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Abstract

Proper development and function of the mammalian central nervous sys-
tem (CNS) depend critically on the activity of parenchymal sentinels re-
ferred to as microglia. Although microglia were first described as ramified
brain-resident phagocytes, research conducted over the past century has ex-
panded considerably upon this narrow view and ascribed many functions
to these dynamic CNS inhabitants. Microglia are now considered among
the most versatile cells in the body, possessing the capacity to morphologi-
cally and functionally adapt to their ever-changing surroundings. Even in a
resting state, the processes of microglia are highly dynamic and perpetually
scan the CNS. Microglia are in fact vital participants in CNS homeostasis,
and dysregulation of these sentinels can give rise to neurological disease. In
this review, we discuss the exciting developments in our understanding of
microglial biology, from their developmental origin to their participation in
CNS homeostasis and pathophysiological states such as neuropsychiatric dis-
orders, neurodegeneration, sterile injury responses, and infectious diseases.
We also delve into the world of microglial dynamics recently uncovered
using real-time imaging techniques.
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INTRODUCTION

The central nervous system (CNS) has long been considered immune privileged owing to its lack
of standard lymphatic drainage and reduced capacity to present antigens (1). Indeed, the CNS does
have an immunological capacity that differs from most peripheral tissues, but it is now appreciated
that, when necessary, this tissue can mount vigorous immune reactions that depend in part upon
specialized innate cells, including microglia, macrophages, and dendritic cells (DCs). Interestingly,
unique anatomical niches in the CNS such as the meninges, choroid plexus, and perivascular spaces
are inhabited by specialized macrophages and DCs that serve as resident innate immune sentinels
capable of orchestrating potent inflammatory responses (2). The brain parenchyma, on the other
hand, is populated by microglia—the most common CNS-resident innate immune cell. Microglia
comprise ∼10–15% of all glial cells and are often referred to as the tissue-resident macrophages
of the CNS. But unlike meningeal, choroid plexus, and perivascular macrophages, microglia orig-
inate from the yolk sac and populate the CNS prior to its vasculogenesis (3, 4). Resting microglia
in the adult brain have a small cell body and are highly ramified—a morphology that distinguishes
them from macrophages and DCs. These cells participate in CNS development, homeostasis, and
nearly all CNS disturbances. As part of their homeostatic functions, microglial cell bodies remain
stationary, but their processes continuously scan the surrounding extracellular space and commu-
nicate directly with neurons, astrocytes, and blood vessels. This perpetual state of motion allows
them to respond swiftly to damage or infection by transforming into an activated phenotype and
performing inflammatory functions. They are remarkably plastic and capable of responding to a
vast array of challenges. Upon detection of specific factors generated by parenchymal injury, de-
generation, or infection, microglia undergo morphological transformations and respond rapidly
through induction of genetic programs designed to overcome and repair CNS insults. Trans-
formations of microglial morphology, phenotype, and function are observed during almost all
neuropathological conditions (e.g., degenerative diseases, infection, stroke, tumors, brain injury).

The roots of microglia research are firmly embedded in the pioneering work of Franz Nissl,
Santiago Ramón y Cajal, and Pı́o del Rı́o Hortega. Rı́o Hortega, a student of Ramón y Cajal,
named these cells and is considered the Father of Microglia (5, 6). He meticulously described
the basic morphological features of microglia using a silver staining technique and a light mi-
croscope that are still accurate to this day. He observed the treelike processes of microglia and
predicted their phagocytic function. In fact, his detailed histological analyses laid the foundation
for our contemporary understanding of microglial biology. The field has expanded enormously
since Rı́o Hortega’s observations. In fact, microglia are now thought to represent an important
nexus between neurological and immunological activity in the CNS. Fitting with their complex
morphology and plasticity, microglia often morph to suit the needs of their ever-changing sur-
roundings, and as predicted, microglia are indeed brain-resident phagocytes that can participate
in phagocytic activities, but their functions extend well beyond this. Studies have shown that these
specialized sentinels play a major role in maintaining the overall health of the CNS. In the sections
that follow, we discuss exciting developments in our understanding of microglial biology, starting
with their origin and progressing to their participation in states of health and disease, such as neu-
ropsychiatric conditions, neurodegeneration, sterile injury, and CNS infection. For information
regarding the role of microglia in CNS autoimmunity, we refer the reader to several outstanding
reviews written on this topic (7, 8).

MICROGLIA DEVELOPMENT

Debate about microglial lineage and origin began shortly after their discovery by Rı́o Hortega.
Owing to phenotypic similarities to peripheral monocytes/macrophages and DCs, microglia were
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proposed to be of hematopoietic origin. In fact, a number of bone marrow reconstitution stud-
ies concluded that microglia were myeloid in origin and derived from the hematopoietic system
(9–11). Initially, microglia were thought to derive from circulating monocytes. This supposition
is supported by studies showing that irradiation-induced myeloablation facilitates engraftment of
the CNS by blood-derived Ly-6ChiCCR2+ monocytes (12, 13). Furthermore, this engraftment
process is not initiated by CNS degeneration alone (e.g., cuprizone-induced death of oligoden-
drocytes) but requires preconditioning by direct tissue irradiation (12). These data prove that
monocytes can enter the CNS parenchyma and convert to cells with morphological similarities
to microglia; however, this occurs only under certain conditions, and it is debated whether these
cells are truly microglia.

A caveat associated with irradiating mice is that a nonphysiological state of systemic injury is
induced that can facilitate tissue repopulation that might not otherwise occur during steady-state
conditions. In addition, transient compromise of blood-brain barrier function observed following
whole-body irradiation could also facilitate aberrant cellular relocation (14, 15). Hence, it was
argued that irradiation followed by bone marrow reconstitution might not reflect homeostatic
microglia turnover. Supporting this argument, Wirenfeldt et al. (16) showed that only one-third
of microglia remained viable following irradiation, and their proliferative capacity was severely
impaired. Consequently, the injury and cellular depletion induced by whole-body irradiation
favor reconstitution by bone marrow–derived precursors. To avoid the confounding variables
associated with whole-body irradiation, microglial turnover was reevaluated using parabiotic mice
(two mice with a shared circulatory system). In nonirradiated parabiotic mice, Ajami et al. (17)
provided seminal data showing that microglia under steady-state conditions were maintained by
self-renewal and were not in fact derived from bone marrow progenitors. Even after inducing
neurodegeneration by facial motor neuron axotomy (which causes significant microgliosis), no
engraftment by blood-derived cells was detected despite infiltration by peripheral macrophages.
A similar observation was made in parabiotic mice with experimental autoimmune encephalitis
(EAE) (18). Although monocyte-derived macrophages contribute to the development of EAE, they
do not engraft the CNS following resolution of the disease. Thus, under steady-state, degenerative,
and autoimmune conditions, microglia appear to self-renew.

The developmental origin of microglia has also served as a subject of debate in the field. The
concept of microglial derivation from the embryonic yolk sac was first suggested in the early
1990s by Cuadros et al. (19), who generated chimeras between chick embryos and quail yolk sacs
to establish that primitive myeloid cells invade the brain rudiment independently of the blood
supply during development. This concept was further supported by Alliot et al. (20), who showed
the presence of microglia precursors in the yolk sac and later the brain rudiment of the developing
embryo by embryonic day 8 (E8). Although these studies did not resolve the debate regarding
microglial origin, they did provide a spatiotemporal map of where and when to find microglia
during embryogenesis.

More definitive evidence was established over a decade later by Ginhoux et al. (3), who demon-
strated that microglia are derived from primitive macrophages emanating from the embryonic
yolk sac during development (Figure 1). In this study, mice expressing tamoxifen-inducible Cre
recombinase under the Runt-related transcription factor 1 (Runx1) promoter were crossed with
floxed ROSA26 reporter mice. Because Runx1 expression is restricted to the yolk sac, this elegant
approach enabled Ginhoux et al. to inject tamoxifen and activate Runx1-driven Cre recombinase
at different time points during embryonic development, thus permitting in vivo fate mapping of
yolk-sac-derived cells. Importantly, injection of tamoxifen before E7.5 revealed that microglia
progenitors come from the embryonic yolk sac. These progenitors later entered into the brain
rudiment in a manner dependent on the circulatory system, as progenitors were not observed
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Figure 1
Microglial origin and development. Recent studies have shown that microglia are ontologically distinct from bone marrow–derived
monocytes/macrophages found in peripheral tissues. Microglia are instead derived from primitive macrophages that emanate from the
embryonic yolk sac during development (prior to embryonic day 8.5, E8.5) and enter the brain rudiment via the circulatory system.
These progenitors surround the neuroepithelium of the developing brain around E9.5 and one day later enter the neuroepithelium and
begin to colonize the CNS parenchyma. Microglia at this stage of development have an amoeboid rather than a ramified morphology.
Microglia become completely ramified throughout the brain by postnatal day 28. Development and survival of microglia are critically
dependent on several factors, including the transcription factor PU.1 as well as CSF1R.

in the brain rudiment of embryos without a heartbeat (and thus no blood flow). Interestingly,
injection of tamoxifen into reporter mice a day later (E8.5) failed to label yolk sac macrophages or
microglia but did label circulating monocytes and leukocytes. The yolk sac derivation of microglia
was confirmed by Schulz et al. (21), who established that the transcription factor Myb, which is re-
quired for hematopoiesis and the generation of hematopoietic stem cells (HSCs), was not essential

370 Nayak · Roth · McGavern



IY32CH12-McGavern ARI 4 February 2014 13:40

for the generation of microglia. Myb−/− mice are deficient in hematopoietically derived mono-
cytes/macrophages but have normal numbers of microglia in the CNS. Further analyses of yolk
sac progenitors revealed that microglia are derived from CD45−c-kit+ erythromyeloid progenitor
cells (22). These progenitors eventually convert to CD45+c-kit−CX3CR1+ microglia and invade
the brain rudiment using matrix metalloproteinases (MMPs), such as MMP-8 and MMP-9. Collec-
tively, these studies support the concept that microglia are yolk sac (not hematopoietically) derived.

During neonatal development, primitive yolk-sac-derived microglial progenitors do not bear
highly ramified processes and more closely resemble macrophages. However, they eventually
progress through a developmental program that includes proliferation and subsequent acquisition
of ramified processes, which gives rise to the microglial architecture commonly observed in the
adult CNS. Once ramified microglia are evenly spread throughout the parenchyma, several factors
contribute to their homeostasis and self-renewal, and without these factors, microglia numbers
would begin to wane and give rise to CNS dysfunction.

FACTORS THAT PROMOTE MICROGLIA DEVELOPMENT
AND HOMEOSTASIS

During neonatal development, committed myeloid precursors differentiate into microglia, and
this developmental program is controlled by various molecules that include but are not limited to
transcription factors, growth factors, chemokines, MMPs, and microRNAs, among others. In the
adult CNS, microglia are maintained under steady-state conditions via a balance between mitosis
and apoptosis (16). Some of the key factors involved in microglial genesis and homeostasis are
discussed below.

Runx1

Runx1 was initially discovered in patients with acute myeloid leukemia (AML), a heterogeneous
bone marrow malignancy in which the AML1 gene on chromosome 21 is translocated and fused
in frame with the ETO gene on chromosome 8 (23). Runx1 binds directly to the enhancer ele-
ments of several genes relating to hematopoietic development. For example, Runx1 binds directly
to the upstream regulatory element of the PU.1 gene (a transcription factor essential for mi-
croglia development) and modulates its expression during embryonic and adult hematopoiesis
(24). Interactions between Runx1 and other transcriptional elements are essential for expression
of several genes that participate in lineage-specific development of multipotent progenitors. For
example, expression of colony-stimulating factor receptor (CSF1R), whose function is required for
myeloid cell development, is dependent on a physical interaction between Runx1 and the CCAAT
enhancer-binding protein (C/EBP) (25).

Homozygous mutation of Runx1 results in embryonic lethality due to the absence of fetal
liver development. In addition, embryonic stem cells lacking Runx1 do not differentiate into
myeloid or erythroid progenitors of hematopoietic origin in developing embryos, although yolk
sac development and erythropoiesis are maintained (26). Runx1 expression is first observed at
E6.5, and around E7.5 yolk-sac-derived Runx1+ cells develop into fetal lymphoid progenitors and
HSCs (27). Ginhoux et al. (3) demonstrated that yolk-sac-derived Runx1+ precursors populate
the CNS and develop into microglia during gestational stages that precede brain development and
vascularization. During development, nascent Runx1+ microglia have an amoeboid morphology
and undergo mitosis; however, they exit their cell cycle program before downregulating Runx1.
Progressive loss of Runx1 expression coincides with the morphological transformation of microglia
from amoeboid to ramified, and this occurs around postnatal day 10. In the adult brain, Runx1 is
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reexpressed following traumatic nerve injury, suggesting an additional role for this transcription
factor in the regulation of microglia activation (28).

PU.1

PU.1 is a member of the ETS (E-twenty six) family of transcription factors that are dynamically
expressed in various cells, including macrophages, neutrophils, mast cells, B cells, and microglia. In
addition, the PU.1 protein is constitutively expressed in both resting and activated rodent microglia
as well as human microglia (29, 30). Thus, it was expected that PU.1 would play a regulatory role
in the ontology of lymphoid and myeloid cells, including microglia. Indeed, the importance of
PU.1 was revealed in null mice, which are severely immunocompromised and ultimately die a few
days after birth unless reconstituted with wild-type bone marrow. PU.1 null mice are deficient in
mature macrophages, neutrophils, B cells, and T cells but have erythrocytes and megakaryocytes
(31). PU.1 is considered a master regulator for myelomonocytic differentiation during embryonic
development. Olson et al. (32) demonstrated that PU.1 deficiency impedes the maturation of
yolk-sac-derived myeloid progenitors, which is evidenced by a failure of these cells to express
terminal myeloid differentiation markers, such as CSF1R (also known as macrophage colony-
stimulating factor receptor, or M-CSFR), CD11b, and CD64. PU.1 expression is autoregulated
and subjected to regulation by other hematopoietic transcription factors (e.g., C/EBPα) (33).
A recent study showed that CSF1 (also referred to as M-CSF) can induce PU.1 activation in
HSCs both in vitro and in vivo (34). This induces myeloid-specific gene expression in HSCs,
resulting in increased myeloid cell differentiation. This finding has important implications because
it shows that a cytokine such as CSF1, which is abundantly expressed during states of inflammation
and stress, can direct the fate of HSCs and promote the generation of myeloid cells. Thus, the
abundance of tissue-resident myeloid cells such as microglia might be influenced by developmental
perturbations that modulate CSF1 levels, such as maternal microbial infections and stress.

CSF1R

CSF1R is a tyrosine kinase transmembrane receptor expressed on mononuclear myeloid cells
throughout the body. Originally identified as a growth factor receptor for hematopoietic cells,
CSF1R is a critical regulator of mononuclear phagocytic cell survival, differentiation, development,
and chemotaxis. Mice with a frameshift mutation in CSF1 (CSF1op/op mice), a ligand for this
receptor, have a profound reduction in tissue macrophages but possess relatively normal numbers
of skin macrophages (Langerhans cells) and microglia (35, 36). In contrast, CSF1R−/− mice are
completely deficient in microglia, which suggested the presence of another ligand for this receptor
(3, 37). The discrepancy observed in CSF1- versus CSF1R-deficient mice led to the discovery of IL-
34 as a complementary ligand for CSF1R (38, 39). Wang et al. (40) established that IL-34 deficiency
leads to a complete loss of Langerhans cells in the epidermis and a ∼20% reduction in brain
microglia. In this study, the most notable reductions were observed for microglia residing in the
cerebral cortex, hippocampus, and corpus callosum. Using IL-34 reporter mice, the investigators
determined the source of this cytokine to be keratinocytes in the skin and neurons in the CNS.
These results indicate that homeostatic CSF1R signaling in Langerhans cells and microglia is
provided locally by tissue-resident cells.

IRF-8

Interferon regulatory factor 8 (IRF-8) is a transcription factor and member of the IRF family that
is sometimes referred to as interferon consensus sequence-binding protein (ICSBP). In addition
to their well-described inflammatory role, IRFs participate in development of the immune system
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by modulating transcription. IRF-8-deficient mice show enhanced proliferation and abundance
of granulocytes, myelomonocytic cells, and lymphoid cells, suggesting a role for this transcription
factor in modulating the proliferation and differentiation of hematopoietic progenitors (41, 42). A
specific role for IRF-8 in macrophage differentiation was demonstrated by Tamura et al. (43), who
used a retroviral strategy to reconstitute IRF-8 knockout myeloid progenitor cells with functional
IRF-8. Retroviral transduction promoted differentiation of myeloid progenitors into phagocytic
macrophages while repressing the granulocyte differentiation program. These data revealed that
IRF-8 plays a key role in macrophage maturation.

Similar to macrophages, IRF-8 also has a direct impact on CNS microglia. Using reporter
mice that express green fluorescent protein (GFP) under the CSF1R promoter, Minten et al. (44)
revealed that IRF-8 deficiency results in increased microglial abundance in the adult brain; how-
ever, these cells also had reduced branch complexity and gross morphological changes suggestive
of activation. Despite phenotypic signs of activation (e.g., increased expression of CD45, CD11b,
and F4/80), no alteration in ex vivo phagocytic capacity was observed in IRF-8−/− microglia.
These data suggest that IRF-8 plays an important role in maintaining microglial homeostasis
in the adult brain and may also control their state of activation. More recently, Kierdorf et al.
(22) linked IRF-8 to microglia development, revealing that embryonic microglia contain higher
levels of IRF-8 transcripts than adult cells do. However, in contrast to previous studies (43, 44),
Kierdorf et al. (22) showed decreased (not increased) parenchymal microglia in IRF-8−/− mice,
which was attributed to a defect in the survival and maturation of yolk sac myeloid progenitors
during embryonic development. It is conceivable that IRF-8 participates in the homeostasis and
development of microglia, at least partly, by regulating apoptosis-related genes, as IRF-8-deficient
myeloid cells are resistant to stimuli that induce programmed cell death (45). This supposition is
consistent with the increased number of apoptotic microglial progenitors observed in IRF-8−/−

mice during development (45). Although additional work is required to refine our understanding
of how IRF-8 modulates microglia development and homeostasis, this transcription factor is an
active participant in these processes.

miR-124

Small noncoding microRNAs regulate gene expression through posttranscriptional modification
of mRNAs primarily by promoting their degradation. Translational repression is achieved by for-
mation of an RNA-induced silencing complex (RISC) that activates an RNA cleavage pathway
leading to enzymatic degradation. microRNAs are expressed from embryogenesis to adulthood
and therefore play an active role in regulating gene expression (46). miR-124 is one of the most
abundantly expressed microRNAs in the CNS and regulates adult neurogenesis and neuronal
differentiation by altering gene expression in neurons (47–49). miR-124 is also highly expressed
in resident microglia. By comparing the expression profile of miR-124 in the naive versus acti-
vated CNS, Ponomarev et al. (50) demonstrated that microglia downregulate miR-124 following
activation, suggesting a role for miR-124 in maintaining microglial quiescence. This theory was
corroborated by data showing that miR-124 targets the transcription factor C/EBP-α and its
downstream target PU.1, greatly downregulating their protein expression. Interestingly, knock-
down of miR-124 resulted in a functional switch of microglia as well as macrophages from naive
to activated, demonstrating an inhibitory role for miR-124 in myeloid cell activation.

HOMEOSTATIC MICROGLIA FUNCTIONS

Microglia are indispensable for normal brain development. Given that microgliogenesis and neu-
rogenesis occur concomitantly in the developing brain, it seemed likely that their fates would be
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intertwined. Indeed, studies conducted over the past decade have revealed that microglia interact
with neurons during development and in the adult CNS. Disruption of these interactions can have
a severe negative impact on CNS development and function. Below we discuss some vital homeo-
static microglia functions that help establish and maintain the overall health of the nervous system.

Neuronal Survival

During early development, various neurotrophic factors promote survival and differentiation of
specific neuronal lineages and circuit formation; during adulthood some of these very same neu-
rotrophins promote the health and survival of neurons. Importantly, microglia contribute to the
surrounding cellular milieu by releasing trophic factors that support the formation of neuronal
circuits and promote their survival. For example, insulin-like growth factor-1 (IGF-1) released by
surrounding microglia promotes survival of layer V cortical neurons during postnatal develop-
ment (51). Immunohistochemical analyses revealed that microglia accumulate along subcerebral
and callosal axon fibers early after birth (postnatal days 1 to 7), suggesting the potential for mi-
croglia to interact with and support these fibers (51). This supposition was corroborated by data
showing that inhibition or depletion of microglia promoted cell death of layer V cortical neurons.
In addition, this neuro-supportive role for microglia was mediated in part by fractalkine (i.e.,
CX3CL1-CX3CR1) signaling and IGF-1 release by microglia, as CX3CR1 deficiency or IGF-1
inhibition similarly resulted in death of layer V cortical neurons.

The mechanistic link between fractalkine and IGF-1 signaling remains unclear; nevertheless,
the ability of microglia to produce IGF-1 through whatever means likely influences the fate of
many cell lineages in the nervous system. For example, IGF-1 induces multipotent adult rat
hippocampus-derived neural progenitor cells to differentiate into oligodendrocytes (52). More-
over, IGF-1 protects immature oligodendrocytes from glutamate-mediated apoptosis (53). Mi-
croglia secrete trophic factors other than IGF-1, such as basic fibroblast growth factor, hepatocyte
growth factor, epidermal growth factor, platelet-derived growth factor, nerve growth factor, and
brain-derived neurotrophic factor, which play significant roles in neuronal development, mainte-
nance, and function throughout life (54–57). Thus, microglia are essential facilitators of neuronal
health and survival in the nervous system.

Neuronal Death

About half of all immature neurons die during brain development primarily through programmed
cell death. Though the reason for this extensive programmed cell death is not fully understood, it is
proposed that the surplus of faulty neurons resulting from defective differentiation and migration
requires elimination. In addition, neurons that fail to form proper neuronal circuits or that only
perform transient functions must undergo programmed cell death. Neuronal cell death can be
initiated by cell intrinsic factors or by accessory cells such as microglia that are well poised to induce
programmed cell death and clean up the resultant cellular debris. An example of this was observed
in the retina of the developing chick eye, where release of nerve growth factor by microglia induced
apoptosis of retinal nerve cells, which is considered part of the normal developmental program (58).
Similarly, neurons in the developing murine hippocampus are induced by microglia to undergo
programmed cell death (59). In this anatomical location, microglia release reactive oxygen species
(ROS) in a CD11b-dependent and DNAX activation protein of 12 kDa (DAP12)-dependent
manner that induces neuronal death. Blockade of CD11b was shown to decrease neuronal cell
death in the developing hippocampus. A similar mechanism was observed in the developing mouse
cerebellum, where selective elimination of microglia reduced neuronal (Purkinje) cell death. It was
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further determined that release of ROS by microglia was in part responsible for inducing death of
Purkinje cell neurons (60). Thus, microglia are not simply accessory cells that respond to neuronal
cell death during development, but rather are active promoters of the process (at least in certain
brain regions).

The amount of cell death induced during development mandates an active and efficient cleanup
system to remove the resultant cellular debris. As expected, microglia participate in this cleanup
through phagocytosis and, importantly, can engage phagocytic machinery without initiating an
inflammatory response (60–62). The phagocytic capacity of microglia is conserved evolutionar-
ily. Studies of the developing chick embryo spinal cord have shown that a significant number of
microglia/macrophages are present at early stages of development and can be observed phago-
cytosing apoptotic motor neurons (63). Noninflammatory microglial phagocytosis is mediated
through signaling via triggering receptor expressed on myeloid cells-2 (TREM2) (61). TREM2
signaling promotes phosphorylation of the adaptor protein DAP12, which later induces cytoskele-
ton reorganization and phagocytosis. Notably, proinflammatory cytokines (e.g., TNF-α, IL-1β,
and NOS2) are not expressed following TREM2 signaling. In fact, overexpression of TREM2
can actually decrease the proinflammatory potential of microglia. Instead, this signaling pathway
promotes CCR7 expression and microglia chemotaxis. Dying neurons in turn release factors that
recruit microglia to actively participate in phagocytosis. This phagocytic activity is important not
only in the developing CNS, but also for the maintenance of healthy neural networks in the adult
brain. For example, release of soluble fractalkine (CX3CL1) by damaged neurons can promote
microglial phagocytosis through release of milk fat globule–epidermal growth factor 8 (MFG-E8)
(64). MFG-E8 is expressed by microglia and facilitates phagocytosis of apoptotic cells through
activation of the integrin-associated protein CD47 signaling pathway (65). Microglia are therefore
essential for removing dead cells from both the developing and the adult CNS. Without this vital
function, the health of the CNS deteriorates and can give rise to neurological dysfunction.

Synaptogenesis

In addition to clearance of dead cells, microglial phagocytic activity is crucial for synaptic ho-
meostasis (66, 67). Microglia participate in the process of neuronal pruning during development
and respond to synaptic activity as well as plasticity. Proper synaptic function depends on various
trophic factors and synaptogenic signals, some of which are derived from microglia. Roumier et al.
(68) revealed that DAP12 signaling is essential for synaptic function and plasticity. DAP12 is a
transmembrane immune receptor protein expressed by myeloid as well as lymphoid cells and is
thought to play a major role in innate immune function. In the mouse brain, DAP12 expression is
restricted to microglia, and its deficiency promotes a dramatic reduction in synaptic expression of
tyrosine kinase receptor B (the receptor for brain-derived neurotrophic factor, commonly known
as TRK-B), leading to impaired synaptic function and plasticity (68). More recently, ex vivo stud-
ies on organotypic hippocampal brain slice cultures showed that microglia can modulate synaptic
activity by regulating synapse densities, glutamatergic receptors, and dendritic spine numbers
(69). Microglia can also participate in experience-dependent synaptic plasticity. Ultrastructural
and dynamic imaging studies of the juvenile mouse visual cortex revealed that microglia actively
participate in remodeling synaptic architecture (70). Exposure to a sensory stimulus such as light
influences the location and morphology of microglia in relation to synapses. In the developing
visual cortex, microglia are apposed to synaptic clefts, suggesting a role in their maintenance. In-
terestingly, light deprivation induced microglia to generate phagocytic structures and more closely
associate with what appeared to be disassembling dendritic spines. These changes were reversed
following reexposure to light. These data indicate that microglia are intimately associated with
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synaptic structures and respond to changes in these structures elicited by environmental stimuli
that modulate their activity.

Programmed axonal pruning and selective elimination of defective synapses are critical for the
establishment of functional, mature neuronal circuits during brain development. Redundant and
excessive neuronal processes that have the potential to hinder mature neuronal circuit formation
are selectively pruned by microglia. This function is essential for normal brain development
(67). Paolicelli et al. (67) followed the fate of representative pre- and postsynaptic proteins and
demonstrated during synaptic maturation that these proteins localize to microglia, showing that
microglia engulf synaptic structures in the uninjured brain. This synaptic pruning is mediated in
part by fractalkine signaling, as mice deficient in CX3CR1 had increased dendritic spine densities
and less mature synapses when assessed 2–3 weeks following birth (67).

The complement system also appears to facilitate microglial synaptic pruning. During devel-
opment, the complement protein, C1q, is expressed in neurons following exposure to immature
astrocytes (71). Interestingly, C1q localizes to synapses throughout the postnatal CNS and retina
and can promote activation of C3. Because microglia express C3 receptors (CR3), synaptic comple-
ment activation has the potential to trigger phagocytosis and synaptic elimination. Consistent with
this assertion, mice deficient in C1q or C3 showed defects in synaptic elimination, which results in
the retention of excessive synaptic connections (71). Moreover, another recent study established
that microglia sculpt postnatal retinogeniculate synapses in a neural activity–dependent manner
using phagocytosis linked to CR3 signaling (72). Inhibition of neural activity with tetrodotoxin
enhanced synaptic engulfment by microglia, whereas CR3 deficiency decreased microglia phago-
cytic activity and promoted a sustained defect in synaptic connectivity. Collectively, these data
indicate that microglia participate in synaptic development and maintenance, which has major im-
plications for our understanding of normal brain homeostasis, as disruption of this routine activity
has the potential to cause neurological disorders.

MICROGLIAL DYSFUNCTION AND DISEASE

Obsessive-Compulsive Disorder

Given the important role of microglia in normal brain development and homeostasis, it is not
surprising that certain neurological disorders are linked to microglial dysfunction. Two com-
pelling examples that have emerged in the literature are compulsive grooming behavior, linked
to the homeobox B8 (Hoxb8) gene, and Rett syndrome, which maps to a mutation in the gene
encoding methyl-CpG-binding protein-2 (MECP2) (73, 74). Most mammals including humans
exhibit grooming behaviors that serve diverse physiological functions. Greer & Capecchi (75)
were the first to establish that Hoxb8 is necessary for normal grooming behavior in mice. The Hox
genes encode a series of sequence-specific transcription factors that facilitate DNA-protein and
protein-protein interactions during morphogenesis and organ development (76). Hox genes are
essential for establishing correct body structures along the anteroposterior axis during embryonic
development (77, 78). In addition, these genes are evolutionarily conserved from Drosophila to
higher vertebrates.

To investigate the function of Hoxb8, van den Akker et al. (79) generated a Hoxb8 mutant by
inserting a bacterial lacZ-coding sequence upstream of the Hoxb8 start codon. The resultant mutant
mice exhibited axial skeleton abnormalities, degeneration of C2 spinal ganglion, and neurological
dysfunction (79). Because the lacZ interfered with the function of genes adjacent to Hoxb8, it
was argued that the phenotypic changes observed in mutant mice might not be due to Hoxb8
alone. To address this caveat, Greer & Capecchi developed a strategy to specifically delete the
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Hoxb8 gene. Interestingly, the resultant knockout mice showed excessive (pathological) grooming
behavior that led to hair loss and self-inflicted skin lesions (75). In addition, Hoxb8−/− mice often
groomed their cage mates excessively and exhibited an obsessive-compulsive behavioral pattern.
It was later demonstrated by this same group that, within the CNS, Hoxb8 is expressed only by
a subset of microglia (or their progenitors) (73). In the adult brain, a subpopulation of microglia
appear to be derived from a Hoxb8+ cell lineage, and Hoxb8 deficiency decreases the number
of steady-state microglia by ∼15%. It is not clear, however, how this reduction promotes the
obsessive-compulsive behavior observed in the knockout mice. To correct the aberrant behavioral
pattern, two-month-old Hoxb8−/− mice were irradiated and reconstituted with wild-type bone
marrow (73). This reversed symptoms in 60% of the Hoxb8−/− mice and was associated with
localization of GFP+ hematopoietic cells (presumed to be microglia) to the brain parenchyma.

Given that microglia in the adult brain are not repopulated by hematopoietic precursors under
steady-state conditions (17), the bone marrow reconstitution experiment performed in Hoxb8−/−

mice reflects a nonphysiological state of chimerism between hematopoietically derived myeloid
cells and resident microglia. Nevertheless, the reconstitution therapy corrected the aberrant be-
havioral pattern in Hoxb8−/− mice, signifying that bone marrow–derived myeloid cells can enter
the CNS parenchyma after irradiation, replace microglia, and participate in normal homeostatic
functions. This seminal study was also the first to show that a neurobehavioral disorder could map
to a primary dysfunction in microglia, further supporting a crucial role for microglia in maintaining
normal neural activity.

Rett Syndrome

Rett syndrome is an X-linked neurodevelopmental disorder observed primarily in females and
most commonly maps to mutation of the MECP2 gene (80). MECP2 is a transcriptional repressor
that binds to methylated genomic DNA via its transcriptional repressor and high-affinity methyl
DNA-binding domains. The latter promotes the recruitment of histone deacetylases that repress
transcription. The complex also limits the access of other transcriptional machinery to targeted
promoter regions (81, 82). The temporal expression pattern of MECP2 in the CNS during the
embryonic and early postnatal periods is crucial for normal neuronal development. Mutation of
MECP2 promotes abnormal epigenetic regulation and consequently disrupts normal neuronal
development (80).

To study Rett syndrome, various murine models have been developed in which MECP2 is
mutated, knocked out, or conditionally deleted. Genetic approaches to reconstitute MECP2 in
neurons have substantiated that neurological function can be restored at both early and late stages
of postnatal development (83, 84). As expected, MECP2 is highly expressed in the brain, and in
addition to neurons, all glial cells, including astrocytes, microglia, oligodendrocytes, and oligo-
dendrocyte progenitor cells, express at least some MECP2. Using an in vitro coculture system,
Ballas et al. (85) revealed that astrocytes containing mutant MECP2 do not support normal neu-
ronal growth and dendritic morphology. These data show that the function of MECP2 is not
necessarily cell autonomous, resulting from a defect in neurons alone. This finding was confirmed
in two seminal in vivo studies in which normal MECP2 was reconstituted in astrocytes (86) and
microglia (74). Lioy et al. (86) established that expression of wild-type MECP2 in MECP2 null
mice restored normal neuronal morphology and improved locomotion, anxiety, respiration, and
life span. Shortly thereafter, Derecki et al. (74) showed that transplantation of wild-type bone
marrow into MECP2 null mice arrested disease progression. This therapeutic improvement was
linked to myeloid cell chimerism in the CNS, which is induced by whole-body irradiation (17),
analogous to the approach used to rescue Hoxb8−/− mice with obsessive-compulsive disorder
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(73). This finding demonstrates now in two distinct models that some neurological disorders
can be ameliorated by bone marrow reconstitution and myeloid cell engraftment in the CNS
parenchyma. Although microglia are not normally replaced by bone marrow–derived myeloid
precursors, it might be possible to exploit the fact that peripheral engraftment can be induced
under certain nonphysiological conditions (in this case, whole-body irradiation).

MICROGLIA AND NEURODEGENERATIVE DISEASE

Because of the close relationship between microglia and neurons, it is not surprising that mi-
croglia respond to and can sometimes exacerbate neurodegenerative conditions in which dysfunc-
tional or defective neurons are the primary driver of disease. Neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclero-
sis are all characterized by abnormal protein aggregates primarily in neurons. This in turn can
trigger microglia to become reactive and eventually contribute to a chronic neuroinflammatory
state in the CNS, although their initial role is often neuroprotective. How microglia respond to
the two most common human neurodegenerative diseases is described in more detail below. We
refer readers to other recent reviews focused on microglia and neurodegeneration for additional
information on this important topic (87, 88).

Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the excessive accumu-
lation and sustained deposition of beta-amyloid (Aβ) as well as the formation of neurofibrillary
tangles inside neurons that result from hyperphosphorylation of the tau protein. These patholog-
ical changes give rise to progressive cognitive decline in AD patients. A number of susceptibility
genes for AD include amyloid precursor protein (APP), apolipoprotein E, presenilin 1 and 2,
CD2-associated protein, ATP-binding cassette subfamily A member 7, membrane-spanning 4
domains subfamily A, and CD33. Microglia express several of these genes, suggesting a role for
microglia in AD neuropathology. In fact, one of the risk genes associated with AD (i.e., CD33)
actually impedes the ability of microglia to phagocytose Aβ (89), and it is known that human AD is
associated with impaired clearance of Aβ (90). This finding suggests that the phagocytic system in
the CNS is either impaired or becomes overwhelmed by the continuous deposition of (or exposure
to) Aβ. Nevertheless, the precise role of microglia in the course of AD remains somewhat contro-
versial. When evaluated in a murine model of AD, selective ablation of microglia had no impact
on amyloid plaque formation or maintenance (91). Thus, it is unclear to what degree microglial
phagocytosis is involved in thwarting the progression of AD. It is conceivable that microglia play
an important early role in slowing the toxic effects of Aβ but are less involved later in the disease
as their phagocytic function declines. In fact, a transition from phagocytosis to proinflammatory
cytokine production could position microglia as late-stage exacerbators of AD.

There is now widespread support for the idea that proinflammatory cytokines produced by mi-
croglia during AD progression can promote the development of pathology and cognitive decline.
For example, blockade of IL-12/IL-23 signaling (presumably on microglia) decreased pathology
and cognitive decline in a murine model of AD (92). In addition, another study revealed that
norepinephrine, a neurotransmitter produced in part by the locus coeruleus, suppresses microglia
cytokine production induced by Aβ (93). Further, this immunosuppressive neurotransmitter pro-
motes phagocytic uptake of Aβ by microglia. Interestingly, the locus coeruleus is damaged in the
majority of AD patients, which has the potential (through reduced norepinephrine production)
to decrease the phagocytic capacity of microglia and promote chronic proinflammatory cytokine
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production. This is consistent with data in murine models of AD showing that the phagocytic
capacity of microglia declines over time (94, 95). Microglia participate in noninflammatory phago-
cytic activities from development to adulthood. This routine housekeeping function maintains the
overall health of the brain and may slow the onset of AD; however, as phagocytic activity declines,
especially during the course of a degenerative disease, the CNS becomes inflamed and can rapidly
deteriorate. In a disease such as AD, inflammation and decline of microglial phagocytosis could
serve as secondary contributors to pathogenesis.

Assuming that microglia do play an active role (either positive or negative) in the development
of AD, it is important to understand the factors that activate and set microglia into motion. Many
factors have been implicated in activating microglia and directing them toward sites of Aβ deposi-
tion. These factors include but are not limited to the receptor for advanced glycation end products
(RAGE), formyl peptide receptors (FPRs), Toll-like receptors (TLRs), pattern-recognition re-
ceptors, complement receptors, scavenger receptors, fractalkine, and vascular endothelial growth
factor receptor 1 (VEGFR-1). VEGFR-1 is highly expressed in human AD brain tissue and facili-
tates microglial migration in vitro and in vivo (96). In addition, the pattern-recognition receptors
TLR2 and TLR4 (which are expressed by microglia) are involved in AD pathogenesis, as functional
deficiency in either results in increased Aβ deposits and reduced phagocytic clearance (97–100).
Importantly, stimulation of TLR4 signaling via systemic administration of monophosphoryl lipid
A (a TLR4 agonist) reduced Aβ loads, increased microglia phagocytosis, and enhanced cognitive
function in a murine model of AD (100). Thus, it might be possible to slow AD progression in
humans through therapeutic manipulation of TLR signaling.

CD36 is another pattern-recognition receptor thought to contribute to AD pathogenesis.
CD36 is a membrane scavenger receptor whose ligands include oxidized low-density lipoprotein,
collagen, oxidized phospholipids, and long-chain fatty acids, among others. The receptor is ex-
pressed on myeloid cells such as microglia and participates in phagocytosis. Stuart et al. (101)
reported that CD36 drives downstream signaling in microglia that results in cytoskeletal reorga-
nization and locomotion in response to Aβ deposits, indicating that pattern-recognition receptors
not only activate but also contribute to the movement of microglia.

On the basis of the involvement of receptors such as TLR2, TLR4, and CD36, it is becom-
ing increasingly apparent that degenerative diseases such as AD chronically trigger the immune
system through release of “danger” signals that bear some resemblance to pathogen-stimulated
innate immune reactions. This is commonly referred to as sterile immunity because an immune re-
sponse develops in the absence of a microbe. In line with this concept, AD studies have shown that
RAGE and FPRs found on microglia can bind to Aβ, resulting in enhanced neuroinflammation
and acceleration of disease (102, 103). RAGE binds to advanced glycation end products (AGE) and
has numerous ligands in addition to AGE that include phosphatidylserine, high-mobility group
protein B1 (HMGB1), and Aβ, among others. Transgenic expression of RAGE in microglia ac-
celerated AD-related neuroinflammation and Aβ accumulation, leading to more rapid cognitive
decline in a murine model. The pathogenic effects of RAGE overexpression were ameliorated in
mice expressing a RAGE mutant defective in signaling. Another recent study demonstrated an
interaction between RAGE and FPRs and suggested that FPRs play an important role in Aβ-
induced microglial signal transduction (103). FPRs are G protein–coupled receptors that bind
N-formyl peptides released from damaged cells and promote immune cell chemotaxis. For ex-
ample, real-time imaging of a sterile injury reaction in the liver revealed that formyl peptides
released from necrotic cells help guide neutrophils to sites of injury (104). Tissue injury results
in the release of danger signals that promote acute inflammation (105). If Aβ promotes similar
signaling (either directly or indirectly) in innate immune cells such as microglia, this would give
rise to chronic CNS inflammation. Death of neurons induced by Aβ or other mechanisms could
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also contribute to a chronic innate immune reaction through the stimulation of damage sensors
such as those described above.

The role of fractalkine signaling in murine models of AD remains controversial. A variety
of different CNS myeloid sentinels (e.g., meningeal macrophages, choroid plexus macrophages,
perivascular macrophages, microglia) express the fractalkine receptor CX3CR1 (2). Interactions
between microglial CX3CR1 and CX3CL1 (the ligand) expressed on neurons in the naive brain are
thought to help maintain microglia in a quiescent state. Thus, a fractalkine signaling deficiency is
predicted to enhance microglia function and promote inflammation. Consistent with this theory,
Liu et al. (106) demonstrated using the CRND8 (APP mutant) murine AD model that CX3CR1
deficiency lowers Aβ levels in the brain, fitting with an increased phagocytic capacity of microglia.
In their study, no impact on neuronal cell death was observed. Reduced Aβ accumulation in
the absence of CX3CR1 was observed in two additional models of AD (APP/PS1 and R1.40
mice) (107), further supporting a role for enhanced microglial phagocytosis in thwarting the
progression of AD. However, using yet another murine AD model (hAPP-J20 mice), Cho et al.
(108) concluded that CX3CR1 deficiency increases neuronal pathology and cognitive deficits
and that this was attributable to enhanced cytokine production (e.g., IL-6 and TNF-α) rather
than to an alteration in the phagocytic capacity of microglia. Finally, it was shown in 3xTg mice
that express mutant APP, PS1, and tau that CX3CR1 deficiency actually decreases neuronal loss
(109). These mice also had no change in Aβ accumulation when compared to littermate controls,
which is in contrast to observations made in the other AD models. The discrepancy between
the aforementioned studies likely reflects differences in the AD models under investigation. For
example, the involvement of mutant tau in AD pathogenesis, as observed in 3xTg mice and
none of the other models, may change the microglial response and role of fractalkine signaling.
Understanding this variation in AD pathogenesis is important given that progression of human
AD is influenced by many different genetic and environmental factors that murine models only
partially reflect. It is also worth considering that CX3CR1 is not expressed solely on microglia in
the CNS; therefore, deficiency might differentially modulate the functionality of other CX3CR1-
GFP-expressing brain sentinels such as perivascular macrophages, meningeal macrophages, and
recruited monocytes (110, 111).

Parkinson’s Disease

Parkinson’s disease (PD) is a human neurodegenerative condition characterized by neuronal ac-
cumulation of α-synuclein cytoplasmic inclusions (commonly referred to as Lewy bodies) and the
loss of dopaminergic neurons in the substantia nigra pars compacta, although neuronal death is
not exclusive to this brain region. Mutations in several different genes, including α-synuclein,
parkin, Parkinson disease (autosomal recessive, early onset) 7, and phosphatidylinositol-3,4,5-
trisphosphate 3-phosphatase–induced putative kinase 1, are known to cause disease; however,
these mutations account for only a small proportion of the cases. The most commonly studied an-
imal models of PD involve injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or
6-hydroxydopamine, two neurotoxic agents that cause death of dopaminergic neurons in the sub-
stantia nigra, resulting in PD-like symptoms. Microglia become highly activated during the course
of PD (112) and produce proinflammatory cytokines (e.g., TNF-α, IL-1β, IFN-γ), chemokines,
and ROS. In addition, the brain is infiltrated by CD8+ and CD4+ T cells (113), which suggests
that the adaptive immune system might also participate in disease progression. The precise contri-
bution(s) of microglia to PD is not entirely understood, but their potential modes of participation
include the chronic production of proinflammatory molecules and the modulation of adaptive
immune cells.
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The factors that regulate microglia during PD are complex. For example, CD200-CD200R
signaling (114), fractalkine signaling (115), MMPs (116), and leucine-rich repeat kinase 2 (LRRK2)
(117) were shown to modulate microglial activity in murine models of PD or following in vitro
exposure of microglia to α-synuclein. MPTP studies in macaques have revealed that IFN-γ and
TNF-α are elevated in the serum and CNS during the development of disease (118). Importantly,
knockout studies on MPTP-treated rodents demonstrated that both of these cytokines were re-
quired for full activation of microglia (118). Both the PD susceptibility gene LRRK2 and MMPs
contribute to TNF-α production by microglia (116, 117), which has the potential to create an
autocrine feedback loop that results in sustained microglia activation. Inhibition of MMP-3, -8,
or -9 reduces TNF-α, IL-1β, nitric oxide (NO), and ROS produced by microglia exposed to
α-synuclein (116), suggesting that MMPs participate in the proinflammatory responses elicited
by microglia during the course of PD. In addition, Moehle et al. (117) established that inhibition
of LRRK2 decreases expression of TNF-α and inducible nitric oxide synthase (iNOS) in mi-
croglia exposed to a TLR4 agonist. Therefore, increased or aberrant expression of LRRK2 during
the course of PD could foster microglia-induced inflammation. Disruption of CD200-CD200R
signaling might also exacerbate microglial inflammatory responses during PD (114). Zhang et al.
(114) showed that inhibition of the pathway increased inflammation, neuronal cell death, and neu-
rological dysfunction in a rat model of PD. Because this pathway couples microglia and neurons
in the naive CNS, helping maintain an uninflamed state, disruption of this pathway during the
course of a neurodegenerative disease such as PD could result in chronic microglial activation.

Similar to AD, in PD microglia may not be detrimental early in the course of the disease
(unless a specific genetic mutation renders them dysfunctional). Microglia participate in neu-
ronal homeostasis and could help scavenge an overload of an aberrantly deposited protein such
as α-synuclein. In support of this hypothesis, Stefanova et al. (119) showed that TLR4 deficiency
impedes the ability of microglia to clear α-synuclein in a transgenic mouse model, which resulted
in increased proinflammatory cytokine production, neuronal cell death, and motor dysfunction.
These data suggest that the scavenging function of microglia is important in slowing the progres-
sion of neurodegenerative diseases defined by the pathologic accumulation of a particular protein.
Alternatively, microglia might directly participate in neuronal cell death during the course of PD
by aberrantly engulfing the neurons. A recent study in the MPTP model of PD revealed that
microglia completely engulf degenerating dopaminergic neurons using a mechanism dependent
on Rho-associated kinase activity (120). Whether this response is neuroprotective or neurode-
structive during the course of human PD remains to be determined and depends on whether the
primary defect resides in neurons or microglia.

In addition to innate immunity, compelling data implicate adaptive immune cells in PD
pathogenesis. Analysis of PD brain tissue has revealed the presence of HLA-DR+ microglia in the
substantia nigra pars compacta (112), and a recent genome-wide association study linked HLA-DR
polymorphisms to the development of late-onset sporadic PD (121), suggesting a potential role for
CD4+ T cells in the disease. Using the murine MPTP model of PD, Brochard et al. (113) demon-
strated that dopaminergic cell death was markedly attenuated in mice lacking CD4+ T cells. The
authors further showed that T cell–mediated neuronal damage required expression of Fas ligand
(FasL). The involvement of CD4+ T cells in disease pathogenesis was corroborated and expanded
upon by Harms et al. (122), who expressed full-length human α-synuclein in the substantia nigra
pars compacta using an adeno-associated viral vector. This induced MHC class II (MHC-II)
expression on microglia, CD4+ T cell proliferation, proinflammatory cytokine production, IgG
deposition, and neuronal degeneration—a response ameliorated by MHC-II deficiency. However,
a caveat of this study is that human (rather than mouse) α-synuclein was used. Because mice are not
necessarily tolerant to a human protein, it is not surprising that a vigorous inflammatory response
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was mounted. Whether this mode of pathogenesis is operational in humans requires further
study.

Interestingly, neuronal IgG deposition was observed in the damaged substantia nigra of hu-
man PD brain tissue, and the amount of IgG correlated positively with the number of HLA-DR+

microglia (123). The microglia were also shown to express FcγRI (CD64), which is the high-
affinity receptor for IgG. These data suggest a potential role for humoral immunity in PD patho-
genesis. Using a protracted murine model of PD, Lira et al. (124) showed that FcγR deficiency
is neuroprotective, resulting in reduced microglial activation and neurological dysfunction. This
neuroprotective effect was not observed in the standard, early-onset MPTP model of PD (124),
suggesting that humoral immunity only becomes pathogenic when neuron cell death occurs over a
long time interval. Collectively, these data imply that the adaptive immune system may participate
in the pathogenesis of human PD. Given that use of nonsteroidal anti-inflammatory drugs reduces
the risk of developing PD, it is worth testing other immunosuppressive drugs in PD patients (125).

MICROGLIAL RESPONSES TO INFECTION

Because of their position and dynamic nature, microglia are a critical component of the innate
immune sentinel network in the CNS. They help maintain immune vigilance and must quickly
respond to pathogens that enter the parenchyma, lest the CNS be overtaken by the foreign invader.
Microglia are equipped with machinery that responds to a variety of pathogens, including bacteria,
fungi, parasites, and viruses. Their innate pattern-recognition systems allow them to detect foreign
antigens, and following activation, they can respond by producing pro- and anti-inflammatory
cytokines, chemokines, complement, free radicals, and trophic factors, among others. Microglia
can also proliferate and migrate to sites of inflammation. These innate programs utilized by
microglia provide swift control of invading pathogens and set the stage for the arrival of adaptive
immune cells such as T and B cells. Microglia are capable of presenting antigen in both MHC-I
and -II complexes and thus can interact directly with pathogen-specific CD8+ and CD4+ T cells
(assuming that antigen is acquired). These interactions are designed to promote pathogen clearance
but can sometimes facilitate intense inflammatory reactions that result in CNS pathology. Below
we describe a few select examples of how microglia respond to different classes of pathogens.

Parasitic Infections

Murine models of parasitic infection and postmortem analyses of brain tissue from parasite-
infected humans have taught us a great deal about how microglia respond to pathogens such
as Toxoplasma gondii, Trypanosoma brucei, and Plasmodium falciparum. For example, T. gondii is a
parasitic protozoan that can infect most warm-blooded animals, including humans. Following
an initial stage of replication, the parasite converts to a bradyzoite, which is a slowly dividing
form of the pathogen that often clusters together and becomes tissue cysts. These cysts can be
maintained for life and are found in many different tissues, including the brain. A healthy immune
system can, for the most part, protect against T. gondii and localize it within tissue cysts (126).
However, in immunocompromised individuals, such as those infected with HIV-1, T. gondii can
emerge from tissue cysts and cause a severe disease called toxoplasmosis. During this disease,
bradyzoites convert to fast-replicating tachyzoites, and when this occurs in the CNS, the end
result is usually toxoplasmic encephalitis. Because T. gondii is sensitive to IFN-γ (126), microglia
can cooperate with innate and adaptive immune cells in a healthy immunocompetent brain to
maintain the parasite in relatively benign cysts. However, if this immune pressure is compromised,
then toxoplasmic encephalitis is a potentially fatal consequence of this normally benign infection.
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During toxoplasmic encephalitis, neurons, oligodendrocytes, and microglia are infected with
fast-replicating tachyzoites (127, 128), and microglia may even participate in spreading the parasite
throughout the brain (129), although this remains to be proven in vivo. The infection is controlled
primarily through IFN-γ released by T cells as well as innate immune cells such as microglia,
macrophages, and natural killer cells (130, 131). In addition, a recent study demonstrated that
T. gondii cysts can be purged in a perforin-dependent manner following adoptive transfer of CD8+

T cells extracted from parasite-immune mice (132). Microglia contribute to the response against
T. gondii not only by releasing IFN-γ, but also by producing T cell–recruiting chemoattractants
such as CXCL9, CXCL10, and CCL5 (133, 134). In fact, Harris et al. (135) reported in an elegant
two-photon imaging study that CXCL10 actually influences the search strategy of CD8+ T cells
in the T. gondii–infected brain. The search strategy, commonly referred to as a Lévy walk (136), is
employed to more rapidly find target cells and is characterized by periods of persistent movement
interspersed with local searching. Microglia likely promote this optimal search strategy through
CXCL10 release and thereby enable CD8+ T cells to more quickly find sites of T. gondii infection.

Another interesting aspect of chronic T. gondii infection is that neurodegeneration is not ob-
served despite the presence of a persistent immune response. This suggests activation of immune-
dampening mechanisms. Rozenfeld et al. (137) revealed that iNOS and NO, which have the poten-
tial to be proinflammatory, are inhibited in T. gondii–infected microglia stimulated by IFN-γ. This
inhibition is dependent on transforming growth factor β1 (TGF-β1) expression, as neutralization
of this cytokine restored NO production. These data indicate that infected microglia dampen
inflammation in an autocrine fashion. Microglia were also reported to produce the immunosup-
pressive cytokine IL-10 following T. gondii infection (138). Neutralization of IL-10 increased the
T cell response and decreased parasite burden during chronic infection, which indicates that this
anti-inflammatory cytokine produced by microglia serves as another immune dampener (139).
In addition to anti-inflammatory cytokine release, T. gondii also appears to suppress the immune
system by decreasing MHC-II expression on microglia (140). Infection of rat microglia in vitro
resulted in decreased expression of the class II transactivator (CTIIA) and MHC-II. Collectively,
these data indicate that during chronic infection T. gondii establishes a balance in the CNS by
converting to slow-growing bradyzoites that form cysts, suppressing antigen-presenting machin-
ery, and inducing production of anti-inflammatory cytokines such as IL-10 and TGF-β. So long
as this balance is maintained, the CNS is relatively tolerant of this parasite.

P. falciparum, the causative agent of cerebral malaria (CM), is another highly relevant parasite
that causes CNS disease in humans. This potentially fatal disease is induced when parasitized
erythrocytes adhere to the vascular endothelium of CNS microvessels. Sequestration of parasitized
erythrocytes in brain vasculature is considered a hallmark of CM (141), which can give rise to severe
neurological complications, including loss of consciousness, delirium, seizures, coma, and death.
In human CM, microglia cluster around blood vessels in the brain parenchyma (142). Similarly, in
mice infected with Plasmodium berghei ANKA (the murine model of CM), microglia showed signs
of activation two to three days prior to the onset of symptoms and were observed redistributing
toward retinal vessels (143). Early in the disease, microglia become globally activated and toward
later stages of CM can be observed accumulating at lesion sites in dense aggregates with astrocytes
in what are referred to as Durck’s granulomas (144, 145).

Adhesion of parasitized erythrocytes to CNS vasculature is mediated in part by the binding of
P. falciparum erythrocyte membrane protein 1 (PfEMP1) to the endothelial protein C receptor
(EPCR) (146)—a receptor involved in anticoagulation. Adhesion mediated by EPCR and other
proteins such as CD36, ICAM-1, and VCAM-1 (147) likely promotes endothelial cell activation,
which can elicit a compounding reaction characterized by further parasitized erythrocyte adher-
ence and ultimately a hypoxic state once vessels become occluded. Microglia and perivascular
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macrophages adjacent to affected blood vessels respond by releasing proinflammatory factors
that can further magnify the pathology (145), eventually resulting in vascular breakdown.
Microglia produce a broad spectrum of inflammatory mediators during CM that include iNOS,
cyclooxygenase-1 and -2, myeloid-related proteins (MRP8, MRP14), and TGF-β (144, 145, 148).
MRP8 and MRP14 are endogenous activators of TLR4 that induce production of proinflamma-
tory cytokines such as TNF-α and IL-1β (149), which can exacerbate the pathogenesis of CM.
Microglia also synthesize angiogenic proteins such as MMP-1 and thrombospondin-1 (TSP-1)
during CM (150). MMP-1 is an interstitial collagenase that breaks down extracellular matrix pro-
teins, and TSP-1 inhibits neovascularization. In general, microglia are potent responders during
CM owing to the heavy involvement of cerebral vasculature. Initially, their proinflammatory
cytokine release seems focused toward clearance of the adherent parasite (a response that likely
enhances vascular pathology); however, in individuals that survive CM, the CNS must repair its
damaged tissue/vasculature, and it is predicted that microglia play a positive role in this process.
Further studies are required to determine the relative degree to which other myeloid cell subsets
such as meningeal and perivascular macrophages contribute to CM pathogenesis and recovery,
as few studies differentiate between these distinct lineages during the course of disease.

Bacterial Infection

Bacteria can gain access to the CNS from adjacent focal infections during conditions such as oti-
tis, sinusitis, and mastoiditis or from any other septic lesions that are in direct contact with the
blood supply (e.g., bacterial endocarditis). Because of their ubiquitous distribution throughout
the parenchyma, microglia mount a response against almost every CNS infection. In response
to bacteria, microglia can proliferate (151) and carry out a variety of different functions such
as pathogen detection, promotion of inflammation, phagocytosis, and neuroprotection. Bacte-
ria such as Staphylococcus aureus can cause brain abscesses, whereas bacteria such as Streptococcus
pneumoniae, Escherichia coli, Haemophilus influenzae, and Neisseria meningitidis are more commonly
associated with meningitis—a disease linked to complications that include fever, fatigue, neck stiff-
ness, seizures, coma, and sometimes death. In addition, individuals that survive bacterial abscesses
or meningitis often have long-term neurological sequelae resulting from the CNS damage caused
by the infection and resultant inflammatory response.

To detect bacteria, microglia constitutively express pattern-recognition receptors such as
TLR2, TLR4, and TLR9, which detect bacterial lipopeptides, lipopolysaccharides, and bacterial
CpG DNA, respectively (152). Bacterial components can trigger microglial responses (153–155),
and stimulation of TLRs alone can induce CNS damage and neurological complications associ-
ated with bacterial meningitis (156). For example, a recent study demonstrated that intrathecal
injection of a TLR2 agonist caused meningeal inflammation, increased intracranial pressure, and
neuronal apoptosis—responses that were mitigated in TLR2 knockout mice (156). This study
concluded that the neurotoxic effects of TLR2 agonism were mediated in part by stimulation of
microglia. In addition to causing neuropathology, TLR1, TLR2, TLR4, and TLR9 agonism can
enhance microglial phagocytosis and intracellular bacterial killing (157). Thus, TLR stimulation
can have both positive and negative effects during bacterial infection of the CNS.

Microglia are equipped with other intracellular pattern-recognition receptors, such as
nucleotide-binding oligomerization domain-2 (NOD2), which recognizes bacterial peptidogly-
cans. Liu et al. (158) showed that NOD2 enables microglia to generate a maximal response against
intact S. pneumoniae characterized by IL-6 and TNF-α production. Upon activation, microglia
secrete many proinflammatory cytokines (e.g., TNF-α, IL-6, IL-1β) (158–160) and chemoat-
tractants that promote the recruitment of myelomonocytic cells (neurotrophils and monocytes)
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into the CNS (161–163). Microglia can produce iNOS as well as reactive nitrogen and oxygen
species following bacterial infection (164). These antimicrobial mediators facilitate destruction
of bacteria but also inhibit important CNS functions such as neurogenesis in the dentate gyrus,
which can lead to cognitive impairment (164). Studies in vitro have shown that heat-inactivated
group B Streptococcus can trigger TLR2-dependent NO release that causes neuronal cell death,
indicating that microglial responses to bacteria are potentially neurotoxic (165).

In addition to cytokines, NO, and free radicals, microglia have many other defenses against
bacteria. For example, expression of C-type lectin receptors such as CD209 (166) and comple-
ment receptors (167) facilitates bacterial uptake and destruction. Another relevant pathway was
elucidated by Chauhan et al. (168), who demonstrated that microglia express the neurokinin-1
receptor (NK-1R). NK-1R binds to substance P, which is a neuropeptide that serves as a neu-
rotransmitter as well as a potent inducer of neurogenic inflammation. Substance P can augment
IL-6 and TNF-α production in N. meningitidis–infected microglia—an effect that is eliminated by
NK-1R deficiency (168). In response to IL-1β and TNF-α stimulation, microglia also produce
antimicrobial peptides such as cathelicidin LL-37, which is found in the cerebrospinal fluid of
patients with bacterial meningitis (169). Cathelicidins are small, naturally occurring cationic an-
timicrobial peptides that can break down bacterial lipoprotein membranes following phagocytosis
(170).

Because it is important to protect the inflamed CNS following bacterial infection, microglia
are equipped with neuroprotective molecules. Several studies showed that microglia can produce
activin A following bacterial infection (171, 172). Activin A is a member of the TGF-β superfam-
ily and can modulate neuronal survival and glial cell differentiation. A recent study established
that activin A released from M2 macrophages promotes oligodendrocyte differentiation during
the repair process of remyelination (173). Wilms et al. (174) revealed that, following bacterial
infection, microglia not only produce activin A, but also respond to it via expression of activin A
receptors, suggesting the potential for autocrine feedback. Activin A induced microglial prolifera-
tion while reducing expression of NO, IL-1β, IL-6, and TNF-α (174). Thus, activin A may have
both anti-inflammatory and neuroprotective properties.

Viral Infection

Among all pathogens, viruses most frequently enter the CNS, and the outcomes of these
infections range from asymptomatic to fatal (175). By overcoming species barriers and adapting
to new hosts, an increasing number of emerging neurotropic viruses such as West Nile virus,
Chikungunya virus, lymphocytic choriomeningitis virus (LCMV), Japanese encephalitis virus
( JEV), enterovirus 71, Toscana virus, Hendra virus, and Nipah virus pose a serious threat to
humans and other mammalian hosts. Many neurotropic viruses induce CNS inflammatory
disorders (e.g., meningitis, meningoencephalitis, encephalitis), whereas other viruses such as
HIV-1, John Cunningham virus, and herpes simplex virus 1 persist (175). Similar to other types
of infection, microglia are positioned as a frontline immunological defense in the CNS and must
quickly sense viruses through pattern-recognition receptors to initiate a rapid inflammatory
response. The outcome of the viral infection depends critically on the speed and magnitude of
the inflammatory response that is set in motion by CNS sentinels such as microglia (2). In this
section, we provide a few examples of how microglia mount their defense against viral invaders
and set the stage for the ensuing adaptive immune response.

During an acute viral infection, microglia can produce a vast array of proinflammatory cy-
tokines (e.g., IFN-β, IFN-γ, TNF-α, IL-1β, IL-6, IL-12), chemoattractants that direct im-
mune traffic in the CNS, and free radicals such as NO. In fact, their response to viruses shares
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some similarities with the aforementioned inflammatory reactions against parasites and bacteria.
Because viruses are intracellular pathogens, microglia must upregulate antigen-presenting ma-
chinery following infection and coordinate the activity of antiviral T cells. Studies have shown
that costimulatory molecules (CD40, CD86) and MHC-I/II are found on the surface of mi-
croglia following viral infection (176–178). Moreover, under certain conditions, such as exposure
to granulocyte-macrophage colony-stimulating factor, microglia upregulate CD11c and convert
to antigen-presenting cells (APCs) that possess some DC-like functions (179). Studies in different
murine viral models have concluded that activated microglia are indeed capable of presenting
peptides in MHC-I and MHC-II complexes to CD8+ and CD4+ T cells, respectively (176, 178).
However, the consistent conclusion is that microglia, even when activated, are less potent APCs
than are peripherally derived DCs that inhabit the naive CNS and can also be recruited into the
CNS following viral infection (177, 178, 180). This could be because microglia are incapable
of becoming bona fide APCs (which would make sense from the perspective of minimizing in-
flammation in the brain parenchyma) or, alternatively, because the antigen-presenting capacity
of microglia is usually evaluated ex vivo. Microglia are highly arborized cells, and removal from
the CNS may impede their ability to properly present antigen because of morphological changes
(e.g., the loss of processes) that occur during the tissue extraction procedure. Thus, it is important
that future studies evaluate the antigen-presenting capacity of microglia in vivo. This is now pos-
sible using real-time imaging techniques such as intravital two-photon laser scanning microscopy
(TPM) (2, 175, 181, 182).

A critical element of most CNS antiviral responses is the production of type I interferons
(IFN-I), and microglia have the capacity to produce and respond to IFN-I following CNS viral
infection (182, 183). IFN-I bind to the IFN-α/β receptor (IFNAR) and, upon doing so, can induce
an antiviral state inside responding cells, including microglia (184). The purposes of this antiviral
state are to impede the growth of the invading virus and to provide time for a curative adaptive
immune response to develop. In the absence of IFN-I signaling, nearly every neurotropic virus
tested has a replicative advantage in the CNS (184). Thus, it is incredibly important to understand
the mechanics of IFN-I generation and signaling in the nervous system.

In the LCMV murine model system (185), IRF-7 and IRF-9 are heavily upregulated in mi-
croglia (among other cells) following infection, indicating a response to locally produced IFN-I
(186). LCMV can induce fatal immune-mediated meningitis in mice and humans that is critically
dependent on IFN-I signaling. IFNAR−/− mice infected intracerebrally with LCMV do not de-
velop fatal meningitis but instead become asymptomatic viral carriers (187). To identify the innate
immune programs that become operational in the LCMV-infected brain, we (182) conducted ge-
nomic analyses of a pure innate response to the virus (i.e., in mice that were unable to generate
antiviral T cells). Unexpectedly, our studies revealed that the entire innate immune program in
the LCMV-infected brain (585 differentially regulated genes) was dependent on IFN-I signaling
(182). In the absence of IFN-I signaling, microglia remained quiescent despite harboring more
viral antigen, and total brain gene expression was comparable to that observed in uninfected mice.
These data have unveiled an Achilles’ heel in the CNS antiviral defense system; the innate antiviral
response to this noncytopathic arenavirus is completely dependent on IFN-I signaling. It remains
to be determined whether the CNS relies solely on IFN-I signaling to mount its response against
other neurotropic viruses. We predict that cytopathic viruses stimulate non-IFN-I-dependent
innate immunity through release of danger signals caused by direct cellular injury. Nevertheless,
our results could explain why so many neurotropic viruses such as LCMV have acquired strategies
to subvert the IFN-I pathway (188, 189).

Microglia are not only inflammatory responders to neutropic viruses; they are also directly
infected by them. Many viruses such as mouse hepatitis virus (MHV), Theiler’s virus, LCMV,

386 Nayak · Roth · McGavern



IY32CH12-McGavern ARI 4 February 2014 13:40

JEV, HIV-1, and simian immunodeficiency virus (SIV) can infect microglia, and for some viruses
such as HIV-1, microglia can serve as a viral reservoir during states of persistence (190). During
HIV-1 encephalopathy, microglia/macrophages become a primary target of HIV-1 and often
transform into multinucleated giant cells (191), which are observed when microglia/macrophages
fuse together. The HIV-1 transactivator of transcription protein induces microglial migration
via release of the CCL2 and may therefore contribute to the spread of virus throughout the
CNS (192).

Infection of microglia can contribute to pathological reactions in the virally infected CNS.
For example, a recent study demonstrated that JEV infection of microglia stimulates TNF-α-
induced glutamate synthesis and inhibition of glutamate uptake activity, which could explain the
excitotoxic death of adjacent neurons (193). Microglia were also implicated in CNS demyeli-
nation following canine distemper virus and MHV infection (194, 195), although it is difficult
to establish cause-and-effect relationships in these complex inflammatory reactions. Following
murine leukemia virus (MuLV) infection, tissue plasminogen activator produced by microglia is
thought to contribute to neurodegeneration (196). Interestingly, depletion of CNS myeloid cells
with clodronate significantly reduced MuLV-induced neuropathology, suggesting a direct role for
microglia in the process (196). Because clodronate depletes other myeloid cells such as perivas-
cular and meningeal macrophages, further studies are required to prove that microglia alone are
responsible for the observed pathology. Studies have also suggested that microglia are involved
in disrupting dopaminergic neurotransmission following SIV infection (197), which could give
rise to neurological dysfunction. But again, additional studies are required to prove this con-
cept definitively. In general, the presence of multiple myeloid subsets in the CNS (e.g., microglia,
perivascular macrophages, meningeal macrophages, choroid plexus macrophages) and the recruit-
ment of monocyte-derived macrophages make it difficult to assign a specific function to a single
subset following CNS viral infection. Furthermore, microglia and other myeloid cells are highly
reactionary and thus are expected to become activated and to associate with CNS pathology. Dis-
tinguishing a neuroprotective reaction from a pathophysiologic contribution to a disease process
is a major challenge in the field of microglia research.

MICROGLIAL DYNAMICS

Real-time imaging studies conducted over the past two decades have revealed that microglia
are highly dynamic cells even in the naive CNS (2, 198, 199) (Figures 2 and 3; Supplemental
Videos a–e; follow the Supplemental Material link from the Annual Reviews home page at
http://www.annualreviews.org). Given the energy expenditures required to maintain this state
of perpetual motion, the scanning properties of microglia must be of great importance for CNS
homeostasis and for mounting rapid responses against various perturbations (e.g., injury, infection,
degeneration). Time-lapse video microscopy studies conducted in primary cerebral rat cultures
were the first to reveal that ramified microglia are dynamic cells that continuously extend and
retract their processes, suggestive of an environment-scanning behavior (200, 201). These studies
also revealed that microglia possess high basal pinocytic activity. Based on these observations, mi-
croglia were hypothesized to play a housekeeping role in the normal brain by participating in fluid
cleansing. Additional analysis of microglial dynamics was conducted by Brockhaus et al. (202),
who revealed in acute cortical brain slices that fluorescently labeled microglia move and extend
their processes toward the cut surface of the slice, which represents an injury response. Microglia
were also observed phagocytosing dead cells in the injured region of brain tissue. These find-
ings were confirmed and extended upon by Dailey and colleagues (203, 204) using hippocampal
slice cultures. These studies demonstrated that in response to injured tissue (i.e., the cut surface
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of the brain slice) microglia transform from a ramified to an amoeboid morphology by first re-
tracting their processes and then extending dynamic protrusions, followed by cellular locomotion
(203, 204). This is a classic microglial sterile injury response. Microglia routinely migrate toward
sites of sterile injury in the CNS, where they participate in numerous functions, including the
cleanup of cellular debris. For example, Heppner et al. (205) used brain slice cultures to show that
amoeboid microglia migrate toward and cluster around regions of neuronal degeneration induced
by excitotoxic injury. Thus, microglia are major participants in reactions to CNS injury.

Because the cutting required to generate ex vivo brain slices elicits an injury response, it
was important to develop new approaches to study microglia in their natural environment.
The advent of TPM (181), a real-time deep-tissue imaging technique, made this possible by
allowing investigators to peer into the brain and spinal cord of living animals (2, 175). Two
landmark studies revealed that microglia in the naive brain [illuminated using CX3CR1-GFP+/−

reporter mice (206)] are stationary, but their processes are highly dynamic, extending and
retracting at a rate of ∼1.5 μm/min (198, 199) (Figure 3; Supplemental Videos a1, a2). In
addition, after focal laser injury, microglia projected their processes toward the damaged brain
tissue using a mechanism dependent on detection of extracellular ATP by purinergic receptors
(198, 199) (Figures 2 and 3; Supplemental Video c). Necrotic tissue damage triggers sterile
immune reactions in part through the release of ATP and other nucleotides. Microglia express
several biologically relevant purinergic receptors (e.g., P2Y6, P2Y12, and P2X4) that enable
them to extend processes toward focal injury sites, migrate, and participate in phagocytosis (199,
207–211) (Figures 2 and 3; Supplemental Videos c–e). Because microglial process extension
usually precedes cellular movement or phagocytosis, inhibition of any relevant purinergic
receptors can negatively impact the overall dynamic response of microglia to focal injury
(Figure 2).

Using a new model of mild traumatic brain injury (mTBI) referred to as meningeal compres-
sion, we (212) have observed unique morphological transformations of microglia never before
seen in focal laser injury models (Figure 3; Supplemental Videos c–e). Meningeal compression
injury is induced by physically depressing a thinned-skull (213) TPM viewing window downward.
This injury causes physical damage in the meninges that ultimately results in breakdown of the glial
limitans and cell death in the brain parenchyma, thus sharing similarities with some forms of mTBI
in humans. By using TPM to study the microglial response to this injury from its inception, we (212)
observed the prototypic extension of microglial processes toward sites of cell death, consistent with
the observations made in focal laser injury models (198, 199) (Figure 3; Supplemental Video c).
Moreover, careful examination of the glial limitans, which is often damaged during mTBI, re-
vealed two new microglial morphologies that we refer to as the honeycomb and jellyfish reactions
(Figure 3; Supplemental Videos d and e). In response to compression injury, microglia can
extend honeycomb-like processes that surround individual astrocytes in the glial limitans and help
fortify this important barrier structure between the meninges and brain parenchyma (Figure 3;
Supplemental Video d). Upon death of astrocytes and other cells, microglia can retract all
processes and reinvest this material into a single process resembling a jellyfish that participates in
the phagocytic uptake of cellular debris (Figure 3; Supplemental Video e). These phagocytic
microglia can remain stationary or become mobile to facilitate the cleanup process.

In contrast with sterile injury responses, CNS infection induces a completely different mor-
phological transformation of microglia. Using TPM, we revealed that infection of the CNS with
a noncytopathic virus (LCMV) causes microglia to become diffusely (rather than focally) activated
(182). This results in global microglial process retraction and reduction of branch complexity, al-
though the activated microglia do retain some shorter processes (Figures 2 and 3; Supplemental
Video b). In addition, the mechanism underlying this morphological transformation was
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Figure 2
Microglia activation following CNS injury and infection. Illustration of (a) focal and (b) diffuse microglia activation resulting from
sterile brain injury and viral infection, respectively. Microglia in the naive CNS are highly ramified and continuously scan the
parenchyma as part of their homeostatic program (see Figure 3; Supplemental Videos a1 and a2). (a) Upon focal brain injury that
induces necrotic cell death, damaged tissue and surrounding astrocytes release extracellular ATP, which triggers activation of specific
purinergic receptors expressed by microglia. For example, microglial detection of ATP via P2Y12R and P2X4R (two purinergic
receptors) induces the extension of processes toward the injury epicenter and the concurrent retraction of all other processes (see
Figure 3; Supplemental Video c). The extent of tissue injury likely dictates how quickly microglia convert to a phagocyte and
participate in lesion cleanup. For example, detection of UDP via P2Y6R causes microglia to invest their cellular material into a single
phagocytic process, which is followed by retraction of the soma into this process (see Figure 3; Supplemental Video e). The resultant
phagocyte then participates in the cleanup of cellular debris. (b) Following CNS infection with a noncytopathic virus (e.g., LCMV),
microglia processes become shorter and less branched but maintain a ramified structure (see Figure 3; Supplemental Video b).
Microglia in this morphological state can release proinflammatory cytokines and antivirals, engage in antigen presentation, and
facilitate the arrival of peripheral innate/adaptive immune cells.

determined to be IFN-I-signaling dependent. Unexpectedly, in the absence of IFN-I signaling,
microglia remained in their naive ramified state and were completely unresponsive to LCMV
infection despite a 1 log increase in CNS viral titers (182). These data indicate that IFN-I
rather than purinergic receptor signaling is responsible for microglial dynamics following a
noncytopathic viral infection. It will be interesting in future studies to determine how microglia
respond to cytopathic viruses, which have the potential to expose them simultaneously to IFN-I
and cellular damage stimuli.
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Dynamic imaging studies have shown that microglia can morph in several different configura-
tions based on the environmental cues they receive (Figures 2 and 3; Supplemental Videos b–e);
however, microglial dynamics are sometimes more subtle. For example, there is now evidence that
microglia participate in synaptic homeostasis during development as well as in the adult CNS (66,
67, 214). During early postnatal development, microglia are in an amoeboid morphology and
participate in the cleanup of unwanted synaptic circuitry (67, 215). Failure to perform this es-
sential function can result in neurodevelopmental disorders. Between weeks 2 and 4 of postnatal
development, microglia become increasingly more ramified and ultimately take on their adult
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morphology (215) (Figure 3; Supplemental Videos a1 and a2). In the adult brain, TPM studies
have revealed that surveillant microglia make direct contact with neuronal synapses (once per
hour for an average duration of 5 min), and this contact is dependent on neuronal activity (66).
Interestingly, following ischemic injury, microglial contact increases in duration and is sometimes
associated with the disappearance of the presynaptic bouton, suggesting that microglia participate
in the cleanup of disabled or dysfunctional synaptic structures (66). Environmental stimuli can
also influence microglial dynamics in relation to neuronal synapses. Tremblay et al. (70) revealed
that exposing juvenile mice to light deprivation for 8–10 days increased microglial contact with
dendritic spines and axon terminals. This finding was associated with a thickening of microglia pro-
cesses and the appearance of phagocytic specializations. These dynamic and functional changes
were reversed following a two-day reexposure to a regular light-dark cycle. Collectively, these
data indicate that microglia directly monitor and respond to activity-induced changes in neuronal
synapses—a function that appears essential for maintaining a healthy CNS.

Given their dynamic contribution to maintaining a healthy CNS, microglia were expected to
participate dynamically in degenerative diseases. TPM analyses in a murine model of AD (APP/PS1
mice) revealed that amyloid deposition precedes the activation and migration of microglia (216).
Plaque formation was determined to be a rapidly evolving process that requires only 24 h. Microglia
were actively recruited to new plaques within 1–2 days but did not contribute to their removal.
Thus, it was proposed that microglia may prevent the formation of new plaques and/or participate
in the containment of existing plaques. A role for microglia in plaque containment is further
supported by another TPM study (using the same AD model), which confirmed that microglia
respond to new plaque formation (217). This study further established that plaque size fluctuates
over time and that microglia associated with plaques phagocytose Aβ peptide into lysosomes and
appear to restrict further plaque growth. Dynamic imaging studies have also demonstrated that
fractalkine signaling in microglia may contribute to neuronal cell death in the 3xTg model of AD
(109). TPM imaging revealed enhanced neuronal cell death in CX3CR1-GFP knockout mice.
Real-time imaging data in murine models of AD have shown that microglia respond to plaques
and may even thwart their growth via Aβ uptake. However, given the chronicity of this disease, it
seems likely that the phagocytic capacity of microglia would eventually become fatigued (saturated)

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Morphological transformations of microglia in vivo. Representative 50 μm maximum projections of
microglia ( green) in the xy plane were captured through the surgically thinned skulls of CX3CR1gfp/+ mice
by two-photon laser scanning microscopy. The processes of individual microglia were labeled in different
colors using the filament tracer feature in Imaris. (a) Naive microglia possess multiple, highly ramified
processes extending in all directions (see Supplemental Videos a1 and a2). (b) Upon diffuse activation
induced by CNS viral infection with LCMV, microglial processes become shorter and less complex than
naive microglia but retain a ramified structure (see Supplemental Video b). (c) Upon focal activation
induced by a meningeal compression injury, microglia directionally extend multiple processes toward the
focal site of injury, concurrently retracting processes in all other directions (see Supplemental Video c).
(d ) In response to damage at or above the glial limitans, astrocytes recruit microglial processes that line the
borders between individual cells to form a continuous, honeycomb-like network composed of processes from
numerous individual microglia (see Supplemental Video d). (e) In response to necrotic cell death, microglia
become phagocytic and sometimes motile by first extending a single large circular extension toward the
injured cell while retracting all other processes. The microglia soma is eventually pulled into the phagocytic
extension along the thin connecting process (see Supplemental Video e). To view these videos, access this
article on the Annual Reviews website at http://www.annualreviews.org and click on the above panels.
These videos are also provided in the Supplemental Material.
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over time, which may result in conversion to a proinflammatory response that exacerbates AD.
Thus, microglia function must always be considered in relation to disease duration and severity.

FUTURE PERSPECTIVES

The breadth of topics covered in this review encapsulates the diversity of microglia functions
and showcases their ability to meet the unique demands associated with inhabiting and surveying
tissues as complex as the CNS. Microglia are highly dynamic and pleomorphic, tailoring their
function and morphology to optimize performance during states of health and disease. On the
basis of their development, we now know that microglia are of a lineage that is distinct from bone
marrow–derived monocytes/macrophages. Nevertheless, it is possible to engraft the adult CNS
under certain conditions with hematopoietically derived myeloid cells and correct neuropsychiatric
conditions such as Rett syndrome and obsessive compulsive disorder. These findings demonstrate
that neurological disorders can be rooted in accessory cells such as microglia instead of neurons,
which should change the way we think about susceptibility genes in a variety of different CNS dis-
eases. In addition, successful engraftment of the CNS with peripherally derived myeloid cells that
acquire microglia-like properties and ameliorate a complex disease phenotype opens the possibil-
ity of restorative therapies in many neurological conditions linked to aberrant microglial activity.
Although it is not pragmatic to consider “conditioning” the CNS for engraftment with irradiation,
other therapeutic angles could include modulation of the factors that induce microglial turnover
in the adult CNS. Additional insights into microglial progenitors and turnover are required to
identify alternative modes of conditioning the CNS for engraftment. Moreover, during neurode-
generative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s, it is important to gain
additional insights into the factors that sustain the homeostatic, noninflammatory functions of
microglia such as uptake of aberrant proteins and cellular debris. Numerous studies suggest that
microglia can initially thwart the progression of neurodegenerative diseases but that this neuropro-
tective function wanes over time. Conversion of microglia to proinflammatory cytokine producers
with minimal phagocytic activity has the potential to exacerbate neurodegenerative pathology and
justifies use of anti-inflammatory drugs that quench their activity in the later stages of disease.
When microglia become fatigued or dysfunctional, it is also worth considering the development of
strategies that more rapidly promote their turnover or replacement by a less neurotoxic precursor.

During the course of acute brain injuries and infections, microglia are more likely to play a
beneficial role, and thus their activities should be promoted. The purinergic-receptor-dependent
sterile injury reaction that enables microglia to directionally extend processes, form honeycomb
structures that fortify the glial limitans, and convert to phagocytes is highly beneficial and essential
for preservation of uninjured brain tissue and initiation of the repair process. Phagocytic microglia
also play an important role in the cleanup of cellular debris. Thus, future studies should focus on
how best to agonize these important microglia functions. An analogous line of reasoning could
be used to justify enhancement of microglia function during the course of acute CNS infections.
Diffuse activation of microglia following CNS infection sets microglial programs into motion that
prepare the brain to mount an antimicrobial defense and coordinate the arrival and function of
peripherally derived immune cells. This early defense often holds pathogens in check and provides
the CNS much needed time as it awaits the arrival of curative adaptive immune cells. It therefore
seems reasonable to develop strategies that promote these microglial activities, and based on our
data, modulation of IFN-I signaling is an excellent starting point. However, this same strategy
might not be sensible when considering the microglial reaction to chronic infections. Similar to
neurodegenerative diseases, chronic activation of microglia resulting from a persistent infection
may ultimately give rise to aberrant, neurotoxic activity that needs to be quenched. Thus, the

392 Nayak · Roth · McGavern



IY32CH12-McGavern ARI 4 February 2014 13:40

functional state of microglia must always be considered when developing immunomodulatory
therapies for CNS diseases.

Beginning with microglial drawings from early pioneers, the study of microglial biology has
developed into a remarkably vast and vibrant field over the past century. Each year seminal studies
unveil exciting new facets of microglia development, homeostasis, and function that expand our
vision of these cells and offer novel insights into how we may best harness or modulate them during
the course of CNS diseases. Importantly, we now have the technologies to watch microglia operate
in the living CNS, which should vertically enhance our understanding of these pleomorphic cells
in the decades to come.
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and the role of chemokines in migration of effector CD8+ T cells. Nature 486:545–48

136. Viswanathan GM, Buldyrev SV, Havlin S, da Luz MG, Raposo EP, Stanley HE. 1999. Optimizing the
success of random searches. Nature 401:911–14

137. Rozenfeld C, Martinez R, Seabra S, Sant’anna C, Goncalves JG, et al. 2005. Toxoplasma gondii pre-
vents neuron degeneration by interferon-γ-activated microglia in a mechanism involving inhibition of
inducible nitric oxide synthase and transforming growth factor-β1 production by infected microglia.
Am. J. Pathol. 167:1021–31
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