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1 Introduction 

Cell markers are valuable tools for examining the function of cells in normal 
conditions as well as during disease and repair processes. In fact, our under
standing of the cell types that make up the central nervous system (CNS) is very 
much shaped by the markers available to identify them. CNS cell types were 
originally identified by morphology. The discovery of various proteins specific to 
certain cells led to the production of cell-type-specific antibodies that have been 
used to identify cells in situ. An ideal marker is specific to a given cell type in 
normal conditions and/or during conditions involving injury or disease. As simple 
as these criteria sound, they are not easy to fulfill. Markers can be expressed on 
more that one cell type. Astrocytes and olfactory-tract-ensheathing glia both 
express glial fibrillary acidic pro tein (GFAP), even though they have clear phe
notypic, anatomieal, and functional differences (RAMON-CUETO and VALVERDE 
1995). Also, a marker that is specific for a given cell type in normal conditions 
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can be induced or up-regulated on other cell types during conditions such as 
inflammation, disease, or injury. Therefore cell type markers alone do not always 
conc1usively identify a cell type. 

Antibodies to cell-type-specific markers identify a cell at the molecular level 
and are considered more reliable than identification of cell type by morphology. 
Therefore, if a marker for a cell type is not available, it is possible that the existence 
of a particular cell type may be overlooked. An example of this in the CNS was the 
characterization of an oligodendrocyte progenitor cell type in the adult rodent and 
human CNS that was only recently identified (FRENCH-CONSTANT and RAFF 1986; 
LEVINE and CARD 1987). Adult oligodendrocyte progenitors are scattered 
throughout the parenchyma of the brain and spinal cord, but were completely 
overlooked prior to the availability of in vivo markers specific for these cells. A 
more accurate understanding of CNS cell types and their distinct functions may 
lead to a better understanding of disease pathology and development of novel 
therapeutic agents for CNS diseases. 

The current division of cell types within the CNS into four major c1asses 
(neurons, astrocytes, oligodendrocytes, and microglia) is likely an oversimplifica
tion. This artic1e is written with the anticipation that additional cell types distinct in 
developmental origin, function, and expression pattern of antigenic markers will be 
characterized in the future. Markers that exist for cell types today should be looked 
at as work in progress. Some markers used presently may eventually be shown not 
to be consistent with a specific cell phenotype, and it is very likely that novel 
markers will be available in the future. Novel markers may identify known cell 
types more c1early, or may lead to the discovery of entirely "new" cell types. 
Identification of new antigenic markers will broaden our understanding of the true 
complexity of the CNS. 

2 Limits of Discussion 

The first section of this chapter will review constitutively expressed markers of 
glia and neurons in the CNS, and the second section will discuss markers during 
inflammatory or pathological conditions. This review will focus on commonly 
used markers for glial cell populations and pan-neuronal markers in adult 
rodents and humans. Neuronal markers that label sub-populations, such as 
neurotransmitters, neurotransmitter-synthesizing enzymes, neurotransmitter 
receptors, and neuropeptides, are beyond the scope of this chapter. CNS cell 
type markers used in vitro or during embryonic or neonatal development are 
often different than markers specific for cell types in vivo and in adults. Since 
this volume focuses on inflammation and pathology in the adult CNS, in vitro 
and developmental marker expression patterns will not be addressed. In addi
tion, discussion will be limited to markers expressed at the pro tein level that are 
not secreted molecules. 
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3 Constitutively Expressed Markers 

3.1 Mature Oligodendrocytes 

Oligodendrocyte precursors originate from germinal regions located in subven
tricular zones in the brain (REYNOLDS and WILKIN 1988; LEVISON and GOLDMAN 

1993) and germinal zones in the spinal cord (PRINGLE and RICHARDSON 1993). 
Neonatal oligodendrocyte precursors are small with few processes in vivo. After 
proliferating in germinal zones and migrating to the parenchyma, oligodendrocytes 
stop dividing, extend processes, and begin synthesizing myelin sheaths. In vivo, 
mature oligodendrocytes have a round cell body and long, thin processes (Fig. lA). 

Oligodendrocytes are perhaps the most specialized macroglial cell type. The 
primary function of oligodendrocytes in normal conditions is to myelinate axons. 
Oligodendrocytes begin myelinating axons postnatally by extending modified 
processes that wrap around nearby axons and eventually form a myelin sheath. A 
single process from an oligodendrocyte forms a single segment of myelin around an 
axon that consists of layers, or lamellae. The myelin sheath is a modified membrane 
containing lipids, glycolipids, gangliosides, and myelin-specific pro teins. Myelin 
sheaths and oligodendrocytes are often identified by immunolabeling myelin-

Fig. IA-D. Examples of markers and morphologies for oligodendrocytes, neurons, and astrocytes in 
mouse spinal cord are shown. A The dorsal root entry zone of a mouse spinal cord stained with CNP 
(Sigma, St. Louis, Mo., clone 11-5-B). The arrows indicate small round oligodendrocyte cell bodies. Thin 
processes are also visible. B Mouse spinal cord neuron cell bodies stained with NSE (Polysciences, 
Warrington, Pa.). C,D Astrocytes in mouse spinal cord stained with GFAP (DAKO, Carpinteria, Calif.). 
C Radial astrocyte processes seen in white matter. The punctate pattern is due to labeling of cross
sections of astrocyte processes. D Another astrocyte morphology, the stellate morphology, seen in gray 
matter. All stains are indirect immunofluorescence imaged with a laser scanning confocal microseope. 
A-C Single planes, D 3-dimensional reconstruction of 45 planes O.2~m apart 
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specific proteins. Myelin-specific proteins have various functions, which include 
interacting with the axonal membrane and promoting orderly compaction of the 
many lamellae of the myelin sheath. 

The action potential in a myelinated axon is propagated via saltatory 
conduction at the spaces where ion channels are concentrated, which are referred to 
as the nodes of Ranvier. The myelin sheath: (1) helps structure saltatory conduc
tion, and (2) increases the resistance and reduces the capacitance of the axonal 
membrane. Both of these functions greatly increase the speed and efficiency of the 
action potential. Therefore, the presence of myelin sheaths is crucial to the normal 
functioning of the CNS, and the ability of an axon to maintain conduction is 
impaired if the myelin sheath is lost at any point along the axon, as is observed in 
the human disease multiple sclerosis. 

Myelin pro teins synthesized by oligodendrocytes in the CNS are the most weil 
characterized and most widely used markers for the oligodendrocyte cell type. 
Antibodies to myelin proteins include proteolipid pro tein (PLP; So BEL et al. 1994; 
GREER et al. 1996), myelin basic protein (MBP; STERNBERGER et al. 1978; SHINE 
et al. 1992), 2',3'-cyclic nucleotide-3'-phosphodiesterase (CNP; SHEEDLO and 
SPRINKLE 1983; REISER et al. 1994), myelin oligodendrocyte glycoprotein (MOG; 
BIRLING et al. 1993; GARDINIER and MATTHIEU 1993), myelin-associated glyco
protein (MAG; STERNBERGER et al. 1979; MCGARRY et al. 1983; DOBERSEN et al. 
1985; TRAPP et al. 1989) and myelin-associated oligodendrocytic basic protein 
(MOBP; HOLZ et al. 1996). The most common antigens used to identify oligo
dendrocytes are PLP, MBP, and CNP. PLP and MBP are the most abundant 
myelin pro teins (50% and 30%, respectively), and antibodies to these proteins label 
oligodendrocyte cell bodies, processes, and the compact myelin sheath. CNP is less 
abundant than PLP or MBP, and it is not found in the compact myelin sheath. 
Antibodies against CNP are useful for identifying oligodendrocytes in vivo since 
they label oligodendrocyte cell bodies and processes, as weil as the outer myelin 
membrane, but not inner compact myelin lamellae. Anti-MOG antibody labels 
oligodendrocytes and myelin sheaths (Birling et al. 1993), anti-MAG antibodies 
label the periaxonal myelin membrane closely associated with the axon (TRAPP 
et al. 1989), and anti-MOBP antibody primarily labels the myelin sheath (HoLz and 
SCHWAB 1997). A monoclonal antibody named Rip (FRIEDMAN et al. 1989) has also 
been used in vivo to identify rat oligodendrocytes (FRIEDMAN et al. 1989; LEVINE 
et al. 1993; REYNOLDS and Hardy 1997). The Rip antibody stains the oligoden
drocyte cell body, processes, and myelin and the staining pattern resembles that by 
antibodies to CNP. 

A more recently identified antibody that recognizes oligodendrocytes is 
monoclonal antibody CC-l (SMITH et al. 1993). CC-l recognizes the N-terminal 
of a pro tein product of the APC (adenomatous polyposis coli) gene originally 
isolated from human colorectal tumor celliines (SMITH et al. 1993). Mutations in 
the APe gene are associated with a syndrome called familial adenomatous 
polyposis that predisposes patients to colon cancer, and in rarer cases brain 
cancer (POWELL et al. 1992; LASSER et al. 1994). In rodent tissue, CC-l clearly 
labels the oligodendrocyte cell body, but not processes or myelin sheaths (BHAT 
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et al. 1996). The specificity of CC-l for oligodendrocytes has been demonstrated 
in rat optic nerve (B.A. Barres, personal communication), mouse brain (BHAT 
et al. 1996; Fuss et al. 2000), and mouse spinal cord (Fuss et al. 2000; MESSER
SMITH et al. 2000), so CC-l is a useful oligodendrocyte marker. While CC-l labels 
oligodendrocytes, Bhat and colleagues found that CC-l also labels ce rebell ar 
Purkinje neurons (BHAT et al. 1996). Because CC-l is relatively new, colocaliza
tion studies with various cell type markers should continue in different models 
and tissues to further investigate oligodendrocyte specificity. The ability of this 
antibody to label the oligodendrocyte cell body without labeling processes (in 
contrast to most other markers) is very advantageous for the study of oligo
dendrocytes. The heavy labeling of myelin sheaths by myelin pro tein antibodies 
often prevents visualization of the oligodendrocyte cell body in white matter. By 
labeling the cell body exclusively, the density of oligodendrocytes present or the 
extent of oligodendrocyte loss can be more clearly observed. Future experiments 
will hopefully continue to provide evidence for the specificity of CC-l as an 
oligodendrocyte marker in rodents, and possibly in humans. 

An additional oligodendrocyte marker less often used is transferrin (CONNER 
and FINE 1986). Transferrin is primarily expressed by oligodendrocytes, but can be 
detected in ependymal cells in some periventricular regions and in the choroid 
plexus of the rat CNS (BENKOVIC and CONNOR 1993). Anti-galactocerebroside 
(GC) antibodies (SOMMER and SCHACHNER 1981) have been extensively used in 
vitro to specifically label mature oligodendrocytes. Although there are some reports 
of anti-GC staining in situ (REYNOLDS and HARDY 1997), immunohistochemical 
staining in tissue is often technically more difficult compared to myelin protein 
antibodies. 

3.2 Adult Oligodendrocyte Progenitors 

An example of our reliance on markers to identify cell types was made evident by 
the relatively recent discovery and characterization of adult oligodendrocyte pro
genitors that occurred only after specific markers were available. This cell type is 
worth noting since it may playa role in inflammatory and repair processes in the 
CNS. Initial immunohistochemistry experiments on rat brain using antibodies 
generated against a chondroitin sulfate proteoglycan (NG2) labeled cells that did 
not clearly fit into a known class of cell types (STALLCUP 1981; WILSON et al. 1981). 
The cells were tentatively identified as interneurons in the cortex (STALLCUP et al. 
1983), or "smooth protoplasmic astrocytes" (astrocytes with low levels of fila
ments) in the cerebellum (LEVINE and CARD 1987). The data regarding NG2 la
beling in these initial reports have proved to be reliable and have been confirmed by 
independent laboratories (NISHlY AMA et al. 1997, 1999), but the cell type classifi
cation has changed. At the time of the initial reports, the existence of an adult 
oligodendrocyte progenitor was not characterized or expected, especially at the 
high density seen throughout the CNS by immunohistochemistry using the NG2 
antibody. Adult oligodendrocyte progenitors were just beginning to be identified in 
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culture experiments (FRENCH-CONSTANT and RAFF 1986; WOLSWIJK and NOBLE 
1989), and therefore almost nothing was known ab out them. NG2-expressing cells 
in the adult CNS were identified as adult oligodendrocyte progenitors in vivo only 
after: (1) immunohistochemical studies using NG2 antibody were performed on 
tissues at different stages of development (STALLCUP and BEASLEY 1987; LEVINE 
et al. 1993), (2) culture experiments were performed that followed differentiation 
of NG2 + cells into mature oligodendrocytes in vitro (LEVI et al. 1987; LEVINE 
and STALLCUP 1987; LEVINE et al. 1993), and (3) a second in vivo oligodendrocyte 
progenitor marker, platelet-derived-growth-factor-IX receptor (PDGFIXR), was 
identified (HART et al. 1989; PRINGLE et al. 1992; OUMESMAR et al. 1997). Even
tually, adult oligodendrocyte progenitors (iabeled with NG2 andjor PDGFIXR) 
were found to be abundantly present in white and gray matter of adult rats and 
mice (LEVINE et al. 1993; NISHlYAMA et al. 1997, 1999; REYNOLDS and Hardy 1997), 
and in normal and demyelinated human brain (GOGATE et al. 1994; SCOLDING et al. 
1998; CHANG et al. 2000). 

The function of adult oligodendrocyte progenitors in normal conditions is not 
weil understood. They proliferate to a small extent (LEVINE et al. 1993) and thus 
may replace mature oligodendrocytes as needed. A striking observation was the 
abundance of these cells in the CNS. They are spread throughout the gray and 
white matter of the brain and spinal cord and are as numerous as other glial cells 
such as microglia (DAWSON et al. 2000), so they should perhaps be considered as a 
fourth major class of glial cells. Adult oligodendrocyte progenitors are found in 
increased numbers at sites of injury, inflammation, demyelination, and remyeli
nation (LEVINE 1994; NISHIYAMA et al. 1997; KEIRSTEAD et al. 1998; REDWINE and 
ARMSTRONG 1998). In rat experimental autoimmune encephalomyelitis (EAE), 
NG2 + adult oligodendrocyte progenitors are often seen closely associated with 
activated microgliajmacrophages and Iymphocytes (NISHIYAMA et al. 1997). The 
ability of adult oligodendrocyte progenitors to react to different types of CNS 
damage and their abundance throughout the CNS may signify that they have 
multiple functions (LEVINE et al. 2000). 

In normal conditions, adult oligodendrocyte progenitors can be identified by 
antibodies against NG2 (WILSON et al. 1980; STALLCUP 1981; LEVINE and CARD 
1987; NISHlYAMA et al. 1999; DAWSON et al. 2000), PDGFIXR (HERMANSON et al. 
1992; NISHlYAMA et al. 1996), and 04 (SOMMER and SCHACHNER 1981; REYNOLDS 
and HARDY 1997). The anti-NG2 antibody labels adult oligodendrocyte progeni
tors in normal adult rodent brain and spinal cord (WILSON et al. 1980; STALLCUP 
1981; LEVINE and CARD 1987; NISHIYAMA et al. 1999; DAWSON et al. 2000). NG2 is 
the most reliable marker for this cell type in rat and mouse since it has been found 
to specifically label adult oligodendrocyte progenitors in normal and reactive or 
inflammatory conditions (NISHlYAMA et al. 1997; KEIRSTEAD et al. 1998; REDWINE 
and ARMSTRONG 1998). Human anti-NG2 antibodies are available and have been 
used to identify oligodendrocyte progenitors in adult human tissue (CHANG et al. 
2000), but the specificity of NG2 to this cell type in human tissue needs further 
characterization, since NG2 immunoreactivity was reported on cultured human 
microglia (POULY et al. 1999). Anti-PDGFIXR antibody (HERMANSON et al. 1992) 
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labels adult oligodendrocyte progenitors in normal rodent and human tissue 
(NISHIYAMA et al. 1996, 1999), but during reactive conditions such as virus-induced 
demyelination PDGFcrR has also been identified in astrocytes (REDWINE and 
ARMSTRONG 1998). Therefore, if PDGFcrR is used as a marker for oligodendrocyte 
progenitors in reactive conditions, additional criteria must be used, such as cell 
morphology. Reactive astrocytes that express PDGFcrR have larger cell bodies, 
larger nuclei, and fatter processes than the respective features seen on the adult 
oligodendrocyte progenitor (REDWINE and ARMSTRONG 1998). Antibodies to 04 
(SOMMER and SCHACHNER 1981) label adult (and neonatal) oligodendrocyte pro
genitors (REYNOLDS and HARDY 1997). However this antibody must be used with a 
second oligodendrocyte marker antibody to confirm progenitor phenotype. Adult 
oligodendrocyte progenitors express 04 but not mature oligodendrocyte markers, 
whereas mature oligodendrocytes express 04 and mature oligodendrocyte markers 
(REYNOLDS and HARDY 1997). An additional marker used to identify adult 
oligodendrocyte progenitors in rats is GD3 ganglioside. However, there is recent 
evidence that GD3 is not cell-type-specific (GOLDMAN and REYNOLDS 1996). 

3.3 Astrocytes 

Astrocytes have a similar temporal and spatial pattern of origin as oligodendrocytes. 
There is evidence that astrocytes and oligodendrocytes share a common progenitor 
from the subventricular zone that mi grates into the parenchyma postnatally 
(LEVISON and GOLDMAN 1993); however, other reports have not supported this 
observation (LUSKIN et al. 1993; LUSKIN and McDERMOTT 1994). Radial glia pre
sent during deve10pment are also a source of astrocytes. Radial glia guide embryonie 
neuronal migration, express vimentin but not GFAP, and later differentiate into 
GFAP + astrocytes (CHANAS-SACRE et al. 2000). Once astrocytes migrate from 
germinal zones and differentiate, they have more than one morphology. A radial or 
fibrous morphology and a stellate, or star-shaped morphology (also called "pro
toplasmic astrocytes") are observed in normal CNS (Fig. 1 C,D). Fibrous astrocyte 
morphology is typically seen in white matter with radial processes that often parallel 
axons. Stellate astrocytes are more often found in gray matter and have less filament 
structure in their processes compared to fibrous astrocytes (PETERS et al. 1991). 
Astrocytes are likely to be more diverse than is currently known (MILLER et al. 1994) 
and to have diverse functions during normal and pathological conditions. 

In normal conditions, astrocyte processes are typically found in the peri
vascular region. Perivascular astrocytic end-feet form a glial-limiting membrane 
that is separated from endothelial cell walls by a basal lamina. These astrocyte 
processes have been proposed to help maintain or modulate the blood-brain 
barrier, but the exact functional relation to the blood-brain barrier is not weil 
understood (PETERS et al. 1991). Astrocyte processes in perisynaptic regions take 
up excitatory neurotransmitter glutamate from the synapse and recycle it to its 
precursor glutamine (WESTERGAARD et al. 1995; BEZZI et al. 1999), thus protect
ing neurons from excitotoxicity. Astrocyte processes are also observed closely 
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associated with the axolema at the nodes ofRanvier (PETERS et al. 1991) and may 
be involved in regulating ion concentrations (BLACK and W AXMAN 1988). In 
addition, an increased number of astrocyte processes in perisynaptic regions of rat 
dentate gyrus following long-term potentiation stimulation indicates a possible 
role of astrocytes in maintaining or modulating changes in synaptic function 
(WENZEL et al. 1991). 

Astrocytes are involved in local infiammatory responses in many disease 
models. Reactive astrocytes often seen within and ne ar regions of infiammation and 
tissue damage have shorter, thicker processes and a larger cell body and nucleus 
than the resting astrocyte. Astrocytes proliferate in response to viral infection, 
demyelination, and injury (MIYAKE et al. 1992; MORRIS et al. 1994; REDWINE and 
ARMSTRONG 1998; NORTON 1999). Following demyelination induced by viral in
fection, astrocytes synthesize growth factors thought to be involved in myelin repair 
(REDWINE and ARMSTRONG 1998; MESSERSMITH et al. 2000). Astrocytes have been 
reported to phagocytose debris in certain conditions (AL-ALl and AL-HusSAIN 1996; 
BECHMANN and NITSCH 1997), and they mayaiso be involved in promoting blood 
coagulation (EDDLESTON et al. 1993). They produce infiammatory cytokines and 
chemokines involved in activating and maintaining a local immune response 
(discussed elsewhere in this volume). 

The most well characterized specific marker for the astrocyte cell type is GF AP 
(BIGNAMI et al. 1972). Many monoclonal and polyclonal antibodies to GFAP 
are available, and most work well. Antibodies to GF AP recognize astrocytes 
throughout the brain and spinal cord and label astrocytes with either radial or 
stellate morphology (Fig. IC,D). S100, a ca1cium-binding pro tein, is also expressed 
primarily in astrocytes (LUDWIN et al. 1976; HAAN et al. 1982); however, SlOO 
immunoreactivity can be detected in some neuronal populations in rat brain 
(RICKMANN and WOLFF 1995; Y AMASHITA et al. 1999). SI 00 is a secreted protein 
that can increase neurite outgrowth and is considered a neurotropic cytokine. Since 
S100 is secreted it may not serve as the best astrocyte-specific marker. Finally, tissue 
factor is specifically expressed by astrocytes at the mRNA level (EDDLESTON et al. 
1993), but tissue factor pro tein as a marker for astrocytes has not been well 
characterized. Thus, the only marker that is well characterized as a specific marker 
for astrocytes is GFAP. 

As discussed above, astrocytes can have different morphologies and multiple 
functions. The possibility that astrocytes are a heterogeneous cell population has 
been discussed in reviews (MILLER et al. 1994) and is perhaps best stated in Peters 
et al., "Astrocytes ... represent a family of cells that have some shared properties 
and other distinctive morphological and functional characteristics that depend on 
their location in the nervous system." (PETERS et al. 1991, p 284). It is likely that 
cells labeled with GFAP actually represent more than one functionally distinct cell 
type. For example, a GFAP+ cell producing infiammatory cytokines in response 
to a viral infection may not be capable of glutamate uptake. There is clearly a need 
for more astrocyte markers that identify functionally distinct populations of cells. 
A more accurate understanding of astrocyte cell types will be important for 
understanding pathology underlying disease. 
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3.4 Microglia 

The developmental origin of microglia is still somewhat controversial (LING and 
WONG 1993). There is evidence that microglia originate from bone marrow 
(HICKEY et al. 1992; KRIVIT et al. 1995; EGLlTIS and MEZEY 1997) and from pro
genitor cells originating from neuroectoderm (RICHARDSON et al. 1993; FEDOROFF 
et al. 1997). Microglia share many functions and antigenie markers with peripheral 
macrophages (discussed below) and are considered to be the resident macrophages 
of the CNS. Resting microglia have elaborate ramified processes (Fig. 2A), while 
activated microglia have shorter, fatter processes (Fig. 2B) and can even resemble 
macrophages. 

Resting microglia are potential immunoeffector cells within the CNS (STREIT 
et al. 1988). Microglia may promote neuronal survival during development 
(NAGATA et al. 1993; ELKABES et al. 1996), and in the adult CNS, it has been 
assumed that their primary function is immune surveillance due to their expression 
of macrophage markers. However, it is possible that microglia have other func
tions. In pathological conditions, they are capable of locally modulating infiam
matory responses by expressing cytokines, chemokines, and adhesion moleeules 
(GEHRMANN et al. 1995; BAR-OR et al. 1999; LEE and BENVENISTE 1999; SORENSEN 
et al. 1999). They are capable of phagocytosing debris or damaged cells (STREIT and 
KREITZBERG 1988). In addition, microglia have been reported to express costimu
latory molecules (DE SIMONE et al. 1995; DANGOND et al. 1997) and to present 
antigen to T cells (MATSUMOTO et al. 1992; KATz-LEVY et al. 1999). Their ability to 
stimulate T cell proliferation is reduced compared to peripheral antigen-presenting 
cells (CARSON et al. 1998, 1999), but microglia are able to induce T cell infiam
matory cytokine production (CARSON et al. 1999). 

Commonly used markers far microglia (and macrophages) are Mac-l (com
plement receptor type 3, CR3), F4j80, and lectin binding. Mac-l binds complement 
fragment C3bi and intercellular adhesion molecule-I (ICAM-l), and is used as a 
receptor for some strains of gram-negative bacteria (HORWITZ 1992). Mac-l 

A F4/80 B F4I80 

Fig. 2A,B. Resting and activated microglia express F4/80. A monoclonal antibody to F4/80 (Serotec, 
Raleigh, N.C.) was used to identify a resting microglial cell (arrow, A) in which F4/80 is expressed at a low 
level, and an activated microglial cell (arrow, B) defined by high levels of immunoreactive F4/80. Both 
panels are taken from a transgenic mouse that had focal areas of chronic CNS immune infiltration 
following infection with lymphocytic choriomeningitis virus (EVANS et al. 1996). The chromagen used in 
the immunostaining procedure was diaminobenzidine, which gives a brown product where primary 
antibody bound. Original magnification 600x 
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consists of an C'l-chain, CD 11 b, and a ß-chain, CD 18. Anti-Mac-l and anti-CD 11 b 
antibodies are available far mouse (Ho 1982) and human (BELLER et al. 1982) 
tissues. In the rat, a commonly used monoclonal antibody that binds Mac-l is 
MRC OX-42 (ROBINSON et al. 1986). Another microglia/macrophage marker, F4/ 
80, is a cell surface glycoprotein expressed by microglia and macrophages in mouse 
and rat tissues (AUSTYN and GORDON 1981; STARKEY et al. 1987; Fig. 2A). F4/80 
has recently been implicated in cell-to-cell signaling pathways (WARSCHKAU and 
KIDERLEN 1999). Several lectins that bind to microglia (and macrophages) in 
mouse, rat, and human tissues have been used to identify these cells (MANOJl et al. 
1986; STREIT and KREUTZBERG 1987; SUZUKI et al. 1988; HAUKE and KORR 1993; 
ACARIN et al. 1994; SCHUMACHER et al. 1994). Monoclonal antibody EDl, which 
binds a cytoplasmic antigen in rat microglia and macrophages, has been used as a 
microglial marker (DUKSTRA et al. 1985). In humans, CD68 and Harn-56 are also 
used as microglial markers (ADAMS and POSTON 1990; HULETTE et al. 1992; Fox 
et al. 1996; ANDJELKOVIC et al. 1998). 

The cell type specificity of markers can change during infiammation, which 
adds to the difficulty of distinguishing activated microglia from other cell types. For 
example, CD 11 b, which is specific for microglia and macrophages in normal con
ditions, can be expressed by activated CD8 + T cells (McF ARLAND et al. 1992). As 
mentioned above, currently available markers used to identify microglia are also 
expressed by macrophages. During injury, viral infection, infiammation, or de
myelination, microglia can become activated and macrophages can infiltrate the 
CNS parenchyma. Therefore, in these conditions it becomes very difficult to dis
tinguish between either cell type in situ by marphology or with immunohisto
chemical methods. In human tissue, some markers have been found on monocytes 
that are not expressed by microglia. Antibodies to LI (clone MAC 387) and 
lysozyme bind to monocytes in culture but do not bind to microglia in situ ar in 
vitro in the presence of interferon-y (ULVESTAD et al. 1994). Microglia and mac
rophages iso la ted from the rodent CNS can be distinguished using double labeling 
with antibodies to CD45 and CD 11 band F ACS analysis. CD45 high intensity / 
CD 11 b identifies macrophages, and CD45 low intensity /CD 11 b identifies microglia 
(FORD et al. 1995; CARSON et al. 1999). It would be very useful to be able to easily 
distinguish between microglia and macrophages in situ, and hopefully markers for 
these specific cell types will be identified in the ne ar future. 

3.5 Other Glial Cells 

Other minor glial cell populations are present in the adult CNS. These have been 
defined based on morphology, function, and anatomicallocation, and few distinct 
cell markers exist to identify them. Perivascular microglia are bone-marrow-derived 
and are thought to playa crucial role in the initiation of immune cell infiltration 
and antigen presentation (HICKEY and KIMURA 1988). In rats, they express mi
croglia markers and at least one additional marker, ED2 (DUKSTRA et al. 1985; 
GRAEBER et al. 1989), which distinguishes perivascular microglia from parenchymal 
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microglia. Perivascular microglia may have distinct functions that are important in 
modulating infiltration and inftammation in the CNS. Future characterization of 
additional specific markers will help increase our understanding of these cells. 

Bergmann glia processes are found in the molecular layer of the adult cere
bellum and are often closely associated with dendritic trees and cell bodies of 
Purkinje neurons. They express GFAP and vimentin (SHAW et al. 1981) and are 
involved in the reuptake of neurotransmitters (MULLER and KETTENMANN 1995). 
Ensheathing glia are specialized cells in the olfactory tract that have functions 
similar to myelinating cells and astrocytes. They ensheath olfactory neurons and 
form a glial limiting membrane. They express vimentin, GF AP, and adhesion 
molecules such as LI, laminin, and neural-cell adhesion molecule (RAMON-CUETO 
and VALVERDE 1995; BARNETT and FRANCESCHINI 1999). 

3.6 Neurons 

Neuronal stern cells proliferate in germinal zones such as the ventricular zone in the 
brain, or ventricular and intermediate zones in the spinal cord, and migrate along 
processes of radial glia out to parenchymal regions where they differentiate. Many 
types of neurons exist and can be defined by patterns of neurotransmitter and/or 
neuropeptide expression and various morphologies. Neuronal morphologies in the 
brain range from small interneurons with round cell bodies and few processes to 
pyramidal neurons (in the motor cortex, for example) that have larger cell bodies 
with processes, to cerebellar Purkinje neurons that have a large cell body and an 
extensive dendritic network. Neuronal morphologies in the spinal cord are less 
varied, but vary from small sensory neurons in laminae land 11, and small to 
intermediate-size interneurons, sensory or motor neurons in laminae I-VIII, to 
large ventral a-motor neurons in the ventral horn in lamina IX. 

A broad, basic definition of the function of a neuron is to receive and transmit 
electrochemical signals through synaptic connections. Although this definition 
includes most neurons (with some exceptions including pseudo-unipolar sensory 
neurons, neuroendocrine neurons, and chemoreceptor neurons in the brainstem 
and hypothalamus), the chemical signals that neurons use vary greatly. This review 
is strictly concerned with how to identify a neuron in any anatomicallocation and 
how to distinguish it from other cell types. Neuronal cell bodies are best identified 
with neuron-specific enolase (NSE). In the normal CNS, NSE is specifically 
expressed in most neurons, and not other cell types (MARANGOS et al. 1978, 1979; 
SCHMECHEL et al. 1978; FORSS-PETTER et al. 1986). NSE immunoreactivity appears 
primarily in the cytoplasm, with little immunoreactivity in dendritic or axonal 
processes (Fig. IB). A second neuron-specific marker is neuron-specific nuclear 
protein, neuN (MULLEN et al. 1992), which is expressed in most neuronal cells in 
rodent and human CNS (MULLEN et al. 1992; HARVEY et al. 1997; TODD et al. 
1998). Other pan-neuronal markers are found primarily in processes and include 
microtubule associated protein-2 (MAP2; HUBER and MATUS 1984; TUCKER et al. 
1988), neuron-specific ß-tubulin (monoclonal antibody Tujl; LEWIS et al. 1985), 
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neurofilament (SHAW et al. 1981), and tau protein (MERCKEN et al. 1992; ZHENG
FISCHHOFER et al. 1998). Antibodies to these markers do not always label neurons 
c1early in situ due to the filamentous pattern of the label. The presence of MAP-2 
antigen in dendritic processes can obscure visualization of neuronal cell bodies. In 
addition, neurofilament and tau are 10cated primarily in axons, and thus antibodies 
to these pro teins efficiently label neuronal structures, but not the neuronal cell 
body. Finally, neuronal markers that label the peri-synaptic region inc1ude growth
associated protein-43 (GAP-43) (MERCKEN et al. 1992) and synaptophysin 
(WIEDENMANN and FRANKE 1985; SILLEVIS SMITT et al. 1993; STRIDSBERG et al. 
1994). GAP-43 and synaptophysin in most cases do not c1early label neuronal cell 
bodies in situ. However, synaptophysin does label the cell body of some discreet 
populations of neurons (GOTO et al. 1993). 

4 Markers Induced During Pathological Conditions 

The expression pattern of many antigenic markers changes during pathological 
conditions, often in response to cytokines or chemokines. The level of expression of 
a marker can change, and the cell types that express a marker can also change. 
Many molecules induced during pathological conditions are expressed by more 
than one kind of cell, making it difficult to use them as true inducible markers to 
detect specific cell types. Also, when infiammatory cells from the periphery infiltrate 
the CNS, it often becomes more difficult to identify specific cells since some immune 
cells and CNS resident cells can express the same protein (e.g., microglia and 
macrophages). 

NG2 immunoreactivity is increased within and near regions of injury 
and infiammation such as demyelination (KEIRSTEAD et al. 1998; REDWINE and 
ARMSTRONG 1998) and stab wounds (LEVINE 1994). Although NG2 expression is 
up-regulated, it remains specific for adult oligodendrocyte progenitors and does not 
colocalize with the astrocyte marker GFAP, or microglial markers OX-42 (LEVINE 
1994), F4/80 or CD45 (NISHIYAMA et al. 1997). This reactive response of pro
genitors may promote tissue repair. In contrast to NG2, PDGFetR does not remain 
cell-type-specific in pathological conditions. In normal conditions the oligoden
drocyte progenitor is the only adult CNS cell type that constitutively expresses 
detectable levels of PDGFetR (discussed above). However during murine-hepatitis
virus-induced demyelination, astrocytes also express the PDGFetR (REDWINE and 
ARMSTRONG 1998). 

During pathological conditions such as demyelination, viral infection, or 
injury, there is often an increase in GFAP immunoreactivity (VUAYAN et al. 1990; 
SUN et al. 1995; REDWINE and ARMSTRONG 1998). This is due to increases in the 
intensity of GF AP immunoreactivity within reactive astrocytes and an increase in 
the number of GFAP+ astrocytes present as a result of proliferation (VUAYAN 
et al. 1990; MIYAKE et al. 1992). This astrocyte reactive response may be triggered 
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by factors such as nudeotides released following injury (FRANKE et al. 1999). In
flammatory cytokines such as interferon-y mayaiso induce astrocytosis (YONG 
et al. 1991), but may inhibit astrocytosis in some cases (PAWLINSKI and JANECZKO 
1997). 

Microglialjmacrophage markers CDll band F4j80 are up-regulated during 
many inflammatory responses. For example, in a model of virus-induced chronic 
CNS inflammation, F4j80 expression is enhanced on microglia located in white 
matter regions (Fig. 2). 

Other types of pro teins induced during CNS inflammation indude MHC 
molecules, cell adhesion molecules, and costimulatory molecules, as weil as secreted 
molecules such as cytokines and chemokines. Most of these molecules have been 
detected on more than one type of cell, so they cannot be used as true cell type 
markers, yet they deserve mention since they are commonly induced in many 
different types of CNS pathology. 

MHC dass I expression is induced in microgliajmacrophages in many 
inflammatory conditions (Fig. 3A,B). In addition, we have detected oligodendro
cytes expressing MHC dass I in several different models of CNS inflammation. 
Although the MHC dass I expression was not restricted to oligodendrocytes, this 

Fig. 3A-D. MHC expression is up-regulated in mouse spinal cord microglia during demyelination or 
inflammation. A,B The same field double-Iabeled with A microglia marker CD II b (Pharmingen, San 
Diego, Calif., done Mlf70) and B MHC dass I (Bachern, Torrance, Calif. , done ER-HR-52) during 
murine-hepatitis-virus-induced demyelination. Under normal conditions, MHC dass I cannot be detected 
on microglia by immunofluorescence, and CDlib is very faint. However during demyelination, CDlib 
(A) is more intense, and nearly all microglia express MHC dass I (B). The arrows in A and B indicate 
microglia expressing MHC d ass I. MHC dass 11 can also be detected on microglia in this model (not 
shown). C,D The same field double-Iabeled with C CDlib and MHC dass 11 (D) during an inflammatory 
response in transgenic mice expressing Iymphocytic choriomeningitis virus (LCMV) nucleoprotein and 
costimulatory moleeule B7.1 in oligodendrocytes (Evans et al. , in preparation). Following peripheral 
infection with LCMV, an extensive inflammatory response in the CNS is observed characterized by T cell 
infiltration and MHC dass land class 11 expression. The arrolV in C indicates a microglialjmacrophage 
cell expressing MHC class 11 (arrow in D). Microgliajmacrophages also express MHC dass I in this model 
(not shown) 
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finding merits further discussion, since there are few reports of proteins induced in 
oligodendrocytes during inflammation. In transgenic mice expressing interferon-y 
in oligodendrocytes, demyelination occurred along with an inflammatory response 
characterized by MHC class land class 11 expression (HORWITZ et al. 1997). Ex
tensive MHC class I was observed in white matter and was shown to be colocalized 
with CNP (HORWITZ et al. 1999). White matter MHC class I expression was also 
observed during an inflammatory response in transgenic mice expressing a viral 
protein in oligodendrocytes (EVANS et al. 1996). Transgenic mice were designed 
which expressed the nucleoprotein (NP) of Iymphocytic choriomeningitis virus 
(LCMV) under the control of a MBP promoter construct that targeted the NP 
transgene expression to oligodendrocytes. Epitopes of NP are known to be pre
sented by MHC class I molecules to CD8 + T cells in the periphery (WHITTON et al. 
1989). Following peripheral LCMV infection of these transgenic mice, a CNS 
inflammatory response was observed and persisted despite clearance of LCMV. 
During the inflammatory response, MHC class I immunoreactivity was observed 
on cells and along fine processes in white matter that resembled oligodendrocyte 
cell bodies and myelinated processes. In double transgenic mice expressing the 
LCMV-NP and the costimulatory molecule B7.1 in oligodendrocytes, a more ex
tensive MHC class I white maUer expression pattern was observed following 
LCMV infection (Evans et al., manuscript in preparation). Double immunofluo
rescence labeling with antibodies to CNP and MHC class I clearly identified MHC 
class I on oligodendrocyte cell bodies and processes (Redwine et al., manuscript in 
preparation). Oligodendrocytes expressing MHC class I were also observed in a 
model of CNS inflammation induced by murine hepatitis virus infection (Redwine 
et al. 2001). The induction of MHC molecules on oligodendrocytes is likely due to 
inflammatory cytokines secreted by infiltrating T cells (SUN et al. 1995). These 
studies provide evidence that, in addition to myelinating axons, oligodendrocytes 
may be capable of presenting antigen to CD8 + T cells via MHC class I, and thus 
may be targets of CD8 + cytotoxic T cells. 

MHC class 11 expression within the CNS is often up-regulated during 
inflammation or viral infection. MHC class 11 expression is usually limited to 
microgliajmacrophages in the perivascular region as weil as within the parenchyma 
(Fig. 3C,D; LAMPSON 1995; REDWINE et al. 2001), although it has also been 
detected on oligodendrocytes in two models (RODRIGUEZ et al. 1987; HORWITZ 
et al. 1999). 

Adhesion molecules such as ICAM are up-regulated in animal models of CNS 
inflammation and demyelination and have been reported to be expressed on as
trocytes and microglia (LEE and BENVENISTE 1999). B7 costimulatory molecules are 
up-regulated during inflammation and have been detected on microglia in human 
multiple sclerosis acute lesions (WILLIAMS et al. 1994; DE SIMONE et al. 1995). In 
one experimental model of EAE, B7.2 was identified on astrocytes and microgliaj 
macrophages during acute disease, and B7.1 was found on microglia, astrocytes, 
and neurons during remission (DANGOND et al. 1997). Although all of these pro
teins play important roles in CNS immune responses, double labeling studies need 
to be performed to confirm the cell type expressing these molecules. 
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5 Conclusions 

There are sufficient markers currently available to clearly identify the major types 
of cells within the CNS. The best way to identify a cell type is to use a marker 
along with morphology, since either criterion alone can be ambiguous. Our 
current knowledge of cell types within the CNS is still developing, and markers 
available to identify them are works in progress. The number of cell type markers 
will certainly increase over time and will likely be followed by subsequent in
creases in the number of identifiable specialized cells in the CNS. Future increases 
in the knowledge of cell type markers in the CNS may: (I) help to more clearly 
define distinct populations of astrocytes and neurons, (2) increase our under
standing of adult oligodendrocyte progenitor function during normal conditions 
and inftammation, (3) help to better define the phenotypes and functions of cells 
in the perivascular region, (4) provide the ability to distinguish between resident 
microglia and infiltrating macrophages, and (5) help to identify functions of 
different cell types during disease. 

During pathological conditions, the specificity of markers can change, and cell 
morphology can change. Therefore, clearly identifying cell types becomes much 
more difficult. Choosing the appropriate marker and showing morphology as 
clearly as possible are important strategies to use when identifying cell types during 
inftammation, viral infection or injury. Much research examining CNS disease 
heavily depends upon the ability to clearly identify a cell phenotype with an anti
genic marker. However, the true complexity of inftammatory and disease processes 
in the CNS may not always conform to established labels and categories associated 
with cell type markers. 

Newly developed gene screening technologies may provide the ability to 
identify new distinct markers for CNS cell types. For example, a PCR-based gene 
expression screening assay called "total gene expression analysis" (TOGA) 
(SUTCLIFFE et al. 2000) is currently being used to identify genes expressed in acti
vated microglia but not activated macrophages (M.l. Carson, manuscript in 
preparation). This work may lead to the characterization of novel markers that can 
be used to distinguish microglia from macrophages. Identification of new markers 
to distinguish CNS cell types will most certainly help in understanding the 
remarkable responses of the CNS to injury and disease. 
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