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Abstract: The phenotypic differentiation of sys-
temic macrophages that have infilirated the central
nervous system, pericyles, perivascular macro-
phages, and the “real” resident microglial cells is a
major immunocytochemical and immunohisto-
chemical concern for all users of cultures of brain
cells and brain sections. It is not only important in
assessing the purity of cell cultures; it is also of
fundamental importance in the assessment of the
pathogenetic significance of perivascular inflam-
matory phenomena within the brain. The lack of a
single membranous and/or biochemical marker al-
lowing conclusive identification of these cells is still
a major problem in neurobiology. This review
briefly discusses the functions of these cells and
catalogs a large number of membranous and bio-
chemical markers, which can assist in the identifi-
cation of these cells. J. Leukoc. Biol. 75:
388-397; 2004.
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INTRODUCTION

The phenotypic differentiation of systemic macrophages that
have infiltrated the central nervous system (CNS), pericytes,
perivascular macrophages, and the “real” resident microglial
cells (Fig. 1) is a major immunocytochemical and immunohis-
tochemical concern for all users of cultures of brain cells and
brain sections.

This review will concentrate on discussion of the available
markers for identification of each cell after a review of their
ontogeny and function.

For the purpose of this review, we will use the term “brain
macrophage” to encompass macrophages infiltrating the brain,
pericytes, perivascular macrophages, and microglia. There is a
considerable heterogeneity in the phenotype of brain macro-
phages even within the latter groups. For example, Perry and
Gordon [1] have emphasized three different types of microglia:
radially branched (found in the gray matter), longitudinally
branched (found in the white matter), and compact microglia
[found exclusively in those parts of the brain lacking a blood
brain barrier (BBB)]. Other investigators have differentiated
granular and agranular pericytes [2]. Nonetheless, there does
not appear to be any fundamental, functional difference be-
tween these subtypes of brain macrophage, and so, this review
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will only discuss the aforementioned four types of brain mac-
rophage.

ONTOGENY

A controversial, although fundamental, issue in neurobiology
concerns the nature and origin of brain macrophages. We agree
with the most commonly accepted hypothesis, namely, that the
most likely source for all or most brain macrophages is the
monocyte. Amoeboid microglia in the developing brain, how-
ever, probably have an additional source—the pial macro-
phages, which in turn, are derived from mesenchymal progen-
itor cells in the yolk sac [3]. Monocytes appear to migrate into
the brain from several sites during embryogenesis and may
continue to enter, at least from blood vessels, in the adult state
[4]. Once in the brain, monocytes differentiate into one of the
four types of brain macrophage depending on the signals
associated with the microenvironment. Although there is no
definitive proof for this model, there is certainly evidence to
support it. Thomas [2] cites work that has shown pericytes
leaving the basal lamina and migrating to the perivascular
space where they are indistinguishable from perivascular mac-
rophages. These same cells have then been reported to migrate
into the brain parenchyma, where they are indistinguishable
from infiltrating macrophages [5]. Furthermore, the monocytes
that enter the brain in the stab-wound model have been ob-
served to “transform” into microglia. Finally, Perry and Gordon
[1] have demonstrated that perivascular macrophages, peri-
cytes, and probably microglia “turn over” from circulating
monocytes. The rates of turnover vary considerably in mice:
several months for perivascular macrophages and pericytes;
years for microglia (although some may not turn over at all).
Similar kinetics are not known for humans. It is also unknown
whether particular diseases may affect these rates.

Pericytes

Pericytes are generally accepted as being of mesodermal origin
[2, 4]. They appear to migrate into the tissue during the latter
stages of vascularization and assume their characteristic loca-
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Fig. 1. Simplified schematic drawing of the myeloid cells in the brain
perivascular area.

tion and properties. Mesenchymal precursor cells settle on
newly formed capillary sprouts and differentiate into pericytes
as they become enclosed within basal lamina [6].

Perivascular macrophages

Based on their morphology and immunophenotype, perivascu-
lar macrophages appear to be very similar to blood-derived
macrophages (see Table 2 in ref. [7]). Moreover, using trans-
plants of green fluorescent protein-transfected bone marrow
cells in adult mice, Bechmann et al. [5] concluded that brain
perivascular cells are a population of migratory macrophages
and not resident histiocytes. These data essentially supplant
those of earlier studies such as Kida et al. [8] and the idea that
they are distinct from pericytes, microglia, and macrophages.

Microglia

The origin of microglia has been one of the most controversial
issues in glial research [3, 9, 10]. The large majority of neu-
robiologists now believe that they are derived from monocytes
and to a lesser extent, from mesenchymal progenitor cells. The
alternative view—that they originate from the neuroepithelium,
as do neurons and other brain glial cells—is becoming increas-
ingly unlikely.

PHYSIOLOGIC AND PATHOLOGIC
CONDITIONS

In physiologic conditions, the brain contains resting microglia,
perivascular macrophages, and pericytes, as well as a few
“patrolling” macrophages. In pathologic situations, all these
cell types are activated. Microglia and pericytes may prolifer-
ate to a limited extent in contrast to macrophages, which
cannot. Commonly, in pathologic conditions affecting the
brain, there is BBB disruption, which will allow entry of more
macrophages from the blood.

Pericytes represent the first line of immunologic defense of
the brain [11]; indeed, pericytes can act as antigen-presenting
cells. Pericytes can inhibit endothelial cell growth, promote

vessel constriction, and transform into smooth muscle cells. In
essence, pericytes seem important as structural support in the
microcirculation and in BBB function. Pericytes have been
considered to be significant in the pathogenesis of tissue dam-
age in hypoxia, hypertension, diabetic retinopathy, trauma,
Alzheimer’s disease, multiple sclerosis, and in CNS tumor
formation [7, 12—14]. In first the 2 h after injury, pericytes and
perivascular macrophages are activated and start to migrate
from their original location [5, 14]. Concomitantly, activated
blood monocyte/macrophages and lymphocytes appear to mi-
grate through the disrupted BBB in which the number of tight
junctions has strongly decreased [15]. Chemoattractive mole-
cules, particularly the chemokine monocyte chemoattractant
protein-1 (MCP-1) produced by astrocytes, attract these blood
monocytes [16]. At the same time, resting microglia become
activated and change their phenotype to ameboid microglia
capable of phagocytosis [17, 18]. The involvement of activated
microglia and perivascular macrophages associated with dis-
ruption of the BBB is a recent novel hypothesis for one aspect
of the pathogenesis of Alzheimer’s disease [19-21]. It should
be emphasized that the above outlined sequence of events in
inflammation is very much simplified. Recent studies have also
ascribed a neuroprotective role to activated microglia [22]. The
precise signals that determine whether microglia in inflamma-
tory states are phagocytic or neurotrophic are still to be deter-
mined.

If there are common aspects of ontogeny and function, why
is it important to differentiate the types of brain macrophages?
The response to this is that although there are common facets,
there are distinct differences in gene expression and function.
For example, there are important differences in the production
of quinolinic acid (QUIN), a neurotoxin derived from trypto-
phan catabolism within the brain [23]. We and others [24-26]
have shown that QUIN is elevated in several brain diseases
(e.g., AIDS dementia complex, Alzheimer diseases, trauma,
meningitis). QUIN may also cause gross opening of the BBB to
large molecules, including proteins and immune blood cells
[27]. Monocytic cells almost exclusively produce QUIN [28—
31]. In brain inflammatory conditions, there is evidence sug-
gesting a major role for resident brain macrophages in the
overproduction of QUIN [32], which can induce production of
large quantities of MCP-1 by astrocytes [33]. As described
above, MCP-1 is one of the most potent chemoattractants for
blood monocytes. We and others [29] showed that de novo
QUIN production by human interferon-y-activated macro-
phages was 20- to 30-fold greater than microglial synthesis.
Some transcriptional discrepancy might explain the lower mi-
croglial ability to produce QUIN in comparison with macro-
phage [31, 34]. Activated microglia may be the primary en-
dogenous cell type responsible for QUIN synthesis within the
CNS in inflammatory diseases. However, under pathological
conditions in which the BBB is altered and/or leukocytic
infiltration in the brain parenchyma, most of the intracerebral
QUIN is derived from activated macrophages. The ability of the
pericyte to produce QUIN is unknown. Another important
example of a difference between brain macrophages relates to
the contractile properties of the pericyte [35]. Perivascular
macrophages do not have this capacity.
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TABLE 1.

Review of membranous, biochemical and morphological markers of activated microglial cells
in comparison with blood derived macrophages

Activated
Markers microglia* Macrophage” References
Peroxidase activity - + [38, 48]
Proliferation + - [38, 41, 47, 49-51]
Cluster of differentiation (CD) 4 (L3T4; W3/25) +/- (4%) + [39, 52, 53]
CD 9 (DRAP-27; p24) + + [54]
CD 1la (aL integrin LFA-I) + + [50, 55-57]
CD 11b [Macl, aM integrin, C3b complement + + [40, 43, 47, 50, 52, 55, 57-66]
receptor, orexin (0X)42]
CD 1lc (aX integrin) +++ +++ [44, 45, 48, 52, 56, 67]
CD 13 (aminopeptidase N) ++ ++ [68-70]
CD 14 [lipopolysaccharide (LPS) receptor] +/- +++ [45, 47, 52, 57, 67, T1-73]
CDw17 (lacCer) ++ + [70, 74]
CD 18 (B2 integrin) + + [75]
CD 26 (EC 3.4.14.5) - - [52]
CD 36 (M5, GPIV) + ++ [76]
CD 40 (Bp50, tumor necrosis factor receptor) + + [72, 77]
CD 44 (Hermes cell adhesion molecule) + + [56, 72]
CD 45 (LCA, Ly5) + +++ [50, 52, 58, 64, 65, 67, 72, 78, 79]
CD 53 (0X44) + ++ [54]
CD 54 (intercellular adhesion molecule-1) + + [50, 56, 72, 77, 80-32]
CD 56 (neuron/cell adhesion molecule isoform) - - [83]
CD 58 (LFA-3) + + [56]
CD 63 [Lysosomal-associated membrane + ++ [84]
Protein-3 (LAMP-3)]
CD 64 [Fe receptor for immunoglobin G 1 ++ ++ [47, 66]
(FeR1)]
CD 66 a, ¢, d, e (neutrophil chemotactic + ? (No data) [70]
activity)
CD 68 (macrosialin, gp110) +++ +++ [41, 43-45, 47, 48, 79, 85-89]
CD 80 (B7-1) + - [43, 65, 67, 72, 90-92]
CD 86 (B7-2, B70) + +/- [43, 6567, 72, 77, 90-92]
CD 87 (urokinase-type plasminogen activator ++ +++ [70]
receptor)
CD 92 (CDw92) ++ ++ [70, 93, 94]
CD 106 (VCAM-1) + +/- [80, 95]
CD 107a (LAMP-1) + - [54, 96]
CD 147 (neurothelin, 0X47) + + [54, 70]
CD 155 (poliovirus receptor) ++ + [70, 97]
CD 162 (P-selectin glycoprotein ligand-1) + ++ [54]
CD 163 (M130) + ++ [73, 98]
CD 171 (L1, L1ICAM) - +/- [48, 99]
CD 200 (0X2) + + [100, 101]
Major histocompatibility complex (MHC) class | + + [50-53, 64, 66, 72, 75, 102]
(0X18) [human leukocyte antigen (HLA) A,
B, C]
MHC class II (0X6) + (Constitutive) + [39-41, 44, 50-52, 60, 63, 65, 73, 75, 77,
87, 102, 103]
Concanavalin A + + [104]
F4/30 + + [58, 105]
Fibronectin + + [47]
GD3 ++ +/-(?) [106, 107]
Glucose transporter (GLUT)-1 + + [108, 109]
GLUT-3 - - [108, 109]
GLUT-5 + + [59, 109, 110]
HLA-DR (human class II) + (Constitutive) + [40, 43, 66, 67, 79, 88, 111-114]
lon-binding adaptor-1 + + [115]
Isolectin B4 (Griffonia simplicifolia) ++ ++ [59, 114, 116, 117]
LN + - [47, 118]
Lectin Bandeiraea simplicifolia + + [104, 119-121]
Tomato lectin + + [85]
Lectin Ricinus communis agglutinin-1 + + [40, 43, 66, 84, 85, 89, 104, 116, 122-124]
LN-1 +/- - [7, 125-127]
LN-3 +++ ++ [7, 126]
LN-5 + +++ [7, 126]
Lysozyme +/- + [48, 89, 128]
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TABLE 1. (Continued)

Activated
Markers microglia*® Macrophage References
Electronic microscopy Spiky aspect Rose aspect [38, 46, 47]
NG2 - ++ [129]
Nonspecific esterase + ++ [40, 48, 50, 57, 122, 128, 130, 131]
Phagocytosis of latex beads ++ ++ [38, 43, 50, 66, 87, 132]
Acid phosphatase + ++ [40, 50, 57, 122]
Production of quinolinic acid + +++ [29, 31]
Acetylated low-density lipoprotein receptor + + [84, 87, 133, 134]
FeR + +++ [57, 78, 118, 131, 133]
RFD7 - +++ [48, 135-137]
Substance P +++ + [138]
Vimentin + + [118, 139]
al-Chymotrypsin - ++ [128, 140, 141]
al-Trypsin + + [128]
B2-Microglobulin + + [51, 142]

* Activated microglial cells, whatever the species.
strong expression; +++, highly expressed.

With this background, it is pertinent to review methods of
identifying these different types of brain macrophage.

MICROGLIA VERSUS MACROPHAGE

Most of the scientific papers concerning the characterization of
the microglial cell have been published between the late 1980s
and early 1990s [36]. Moreover, a large majority of these
publications pertain to the characterization of microglial cells
obtained from animals, more particularly, rodents (for review,
see refs. [37, 38]), and only a small proportion are concerned
with human microglial cells [39—42]. Currently, none of these
publications, even the most recent [42—45], describes the
existence of a single, specific marker for the microglial cell,
with one possible exception. Using scanning electronic micros-
copy (SEM), Giulian et al. [46] showed that microglia from
postnatal rat brain are covered with spines (more than 20 per
cell) in a distinctive manner, which contrasts with the smooth
surfaces of bone marrow cells and the ruffled surfaces (“Rose
aspect” in the tables) of tissue macrophages [47]. The spine-
bearing surface of microglia appears to be a specific cell
marker, which is not changed with age or a variety of immu-
nostimulants. However, SEM is a complicated method, which
cannot be technically used in many in vitro, ex vivo, and in
vivo studies. It is still necessary to use several markers together
to be able to accurately and easily differentiate macrophages
from microglia.

Characterization of the microglial cells is even more diffi-
cult, as these cells share several antigens with different cell
types (Table 1), including macrophages (CD11b, CD68), en-
dothelial cells [vascular cell adhesion molecule 1 (VCAM-1)],
lymphocytes [lymphocyte function-associated antigen (LFA),
leukocyte common antigen (LCA), laminin 1 (LN-1)], and
oligodendrocyte (GD3). Moreover, published studies about the
expression of some microglial markers are occasionally con-
tradictory (Table 1). It is important to highlight that in all these
studies, the expression of biological and biochemical micro-

" Macrophage (not monocyte). —, Not expressed; +/—, low or controversial expression; +, expressed; ++,

glial markers may vary according to parameters, such as the
following examples.

The cell activation

As for monocytes and macrophages, there are marked varia-
tions in the expression of membranous markers and in the
biochemical activities between the nonactivated microglial cell
(ramified) and the activated microglial cell [67]. Changes in the
cell morphology are, of course, very significant [38, 46, 143,
144].

The cell maturation

Differences in maturation between microglial cells derived
from adult or fetal tissue are another major parameter influ-
encing the expression of markers [145]. To our knowledge,
there is no one study that has compared the phenotypic ex-
pression between adult and fetal microglial cells from the same
species.

The interspecies variations

Even if the microglial markers are the same between species,
some differences in function can, however, be found [130]. For
example, murine microglial cells are not able to produce the
neurotoxin quinolinic acid, whereas human cells can [31], and
murine cells exhibit differences in the migratory response to
chemokines [145].

The cell-culture conditions

To maintain healthy microglial cells in vitro, the culture me-
dium has to be complemented with growth factors such as
macrophage-colony stimulating factor (M-CSF) and granulo-
cyte M-CSF (GM-CSF) [49, 146, 147], with cytokines such as
interleukin-3 [49], or with commercial supplements such as
B-27 [147, 148] or N2 [149]. The presence of such growth
factors in the culture medium may also influence the expres-
sion of the microglial markers.
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The phenotypic heterogeneity

Lastly, as for the astrocyte, different microglial subpopulations
are present in the CNS and display a marked functional and
phenotypic heterogeneity [85, 150-155].

Table 1 reviews, in a nonexhaustive manner, a large number
of membranous, biochemical, and morphological markers of
activated microglial cells (whatever the species) in comparison
with blood-derived macrophage. Two major sources of infor-
mation can be used to obtain complementary data on each
single CD: Leucocyte Typing VI [70] and the NIH Website
http://www.ncbi.nlm.nih.gov/prow/guide/45277084.htm.

Of note, a monoclonal antibody (5-D-4) directed against a
surface epitope (hypersulfured keratane sulfate) is able to
specifically recognize ramified microglial cells but not ameboid
microglial cells, monocytes, or macrophages [156].

Characterization of the microglial cell versus the peripheral
macrophage has been examined in only a limited number of
studies [7, 38, 46, 48, 67, 135, 156—158]. As described above,
the combined detection of three or four markers can lead to a
quasi-certain identification of the microglial cell. Several stud-
ies using flow cytometry or classic immunocytochemistry or
immunohistochemistry defined a profile of characterization of
the microglial cell corresponding to the following phenotype:
CD68+, CD45 low, CD11b+, CD11c high, MHC class 11+
and CD14— [41, 45, 47, 48, 64, 159, 160]. Among all the
myeloid cells, it seems that only the microglia cell appears
spurred with spikes on SEM [46, 47]. This morphologic ap-
pearance is valid for more than 99% of the microglial cells,
does not change with age, and is not modified by the cellular
activation from cytokines. Finally, some other markers, such as
the capacity to proliferate in vitro [38, 41, 47], the production
of LN [47], the peroxidase activity [38, 48], as well as the
RFD7 expression [48], can add important complementary in-
formation. Table 2 summarizes the selection of these markers.

THE PERICYTE VERSUS THE MICROGLIA
AND THE PERIVASCULAR MACROPHAGE

The pericyte is another myeloid cell type often located adjacent
but distinct from the perivascular macrophage [161]. However,

TABLE 2. Selection of ten markers allowing the differentiation
between microglial cells and macrophages

Markers Microglia Macrophage
Proliferation + -
Peroxidase activity - +
Electronic microscopy Spiky aspect Rose aspect
LN production + -

CD 68 (macrosialin, gp110) +++ +++
CD 11b + +

CD 1le¢ (aX integrin) +++ +

CD 14 (LPS receptor) +/- +++
CD 45 (LCA, Ly5) + +++
RFD7 - +++

The consensus profile of characterization for the microglial cell is: CD68+,

CD45 low, CD11b+, CD11c high, MHC class 11+, CD14—.
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it is far easier to distinguish a microglial cell from a pericyte
than from a macrophage. There are several parameters allowing
relatively easy differentiation between pericyte and microglia:

The localization

The pericytes are associated with the brain microvasculature,
where they are entirely contained within the basal lamina on
the abluminal surface of endothelial cells. Pericyte cell pro-
cesses are located over the endothelial cells tight-junction
regions [162]. Microglia do not have direct contact with endo-
thelial cells, as the latter is sheared by astroglial terminations
(Fig. 1).

The morphology

CNS pericytes are polymorphs. They can have an oval-to-
elongated cell body with branching processes, which encircle
the blood vessel (Fig. 1) [2]. As for microglia, CNS pericytes
can display a marked heterogeneity in vitro. When grown on
plastic, pericytes can appear as large, irregularly shaped cells.
Their morphology is more likely that of an astrocyte than a
microglial cell [163, 164].

The capacity of proliferation

In culture, microglia and pericytes have a very slow doubling
time, and they never reach confluence [165]. In addition, the
pericyte has very poor, plated efficiency (<50%), whereas
microglia have the capacity to strongly attach to plastic. Phos-
phatidylcholine (PC) and microglia appear to be relatively
resistant to trypsin [47, 165].

The immunochemical markers

As for microglia, no single, specific marker has been identified
for the pericyte yet. However, there are some markers that are
much more likely to be associated with PC, such as RGS5,
which is a member of the RGS family of GTPase-activating
proteins [166], the cell-surface 3G5 ganglioside antigen [167,
168], the platelet-derived growth factor (PDGF)-B receptor
[169], and the high molecular weight melanoma-associated
antigen (HMW-MAA). The latter is specific for microvascular
pericytes but is only detected in proliferating cells [170]. RGS7
is express by microglia [171] but not RGS5 [172]; 3G5 is
present on neurons but not on microglia [173]; and the
PDGF-B receptor can be expressed by microglia [174].

As for microglia, a simple association of one of the above
markers together with one of the many macrophage markers
expressed by the pericyte [2] such as MHC classes I and 11
molecules [175] would be enough to specifically identify brain
(PC) from other brain cells (Table 3).

CONCLUSION

Although many questions remain unanswered in regard to the
various types of brain macrophages, newly developed method-
ologies hold promise. Among these are probably laser capture
microdissection and gene array. The former could be used to
obtain the relevant type of brain macrophage, and the latter
could be used to determine which genes are up- or down-
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TABLE 3.

Review of membranous, biochemical and

morphological markers of activated microglial cells
in comparison with pericytes

Markers Microglia Pericyte ~ References
a-Smooth muscle actin - + [176]
HMW-MAA - + [170]

RGS5 - + [171, 172]
3G5 - + [167, 168, 173]
v-Glutamyltranspeptidase - + [177, 178]
Alkaline phosphatase - + [179]
Aminopeptidase A - + [164]
Aminopeptidase N - + [164, 180]
Butyryl cholinesterase - + [181, 182]
Nestin - + [164]
Griffonia simplicifolia lectin + - [52, 183]
Adherence to plastic Good Poor  [165]

CD45 + - [52, 183]
ED-2 + +/-  [183]
PDGF-B receptor +/- + [169, 184]
FcR + + [185]

CDh4 + + [186, 187]
CD11b (CR3 receptor) + + [183, 186, 187]
MHC class I + + [175, 188]
MHC class IT + + [163, 175]
Vimentin + + [189]

von Willebrand factor - - [163]
Desmin - - [163, 184]
Glial fibrillary acidic protein - - [163]

regulated in each cell. With this knowledge, more specific and

perhaps diagnostic markers could be developed.
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