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Summary: Microglial activation and macrophage infiltration into
the CNS are common features of CNS autoimmune disease and of
chronic neurodegenerative diseases. Because these cells largely ex-
press an overlapping set of commonmacrophagemarkers, it has been
difficult to separate their respective contributions to disease onset and
progression. This problem is further confounded by themany types of
macrophages that have been termed microglia. Several approaches,

ranging frommolecular profiling of isolated cells to the generation of
irradiation chimeric rodent models, are now beginning to generate
rudimentary definitions distinguishing the various types of microglia
and macrophages found within the CNS and the potential roles that
these cells may play in health and disease. Key Words: neuroin-
flammation, TREM, microglia, Alzheimer’s disease, multiple
sclerosis, purinergic receptors, P2Y12.

INTRODUCTION

The CNS is primarily composed of neurons and mac-
roglia (oligodendrocytes and astrocytes), all of neuroec-
todermal origin.1,2 Additionally, although the CNS is an
immune-privileged site, �15% of the cells in the normal
healthy CNS are of mesenchymal origin and express
most common macrophage markers.3 Histologically,
these unactivated macrophages are readily detected in all
parenchymal and perivascular regions of the healthy
brain and spinal cord, as well as in the choroid plexus,
dura mater, and leptomeninges.3,4 In many studies, all
the CNS macrophage populations that display a stellate
morphology are classified together as a single resident
tissue macrophage population referred to as microglia.
Using similar morphological criteria, macrophages with
amoeboid morphologies are alternatively designated ei-
ther as inflammatory macrophages recently derived from
the blood or as fully activated microglia.3,4

This simple morphological classification based on
stellate morphology and presence within the CNS has led
to some confusion in the literature as to the intent and
consequence of labeling cells as microglia. Namely,
should all stellate cells within the CNS be classified as

microglia without respect to their recent history or source
(e.g., from blood or from sites within the CNS)? Does
this universal label imply that all cells, regardless of their
source, have nearly identical functions upon entering the
CNS microenvironment? In this view, do morphological
parameters merely reflect environmentally modulated
changes in any myeloid cell found within the CNS?
Alternatively, should the terms ‘microglia’ and ‘macro-
phage’ be used, respectively, to distinguish cells that
have resided long-term within the CNS from those that
have recently infiltrated?
Although these distinctions are in part semantic, the

underlying issue of recent history and source of CNS-
resident macrophage populations is not merely one of
academic distinctions. Rather, this issue has two impli-
cations for how CNS-resident macrophages may contrib-
ute toward CNS function and dysfunction. First, whether
the source of stellate or amoeboid macrophages (i.e., the
microglia) is from the blood reflects their ability to be
targeted by pathogens and drugs (both therapeutic and
those of abuse) in the blood before they enter the CNS.3,4

Second, whether the source is largely from a self-renew-
ing or long-lived source located within the CNS reflects
the time span within which these cells have adapted to
homeostatic signals from the CNS environment.
In sections that follow, we discuss recent studies de-

fining the types of microglia and macrophages found
within the CNS, their differential sources, and the role of
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the CNS in defining the phenotype and functions of these
cells. Understanding the source of the heterogeneity of
CNS-resident macrophages is likely to provide new op-
portunities for modulating CNS pathogenesis.

MICROGLIAL ACTIVATION

An early biowarning or primary cause of disease?
Before the identities of CNS-resident macrophages

and microglia are defined, it is important first of all to ask
why we should focus on these cells in order to under-
stand CNS health and disease? For nearly a century,
microglial activation and macrophage infiltration, singly
or in combination, have been widely recognized as cor-
relating with the earliest signs of detectable pathology
and/or dysfunction in the CNS.5-9 In response to changes
in neuronal activity, pathogen encounter, or mechanical
injury, microglia display dramatic changes in cell mor-
phology and increased expression of standard macro-
phage activation markers.5-10

More recently, microglial activation has become a rec-
ognized precursor of pathology in otherwise normal-
appearing regions of the CNS. A notable example of this
phenomenon is observed in multiple sclerosis, an auto-
immune disorder characterized by demyelinated le-
sions.11-13 Prominent microglial activation is easily de-
tected in areas of active demyelination or active
lymphocyte infiltration. However, by histopathology and
by in vivo live imaging methods, microglial activation
can be observed in cortical gray matter regions and in
normal-appearing white matter regions that are distant
from the areas of active demyelination.13-15 Such obser-
vations raise the question of whether microglial activa-
tion is a noncausative biomarker of otherwise covert,
early neuronal damage or whether microglial activation
precedes and is a causal factor for subsequent CNS his-
topathology.

In vivo and in vitro data demonstrate the potential of
microglia to play both beneficial and detrimental
roles.16,17 Whether in vitro or in vivo, blocking neuronal
activity with tetrodotoxin immediately leads to increased
microglial expression of major histocompatibility com-
plex (MHC) class II.10,18,19 Healthy neurons express sev-
eral molecules, such as CD200 and CD22, that actively
downregulate microglial and macrophage activation
state.20-22 The consequence of decreased expression of
these molecules in injured or diseased neurons has been
demonstrated in knockout mice lacking these molecules.
For example, in CD200 or CD200 receptor-deficient
mice, the basal activation states of all macrophage pop-
ulations (including those in the CNS) are increased, as
judged by altered morphology and increased expression
of MHC and CD11b.21,22 Furthermore, inflammatory re-
actions following mechanical injury, exposure to toll-like
receptor ligands such as lipopolysaccharide (LPS) as

well as the progression of experimental autoimmune en-
cephalomyelitis (EAE) are dramatically exacerbated in
the absence of these inhibitory cues.21,22 Targeted devel-
opment of inhibitory therapies that mimic these exam-
ples of active neuronal inhibition will rely on defining
two key parameters. What is the basal phenotype and
function of unactivated microglia in the healthy CNS?
And is this phenotype essentially identical throughout
the CNS?

THE BIRD’S EYE VIEW OF MICROGLIA IN
THE HEALTHY CNS

Until very recently, the basal phenotype of resident
microglia in the healthy brain was considered to be uni-
formly quiescent and inactive.18,23,24 Two recent studies
published by Nimmerjahn et al.18 and by Davalos et al.24

have dramatically altered this viewpoint. In both studies,
all CNS macrophage populations were visualized in vivo
by transgenic expression of fluorescent molecules. Using
two-photon imaging through either a thinned portion or a
cut window in the skull, both groups found that, although
microglial cell bodies remained relatively fixed, their
thin ramified processes were remarkably motile. Process
formation and withdrawal was continually ongoing in the
absence of any pathogenic stimulus and that the average
basal motility of microglial processes was higher than
that of astrocytes. From the rate of observed process
remodeling, it was apparent that each CNS-macrophage
could survey all elements of the CNS every 6
hours.18,23,24 Nimmerjahn et al.18 also noted that a subset
of microglial processes were less motile and provided a
stable scaffold, perhaps anchoring the microglia in place.
These data suggest that the formation of microglial pro-
cesses in the healthy CNS may not be random and may
serve to integrate homeostatic signals throughout the
entire CNS.
Although such studies convincingly demonstrate ro-

bust microglial activity in the normal CNS, they do not
fundamentally alter the debate about the function of
CNS-resident macrophages. Namely, do these cells only
play a surveillance function in the healthy CNS? (This
would mean that these cells, though quite important, are
essentially inactive in the absence of pathogens and in-
jury.) Or do these cells play more active roles in main-
taining optimal neuronal function?
In part, these debates have been difficult to resolve

because many studies, including the two just described,
experimentally group all CNS-resident macrophages to-
gether regardless of their source or location in the CNS.
Thus, if CNS-resident macrophages are heterogeneous in
source and function, such an approach may confound or
obscure regional or cell-type specific functions.
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A ROSE BY ANY OTHER NAME. . .?

Because the CNS is an immune-privileged site, for
most of the last century it was debated whether it is even
possible for peripheral macrophage populations to enter
the healthy CNS and contribute to the CNS-resident
macrophage population.4,25,26 Consequently, many re-
searchers tested whether the macrophages found within
the healthy CNS were of neuroectodermal or mesenchy-
mal origin. Over the past 25 years, numerous approaches
have demonstrated that the stem cells or progenitors that
give rise to neurons and macroglia do not give rise to
microglia, neither in vitro or in vivo.27

Although CNS-resident macrophage populations can
transiently express macroglial markers such as NG2 or
GD3 during neuroinflammation and regeneration, a neu-
roectodermal source for any subpopulation these cells
has never been demonstrated.27 Rather, the CNS appears
to be seeded by cells of hematopoietic (mesenchymal)
origin early in CNS development. In rodents, microglia
can be detected by at least as early as embryonic day
10.5.26,28,29 However, histological data also suggest that
more than one population may seed the CNS.26,29 Neo-
natally, microglia are not as abundant as in the adult
CNS. Indeed, fountainheads of microglia are evident
infiltrating the hippocampus and other CNS structures
shortly after birth in the rodent CNS.1,30

Several groups have also tested whether influxes of
macrophages from peripheral sources into the CNS con-
tinue through adulthood. To this end, some groups have
directly tested whether in vitro differentiated microglia
can home to the CNS following intravenous injection.31

The injected cells were indeed found to preferentially
home to the CNS (primarily the hippocampus and corpus
callosum); however, these studies did not determine how
long these cells remained in the CNS, nor whether they
fully integrated into the CNS parenchyma.31 These stud-
ies demonstrate the potential of a small number of dif-
ferentiated microglia to traffic across an intact blood–
brain barrier into the CNS, but do not address whether
the bone marrow routinely generates cells able to pref-
erentially home to the CNS and then differentiate into
microglia.
Several other groups, using irradiation bone marrow

chimeric approaches, have demonstrated that the CNS-
resident macrophage population is likely to have two
global sources and to have two very different lifespans or
trafficking kinetics.32-38 In this methodology, rodents are
treated with sufficient doses of irradiation to destroy their
bone marrow, but not so high a dose as to cause subse-
quent systemic inflammation. Irradiated rodents are sup-
plemented with donor bone marrow with a genotype
differing from the host. Most often, the donor bone mar-
row expresses an easily detectable transgene such as
green fluorescent protein (GFP). Estimates of cell life-

span are determined by monitoring the rates that macro-
phages with the host genotype disappear and the rate that
macrophages with the donor genotype appear (e.g., the
rate that GFP-positive cells appear).
With such a methodology, one population of CNS

macrophages is found to be replaced from bone marrow
sources frequently (approximately every 2 weeks), and a
second population is found to be rarely replaced from the
bone marrow and thus is likely largely self-renewing or
long-lived (or both).28,32-38 The former, short-lived pop-
ulation consists of CNS-resident macrophages located in
perivascular regions, the cerebellum, rostral stream, and
olfactory bulb. In the literature, these cells are often
referred to as either perivascular macrophages or micro-
glia.28,32-38 Parenchymal macrophage populations in all
other regions of the CNS belong largely to the latter
population and in the literature are most often referred to
simply as microglia.28,32-38

Irradiation is not a neutral treatment and results in
long-term alterations in the vasculature even when the
heads are shielded from irradiation, likely a consequence of
the cytokine storm associated with death of bone marrow
and tissue macrophages throughout the body.28,32-38 It
has been suggested in studies of peripheral macrophages
that irradiation chimeric methodologies cause premature
death and turnover and thus result in overestimates of
tissue macrophage turnover. Furthermore, several studies
using these methods have found that the replacement
macrophage populations within the CNS do not express
the same phenotype and level of activation markers ob-
served in unmanipulated mice. Instead, most often the
replacement cells are reported to express markers such as
the dendritic cell marker, CD11c which are not expressed
by resident macrophages populations in the healthy un-
manipulated CNS.28,32-38 Although changes in the phe-
notype of otherwise unstimulated microglia may result
from using excessive doses of radiation exposure, thus
causing nonspecific infiltration of inflammatory macro-
phages into the CNS, it may also be an inherent exper-
imental consequence of this type of irradiation method-
ology.
Despite these limitations, the irradiation chimeric ap-

proach has provided a powerful technique for probing
the differential contributions of long-term residents of
the CNS from those of cells recently entering the CNS.
Stalder et al.39 used this approach to demonstrate that, in
transgenic mouse models of Alzheimer’s disease, donor-
derived macrophages infiltrate the CNS and contribute to
the cells surrounding the amyloid plaques. Rivest and
colleagues40 demonstrated, surprisingly, that donor-de-
rived macrophages do not simply accumulate with age
and increasing plaque pathology. Rather, they found that
the numbers of donor-derived cells peaked early in dis-
ease just at the onset of amyloid plaque deposition (at
�6–9 months of age).
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Strikingly, the Rivest group found that the donor-
derived macrophages disappeared from the CNS with
time and that their disappearance correlated with in-
creased plaque deposition.40 Based on these observations
and on in vitro assays of phagocytosis, they concluded
that the hematogenously derived (donor-derived) macro-
phage populations were much more effective phagocytes
than the host-derived microglia. They further speculated
that plaque deposition was in part due to the failure of the
peripheral macrophages to remain within the CNS. Be-
cause both the host-derived and donor-derived cells dis-
played a stellate (though activated) morphology in vivo,
these authors referred to both populations as microglia.40

Based on their ability to leave the CNS, however, and
their failure to establish permanent residency in the CNS,
these types of donor-derived cells could have been
termed CNS-infiltrating macrophages, to distinguish
them from classic host-derived microglia.39

A similar division of labor between host-derived mi-
croglia and bone marrow–derived macrophages has been
observed in the facial axotomy model. In this model,
facial motoneuron cell death within the brainstem is
modest and similar in wild-type and T-cell-deficient
mice during the first 2 weeks following facial axo-
tomy.41,42 By 4 weeks after axotomy, however, facial
motoneuron cell death is much higher in mice lacking
CD4� T cells. Thus, in this model the CD4� T cells play
a neuroprotective role in slowing the rate of neuronal
death, perhaps allowing time for axonal regrowth and for
the new axons to find their target and receive target-
derived growth factors.
Byram et al.42 used the same irradiation chimeric

methodologies used to differentially localize MHC class
II expression in the donor and host populations. They
found that donor-derived macrophage or dendritic cell
populations (or both) were essential to initiating the axo-
tomy-induced T-cell response; however, even though do-
nor-derived macrophages infiltrated the facial motoneu-
ron nucleus within the brainstem, these cells were
insufficient to drive the neuroprotective T-cell response.
Instead, host-derived microglia were essential to evoke
or sustain the neuroprotective response from the T cells
primed by the donor-derived cells.42

Taken together, these several studies show that both
sources of CNS macrophages can develop cell type–
specific effector functions and that both sources of cells
are required to maintain optimal CNS function.39,40,42

NATURE VERSUS NURTURE

Are microglia defined by a single uniform
phenotype or a specific lineage marker?
Is this phenotype environmentally determined?
In 1991, Sedgwick and colleagues43 reported that

CNS-resident microglia expressed leukocyte common

antigen (also known as CD45), the same as all other
macrophage populations in the body. Unlike macro-
phages that acutely infiltrate the CNS, however, micro-
glia expressed uniformly lower levels of this molecule.43

Irradiation chimeric methodologies confirmed that the
relative levels of CD45 could be used to distinguish
CNS-resident microglia from acutely infiltrating cells
when analyzed by flow cytometry (but not by immuno-
histochemistry, which lacks sufficient dynamic range of
detection).
These seminal observations suggested that stable,

global differences in the phenotype of microglia versus
acutely infiltrating macrophages did exist. Note, how-
ever, that the CD45 levels of small but significant per-
centages of each population do overlap. It is unclear what
drives this differential expression of CD45 or how stable
these differences are; upon culture in the absence of
neurons, microglial levels of CD45 do rise dramatical-
ly.44 Furthermore, some reports indicate that the levels of
CD45 of peripherally derived CNS-infiltrating macro-
phages decrease with increasing time within the CNS
(although it is unclear whether the levels fully decline to
the levels of unactivated resident microglia).45,46

More recently, Vallières and colleagues47 have re-
ported that CD45low microglia isolated from the healthy
CNS express the purinergic receptor P2Y12 at much
higher levels than other macrophage populations in
spleen or other organs, as analyzed by real-time PCR and
in situ hybridization analysis. As part of imaging studies
examining microglial responses within living tissues,
Haynes et al.48 found that all macrophage populations
within the CNS express the P2Y12 receptor. Because
perivascular microglia are being continually replaced
from bone marrow–derived sources, the apparent consti-
tutive expression of this molecule again supports CNS-
driven acquisition of a CNS-resident phenotype.
Whether acutely infiltrating inflammatory macrophages
would acquire this phenotype as a function of time re-
mains to be studied.
These studies compellingly illustrate broad differences

between resident and acutely infiltrating macrophage
populations in the CNS and may, at first glance, suggest
that CNS-resident macrophages are a largely homoge-
neous population. However, a simple histological anal-
ysis of microglial morphology and density as a function
of brain region suggests there is not a single global
microglial phenotype. For example, using F4/80 mono-
clonal antibodies to label all CNS macrophage popula-
tions, Lawson et al.49,50 observed that the regional den-
sity and shape of microglia varied as a function of brain
region. Microglia with the shortest processes were lo-
cated in the circumventricular organs, and cells with the
most ramified processes were found in gray matter re-
gions. Microglial density varied as much as fivefold,
with the highest numbers of microglia being found in
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gray matter sites such as the hippocampus, olfactory
telencephalon, basal ganglia, and substantia nigra. The
lowest density of microglia was found in myelinated
fiber tracts, including the cerebellum and the brainstem,
and intermediate densities of microglia were observed in
the cerebral cortex, thalamus, and hypothalamus. In con-
trast to microglia in nonmyelinated regions, microglia
within white matter regions appear to exist in a higher
basal level of activation. For example, microglia within
the healthy corpus callosum express detectable levels of
costimulatory molecules such as B7.2.51

Regional differences in apparent microglial phenotype
extend beyond simple white matter–gray matter divi-
sions and are now beginning to be defined in concrete
molecular terms. Recently, many different research
groups have profiled microglia gene expression using
various cell lines, primary fetal and neonatal microglia
and ex vivo adult CNS microglia and macro-
phages.3,46,47,52,53 Their choice of models has strongly
influenced the observed molecular fingerprint. When
taken together, however, these studies are beginning to
form a rudimentary molecular definition of CNS-resident
microglia that can be applied to the defining microglial
subpopulations in vivo.

For example, as part of our ongoing studies contrasting
gene expression between CNS microglia and peripheral
macrophages, we have identified several molecules that
show strong regional expression. In Figure 1, compara-
tive real-time PCR analysis illustrates that, when ana-
lyzed as a population, primary neonatal microglia ex-
press much higher levels of SPARC glycoprotein (the
acronym stands for secreted protein, acidic and rich in
cysteine) than do peritoneal macrophages. When exam-
ined within the adult murine CNS by in situ hybridiza-
tion analysis (FIG. 1) or by Northern blot analysis (data
not shown), however, SPARC expression is very low in
forebrain areas of the cortex, striatum, and olfactory
bulb. By contrast, SPARC expression is very high in all
cells (including microglia) located in the thalamus, hy-
pothalamus, and brainstem.
Although the functional significance of this differential

expression has not been explored, previous studies have
implicated increased SPARC expression with tissue re-
modeling during wound healing.54 These data indicate
that microglia may share common regional gene expres-
sion patterns with cells of neuroectodermal origin, per-
haps to support region-specific neuronal functions.
Region-specific specialization of microglial phenotype

FIG. 1. Differential SPARC glycoprotein expression as a function of cell type and brain region. (a) Quantitative real-time PCR analysis
was used to compare the expression of untreated (UN) and LPS–IFN�-treated (L�I) primary neonatal microglia and peritoneal macro-
phages. (b) SPARC expression (darker stain) in the adult rodent CNS is seen in a sagittal section from an untreated mouse. Cell
preparation and technical methodologies for in situ hybridization are as previously described by Schmid et al.46
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is confirmed from analysis of the spatial expression of
molecules that are restricted to macrophages and are not
widely expressed by all neuronal and macroglia within a
region or are enriched in CNS-resident microglia (or
molecules that meet both conditions). For example, in
several models of neuroinflammation the orphan receptor
TREM2 (triggering receptor expressed on myeloid
cells-2) is expressed at 10–fold higher levels on purified
CD45low/intermediate resident microglia than on acutely in-
filtrating CD45high macrophages.46,47,55

As analyzed by in situ hybridization analysis, how-
ever, not all microglia express detectable levels of
TREM2.46 The highest percentage of TREM2-express-
ing microglia and the highest level of TREM2 expression
per cell were observed in regions associated with sus-
ceptibility to amyloid pathology, such as the cingulate
and entorhinal cortices.55 Strikingly, human knockout
data suggests that TREM2-expressing microglia play
an essential (but to date undefined) role in maintaining
normal neuronal function.56-58 Using positional clon-
ing, Paloneva et al.56 identified that the absence of a func-
tional TREM2 system in humans was the cause of Nasu–
Hakola disease, a disorder characterized by early onset
cognitive dementia.
Although human knockout studies illustrate the neces-

sity of TREM2-expressing microglia in maintaining cor-
tical neuronal function, they do not reveal which
TREM2-triggered microglial functions are essential for
preventing symptomatic Nasu–Hakola disease. To date,
rodent studies by several groups have demonstrated only
that TREM2 increases macrophage immune func-
tion.56-58 Specifically, in peripheral macrophages and
dendritic cells, TREM2-mediated activation increases
both phagocytosis and the expression of molecules re-
quired to present antigen to CD4� T cells (MHC class II,
CD40, B7.2, and CCR7).59,60 Stimulus-induced in-
creases in antigen-presenting cell activity usually corre-
late with increased susceptibility to generate proinflam-
matory CD4� T cells. Both Takahashi et al.61 and Piccio
et al.,62 however, demonstrated by blocking TREM2 or
overexpressing TREM2 in EAE that this pathway pro-
motes myeloid-mediated inhibition of T-cell responses
(perhaps by antigen presentation–mediated generation of
inhibitory T cells?).
From this brief discussion, and considering only a few

expression markers, a high degree of heterogeneity in the
molecular fingerprint of microglia is implied. These data
suggest several obvious yet for now unanswered ques-
tions:

To what extent do these molecular profiles represent
regional adaptations diverging from a common mi-
croglial precursor?

Alternatively, to what extent do these molecularly
distinct profiles represent microglial differentiation
from several different macrophage lineages?

Lastly, how stable and how dependent are these dif-
ferent phenotypes on continual interactions with
the CNS?

The answers to these questions are likely to have a
significant effect on understanding the cause and ef-
fect relation of microglial activation in chronic CNS
neurodegenerative diseases. Microglial age-related
dysfunction has been proposed as a significant cause
or contributing factor underlying age-related CNS
neurodegenerative diseases such as Alzheimer’s dis-
ease.63 To date, however, no extensive documentation of
age-related changes in the molecular profile of all CNS-
resident macrophage populations (parenchymal and
perivascular) has been done. Nonetheless, microglia
from mice and humans display increasing signs of struc-
tural deterioration, display higher expression levels of a
handful of classic macrophage activation markers (MHC
and costimulatory molecules), and progressively develop
replicative senescence as a function of age, and their
inflammatory responses to stimulus become hyperre-
sponsive.63 Ideally, it would be informative to replace
the aged microglial populations with bone marrow de-
rived from young mice. To date, no models exist for
eliminating nonproliferating resident microglia; thus,
such experiments cannot yet be performed. It is surpris-
ing that irradiation chimeric studies have not been used
to provide a rejuvenated young peripheral immune sys-
tem by supplementing aged rodents with bone marrow
from juvenile or young adult rodents. At the very least,
such studies would indicate whether the perivascular
macrophage phenotype is dependent primarily on the
health of the cells themselves or on that of the CNS
microenvironment.

HOW TO MODEL AND TEST THE
CONSEQUENCES OF HETEROGENEITY

Ideally, the function of these different populations of
microglia and macrophages would be tested extensively
in specific in vivo and in vitro assays. Unfortunately, in
vivo experiments do not lend themselves to detailed
study of receptor triggered intracellular events and pre-
cise quantitation of specific effector functions. Con-
versely, the results from in vitro culture may not always
yield data predictive of in vivo biology, presumably due
to the absence in vitro of phenotype-determining CNS
environmental signals provided by healthy active neu-
rons and macroglia.
For example, it is well documented in several different

in vitro assay systems that cultured microglia, when
stimulated with LPS and IFN� in vitro develop a potent
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neurotoxic phenotype.25,46 In contrast, intracerebral in-
jections of LPS and IFN� provoke robust but self-resolv-
ing recruitment of peripheral macrophages into the CNS
coupled with robust activation of microglia throughout
the CNS. In vivo, no neuronal death is observed at the
doses injected.25,46 Furthermore, when LPS-activated
microglia are isolated from the CNS and added for 2
days to 2-week-old embryonic hippocampal neuron cul-
tures, no neurotoxicity is observed, nor is there any
change to the dendrite numbers and morphology (FIG. 2
and Bilousova et al., unpublished data). Note that periph-
eral-derived macrophages isolated from the same in-
jected brains did cause dramatic reduction in dendrite
numbers and shape.

SUMMARY

Almost any common macrophage marker (e.g., F4/80,
CD11b, or Iba-1) will label nearly all the macrophage
cells located within the healthy CNS. Acute insults to the
CNS lead to rapid activation of microglia, most often
characterized by morphological transformations and in-
duction of MHC. This common pattern has led many to
assume that microglia are largely a single population of
homogeneous cells, and that activation proceeds along a
linear progression of increasing pathogen defense and
neurotoxicity. Recent data, however, have shown that the
CNS-resident population can be divided into two very
large populations with very different recent histories:
recently blood-derived or long-term CNS residents. His-
tological analysis coupled with molecular profiling fur-

ther reveal broad heterogeneity even among these two
populations.
This newer characterization of microglial heterogene-

ity suggests that activation cannot be considered linear,
nor will the same stimulus cause all microglia subtypes
to generate the same effector function (FIG. 3). Rather,
microglial effector function is probably tailored to both
brain region and stimulus. These data do complicate the
development of simple therapies designed to target and
inhibit all microglia. Nonetheless, such data may help in
developing therapies that specifically target destructive
aberrant microglial phenotypes without altering the ben-
eficial functions of adaptive microglial phenotypes.
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