and survival of cerebellar 
microglia. In the CSF-1 deficient mice, cerebellar structure 
was altered including loss of Purkinje neurons and altered 
dendritic structure of surviving Purkinje neurons; in paral-
lel behavioral studies deficits in motor learning and social 
behavior were observed (i.e., deficit in social memory) [58]. 
In a study of a mouse model of spinocerebellar ataxia type 1 
(SCA1), depletion of microglia from the cerebellum during 
an early stage of the disease using an inhibitor of CSF-R1 
resulted in reduced expression of TNF-α, an effect that was 
associated with improved motor function [102].

Fig. 10   Cerebellar microglia. A Epifluorescent images of  fixed sec-
tions from cerebellum of CX3CR1-GFP mice showing cell bodies 
(DAPI – blue, left panel) and microglia (GFP – green, middle panel) 
and merged image (right panel). B Confocal images of microglia in 
fixed sections of cerebellum in CX3CR1-GFP mice showing GFP 
fluorescence (green, left panel) and microglia immunostained with 
an antibody to Iba-1, a microglia protein that is commonly used as a 
marker for microglia (magenta, middle panel), and the merged image 
(right panel). Examples of co-labeled cells are indicated by yellow 

arrows. C Two-photon laser-scanning microscopic in  vivo images 
showing microglia (green) surveillance of Purkinje neuron (red) den-
drites (left panel) and somas (right panel) in cerebellum from mice 
bred from a cross between the transgenic line Ai9/L7-cre where all 
Purkinje neurons express tdTomato and the CX3CR1-GFP line. 
ML = molecular layer; GL = granule neuron layer. Scale bars = 100um 
(A); 20  μm (B,C). (Reprinted with modification from “Cerebel-
lar microglia are dynamically unique and survey Purkinje neurons 
in vivo” by Stowell, R. D. et al., 2018, Dev Neurobiol, 8, p.627)
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Astrocytes

Astrocytes are one of the most abundant cell types in the 
brain, although the exact numbers, which vary with brain 
region, and neuron to astrocyte ratio is still under investigation 
[141]. It has been reported that astrocytes make up between 
17 and 61% of the cells in the human brain, depending on 
the brain region [41]. Astroglial density has been estimated 
to be ~ 600 cells/mm−2 in 30 μm sections of the cerebellar 
folia of adult mice compared to ~ 80 cells/mm−2 in 30 μm sec-
tions of the cerebral cortex. The proliferation rate, as assessed 
by mitotic index (BrdU-positive astroglia as a percentage of 
astroglia labeled by a GFAP antibody), was 2–3% of the total 
astrocytes in the cerebellum compared to ~ 9% of the total 
astrocytes in the cerebral cortex and ~ 11% of the total number 
of astrocytes overall for the entire brain [32].

Classically, astrocytes have been considered primarily 
support cells for brain cytoarchitecture and caregivers of 
brain health (e.g., by providing metabolic support, main-
taining ion balance, clearing transmitters from the synaptic 
environment, regulating the blood brain barrier). However, 
it is now known that astrocytes perform a variety of addi-
tional activities both in the developing and mature brain 
and that these activities are essential for the establishment 
and maintenance of functional cognitive and control sys-
tems that oversee behavior [3, 18, 21, 93, 137]. For exam-
ple, astrocytes regulate neuronal excitability and synaptic 
function, control extracellular potassium and glutamate con-
centrations, and perform neuroimmune functions. During 
development astrocytes regulate neurogenesis, establish and 
maintain brain architecture, direct cell migration and dif-
ferentiation, and regulate synaptogenesis and synaptic prun-
ing. Cerebellar structure is severely disrupted if astrocytes 
are ablated early in development [9]. Significant alterations 

in cerebellar structure during development or in the adult 
results in ataxia [18].

Astrocytes are closely associated with cells in their envi-
ronment including other astrocytes, microglia, neurons and 
cells that form blood vessels (e.g., endothelial cells), where 
they are an important component of the blood–brain bar-
rier (Fig. 12). A single astrocyte can make contact with 
multiple neurons and blood vessels through their numerous 
processes. Astrocytes contact soma, dendrites, and synaptic 
terminals of neurons. Bidirectional communication occurs 
between synaptic terminals and astrocytic process and plays 
an important role in the regulation of synaptic transmission 
and plasticity both in normal and pathological conditions 
(Fig. 13). Astrocytes form widespread signaling networks 
with other astrocytes through connections at gap junctions 
located on astrocyte processes.

Developmentally astrocytes are derived from progeni-
tor cells in the ventricular zone of the brain and from this 
site migrate to various brain regions, including the cerebel-
lum, where they complete morphogenesis and final place-
ment. The majority of cerebellar astrocytes are generated 
between the embryonic and late postnatal period. Astro-
cytes do not appear to replicate in the normal adult mouse 
cerebellum [123] except under pathological conditions but 
can be replenished from progenitor cells produced in the 
cerebellum. Cerebellar astrocytes are commonly classified 
into four main groups based on morphology and locations in 
cerebellar architecture: fibrous astrocytes are located in the 
white matter, stellate multipolar astrocytes or protoplasmic 
astrocytes are located in the granular cell layer, and Berg-
mann’s glia are located between the Purkinje cell layer and 
the molecular layer. Bregman glia are unique to the cerebel-
lum, are derived from radial glia and are considered to be 
specialized type of astrocytes (Fig. 13).

Fig. 11   Diagram showing the pathway from LPS activation of micro-
glia through toll-like receptors to changes in Purkinje neuron activ-
ity. LPS is used experimentally as a substitute for a pathogen (e.g., 
virus, bacteria, fungus, etc.). The activated microglia release inflam-
matory cytokines (e.g., TNF-α, IL-1β, IL-6, etc.) which increased the 
intrinsic excitability of Purkinje neurons and modulated presynaptic 

release of the excitatory transmitter glutamate from the parallel fib-
ers and postsynaptic responsiveness of the excitatory synapses on the 
Purkinje neuron dendrites. (Reprinted with modifications from “Tar-
geting Microglial Activation States as a Therapeutic Avenue in Par-
kinson's Disease” by Subramaniam, S.R. and Federoff, H. J., 2017, 
Front Aging Neurosci, 9, p.5 [124])
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Fig. 12   Diagrams showing close morphological and functional asso-
ciations between astrocytes and synapses and blood vessels. Astro-
cytes are an important component of the blood brain barrier that 
regulates infiltration of blood born chemicals and cells into the brain. 
Astrocytes are also part of a tripartite synapse where complex signal-
ing interactions mediated by neurotransmitters (e.g., glutamate) and 
gliotransmitters (e.g., glutamate, D-serine, and ATP) occurs. Neuro-
transmitters are released from presynaptic terminals of neurons and 
act at receptors on post synapses of neurons and on astrocytes. Astro-

cytes release gliotransmitters such as glutamate that act at receptors 
on presynaptic and postsynaptic terminals of neurons. Integration of 
these signaling actions modulate synaptic transmission and plastic-
ity. Astrocytes also regulate extracellular glutamate levels through the 
actions of glutamate transporters. (Reprinted with modification from 
“Gliotransmitter Release from Astrocytes: Functional, Developmen-
tal, and Pathological Implications in the Brain” by Harada, K. et al., 
2015, Front Neurosci, 9, p. 499 [33])

Fig. 13   Diagram showing cerebellar neuron and astrocyte cell types 
and their placement in cerebellar architecture. Neurons = granule 
neuron, Purkinje neuron, Unipolar brush cell, Lugaro cell, Golgi 
cell, Basket cell, Stellate cell, neuron of cerebellar nuclei. Astro-

cytes = Fibrous astrocyte, Velate astrocyte, Bergman glia. (Reprinted 
from “Cerebellar Astrocytes: Much More Than Passive Bystanders In 
Ataxia Pathophysiology” by Cerrato, V., 2020, J Clin Med, 9, p. 757 
[18])
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Bergman glia have been the most studied of the 
cerebellar astrocytes, particularly with respect to neuron 
to glial signaling, which is important during development 
for cell migration and synaptogenesis and in the adult for 
maintaining the proper function of excitatory synaptic 
transmission by controlling the levels of glutamate around 
synapses (i.e., glutamate homeostasis). Less is known 
about the function of other types of cerebellar astrocytes, 
they appear to play typical astrocyte roles (e.g., regulation 
of tissue homeostasis, functioning of cerebellar circuits) 
but may also have unique functions [9, 18, 52, 63]. 
Glutamate is the main excitatory transmitter in the 
brain including at the parallel fiber and climbing fiber 
synapses to Purkinje neurons. During intense excitatory 
synaptic transmission extracellular glutamate levels can 
increase at the synapse and if not regulated can become 
toxic resulting in damage and cell death. Bergman glia 
are closely associated with Purkinje neurons (see Fig. 13) 
and under normal conditions protect Purkinje neurons 
from glutamate toxicity through the action of glutamate 
transporters EAAT1 (GLAST) and EAAT2 (GLT-1). 
The highest number of EAAT1 in the cerebellum are 
expressed by Bergman glia [66](Fig. 14).

Glutamate transporters transport glutamate from the 
extracellular environment into astrocytes for conversion to 
glutamine. Glutamine is a precursor for the excitatory neu-
rotransmitter glutamate and the inhibitory neurotransmitter 
GABA and is transported out of the astrocytes and taken 
up by neurons for this purpose. Bergman glia can also store 
glutamate and release it in a Ca2+ dependent manner. The 
released glutamate can then act at glutamate receptors on 
Purkinje neurons and influence synaptic response to excita-
tory synaptic input from the parallel or climbing fibers to 
the Purkinje neurons.

During excitatory (glutamatergic) synaptic transmission 
to Purkinje neurons there is spillover of glutamate from the 
synapse (Fig. 15). In addition, extrasynaptic release from 
presynaptic terminals is thought to occur. Glutamate from 
both of these sources can activate glutamate receptors on 
Bergman glia including Ca2+ permeable AMPARs. Activa-
tion AMPARs results in Ca2+ influx through the AMPAR 
channel and increases in intracellular Ca2+ levels. In Ca2+ 
imaging experiments of live Bergman glia in vivo, stimula-
tion of climbing or parallel fibers by motor activity resulted 

Fig. 14   Confocal image of EGFP (enhanced green fluorescent pro-
tein) expression in the cerebellum of a postnatal day 7 Slc1a3 (glial 
high-affinity glutamate transporter; EAAT1) transgenic mouse. EGFP 
expression is observe in Bergmann (large arrow) and scattered astro-
cytes (arrowhead).(Reprinted with minor modification from The 
Gene Expression Nervous System Atlas (GENSAT) Project, NINDS 
Contracts N01NS02331 & HHSN271200723701C to The Rockefeller 
University (New York, NY)

Fig. 15   Astrocytes and glutamate homeostasis. Glutamate is released 
from presynaptic terminals of excitatory neurons and acts at glu-
tamate receptors on the postsynaptic neuron (not shown). Some of 
the released glutamate spillovers into the extracellular fluid where it 
is taken up by astrocytes, which converted it into glutamine by glu-
tamine synthetase or stored in vesicles. Glutamine is released to the 
extracellular space and taken up by neurons for use in the production 
of glutamate or GABA. Under conditions of intense synaptic activ-
ity or when injury to neurons occurs, excess release of glutamate can 
increase the glutamate concentration in the extracellular fluid result-
ing in excess activation of glutamate receptors (mGluR1, NMDAR) 
on neurons. The glutamate receptors are linked to increases in intra-
cellular Ca2+, either through influx from the extracellular fluid (i.e., 
NMDAR) or Ca2+ release from intracellular stores (mGluR1) result-
ing in Ca.2+ induced neuronal toxicity. (Reprinted with modification 
from “Astrocytes Maintain Glutamate Homeostasis in the CNS by 
Controlling the Balance between Glutamate Uptake and Release” by 
Mahmoud, S. et al.,2019, Cells 8, graphical abstract)



2531The Cerebellum (2024) 23:2511–2537	

1 3

in Ca2+ transients in the Bergman glia, a response that also 
occurs when exogenous glutamate is acutely applied to cer-
ebellar slices [53, 78], Spontaneous Ca2+ waves produced by 
ATP and acting through purinergic receptors have been also 
observed in Bergmann glial cells in vivo [53, 78]

Excess excitatory synaptic activity resulting in elevated 
levels of extracellular glutamate can induce neuronal toxic-
ity, which occurs primarily through increased intracellular 
Ca2+ levels (Fig. 15). Glutamate toxicity can be impacted by 
neuroimmune factors produced in response to the adverse 
conditions associated with glutamate toxicity. For example, 
studies in acutely isolated cerebellar slices from postnatal 
rats showed that TNF-α increased glutamate-induced exci-
totoxicity in Purkinje neurons resulting in increased cell 
death, an action that involved an increase in intracellular 
Ca2+ in the Purkinje neurons mediated by Ca2+ permeable 
membrane receptors [8].

Like microglia, astrocytes can exist in a ‘resting/homeo-
static’ or ‘activated/reactive’ state. Formation of the acti-
vated state is associated with alterations in gene expression, 
morphology, proliferation, and function. Activated astro-
cytes are often referred to as ‘reactive astrocytes’ and can 
exhibit different phenotypes, for example A1 or A2, with A1 
astrocytes exhibiting pro-inflammatory, neurotoxic proper-
ties and A2 astrocytes exhibiting neuroprotective proper-
ties [26, 33]. As for the M1/M2 classification of microglial 
activation, recent studies of astrocytes in various neurode-
generative diseases indicate that the A1/A2 classification 
does not fully reflect the complexity of the astrocyte states. 
Therefore, further work is necessary in this area. Activation 
of astrocytes is typically associated with increased produc-
tion of GFAP (glial fibrillary acidic protein) a key constitu-
ent of the intermediate filament of the astrocyte cytoskel-
eton. Immunostaining with antibodies to GFAP is commonly 
used as to a marker for astrocytes, with increased expression 
interpreted as evidence of ‘astrogliosis’ and indicative of 
adverse conditions and astrocyte activation. Astrogliosis is 
often taken to mean an increase in astrocyte cell number 
but the increase in GFAP could also reflect an increase in 
astrocyte size.

Adverse conditions typically produce activation of both 
astrocytes and microglia with interactions/communication 
between these two cell types mediated by neuroimmune fac-
tors (Fig. 16).

For example, activation of cerebellar astrocytes and 
microglia appear to be involved in several forms of ataxia 
(e.g., [18]). Studies in a mouse model of spinocerebel-
lar ataxia type 1 (SCA1) showed that both astrocytes and 
microglia were activated at an early stage of the disease, an 
effect that occurred before neuronal death and could have 
involved signals from damaged Purkinje neurons [27]. In 
addition, increased levels of the pro-inflammatory cytokines 
TNFα, MCP-1 occurred at the early stage of the disease in 

the SCA1 mice, with the additional increase in levels of 
IL-6 as the disease progressed [27]. These results suggested 
that as pathological conditions develop in the SCA1 mice, 
microglia are activated first and subsequently trigger astro-
cyte activation through release of ATP and inflammatory 
mediators such as proinflammatory cytokines (e.g., IL-1, 
TNFα) or other inflammatory mediators (e.g., prostaglandin 
E2) [105](Fig. 17).

Detrimental effects of astrocyte activation and elevated 
levels of astrocyte produced neuroimmune factors has also 

Fig. 16   Interactions between microglia and astrocyte during pathological 
conditions. Receptors (underlined) and the signaling molecules (in 
italics) are shown with the color of the arrow reflecting the cell source 
(green = astrocytes, blue = microglia). The resulting phenotypic changes 
or movements are shown by gray arrows (single or triple, respectively). 
Activation of microglia is initiated by PAMPs/DAMPs acting at 
TLR receptors (both blue) on the microglia. As the microglia become 
activated (gray arrow) they release IL1b and TNFa, which bind IL1R 
and TNFR to activate astrocytes and other microglial. This signaling 
with the addition of C1q (a component of the pathway involved in 
complement activation) on astrocytes leads to a neurotoxic phenotype, 
with a loss of neuroprotective functions. Activated astrocytes release 
IL1b and TNFa, which propagates the neuroinflammatory response. 
Activated astrocytes also release ATP which binds to P2XRs (purinergic 
receptors) on microglia. Activated astrocytes and microglia may 
also release chemokines (CCL2–CCL5) which bind to receptors on 
microglia (CCR1–CCR5) and stimulate their chemotaxis toward the site 
of injury/pathogen. Inflammation is in part resolved by CD200 binding 
to CD200R on activated microglia, which suppresses the immune 
function of microglia steering them toward a homeostatic phenotype. 
(Reprinted with modification from “Microglia and Astrocyte Function 
and Communication: What Do We Know in Humans?” by Garland, E. 
F. et al., 2022, Front Neurosci,16, 1 [41])
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been demonstrated by studies of transgenic mice that were 
genetically modified to constitutively produce elevated 
expression by astrocytes of a specific cytokine, such as IL-6, 
IL-3, IL-12, INF, or TNF-α. The enhanced astrocyte produc-
tion of the neuroimmune factors resulted in chronic brain 
inflammation involving astrocytes and microglia and neu-
ropathology that was unique to the over-expressed cytokine 
[4, 12, 14, 48, 100]. For example, in the IL-6 transgenic mice 
the highest level of IL-6 mRNA expression in the brain was 
in found in the Bergman glia of the cerebellum; low levels 
of TNFα mRNA and IL-1α/β mRNA were also observed 
in the cerebellum [19]. These mice were characterized by 
enhanced cerebellar expression of GFAP, indicative of astro-
gliosis, Iba1, indicative of microgliosis, and TNFα. In these 
mice, it is likely that the microgliosis was triggered by the 
enhanced levels of astrocyte produced IL-6 [48]. The mice 
also showed altered dendritic structure of Purkinje neurons, 
reduced number of Purkinje neurons and granule neurons, 
altered cerebellar synaptic function and synaptic protein 
expression, impaired motor performance and ataxia that 
progressed with aging, and disruption of the blood brain 
barrier [13, 47, 48, 83]. The severity of these characteristics 
depended on the level of IL-6 expression and the age of the 
mouse, becoming more severe with higher levels of IL-6 and 
age. Excessive exposure to alcohol and other drugs is also 
associated with astrocyte and microglial activation in the 
cerebellum and ataxia (e.g., [51, 130, 148]).

Concluding remarks

The neuroimmune system of the brain is a dynamic and 
complex system that is present in all brain regions and 
plays an important role in homeostatic processes essential 
for normal brain function and in repair and recovery 
processes that restores brain structure and function after 
damage, disease, and other pathological conditions. The 

primary cell types that form the neuroimmune system are 
the astrocytes and microglia of the brain. These cell types 
have both distinct and unique phenotypes and functions 
and co-operate in the performance of neuroimmune actions 
in healthy and pathological states. Microglia and astrocytes 
achieve their functions primarily through production and 
secretion of a family of signaling factors commonly used 
by the peripheral immune system called cytokines, which 
are referred to as neuroimmune factors when produced 
by brain cells. Dysregulation of astrocytes or microglia 
cytokine production during adverse conditions can induce 
pathology such as occurs in neurodegenerative diseases. 
Dysregulation of cerebellar astrocytes or microglia 
cytokine production can lead to pathology and impaired 
motor function.

Advancing an understanding of the functioning of the 
neuroimmune system is currently at the forefront of interest 
in many areas of brain study and will likely continue for 
a long time into the future due to the expansive role this 
system plays in brain biology that has been revealed by 
recent research. Studies of the neuroimmune system of 
the cerebellum has lagged that of other brain regions. 
However, recent research has demonstrated the critical 
areas that the neuroimmune system plays in cerebellar 
development, function and pathology. Therefore, studies of 
the cerebellar neuroimmune system is a topic of study that 
is ripe for scientists interested in uncovering the biological 
secrets of this new and exciting field where much is yet to 
be discovered.
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ers, GFAP and Iba-1 (brown product for both), respectively. Insets 

of immunostained microglia show cellular morphology. Scale 
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“The Npc2.(Gt(LST105)BygNya) mouse signifies pathological changes 
comparable to human Niemann-Pick type C2 disease” by Rasmussen, 
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