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Abstract
The role of microglia in central nervous system pathology has been studied extensively, and more
recently, examination of microglia in the healthy brain has yielded important insights into their
many functions. It was long assumed that microglia were essentially “quiescent” cells, unless
provoked into activation, which was considered a hallmark of disease. More recently, however, it
has become increasingly clear that they are extraordinarily dynamic cells, constantly sampling
their environment and adjusting to exquisitely delicate stimuli. Along these lines, our lab has
identified a new and unexpected role for microglial phagocytosis—or lack thereof—in the
pathophysiology of Rett syndrome, a neurodevelopmental disease caused by mutation of the gene
encoding methyl-CpG binding protein (MECP)2. Namely, we showed that specific expression of
wild-type Mecp2 in myeloid cells of Mecp2-null mice is sufficient to arrest major symptoms
associated with this devastating disease. This beneficial effect, however, is abolished if phagocytic
activity of microglia is inhibited. Here, we will discuss microglial origins, the role of microglia in
brain development and maintenance, and the phenomenon of microglial augmentation by myeloid
progenitor cells in the adult brain. Finally, we will address in some detail the beneficial roles of
microglia as clinical targets in Rett syndrome and other neurological disorders.

Origins of microglia
The story of microglia is an old one, and as is the case with much of modern neuroscience,
Ramon y Cajal is involved in the telling of it. Cajal’s prize student, Pio del Rio-Hortega, is
considered the “father” of microglia biology, and his classic work [1] is seminal to the
modern understanding of this enigmatic cell type. Microglia are the unique immune-derived
denizens of the central nervous system (CNS) parenchyma: neurons, astrocytes, and
oligodendrocytes all emanate from neural ectoderm, whereas microglia do not. Rather, it
was shown that the microglial precursors, primitive myeloid progenitors, originate outside
the CNS in the embryonic yolk sac, and migrate into the brain rudiment at around day 8
during embryogenesis, where they then proliferate until approximately two weeks post-natal
[2]. Lineage tracing experiments have further demonstrated that exquisite timing of the
expression of runt-related transcription factor (Runx)1 is crucial for the formation of the

© 2012 Elsevier Ltd. All rights reserved.
*Correspondence should be addressed to: NCD (ncd3z@virginia.edu) or JK (kipnis@virginia.edu), Tel: 434-982-3858/9; Fax:
(434)-982-4380.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Immunol. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
Trends Immunol. 2013 March ; 34(3): 144–150. doi:10.1016/j.it.2012.10.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nascent microglia, and the subsequent establishment of the brain vasculature is necessary for
the infiltration of the CNS by these cells [3, 4].

The myeloid origin of microglia and penetration of the brain rudiment to become an intrinsic
part of the adult CNS are of considerable interest in terms of microglia function in health,
disease, and amelioration of disease. In healthy brain function, their immune ontogeny
supports the likelihood that they are ardent phagocytes and cytokine producers. The fact that
their ultimate resting place is juxtaneural suggests that they likely play key roles in neuronal
maintenance and support; in the case of pathology, however, this intimate relationship with
delicate neural cells allows microglia the ability to damage them via production of cytotoxic
mediators [5–8]. Their infiltrative and expansive nature during embryogenesis indicates that
they are motile cells, apt to respond to molecular gradients and proliferative signals. This
infiltrative ability in particular is tantalizing in terms of therapeutic possibilities involving
the augmentation of existing microglia by transplanted cells. Although recent work shows
clearly that microglial turnover is a case of self-sustaining proliferation rather than
supplementation by circulating monocytes [3, 9], it has also been shown that in the special
case of brain irradiation followed by bone marrow transplant that myeloid progenitor cells
are able to engraft within the brain parenchyma and assume functions remarkably similar to
those performed by true microglia [10, 11]. This phenomenon suggests the possibility of
harnessing immune-based strategies as a therapeutic modality to deliver cellular or
molecular therapies in CNS pathologies.

Microglia: role in the developing and adult brain
Long thought to be inactive except in response to pathological insults such as injury or
infection, microglia have since been demonstrated to be dynamic immune effector cells [12,
13] even in their normal quiescent or so-called “resting” state in the brain. Microglia, like
peripheral myeloid-derived cells, phagocytose debris and secrete cytokines and chemokines
[14], the signature chemical messengers of immune cells. Recent work shows them to be
intimately involved in the sculpting of the CNS.

Phagocytosis of apoptotic cells is evolutionarily conserved from the nematode to mammals
[15–17], and is a necessary part of normal tissue development [18]. Microglial removal of
supernumerary Purkinje neurons was demonstrated in early postnatal cerebellar slice
cultures wherein microglia contacted and engulfed the majority of cleaved caspase-3
expressing cells [19]. Deficiencies in microglial activation proteins CD11b and DAP12 were
correlated with impairment in developmental apoptosis in murine hippocampus [20].
Importantly, this coupling of neuronal apoptosis and microglial phagocytosis is not limited
to early development; microglia were demonstrated to be the primary phagocytes of
apoptotic neural progenitor cells in the adolescent sub-granular zone of the hippocampus, a
primary neurogenic niche [21]. Interestingly, this effect was linked to microglia that were
fully ramified, thus exhibiting the morphological signature of a resting cell within the
normal CNS milieu, rather than the more amoeboid morphology of a cell responding to
“threat.”

In addition to removing whole cells from the CNS, microglia also participate in synapse
removal during development. Microglia were shown by stimulated emission depletion
(STED) and electron microscopy to contain markers unique to the neuronal post-synaptic
density [22]. Microglial phagocytosis was subsequently demonstrated in the developing
visual system to be activity-dependent, and dynamic partners with neurons in response to
sensory stimuli [23]. Recognition and engulfment of pre-synaptic material was suggested to
be reliant upon the recognition of immune complement factors, including C1q and C3, by
receptors unique in the CNS parenchyma to microglia [24, 25]. Importantly, these
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phenomena, when disrupted, were associated with significant changes in synaptic
connectivity—strongly suggesting their physiologic importance in circuit building and
plasticity.

Microglia have been demonstrated to be players in connectivity by virtue of their production
of cytokines, a primary function of immune cells. Microglia are a significant source of
cytokine production within the CNS milieu, crucial for neural/glial specification. Several
immune cytokines produced by microglia, including (but not limited to) interleukin (IL)-1β,
tumor necrosis factor (TNF), and IL-6 are expressed in the developing CNS [26]. IL-6, for
example, signals through the glycoprotein (gp) 130 receptor, and affects transcription of
genes responsible for determining the fate of neuroepithelial cells as radial glial cells,
neurons, or glia [27]. Mice deficient in TNF were shown to exhibit marked reduction in
neuronal arborization in both CA1 and CA3 regions of hippocampus, and significant
impairment in hippocampal-dependent behavioral assays [28]. The more recent finding that
activated microglia facilitate the induction of long-term potentiation (LTP—a basic
underpinning of neuronal memory formation) in CNS by release of TNF is in agreement
with this notion of TNF as a microglial-derived synaptic modulator [29].

Thus, immune dysfunction perturbing normal phagocytic capability by microglia during pre-
or post-natal CNS development is likely to have serious ramifications in terms of emergent
CNS function [18] A dysregulated immune response may contribute to pathologies seen in
neurodevelopmental disorders involving aberrant dendritic arborization and spines.

Microglia in tissue homeostasis, repair and protection
Tissue-resident cells of the monocytic lineage, Kupffer cells for example, contribute to the
critical jobs of tissue repair, remodeling, growth, and homeostasis through the secretion of
anti-inflammatory cytokines, growth factors, and by clearance of debris that would
otherwise become toxic to surrounding tissue [30]. In turn, pro-inflammatory mediators can
alter the phenotype of any mononuclear phagocyte, including microglia, to become
inflammatory. Overall, the balance between pro- and anti-inflammatory phenotypes is
essential for longevity and health.

Classically activated macrophages secrete pro-inflammatory cytokines and release nitric
oxide following expression of inducible nitric oxide synthase (iNOS) [31, 32]. As can be
presumed from their cellular products, this subset is induced in response to acute insult.
Subsequently, alternatively-activated macrophages are essential for proper resolution of
inflammation and tissue repair [32–34].

While classical vs. alternative activation of peripheral macrophages is well-studied, similar
paradigms have not yet been widely established in microglia. Therefore, whether microglial
skewing phenotypes mirror those of macrophages, or if microglia have a unique set of
activation paradigms in vivo, is relatively unknown and cannot be assumed. It has been
suggested that microglia and peripheral macrophages respond to polarizing stimuli similarly
[35]. Thus we hypothesize that microglial phenotypes in vivo may reflect varying degrees of
pro-inflammatory, anti-inflammatory, tissue-remodeling and growth-promoting behaviors.
Still, microglia are not peripheral macrophages, and the CNS represents a unique
immunologic environment. The scope of this opinion and the relative paucity of knowledge
regarding microglial skewing preclude us from speculating on these phenotypes in further
detail, but there is an overall agreement in the field that microglia are involved with tissue
maintenance and homeostasis and can assume pro-inflammatory activation in response to
threat (Figure 1).
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Uptake of apoptotic cells by professional phagocytes leads to downregulation of pro-
inflammatory mediators such as IL-1β and TNF, and increased production of anti-
inflammatory cytokines such as transforming growth factor beta (TGFβ), driving local
immunosuppression [36]. This anti-inflammatory response to phagocytosis of apoptotic cells
has also been shown in microglia [37]. This mechanism, which attenuates the immune
response subsequent to damage clearance of “self,” prevents immune-mediated tissue
destruction. It should be noted, however, that microglia stimulated with molecules such as
lipopolysaccharide (LPS) or β-amyloid induce neuronal death by phagocytosis of otherwise
viable neurons in vitro [38]. It was also shown both in vitro and in vivo that milk fat
globule-EGF factor 8 protein (MFG-E8), a bridging molecule between phosphatidylserine
exposed on apoptotic cells and the vitronectin receptor on phagocytes, mediates
phagocytosis and the resulting death of otherwise viable neurons in an LPS-induced model
of neuroinflammation [39]. This suggests that the presence of a pro-inflammatory mediator
may alter the behavior of microglia from a quiescent to an inflammatory, potentially
destructive phenotype. They also illustrate that phagocytosis can be a destructive rather than
protective process in the CNS [39–42]. Microglial impact on surrounding neurons may also
be a product of non-immune cell initiated action. For example, it was shown that following
ablation of sensory neurons in olfactory bulb, activated microglia were primarily responsible
for spontaneous clearance of neurons deprived of sensory input [43]. Such mutifactorial
interactions complicate our understanding of microglial function in health and disease [44].

Activated microglia were primarily assumed to be neurodestructive [45], and ample
evidence supports this contention. Works in diverse models feature microglia as endowed
with destructive potential [46–48]. However, recent studies have begun to elucidate specific
molecular players involved in the delicate balance between damaging and supportive
microglial phenotypes, and suggest a more complex picture. For example, it was shown in
models of Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS), as well as
subsequently in spinal cord injury, that the fractalkine receptor, CX3CR1, was a key
mediator of inflammation and subsequent neurodegeneration [49]; similarly, chemokine
receptor type 2 (CCR2) deficiency accompanied impaired microglial accumulation and
increased severity of pathology in a model of Alzheimer’s disease (AD) [50].

Along these lines, recent works implicate microglia [51, 52], as well as blood-borne myeloid
cells [33] in neuroprotective roles. Microglia were shown to engage with neurons after
ischemic insult and provide protection against oxygen and glucose deprivation, possibly by
an integrin-dependent mechanism [53]. Acute ablation of microglia in organotypic
hippocampal slice cultures was associated with significant exacerbation of neuron death
after excitotoxic challenge [54].

In terms of possible peripheral immune influence on microglial activity, it may be important
that microglia comprise a small but significant percentage [55] of the glia limitans—a
structure which is proximal to both brain and circulation—and respond robustly to cytokine
stimulation. Thus, they are in a position to be affected by peripherally secreted mediators
and possibly transduce signals affecting neural cells within the brain itself. For example,
microglia stimulated by IL-4—a cytokine produced predominantly by circulating immune
cells—produce insulin-like growth factor (IGF)-1 [56], in support of neural growth and
cognitive function. IGF-1 has been shown to be neuroprotective in several disease models
including those for stroke [57], ALS [58], PD [59], and multiple sclerosis (MS). Using the
experimental autoimmune encephalitis (EAE) model of MS, the striking observation was
made that a specific microRNA, miR-124, was oppositely expressed in macrophages and
microglia and was also a key regulator of supportive vs. destructive phenotype of these cells
[60].
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In sum, these works suggest that the function of microglia is exceedingly complex, and that
depending upon milieu and molecular mediators, they can be devastatingly destructive, or
surprisingly ameliorative in pathological situations.

Microglia as therapeutic targets and effectors
Because microglia play key roles in CNS development, tissue homeostasis, synaptic
regulation and neural plasticity, these cells may be attractive therapeutic targets either
directly, by pharmaceutical strategies, or by augmentation via bone marrow transplantation.
Indeed, it has been shown by several groups that, following conditioning by brain
irradiation, hematopoietic precursor cells can migrate to the brain and assume roles and
morphology similar to resident microglia [61–63]. Prinz and coworkers demonstrated that
the precursors for these “microglia-like” cells were predominantly Ly6chiCCR2+ in
phenotype, and that irradiation was a key factor to induce their engraftment [11].
Accordingly, in a model radically different from bone marrow transplantation (i.e.
parabiosis—in which donor and recipient mice are connected via the circulatory system),
Rossi and coworkers showed that in situ proliferation of existing local microglial cells was
the driver of turnover, and that in the absence of bone marrow transplantation with
irradiation, circulating monocyte precursors did not contribute significantly to adult
microgliogenesis [9].

The approach of utilizing bone marrow transplant to address CNS pathology was first used
in the twitcher mouse, a model for globoid cell leukodystrophy [64]—an often-fatal lipid
storage disorder featuring severe neurological pathology [65]. It was shown that following
bone marrow transplantation, engraftment of peripheral organs and CNS by donor-derived
cells accompanied CNS remyelination in treated mice [66]. In the years since, the approach
has been translated from bench to bedside with a reasonable degree of success: cord blood
transfusions into infants, or bone marrow transplantation into presymptomatic cases and
mild later-onset cases have demonstrated significant improvement in human patients [67].
Similar strategies have been used with other metabolic storage diseases with varying
efficacy [68].

Microglia in Rett syndrome
Rett syndrome is an X-linked CNS developmental disorder primarily affecting girls. In the
majority of cases, Rett syndrome is linked to mutations in the gene MECP2 [69], which acts
to modulate transcription of many other genes [70]. Patients with Rett display psychomotor
impairment, motor deficits and stereotyped behaviors, tremors, apneas, and impaired
language development [71]. Neurons in Rett patients exhibit decreased dendritic
arborization, fewer dendritic spines, and increased cell packing density [72, 73]. MECP2, in
addition to its role in the etiology of Rett syndrome, has been suggested to play a
simultaneous role in the immune system regulation [74–76]. Nevertheless, research into
immune system abnormalities in Rett has been limited.

Whereas initial studies strongly supported an exclusively neuronal role for Mecp2 in Rett
pathology, it has since been shown that other cells, specifically glia, play a major role in the
disease [77, 78]. Genetic manipulations in mouse models were used to demonstrate that
specific neuron-restricted expression of wild-type Mecp2 protein is insufficient for complete
rescue of all disease phenotype [77, 79]; ubiquitous expression is necessary [80]. Later
studies disclosed that Mecp2 is also expressed in glia, and that expression of wild-type
Mecp2 in astrocytes was subsequently shown to arrest disease progression in otherwise
Mecp2-null mice [81], thus opening to question intrinsic neuronal dysfunction as the sole
mediator of this disease. Around the same time, Mecp2-null microglia were suggested to be
toxic to neurons by virtue of upregulated secretion of glutamate [82].
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In parallel, our group had also been conducting studies to address the role of microglial
immunity in Rett syndrome. We had selected a strategy of bone marrow transplant in four-
week old Mecp2-null male mice. This time-point was chosen to precede onset of severe
symptoms, but to be long enough post-natal to avoid major neurodevelopmental milestones.
By 8–10 weeks post bone marrow transplantation, robust engraftment of microglia-like cells
from donor mice was evident in brains of Mecp2-null animals. To our surprise, pathology
was halted; mice with an expected lifespan of eight weeks survived to nearly a year. These
animals were active, well-groomed, and showed remarkable improvement in several
characteristic disease phenotypes including apneas, tremors and locomotor performance. Of
critical importance was the observation that Mecp2-null males that received Mecp2-null
bone marrow fared as poorly as non-transplanted mice, indicating that myeloablative
conditioning of the brain itself was unlikely playing a role in disease amelioration—a
possibility given recent findings suggesting direct effects of brain irradiation on microglial
morphology and proximity to phagocytic targets in a model of AD [10].

Examining microglia from Mecp2-null mice and wild-type controls in vitro, striking
impairment in phagocytic ability of primary Mecp2-null microglia was apparent. Thus, we
considered the possibility that insufficient clearance of debris within the brains of these
animals might indeed contribute to the severity of pathology. To test this, we drove
expression of wild-type Mecp2 in myeloid cells of Mecp2-null mice. Similar to bone
marrow transplanted mice, LysmcreMecp2lox-stop/y mice exhibited disease arrest. Most
interestingly, chronic injection of annexin V into these animals abolished the benefit
conferred by wild-type microglia, and was associated with a buildup of apoptotic CNS
debris [83]. These results suggest that phagocytic clearance by microglia was important to
amelioration of disease (Figure 2).

Although data supporting the importance of phosphatidylserine recognition (which would be
blocked by annexin administration) in this model is strong, other possible mediators of
phagocytosis should also be investigated, including P2Y6 receptor signaling, deficiencies in
which might interfere with recognition of the nucleotide UDP released from injured neurons.
[84]. In combination with increased levels of neurotoxic glutamate, suggested by Jin and
coworkers [77, 82], a scenario in which microglia first induce injury then subsequently fail
to properly remove neuronal debris might be reasonably hypothesized. Triggering receptor
expressed on myeloid cells (TREM)2 signaling has also been shown to facilitate debris
clearance by microglia [85]. Interestingly, TREM2 dysfunction was implicated in Nasu-
Hakola disease. Nasu-Hakola features progressive dementia and bone cysts [86], suggesting
parallels to the Rett syndrome patients who, in addition to primary neurological sequelae
frequently suffer from osteopenia and scoliosis [87, 88]. Thus, similar mechanisms may be
relevant to other diseases, and we hypothesize that impaired phagocytic activity of microglia
may contribute to pathophysiology of other CNS disorders.

These data have implications for the treatment of Rett syndrome. Pre-clinical work has
largely focused in two directions: a gene-therapy approach [89, 90] and a growth factor
supplementation approach [91, 92]. The idea of targeting the immune system in general and
microglia in particular is new and promising because myeloid cells are relatively
straightforward to isolate and manipulate ex vivo, and are able to enter the CNS via innate
mechanisms. In clinical practice, a sensible approach might be ex vivo sorting of the
patient’s own bone marrow into mutant and normal cells, with reinjection following
myeloablative conditioning. Following initial engraftment, a secondary treatment involving
“softening” of the blood-brain barrier (BBB) combined with rigorously controlled local CNS
inflammation [93] could be advantageous, thus allowing maximal entrance of hematopoietic
cells and subsequent engraftment of microglia-like cells. If Rett syndrome is truly both a
CNS and an immune system pathology, a treatment that takes into account the entire body,

Derecki et al. Page 6

Trends Immunol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



i.e. immune system replacement, would be well-suited as a clinically-feasible and long-term
therapy for this devastating disorder.

Concluding remarks
Immune mediators, both central to and peripheral to the CNS, have now been shown to
mediate CNS processes as fundamental as neuronal guidance, as subtle as synaptic
refinement, and as complex as learning and memory [25, 94, 95]. Even within the realm of
disease, the purview of the neuroimmunologist is now considerably extended beyond “core”
neuroinflammatory disorders. Pathologies such as PD [96], AD [97], and Huntington’s
disease [98] have all been demonstrated to feature a degree of immune dysregulation as
contributing factors, and the list is ever-growing. Psychiatric disorders, including major
depression, bipolar disorder, and schizophrenia, all of which have previously been attributed
to CNS-exclusive dysfunction, are now suggested to have strong immune links [99–101].

Therefore, our understanding of the term “neuroimmunology,” and what it encompasses, has
changed remarkably. Once concerned exclusively with a small cohort of pathological
conditions involving clear attack of the CNS by the immune system, neuroimmunologists
are now beginning to uncover healthy physiological interactions between the two systems
that have implications far beyond the setting of pathology [94, 102]. Immune malfunction
should be routinely considered as a potentially contributory or causative factor in the
etiology of neurodevelopmental, cognitive, and psychiatric dysfunction.
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Figure 1.
(a) Unchallenged microglia perform functions in the healthy CNS including phagocytosis of
normal apoptotic debris, secretion of trophic factors, including IGF-1 and TGFβ, synaptic
maintenance, and roles in CNS development (not shown). (b) Challenged microglia respond
to CNS damage, either sterile (injury, stroke) or pathogen-mediated by secreting pro-
inflammatory factors, including TNFα and IL-1β and reactive oxygen species (ROS). When
these mediators persist unchecked, neurodegeneration can ensue. Synaptic stripping is seen
immediately following inflammation.
Mg=microglia, Ag=astroglia, Ne=neuron, ROS=reactive oxygen species, IGF-1=insulin-like
growth factor 1, TGFβ=transforming growth factor beta, TNF=tumor necrosis factor,
IL1β=interleukin 1 beta.
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Figure 2.
(a) Possible benefits to Mecp2-null neural cells in the presence of normally-functioning
wild-type microglia including microglial secretion of trophic factors (IGF-1, BDNF), and
apoptotic debris clearance. Microglial support of astrocytes may also be important since
normally-functioning astrocytes have been shown to ameliorate Rett pathology in a similar
fashion (See Ref. 81). In the presence of annexin V (denoted as “a” in figure),
phosphatidylserine residues on apoptotic debris are blocked. Over time, debris buildup leads
to a suboptimal CNS milieu, and microglia may convert to a neurodestructive phenotype,
releasing pro-inflammatory and neurotoxic mediators (see Refs. 77, 82); accordingly,
neurons become impaired in function.
KO=Mecp2-null, Mg=microglia, Ag=astroglia, Ne=neuron, IGF-1= insulin-like growth
factor 1, BDNF=brain-derived neurotrophic factor, TNF=tumor necrosis factor, a=annexin
V.
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