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Microglial cells are from the myeloid
lineage and are the only hematopoietic
cell resident to the central nervous sys-
tem (CNS). They populate the CNS
during development and are located
throughout the CNS. In the adult, micro-
glial cells are maintained in a quiescent
state exhibiting a ramified morphology.
These resting microglial cells are char-
acterized by a CD45" phenotype and
express very low levels of the antigen
presentation molecules MHC class 11,
B7.2 and CD40 [1]. Although quiescent,
microglial cells are dynamic constantly
sending out processes to survey their
surrounding microenvironment [2].
Upon encounter with activation signals,
microglial cells are able to rapidly
respond by changing both morphologi-
cally and phenotypically. Morphologi-
cally, activated microglial cells become
amoeboid and resemble macrophages.
Phenotypically, activated microglial
cells upregulate MHC class 11, B7.2 and
CDA40 (Figure 1). In addition, microglial
cells become phagocytic and migratory
able to move rapidly towards specific
stimuli [2]. Since activated microglial
cells have been implicated in a number
of neurological disorders, knowing how
they are maintained in the quiescent
state is of great interest. A recent paper
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by Ponomarev ef al. in Nature Medicine
[3] unravels this mystery implicating the
brain-specific microRNA-124 in regu-
lating the activation state of microglial
cells and macrophages.

MicroRNAs are small noncoding
RNAs of about 22 nucleotides that
regulate gene expression by transla-
tional repression or mRNA degradation
[4]. MicroRNAs are broadly expressed
in both plants and animals with the
capacity to regulate diverse biologi-
cal functions such as development,
inflammation and oncogenesis [4]. At
least seven brain-specific microRNAs
have been described, including mi-
croRNA-124, which is thought to play
a prominent role in brain development
by downregulating hundreds of non-
neuronal transcripts and by regulating
nervous system-specific alternative
splicing [5-7]. The study by Ponomarev
and colleagues, now demonstrates the
expression of high levels of microR-
NA-124 in the CNS-resident microglial
cell population and presents evidence
supporting its role in maintaining their
quiescent state [3].

Utilizing a mouse model of multiple
sclerosis (MS), experimental autoim-
mune encephalomyelitis (EAE), they
found that at the onset of disease the
activated microglial cell population
had significantly downregulated mi-
croRNA-124 expression [3]. In concor-
dance with this finding, highly activated
peripheral macrophages expressed

very low levels of microRNA-124.
Moreover, microRNA-124 expression
was found to be low in prenatal and
postnatal microglial cells, which ex-
hibit a quasi-activated state compared
to adult microglial cells [3]. Thus, mi-
croRNA-124 expression in microglial
cells is correlated with microglial cell
development and activation status. Fur-
thermore, they systematically showed
that microRNA-124 acts as a novel
modulator of macrophage activation.
Forced expression of microRNA-124
in bone marrow-derived macrophages
resulted in the downregulation of acti-
vation markers and inhibition of TNF-a
and inducible nitric oxide synthase
expression. Concurrently, there was an
upregulation of both the anti-inflam-
matory cytokine TGF-B1 and markers
of alternatively activated macrophages,
Argl and FIZZ1 [3]. MicroRNA-124
was shown to directly inhibit the pro-
duction of the transcription factor C/
EBP-q, resulting in the downregulation
of PU.1[3, 8]. PU.1 is a master regulator
of myeloid differentiation and induces
the expression of CD45, CD11b, F4/80
and MHC class II as well as regulating
cell proliferation by upregulating the
M-CSF receptor [9, 10]. These data
demonstrate the ability of a single
microRNA to regulate the expression
of multiple genes in myeloid cells. In
support of a role for macrophages and
microglial cells in the onset and progres-
sion of EAE [11], the administration
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Figure 1 Regulation of the activation state of microglial cells and peripheral macrophages in the CNS via microRNA-124. (A)
Within the normal CNS microenvironment, microglial cells express high levels of microRNA-124 causing them to be main-
tained in a quiescent state characterized by a CD45°, MHC class 11°, B7.2” and CD40™ phenotype. Microglial cells can be
activated by a variety of inflammatory stimuli that includes soluble and cell surface signals that can be delivered by antigen-
specific activated T cells (e.g. GM-CSF, IFN-y, CD40), microorganisms (TLR signaling by bacteria and viruses) or A-beta.
(B) Microglial cell activation occurs rapidly characterized by a morphological transformation from a ramified to an amoeboid
cell phenotype. They also acquire an activated phenotype characterized by the upregulation of the cell surface markers
CD45, MHC class Il, B7.2 and CD40. Activated microglial cells also become phagocytic and efficient antigen presenting cells
producing the proinflammatory mediators TNF-a and iNOS. Microglial cell activation is accompanied by downregulation of
microRNA-124, which leads to a subsequent increase in the expression of C/EBP-a and PU.1. PU.1, a master regulator of
macrophage cell differentiation and proliferation, plays a prominent role in the activation phenotype of microglial cells. (C)
Macrophages that migrate into the CNS from the periphery express high levels of C/EBP-o and PU.1, thus, they exhibit an
activated phenotype characterized by high levels of expression of CD45, MHC class Il, CD11b and produce TNF-a, iNOS and
IL-6. (D) Once in the CNS, peripheral macrophages respond to the CNS microenvironment and upregulate microRNA-124
leading to reduced expression of CD45, MHC class |l and CD11b. This renders the macrophages poor antigen presenting
cells. As the macrophages become quiescent, the expression of proinflammatory mediators decreases and they obtain a
“M2-like” signature by expressing TGF-p1, Arg1 and FlZZ1.

of microRNA-124 was able to prevent  disease onset and greatly attenuated the  after onset [3].
EAE when the mice were treated before ~ severity of disease when administered The ability to prevent and attenu-
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ate EAE by the administration of
microRNA-124 has implications for
the treatment of neurodegenerative
diseases such as MS and Alzheimer’s
disease (AD), where microglial cells
are thought to play an integral role in
the inflammatory process. MS is an
autoimmune and inflammatory disease
of the CNS characterized by progres-
sive immune-mediated destruction of
the myelin sheath and neuronal dam-
age [12]. Although the inflammatory
process is believed to be initiated by
CD4 T cells, microglial cell activation
and macrophage recruitment to the
CNS seem to be critical events in the
onset, progression and perhaps chronic
nature of the disease. The pathogenic
T cells themselves utilize a number
of mechanisms to drive the activation
of microglial cells (Figure 1). AD is a
progressive neurodegenerative disor-
der with a major pathological feature
being the extracellular accumulation
of amyloid-beta (A-beta) in the senile
plaques. A-beta induces microglial cell
activation and chemotactic responses,
which is consistent with their presence
at sites of A-beta deposition (Figure 1)
[13]. The conversion of microglial cells
into an activated phenotype results in
their production of chemokines, neuro-
toxic cytokines and reactive oxygen and
nitrogen species that are thought to be
deleterious to the CNS [13]. Conversely,
microglial cells are capable of exerting
a neuroprotective role through their
release of neurotrophic factors and their
ability to clear A-beta by phagocytosis
[13]. Rapid microglial cell activation is
also driven via innate signals delivered
through the toll-like receptor (TLR)
family that recognize molecular patterns
of microorganisms and viruses (Figure
1). In this situation microglial cell acti-
vation would be deemed beneficial due
to enhanced phagocytic and antigen
presentation capabilities that are needed
to drive an immune response required to
clear the pathogens (Figure 1). Thus, the
ability to modulate microglial cell re-
sponses as a therapeutic intervention in
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neurodegenerative and other diseases of
the CNS is of great interest. The recent
finding that microRNA-124 can also
keep microglial cells in an inactive state
and tame macrophage activation [3],
makes it an ideal candidate as a novel
therapeutic target for the modulation of
microglial cell and macrophage activity.
Interestingly, the uptake of liposomes
containing microRNA-124 by dendritic
cells had no direct effect on their pheno-
type and they seemed to rapidly degrade
the RNA rendering it nonfunctional [3].
As with dendritic cells, microRNA-124
was not detectable in T and B cells of
microRNA-124 treated mice [3]. These
later findings are important because they
indicate that therapeutic treatment with
microRNA-124 would likely not affect
normal immune function.

The discovery that microglial cells of
hematopoietic origin express microR-
NA-124, known to be CNS-specific,
suggests that the CNS microenviron-
ment drives the expression of microR-
NA-124. Interestingly, co-culture of
bone marrow-derived macrophages
with either a neuronal or astroglial cell
line was shown to induce the expression
of microRNA-124 in the macrophages
driving the cells into a deactivated
phenotype [3]. Whether a soluble fac-
tor or cell-cell contact is required for
the upregulation of microRNA-124 in
macrophages and microglial cells is
not known. The concept that neurons
can tame microglial cell activity has
been previously demonstrated [14].
As an example, the absence of CD200
expression on neurons led to the pres-
ence of microglial cells that exhibited
an activated phenotype and the EAE
disease course was accelerated in
these same mice [15]. Since CD200R
is expressed by microglial cells, it is
thought that cell-cell contact with neu-
rons is required for the maintenance of
their quiescent phenotype. Interactions
between neurons and microglial cells
are of primary interest in aging since
many neurodegenerative diseases are
associated with the aged brain and

during aging microglial cells undergo
progressive activation [14]. In the aged
brain, injured neurons likely interact
or communicate with microglial cells,
leading to their activation that then in
turn contribute to neurodegneration by a
variety of mechanisms including release
of ATP and soluble factors or the loss of
inhibitor molecules controlling their ac-
tivation state [ 14]. Thus, it will be inter-
esting to study whether changes in mi-
croRNA-124 in the CNS correlate with
aging and neurodegeneration. Hence,
the discovery that microRNA-124 is a
key player in taming the extent of mi-
croglial and macrophage activation has
the potential to have broad implications
in a variety of inflammatory disorders
in and out of the CNS.
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