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• Cerveau

Télencéphale

Cellules Gliales
  •  Forme cellulaire majoritaire (90% des cellules du cerveau)  

 • Taille inférieure à celle des neurones (5 à 50fois)  

 • Pas de contacts synaptiques  

 • Présentes au niveau du SNC & SNP

  • Nombreux types cellulaires

Oligodendrocytes

Astrocytes

Ependymocytes

Cellules de Schwann

Microglies

Cellules Satellites
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Astrocytes

• Origine Neuro-ectodermique

• Petite taille (Diamètre de 6 à 11 μm)

• Cellules gliales de soutien dans le tissu  neuronale Relation astrogliose/pathologies

• Deux types majeurs

Protoplasmique

Fibreux

Neurosciences
2. Anatomie générale du système nerveux
Organisation cellulaire du système nerveux

Cellules Gliales
• 90% des Cellules du cerveau

• Taille inférieure à celle des neurones (5 à 50fois)
• Pas de contacts synaptiques

• Présentes au niveau du SNC & SNP
• Plusieurs types cellulaires différents : Oligodendrocytes / Cellules de Schwann / Astrocytes / 

Microglies / Cellules Épendymaires / Cellules Satellites

Astrocytes

• Origine Neuro-ectodermique
• Petite taille (Diamètre de 6 à 11 µm)
• Présence de nombreux prolongements (Pieds astrocytaires)

• Expression spécifique de GFAP (GlioFibrillar Acide Protein)
• Réserve importante de glycogène
• Guidage axonal / Croissance / Différenciation / Myélinisation / Immunité,
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Immuno-marquage d’astrocytes (en vert) mis en culture et 
visualisation par microscopie de fluorescence. Le noyau de 

toutes ces cellules apparait en bleu grâce à un marqueur 
d'ADN. 

 
 

Les astrocytes, par leurs prolongements cytoplasmiques entrecroisés et jointifs, assurent la 
cohérence et la solidité de l’édifice cérébral et par leurs prolongements qui entourent 
complètement les capillaires sanguins, ils contribuent à la nutrition des neurones (qui n’ont pas 
de contact direct avec les capillaires).  
Les astrocytes participent avec les neurones et les autres 
cellules gliales, au fonctionnement du SNC. Ils communiquent 
directement entre eux et échangent des informations avec les 
neurones grâce à de nombreuses jonctions communicantes. Par 
ailleurs, ils permettent la sélectivité de la transmission nerveuse 
en empêchant la diffusion des neurotransmetteurs.   
Les astrocytes jouent un rôle important dans la SEP. D’une part, 
ils interviennent aux côtés de la microglie comme cellules 
présentatrices de l’antigène (cellules spécialisées qui présentent 
les corps étrangers circulants, antigènes, aux cellules 
immunocompétentes, les lymphocytes), et d’autre part, ils 
prolifèrent activement dans les plaques et y édifient 
progressivement une sorte de cicatrice gliale qui exerce sans 
doute un effet défavorable sur la remyélinisation des axones 
dénudés et la repousse des axones lésés. 
 
2.3. Les cellules épendymaires 

 
Les cellules épendymaires (ou épendymocytes) sont des 
cousines des astrocytes. Elles assurent le revêtement des 
cavités ventriculaires du SNC et jouent ainsi un rôle dans les 
échanges entre le SNC et le liquide céphalo-rachidien (LCR) 
contenu dans ces cavités. 
 
 
 
 
 
 
 
 
 

2.4. Les oligodendrocytes 
Les oligodendrocytes possèdent un corps cellulaire de 
petit volume d'où partent quelques prolongements 
cytoplasmiques, plus fins et moins nombreux que ceux 
des astrocytes. Les oligodendrocytes de la substance 
grise (SG) sont souvent situés au niveau des corps 
cellulaires des neurones avec lesquels ils effectuent des 
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Contacts et interactions avec les vaisseaux 

normal astrocyte functions or gain of abnormal effects to
contribute to, or play primary roles in, disease processes, and

there are now numerous examples of astrocyte contributions
to clinical and pathological mechanisms [15, 52, 212, 224–

226, 237]. This article summarizes recent advances in (1)

astrocyte functions in healthy tissue, (2) the gradations,
mechanisms, functions, and effects of reactive astrogliosis,

and (3) the appearance and potential roles of reactive astro-

cytes in a variety of CNS disorders and pathologies.

Astrocyte biology in healthy CNS

Basic astrocyte morphology

Since the late nineteenth century, astrocytes have been

divided into two main subtypes, protoplasmic or fibrous, on

the basis of differences in their cellular morphologies and

anatomical locations [191]. These two main categories
retain their validity and usefulness today. Protoplasmic
astrocytes are found throughout all gray matter and, as first

demonstrated using classical silver impregnation tech-
niques, exhibit a morphology of several stem branches that

give rise to many finely branching processes in a uniform

globoid distribution (Fig. 1a). Fibrous astrocytes are found
throughout all white matter and exhibit a morphology of

many long fiber-like processes [191]. Classical and modern
neuroanatomical studies also indicate that both astrocyte

subtypes make extensive contacts with blood vessels

(Fig. 1a, b). Electron microscopic analyses of the mid-
twentieth century revealed that the processes of proto-

plasmic astrocytes envelop synapses and that the processes

of fibrous astrocytes contact nodes of Ranvier, and that
both types of astrocytes form gap junctions between distal

processes of neighboring astrocytes [183]. These basic

attributes of astrocyte morphology and some of their
functional interactions are summarized schematically in

(Fig. 2a).

Molecular markers and proteomic characterization

Immunohistochemical techniques that enable the detection
of specific molecular markers at the single-cell level are

essential tools for identifying and characterizing cells in

healthy and pathological tissue. Expression of glial fibrillary
acid protein (GFAP) has become a prototypical marker

for immunohistochemical identification of astrocytes.

Fig. 1 Astrocyte morphology and interactions with blood vessels in
healthy and diseased tissue. a Protoplasmic astrocyte giving rise to a
dense network of finely branching processes throughout its local gray
matter neuropil, as well as to a large stem branch that extends foot
processes along a blood vessel (bv). b Two color fluorescence
showing astrocytes in healthy mouse gray matter stained immuno-
histochemically for GFAP (red) as well as the transgene-derived
reporter molecule GFP (green). Note that in these transgenic mice
[95], GFP reporter is present in all of the fine processes of the
protoplasmic astrocytes throughout the neuropil, whereas the GFAP is
present only in the large stem astrocyte processes and endfeet (which
appear yellow where green and red staining overlap). Note that
endfeet from many astrocytes contact and envelop bv. c Two color
fluorescence showing dense accumulations of GFAP-positive (green)
endfeet and processes of reactive astrocytes lining up along perivas-
cular cuffs or clusters (pvc) of inflammatory cells stained with DAPI
(blue) in a mouse with experimental autoimmune encephalomyelitis
(EAE). Transgenic disruption of this reactive astrocyte barrier leads to
widespread invasion of inflammatory cells away from perivascular
clusters into CNS parenchyma during EAE [251]. d Two color
brightfield staining showing human autopsy specimen with reactive
astrocytes lining their processes along perivascular cuffs of inflam-
matory cells as if forming perivascular scar-like barriers similar to
those observed in experimental animal models [251]. Scale bars
a 3 lm, b 7.5 lm, c 15 lm, d 5 lm

b
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Enveloppement des neurones

Contacts et interactions avec les vaisseaux 

Contacts avec les neurones au niveau du noeud de 
Ravier
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• Expression de la glutamine synthetase & S100B
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• Présence dans l’ensemble du CNS

• Distribution non-chevauchante et contigue

roles of astrocytes and reactive astrocytes. In addition, such

studies are identifying potential candidates for additional,
and better, molecular markers with which to identify

astrocytes. One such candidate appears to be the protein

Aldh1L1, whose promoter reliably targets the expression of
reporter molecules such as GFP (green fluorescent protein)

to astrocytes and whose identification by immunohisto-

chemistry may provide a sensitive chemical marker for
most if not all astrocytes in healthy tissue [15].

Anatomical organization

Astrocytes tile the entire CNS in a contiguous and essen-
tially non-overlapping manner that is orderly and well

organized (Fig. 3a). There are no CNS regions devoid of

astrocytes or closely related cells. Dye filling of individual
cells and other anatomical techniques have demonstrated

that in healthy CNS, individual protoplasmic astrocytes

have essentially non-overlapping domains in gray matter,
such that only the most distal tips of processes from indi-

vidual astrocytes interdigitate with one another and thereby

provide the substrate for formation of the gap junctions
detected at the ultrastructural level [34, 91, 162, 172].

Similar individual astrocyte domains appear likely to exist

in white matter, but this has not yet been as extensively
reported on. Individual protoplasmic astrocytes typically

extend from five to ten main stem branches, each of which

gives rise to many finely branching processes that are
evenly distributed throughout the astrocyte domain in the

gray matter. In hippocampus or cortex many finely

branching processes from a single astrocyte are estimated
to contact several hundred dendrites from multiple neurons

and to envelope 100,000 or more synapses [34, 91, 172].

It is also noteworthy that human astrocytes are larger,
structurally more complex, and more diverse than astro-

cytes in rodents [170].

Astrocyte physiology

Astrocytes express potassium and sodium channels and can
exhibit evoked inward currents, but unlike neurons, astro-

cytes do not ‘fire’ or propagate action potentials along their

processes [162, 212]. However, this does not mean that
astrocytes are physiologically ‘silent’. Astrocytes exhibit

regulated increases in intracellular calcium concentration

[Ca??]i that represent a form of astrocyte excitability [39,
46]. A large body of evidence is now available that these

regulated increases in astrocyte [Ca??]i are of functional

significance in astrocyte–astrocyte as well as in astrocyte–
neuron intercellular communication. Astrocyte [Ca??]i

elevations can (1) occur as intrinsic oscillations resulting

from Ca?? released from intracellular stores, (2) be trig-
gered by transmitters (including glutamate and purines)

released during neuronal activity, (3) elicit the release from
astrocytes of transmitters such as glutamate into the

extracellular space and thereby trigger receptor mediated

currents in neurons, and (4) be propagated to neighboring
astrocytes [89, 162, 182, 215, 249]. Evidence that calcium

Fig. 3 Astrocyte morphology remote from CNS lesions and with
different gradations of reactive astrogliosis. Brightfield immunohis-
tochemistry for GFAP counterstained with haematoxylin (H) in
human autopsy specimens, surveys with details (boxed areas).
a Appearance of astrocytes in tissue remote from a lesion and
presumed healthy. Note that the territories of astrocyte processes do
not overlap and that many astrocytes do not express detectable levels
of GFAP. b Moderately reactive astrogliosis in which most (if not all)
astrocytes have up regulated expression of GFAP and exhibit cellular
hypertrophy, but with preservation of individual astrocyte domains
and without pronounced overlap of astrocyte processes. c Severe
diffuse reactive astrogliosis with pronounced up regulation of GFAP
expression, astrocyte hypertrophy, astrocyte proliferation and pro-
nounced overlap of astrocyte processes resulting in disruption of
individual astrocyte domains. Scale bars surveys = 25 lm,
details = 10 lm
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• Présence Astrocytomes protoplasmique : 5 à 10 
branches , chacune en plusieurs branches

• Ex Hippocampe : 100000 synapses / astrocyte
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Astrocytes
• Expression de canaux potassique & sodiques

• Existence de courant astrocytaire

• Pas de déclenchement ou prolongation du PA

• Excitabilité des astrocytomes ( concentration du Ca2+ intracellulaire)

Nevertheless, it is important to recognize the appropriate

uses and limitations of GFAP as an astrocyte marker. GFAP

was first isolated as a protein highly concentrated in old
demyelinated plaques from multiple sclerosis patients and

was then found to be associated immunohistochemically

with reactive astrocytes in such plaques and in other patho-
logical contexts [62, 63]. In line with this original mode of

identification, GFAP expression can be regarded as a sensi-

tive and reliable marker that labels most, if not all, reactive
astrocytes that are responding to CNS injuries (Fig. 3).

However, GFAP is not an absolute marker of all non-reactive

astrocytes and is often not immunohistochemically
detectable in astrocytes in healthy CNS tissue or remote

from CNS lesions (Figs. 3a, 4a). Although GFAP is

immunohistochemically detectable in many astrocytes

throughout the healthy CNS, it is clear from double staining
with multiple markers (including transgenic reporter pro-

teins) that many mature astrocytes in healthy CNS tissue do

not express detectable levels of GFAP and that GFAP
expression by astrocytes exhibits both regional and local

variability that is dynamically regulated by a large number of

inter- and intra-cellular signaling molecules [226].
GFAP has been studied extensively. GFAP is one of a

family of intermediate filament proteins, including
vimentin, nestin, and others, that serve largely cyto-archi-

tectural functions [179]. Studies in transgenic mice

indicated that the expression of GFAP is not essential for
the normal appearance and function of most astrocytes in

healthy CNS of transgenic mice, but is essential for the

process of reactive astrogliosis and glial scar formation [95,
179, 180]. There are different isoforms and splice variants

of GFAP including GFAP a, b, c, d, and j, and these may

be expressed in a heterogeneous manner in both healthy
CNS and in pathological specimens including glioma, but

the differential distribution and roles of GFAP isoforms are

only beginning to be studied [4, 20, 195].
At the single-cell level, in line with its structural role,

GFAP is not present throughout astrocyte cytoplasm, and

GFAP immunohistochemistry does not label all portions of
the astrocyte but only in the main stem branches (Fig. 1b).

GFAP is entirely absent from the finely branching astrocyte

processes and is often not detectably present in the cell
body (Figs. 1b, 3a). Consequently, GFAP immunohisto-

chemistry can markedly underestimate the extent of

astrocyte branching and territory in comparison with other
means of detection such as Golgi staining (Fig. 1a) or

expression of reporter proteins such as GFP or b-galacto-

sidase (Fig. 1b), or filling with fluorescent dyes [34].
In addition, as regards the use of GFAP as an astrocyte

marker, it is important to note that GFAP expression is not

exclusive to protoplasmic and fibrous astrocytes. Within
the CNS, GFAP is also expressed by a number of cells that

can be considered part of an extended astroglial family that

is described in more detail below. Outside of the CNS,
GFAP is expressed widely in many tissues by a variety of

cell types, also discussed below.

Other molecular markers that have been used for
immunohistochemical identification of astrocytes and

reactive astrocytes include glutamine synthetase and S100b
[85, 165], but these molecules are not entirely exclusive to
astrocytes. Several recent studies have conducted large-

scale genetic analysis of the astrocyte transcriptome in

rodents and humans, and have identified large numbers of
molecules enriched in astrocytes as compared with other

neural cells such as neurons and oligodendrocytes [35,

129]. Such studies will provide a rich resource for identi-
fying molecules for mechanistic analyses of functions and

Fig. 2 Schematic representations that summarize, a astrocyte func-
tions in healthy CNS, and b triggers and molecular regulators of
reactive astrogliosis
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Rôle dans le développement 
• Développement après production des neurones  

• guidage axonal des neurones et neuroblastes 

• Formation et fonction des synapses : relargage de la 
Thrombospondine

• Limitation de la croissance synaptique par production de C1q
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Régulation du flux sanguin 

• Interactions bi-directionnelles 

• Régulation du flux sanguin local (SNC) en réponse à l’activité 
neuronale

• Augmentation ou diminution du diamètre des vaisseaux : 
production PGE / NO / AA

Télencéphale

Nevertheless, it is important to recognize the appropriate

uses and limitations of GFAP as an astrocyte marker. GFAP

was first isolated as a protein highly concentrated in old
demyelinated plaques from multiple sclerosis patients and

was then found to be associated immunohistochemically

with reactive astrocytes in such plaques and in other patho-
logical contexts [62, 63]. In line with this original mode of

identification, GFAP expression can be regarded as a sensi-

tive and reliable marker that labels most, if not all, reactive
astrocytes that are responding to CNS injuries (Fig. 3).

However, GFAP is not an absolute marker of all non-reactive

astrocytes and is often not immunohistochemically
detectable in astrocytes in healthy CNS tissue or remote

from CNS lesions (Figs. 3a, 4a). Although GFAP is

immunohistochemically detectable in many astrocytes

throughout the healthy CNS, it is clear from double staining
with multiple markers (including transgenic reporter pro-

teins) that many mature astrocytes in healthy CNS tissue do

not express detectable levels of GFAP and that GFAP
expression by astrocytes exhibits both regional and local

variability that is dynamically regulated by a large number of

inter- and intra-cellular signaling molecules [226].
GFAP has been studied extensively. GFAP is one of a

family of intermediate filament proteins, including
vimentin, nestin, and others, that serve largely cyto-archi-

tectural functions [179]. Studies in transgenic mice

indicated that the expression of GFAP is not essential for
the normal appearance and function of most astrocytes in

healthy CNS of transgenic mice, but is essential for the

process of reactive astrogliosis and glial scar formation [95,
179, 180]. There are different isoforms and splice variants

of GFAP including GFAP a, b, c, d, and j, and these may

be expressed in a heterogeneous manner in both healthy
CNS and in pathological specimens including glioma, but

the differential distribution and roles of GFAP isoforms are

only beginning to be studied [4, 20, 195].
At the single-cell level, in line with its structural role,

GFAP is not present throughout astrocyte cytoplasm, and

GFAP immunohistochemistry does not label all portions of
the astrocyte but only in the main stem branches (Fig. 1b).

GFAP is entirely absent from the finely branching astrocyte

processes and is often not detectably present in the cell
body (Figs. 1b, 3a). Consequently, GFAP immunohisto-

chemistry can markedly underestimate the extent of

astrocyte branching and territory in comparison with other
means of detection such as Golgi staining (Fig. 1a) or

expression of reporter proteins such as GFP or b-galacto-

sidase (Fig. 1b), or filling with fluorescent dyes [34].
In addition, as regards the use of GFAP as an astrocyte

marker, it is important to note that GFAP expression is not

exclusive to protoplasmic and fibrous astrocytes. Within
the CNS, GFAP is also expressed by a number of cells that

can be considered part of an extended astroglial family that

is described in more detail below. Outside of the CNS,
GFAP is expressed widely in many tissues by a variety of

cell types, also discussed below.

Other molecular markers that have been used for
immunohistochemical identification of astrocytes and

reactive astrocytes include glutamine synthetase and S100b
[85, 165], but these molecules are not entirely exclusive to
astrocytes. Several recent studies have conducted large-

scale genetic analysis of the astrocyte transcriptome in

rodents and humans, and have identified large numbers of
molecules enriched in astrocytes as compared with other

neural cells such as neurons and oligodendrocytes [35,

129]. Such studies will provide a rich resource for identi-
fying molecules for mechanistic analyses of functions and

Fig. 2 Schematic representations that summarize, a astrocyte func-
tions in healthy CNS, and b triggers and molecular regulators of
reactive astrogliosis
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• Expression des AQP4 & transporteur K+

• Enveloppement des synapses et maintien de l’homéostasie synaptique

• Homéostasie synaptique par recapture des neurotransmetteurs 

Efficacité  de la transmission synaptique 

• Régulation du relargage pré-synaptique : gliotransmetteurs

• ‘’Synapse tripartite’’
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Métabolisme & énergie 

• Intermédiaire flux sanguin/neurones : Glucose & métabolites

• Site principal de stockage du glycogène

Télencéphale

• Précurseur de la BHE ?????

necrosis, infection or autoimmune-triggered inflammatory

infiltration (Fig. 4d) [33, 59, 68, 95, 226, 251]. An

important feature of these glial scars is the interaction of
reactive astrocytes with other cell types, in particular

fibromeningeal and other glial cells (Fig. 4d) [31, 95], and

the deposition of a dense collagenous extracellular matrix
that contains many molecular cues that inhibit axonal and

cellular migration [219]. Triggering insults include pene-

trating trauma, severe contusive trauma, invasive infections
or abscess formation, neoplasm, chronic neurodegenera-

tion, systemically triggered inflammatory challenges. It is

noteworthy that the glial scar formation is associated with
substantive tissue reorganization and structural changes

that are long lasting and persist long after the triggering

insult may have resolved.
The findings summarized here show that there are pro-

nounced differences along the continuum of potential

responses of reactive astrocyte to insults of different kinds
and severities. These differences are likely to be of con-

sequence when considering the functions and impact of

reactive astrogliosis on CNS disorders and pathologies, as
discussed below.

The role of astrocyte proliferation in reactive

astrogliosis and glial scar formation

The contribution of astrocyte proliferation to reactive

astrogliosis warrants specific consideration. The wide-

spread and often exclusive use of GFAP as a marker for
astrocytes has led to a tendency to overestimate the con-

tribution of astrocyte proliferation to reactive astrogliosis.

As discussed above, many astrocytes in healthy CNS do
not express GFAP at immunohistochemically detectable

levels, or express only very low levels (Figs. 3a, 4a).

During mild or moderate astrogliosis, there is a marked up
regulation of GFAP expression as well as cellular hyper-

trophy in essentially all astrocytes, which can lead to the

false impression of an increase in astrocyte number
because more astrocytes are immunohistochemically

stained and the larger astrocytes seem more densely packed

(Figs. 3b, 4b). In healthy CNS tissue, astrocyte turnover is

Fig. 4 Schematic representations that summarize different gradations
of reactive astrogliosis. a Astrocytes in healthy CNS tissue. b Mild to
moderate reactive astrogliosis comprises variable changes in molec-
ular expression and functional activity together with variable degrees
of cellular hypertrophy. Such changes occur after mild trauma or at
sites distant from a more severe injury, or after moderate metabolic or
molecular insults or milder infections or inflammatory activation.
These changes vary with insult severity, involve little anatomical
overlap of the processes of neighboring astrocytes and exhibit the
potential for structural resolution if the triggering insult is removed or
resolves. c Severe diffuse reactive astrogliosis includes changes in
molecular expression, functional activity and cellular hypertrophy, as
well newly proliferated astrocytes (with red nuclei in figure),
disrupting astrocyte domains and causing long-lasting reorganization
of tissue architecture. Such changes are found in areas surrounding
severe focal lesions, infections or areas responding to chronic
neurodegenerative triggers. d Severe reactive astrogliosis with
compact glial scar formation occurs along borders to areas of overt
tissue damage and inflammation, and includes newly proliferated
astrocytes (with red nuclei in figure) and other cell types (gray in
figure) such as fibromeningeal cells and other glia, as well as
deposition of dense collagenous extracellular matrix. In the compact
glial scar, astrocytes have densely overlapping processes. Mature glial
scars tend to persist for long periods and act as barriers not only to
axon regeneration but also to inflammatory cells, infectious agents,
and non-CNS cells in a manner that protects healthy tissue from
nearby areas of intense inflammation

b
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infiltration (Fig. 4d) [33, 59, 68, 95, 226, 251]. An

important feature of these glial scars is the interaction of
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fibromeningeal and other glial cells (Fig. 4d) [31, 95], and

the deposition of a dense collagenous extracellular matrix
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stained and the larger astrocytes seem more densely packed
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moderate reactive astrogliosis comprises variable changes in molec-
ular expression and functional activity together with variable degrees
of cellular hypertrophy. Such changes occur after mild trauma or at
sites distant from a more severe injury, or after moderate metabolic or
molecular insults or milder infections or inflammatory activation.
These changes vary with insult severity, involve little anatomical
overlap of the processes of neighboring astrocytes and exhibit the
potential for structural resolution if the triggering insult is removed or
resolves. c Severe diffuse reactive astrogliosis includes changes in
molecular expression, functional activity and cellular hypertrophy, as
well newly proliferated astrocytes (with red nuclei in figure),
disrupting astrocyte domains and causing long-lasting reorganization
of tissue architecture. Such changes are found in areas surrounding
severe focal lesions, infections or areas responding to chronic
neurodegenerative triggers. d Severe reactive astrogliosis with
compact glial scar formation occurs along borders to areas of overt
tissue damage and inflammation, and includes newly proliferated
astrocytes (with red nuclei in figure) and other cell types (gray in
figure) such as fibromeningeal cells and other glia, as well as
deposition of dense collagenous extracellular matrix. In the compact
glial scar, astrocytes have densely overlapping processes. Mature glial
scars tend to persist for long periods and act as barriers not only to
axon regeneration but also to inflammatory cells, infectious agents,
and non-CNS cells in a manner that protects healthy tissue from
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Nevertheless, it is important to recognize the appropriate

uses and limitations of GFAP as an astrocyte marker. GFAP

was first isolated as a protein highly concentrated in old
demyelinated plaques from multiple sclerosis patients and

was then found to be associated immunohistochemically

with reactive astrocytes in such plaques and in other patho-
logical contexts [62, 63]. In line with this original mode of

identification, GFAP expression can be regarded as a sensi-

tive and reliable marker that labels most, if not all, reactive
astrocytes that are responding to CNS injuries (Fig. 3).

However, GFAP is not an absolute marker of all non-reactive

astrocytes and is often not immunohistochemically
detectable in astrocytes in healthy CNS tissue or remote

from CNS lesions (Figs. 3a, 4a). Although GFAP is

immunohistochemically detectable in many astrocytes

throughout the healthy CNS, it is clear from double staining
with multiple markers (including transgenic reporter pro-

teins) that many mature astrocytes in healthy CNS tissue do

not express detectable levels of GFAP and that GFAP
expression by astrocytes exhibits both regional and local

variability that is dynamically regulated by a large number of

inter- and intra-cellular signaling molecules [226].
GFAP has been studied extensively. GFAP is one of a

family of intermediate filament proteins, including
vimentin, nestin, and others, that serve largely cyto-archi-

tectural functions [179]. Studies in transgenic mice

indicated that the expression of GFAP is not essential for
the normal appearance and function of most astrocytes in

healthy CNS of transgenic mice, but is essential for the

process of reactive astrogliosis and glial scar formation [95,
179, 180]. There are different isoforms and splice variants

of GFAP including GFAP a, b, c, d, and j, and these may

be expressed in a heterogeneous manner in both healthy
CNS and in pathological specimens including glioma, but

the differential distribution and roles of GFAP isoforms are

only beginning to be studied [4, 20, 195].
At the single-cell level, in line with its structural role,

GFAP is not present throughout astrocyte cytoplasm, and

GFAP immunohistochemistry does not label all portions of
the astrocyte but only in the main stem branches (Fig. 1b).

GFAP is entirely absent from the finely branching astrocyte

processes and is often not detectably present in the cell
body (Figs. 1b, 3a). Consequently, GFAP immunohisto-

chemistry can markedly underestimate the extent of

astrocyte branching and territory in comparison with other
means of detection such as Golgi staining (Fig. 1a) or

expression of reporter proteins such as GFP or b-galacto-

sidase (Fig. 1b), or filling with fluorescent dyes [34].
In addition, as regards the use of GFAP as an astrocyte

marker, it is important to note that GFAP expression is not

exclusive to protoplasmic and fibrous astrocytes. Within
the CNS, GFAP is also expressed by a number of cells that

can be considered part of an extended astroglial family that

is described in more detail below. Outside of the CNS,
GFAP is expressed widely in many tissues by a variety of

cell types, also discussed below.

Other molecular markers that have been used for
immunohistochemical identification of astrocytes and

reactive astrocytes include glutamine synthetase and S100b
[85, 165], but these molecules are not entirely exclusive to
astrocytes. Several recent studies have conducted large-

scale genetic analysis of the astrocyte transcriptome in

rodents and humans, and have identified large numbers of
molecules enriched in astrocytes as compared with other

neural cells such as neurons and oligodendrocytes [35,

129]. Such studies will provide a rich resource for identi-
fying molecules for mechanistic analyses of functions and

Fig. 2 Schematic representations that summarize, a astrocyte func-
tions in healthy CNS, and b triggers and molecular regulators of
reactive astrogliosis
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Cellules Ependymaires
• Cellules ciliées : ependymocytes 

• Localisation : Cavités ventriculaires 

• Apparition : long du tube neural : 26-28 semaines 

• Morphologie : cuboide sous forme de colonne 

• Noyau : rond, chromatine peu condensé et petit nucléole 

• Microvillosités et longs cils au niveau central

• Espace entre astrocytomes & ependymocytes : membranes basale

• Faible capacité proliférative et de réparation 

• Surface basale : expression de molécules matricielles 

TélencéphaleNeurosciences

Organisation cellulaire du système nerveux
Cellules Ependymaires

• épendymocytes
• Cavité ventriculaire du SNC : échanges entre SNC & LCR
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Immuno-marquage d’astrocytes (en vert) mis en culture et 
visualisation par microscopie de fluorescence. Le noyau de 

toutes ces cellules apparait en bleu grâce à un marqueur 
d'ADN. 

 
 

Les astrocytes, par leurs prolongements cytoplasmiques entrecroisés et jointifs, assurent la 
cohérence et la solidité de l’édifice cérébral et par leurs prolongements qui entourent 
complètement les capillaires sanguins, ils contribuent à la nutrition des neurones (qui n’ont pas 
de contact direct avec les capillaires).  
Les astrocytes participent avec les neurones et les autres 
cellules gliales, au fonctionnement du SNC. Ils communiquent 
directement entre eux et échangent des informations avec les 
neurones grâce à de nombreuses jonctions communicantes. Par 
ailleurs, ils permettent la sélectivité de la transmission nerveuse 
en empêchant la diffusion des neurotransmetteurs.   
Les astrocytes jouent un rôle important dans la SEP. D’une part, 
ils interviennent aux côtés de la microglie comme cellules 
présentatrices de l’antigène (cellules spécialisées qui présentent 
les corps étrangers circulants, antigènes, aux cellules 
immunocompétentes, les lymphocytes), et d’autre part, ils 
prolifèrent activement dans les plaques et y édifient 
progressivement une sorte de cicatrice gliale qui exerce sans 
doute un effet défavorable sur la remyélinisation des axones 
dénudés et la repousse des axones lésés. 
 
2.3. Les cellules épendymaires 

 
Les cellules épendymaires (ou épendymocytes) sont des 
cousines des astrocytes. Elles assurent le revêtement des 
cavités ventriculaires du SNC et jouent ainsi un rôle dans les 
échanges entre le SNC et le liquide céphalo-rachidien (LCR) 
contenu dans ces cavités. 
 
 
 
 
 
 
 
 
 

2.4. Les oligodendrocytes 
Les oligodendrocytes possèdent un corps cellulaire de 
petit volume d'où partent quelques prolongements 
cytoplasmiques, plus fins et moins nombreux que ceux 
des astrocytes. Les oligodendrocytes de la substance 
grise (SG) sont souvent situés au niveau des corps 
cellulaires des neurones avec lesquels ils effectuent des 

2. Anatomie générale du système nerveux

• Cellules Ciliées

Cellules Oligodendrocytes
• Corps cellulaire rond de petite taille
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2.4. Les oligodendrocytes 
Les oligodendrocytes possèdent un corps cellulaire de 
petit volume d'où partent quelques prolongements 
cytoplasmiques, plus fins et moins nombreux que ceux 
des astrocytes. Les oligodendrocytes de la substance 
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• Prolongements cytoplasme fins 

• Formation de la gaine de myéline(Substance blanche) & échanges 
métaboliques avec les neurones (Substance grise)

Microglies
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échanges métaboliques. Les oligodendrocytes de la substance blanche (SB) élaborent la myéline 
du SNC (voir plus loin). 

 
 
 
 
 
 
 
 
 

Immuno-marquage d’oligodendrocytes (en violet) 
mis en culture et visualisation par microscopie de 

fluorescence. Le noyau de toutes ces cellules 
apparait en bleu grâce à un marqueur d'ADN. 

 
 

2.5. Les cellules microgliales 
Les cellules microgliales, ou microglie, font partie d’un 
ensemble de cellules spécialisées dans le nettoyage des 
tissus par l’ingurgitation des déchets, leur destruction et 
leur élimination. Elles dérivent des monocytes (variété 
de globules blancs) du sang ayant pénétré dans le SNC. 
Les cellules microgliales sont, dans le SNC, les 
principales cellules présentatrices de l'antigène. Elles 
peuvent, lors de lésions du tissu nerveux, s'activer et se 
mettre à sécréter de nombreuses molécules servant à 
« faire le ménage », notamment des enzymes digérant 
les protéines. 

 
2.6. La matrice extracellulaire 
Bien que les cellules du système nerveux central (SNC), ainsi que leurs prolongements, soient 
tassées les unes contre les autres, il persiste entre elles un espace extracellulaire contenant un 
gel protéique fluide, la matrice extracellulaire (MEC).  
Elle joue un rôle fondamental dans les échanges entre les neurones qui n'ont aucun contact 
direct avec les capillaires sanguins et le sang. Ces échanges s'effectuent par l'intermédiaire des 
astrocytes et par diffusion dans les espaces extracellulaires.  

 
2.7. La répartition de la substance grise (SG) et blanche (SB) au sein du 
système nerveux central (SNC) 
Le SNC est organisé en substance grise (SG) et substance 
blanche (SB). Sa surface profonde est bordée par un 
revêtement épendymaire limitant les cavités ventriculaires. 
Sa superficie est formée d’un revêtement astrocytaire, au 
contact des méninges molles. Dans l'ensemble, la SG est 
située en profondeur, autour des cavités ventriculaires, 
alors que la SB est plus périphérique. La surface des 
hémisphères cérébraux et du cervelet fait exception en ce 
sens qu’elle est revêtue par une épaisse couche de 
substance grise, appelée cortex, présentant une 
organisation neuronale très précise. 
 
2.7.1. La substance grise (SG) 
Elle correspond aux régions du système nerveux central (SNC) où s'établissent les contacts entre 
les neurones et c’est dans cette zone que siègent toutes les synapses du SNC. C'est donc dans 

• Nettoyage des tissus
• Origine monocytaire
• Cellules présentatrices de l’antigène du SNC
• Sécrétion d’enzymes lors de lésions 

been reviewed in other recent publications [57, 73, 80,

108]. Choroid plexus, the CSF producing organ whose

epithelium is modified ependyma, is the subject of several
recent reviews [59, 86, 105, 106, 187, 197, 219] including

one in the same journal issue as the present review.

The ependyma has been the subject of several reviews,
to which the reader is referred for more comprehensive

coverage of older primary material. Our 1985 review

covered the development and differentiation of ependymal
cells, highlighting differences from tanycytes, which have

basal processes that contact blood vessels and which

appear to play a role in humoral regulation. The literature

then showed that the mature ependyma is capable of only
limited proliferation and repair, although the central canal

of the spinal cord did exhibit differences, especially in

lower vertebrates wherein considerable repair of the spinal
cord is possible. In pathological situations, such as viral

infection and hydrocephalus, destruction was the main

outcome [18]. In 1992, Sarnat highlighted the secretory
functions of fetal ependymal cells in detail but wrote that

the ‘‘ependyma of the adult brain may be little more than a
decorative lining of the ventricular system’’ [207]. The

basal surfaces of ependymal cells express extracellular

matrix proteins that assist axon guidance, at least in lower
vertebrates. He speculated that secreted molecules (perhaps

S100) might influence the transformation of radial glial

cells and subsequent development of a variety of brain
malformations. Finally, he alluded to a transport role for

moving small molecules between cerebrospinal fluid (CSF)

and brain. In a 1995 review, Sarnat dealt with reactions of
ependymal cells to injury. He emphasized the general

inability of ependymal cells to proliferate, the development

of reactive astroglial changes and buried clusters of epen-
dymal cells at sites of erosion, and how viral infection

of the ependyma could result in hydrocephalus [208].

The same year, my review highlighted observations that
mature mammalian ependymal cells possess the structural

and enzymatic characteristics necessary for scavenging and

detoxifying a wide variety of substances in the CSF, and
the potential of forming a metabolic barrier at the brain–

CSF interface. The presence of motile cilia, microvilli, and

zonula adherens junctions at the apical surfaces is of
importance for these roles. The presence of gap junctions

was viewed as a potential means for coordinating the cell

activity [45]. Bruni in 1998 emphasized that tanycytes were
a transitional form during development although the

residual tanycytes in mature brain have functions distinct

from common ependymal cells [18]. In 2002, I emphasized
again the potential barrier functions including the upregu-

lation of ‘‘protective’’ proteins that might prevent re-entry

of harmful metabolites from CSF back into the brain tissue
and the complexity of the junctions [46].

The presence of such a specialized epithelium invites

the question of its evolutionary importance. The fact
remains that adult humans lack ependymal cells over large

areas of their lateral ventricles [45, 208]. Perhaps of

importance, foci of ependymal loss correlate with peri-
ventricular white matter ischemic lesions in elderly humans

[64]. The central canal is non-patent in essentially all adults

[155]. Many have the suspicion that these ciliated cells
may be vestigial. This review will highlight newly appre-

ciated functions of mature ependymal cells and I will

attempt to answer the question ‘‘Do humans need epen-
dymal cells?’’

Fig. 1 Features of normal ependyma. a Transmission electron
micrograph showing mature ependymal cells of the lateral ventricle
(V). Long cilia project into the ventricle lumen and microvilli are
apparent at the apical surface. Zonula adherens (za) junctions lie
between adjacent cells. The cells lie on astroglial processes (Astro).
Bar 1 lm. The top right inset shows a supraependymal axon, which
contains neurosecretory vesicles. Bar 0.25 lm. b Scanning electron
micrograph of the surface of the caudate nucleus of an adult human
showing the dense packing of cilia clusters. c Scanning electron
micrograph of the surface of the corpus callosum of an adult human
showing more sparsely distributed cilia clusters on broader ependy-
mal cells. A supraependymal axon (white arrow) runs along the
surface. Bar 5 lm
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Guidage Axonal

• Nettoyage et detoxification du LCR

• Rôle des microvillosités & cils

• Rôle de Vax1 dans la différenciation 

• Boucle autocrine/ paracrine de facteurs de croissance (FGF/VEGF)

• Expression de GLUTs  /Glucokinase   /AQP 

• Boucle autocrine/ paracrine de facteurs de croissance (FGF/VEGF)

• Tropisme viral : expression de CAR 
& CD46
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• Origine : Progeniteurs d’oligodendrocytes (OPCs)

• Origine : zone ventriculaire ventrale

• Origine : moelle épinière dorsale

• Cellules myélinisante du SNC

• Développement sous l’action de PDGF

• Migration sous l’action de facteurs de croissance 

• OPC                      Oligodendrocytes : signalisation Notch via Jagged-1/ Gamma-secretase 

• Myélinisation : bref via les oligodendrocytes immatures

• Choix de la myélinisation : saxon de diamètre 0.2um

• Niveau périphérique : myélinisation via cellules de Schwann : interaction NRG1/Erbb

• Déclenchement  de la myélinisation : activité électrique 

• 3X poids  et support de 100X le poids

• Utilisation importante de l’ATP & O2 : ROS product
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through the biosynthetic pathway. Two different observa-

tions suggest that both delivery systems might be under the
control of neuronal signals.

First, oligodendrocyte cultures without neurons express

MBP, PLP, and galactosylceramide (GalC). However,
under these conditions, PLP is predominantly intracellu-

larly localized, and shows only little co-localization with

MBP or GalC in the membrane sheets. In coculture with
neurons, however, PLP, MBP, and GalC are co-localized.

This rearrangement of the oligodendroglial plasma mem-
brane is critically dependent on the presence of MBP. MBP

seems to act as a lipid coupler by bringing the different

layers of myelin in close position (a process termed ‘‘ver-
tical membrane coupling’’), and by clustering the lipid

bilayer in lateral dimensions (‘‘horizontal membrane cou-

pling’’). This neuron- and MBP-dependent clustering
mechanism might be responsible for the concentration of

membrane components within myelin [48].

Second, in the absence of neurons, PLP is produced by
oligodendrocytes, but immediately internalized by endo-

cytosis. After receiving neuronal signals, the rate of

endocytosis is reduced, and PLP is transported from the late

endosomes/lysosomes to the plasma membrane by exocy-

tosis [192]. This regulation of PLP trafficking might
represent a mechanism to store membrane produced in

advance, before the onset of myelination, and to release this

membrane on demand in a regulated fashion [171] (Fig. 1).

The development of oligodendrocytes
and myelin—what is similar/different in humans?

The key findings of rodent oligodendrocyte development

and myelin formation described above include: (1) a

common progenitor cell for neurons and oligodendrocytes;
(2) a ventral to dorsal progression of oligodendrogenesis;

(3) multiple origins of oligodendrocytes; (4) the depen-

dency of differentiation and migration on regulatory
factors; and (5) the interrelationship between axonal sig-

naling and myelination.

In general, all these principles seem to apply to the
human system as well, although evidence for it is mostly

circumstantial and beyond the scope of this review to

discuss. Instead, we refer the reader to an excellent review

Table 1 Markers for oligodendrocytes in paraformaldehyde-fixed brain tissue

Protein Developmental stage Comments References

Carbonic anhydrase II Differentiated oligodendrocytes Not only oligodendrocytes interspecies
differences

[15, 87]

CNP OPC, differentiated
oligodendrocytes

Highly specific and reliable; tolerates prolonged
fixation poorly

[1, 22]

GalC Differentiating OPC, mature
oligodendrocytes

PFA/cryo-sections only [207, 208]

Kir4.1 Differentiated oligodendrocytes Also in astrocytes [77, 132]

MBP Differentiated oligodendrocytes Mainly myelin, in oligodendrocytes only during
active remyelination

[1, 22]

MAG Differentiated oligodendrocytes Periaxonal loop of oligodendrocyte processes in
mature myelin, heavily expressed in
myelinating oligodendrocytes

[1]

MOG Differentiated oligodendrocytes Mainly myelin, surface labeling of mature
oligodendrocytes

[1, 22]

NG2 OPC PFA/cryo; positive in OPCs in well fixed
experimental and biopsy material; frequently
lost in autopsy material; autolysis sensitive

[85]

Nkx2.2 High in OPC, low in mature
oligodendrocytes

[94]

Nogo A Mature oligodendrocytes [94]

O4 OPC, mature oligodendrocytes PFA/cryo-sections only [207]

Olig2 High in OPC, low in mature
oligodendrocytes

[94]

PLP Differentiated oligodendrocytes Mainly myelin, in oligodendrocytes only during
active remyelination

[143]

RIP Myelinating oligodendrocytes [13]

TPPP/p25 Myelinating oligodendrocytes Mature oligodendrocytes, highly reliable in
human tissue

[58, 146]

40 Acta Neuropathol (2010) 119:37–53
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Immature SCs (Figure 1C) are involved in the radial sorting 
process, during which axons separate based on their cali-
ber. In rodents and humans, this physiologic process starts 
perinatally and continues during development, determining 
the morphologic aspect of the mature PNS, in which larger 
axons are myelinated (Feltri et al., 2016). During this phase, 
immature SCs undergo cytoskeletal remodelling, leading 
to the extension of filipodia and lamellipodia. These spe-
cialized structures enable SCs to surround axons of mixed 
calibers and to send cytoplasmic processes between axons, 
to progressively choose and segregate the larger axons at the 
periphery of the bundle (Feltri et al., 2016). Thus, immature 
SCs which enter in a 1:1 ratio with larger axons, and later 
proceed towards the pro-myelinating phenotype; SCs that 
contact small caliber axons, indeed, differentiate towards the 
non-myelinating phenotype (Figure 1D), leading to the for-
mation of Remak bundles (Salzer, 2015; Feltri et al., 2016). 
Radial sorting is controlled by several factors, although the 
main determinants of this process are components of the 
extracellular matrix (e.g., laminin 211 and 411 or collagen 
XV), their specific receptors (e.g., integrins α6β1 and α7β1 or 
dystroglycan) (Monk et al., 2015) and the downstream intra-
cellular-activated pathways, such as the Rho family kinases 
or merlin (see following paragraphs). 

Hereafter, pro-myelinating SCs progress towards the my-
elinating phenotype (Figure 1D), in which mature myelinat-
ing SCs form the myelin sheath around large caliber axons. 
A master regulator of this process is NRG-1 type III (Tav-
eggia, 2016), although other molecules are equally involved. 
For instance, important functions are played by receptor 
belonging to the G-protein coupled receptors (GPCRs) fam-
ily, such as GPR126 (Monk et al., 2009), GPR44 (Trimarco 
et al., 2014) and the gamma-aminobutyric (GABA) type 
B (GABA-B) receptor (Procacci et al., 2012; Faroni et al., 
2014). After the differentiation program, the myelinating 
and non-myelinating SCs may run into pathophysiological 
condition such as the nerve injury, thus re-changing their 
differentiation state. The repairing SC phenotype (Figure 
1D) is sometimes mistaken with the pre-myelinating imma-

ture SC phenotype. However, the two phenotypes present 
different peculiar characteristics. Repairing SCs present a 
series of typical biomarkers, such as Olig1, Shh and artemin, 
all under the control of the transcription factor c-Jun. These 
proteins are lightly or not expressed in immature SCs (Jessen 
and Mirsky, 2016). After nerve injury, the activated SCs pro-
liferate to form a SC column, the so-called band of Büngner, 
which facilitates the axonal regeneration and the general 
PNS regrowth. A lot of molecules were found to be involved 
in the nerve regeneration process, including adhesion pro-
teins, extracellular matrix, and neurotrophic factors. Some of 
the novel signaling pathways controlling all these SCs stages 
are described below. 

Rac1, Cell Division Control Protein 42 (cdc42), 
FAK and Src 
Cdc42 and FAK are potent regulators of SC proliferation 
and survival, and they are basic to generate enough cells to 
engage with axons (Fernandez-Valle et al., 1998; McLean et 
al., 2004). During the embryonic stages, absence of FAK ex-
pression and activation causes a significant reduction in the 
number of SC precursors. Further experiments demonstrat-
ed no increase in SC apoptosis, confirming that the major 
process regulated by cdc42 and FAK in SCs was the positive 
modulation of cell proliferation (Grove et al., 2007). 

Moreover, as mentioned above, some of the intracellular 
molecules involved in axonal sorting are the Rho family ki-
nases, such as the small GTP binding protein Rac1 and the 
cdc42 protein. Other important factors are FAK, protein ki-
nase A (PKA) and neurofibromin 2 (Nf2)/merlin, all down-
stream the control of β-integrin and laminin (Benninger et 
al., 2007; Grove et al., 2007; Pereira et al., 2009; Guo et al., 
2013a, b). Rho GTPases are expressed by SCs (Terashima et 
al., 2001). In vitro experiments using dominant-negative and 
constitutively active forms of Rac1 and cdc42 indicated that 
these small GTPases, together with FAK, may be responsi-
ble for the growth factor mediated activation of SC motility 
(Cheng et al., 2000). 

Figure 1 Scheme of development, 
maturation and repairing of 
Schwann cells (SCs).
SC development begins with neu-
ral crest cells (panel A). They later 
develop into SC precursors (panel 
B) then into immature SCs, which 
start the radial sorting process 
(panel C). After radial sorting, SCs 
alternatively mature into pro-my-
elinating SCs, which originate 
myelinating SCs, or into non-my-
elinating SCs, which form Remak 
bundles. Mature SCs are character-
ized by remarkable plasticity, since 
following injury, they can differen-
tiate into repairing SCs (panel D). 

 A    B    C   

 D   

neural crest cell SC precursor Immature SC

Pro-myelinating SC

Mature myelinating SC

Repairing SC

Non-myelinating SC 
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in the CNS are the oligodendrocytes. Unlike oligoden-
drocytes, Schwann cells quickly enter mitosis after the
occurrence of injury suggesting they may be better for
treating demyelinating disorders and spinal cord injuries.

2. Origin and plasticity

Most of the Schwann cells are derived early in embry-
onic development from the neural crest, a small transient
population of cells that breaks away from the neural tube
as it closes (Fig. 1) (Le Douarin, 1986). The crest cell
goes through two steps, first developing into a precursor
cell, which consequently transforms into an immature
Schwann cell until birth (Jessen et al., 1994). After birth,
the immature cells become myelinating Schwann cells or
non-myelinating Schwann cells. The immature cells first
go through the myelination pathway at birth and then go
through the non-myelin pathway later on in development
(Jessen & Mirsky, 2005).

Signals from axons are important in dictating
Schwann cell lineage. P0, a protein specific for Schwann
cell myelin, returns to basal levels after the immature cell
is no longer associated with the axon. The return to basal
levels of P0 after disassociation from the axon shows
an axon dependent response. While mature Schwann
cells can survive without a neuronal signal, precursor
Schwann cells cannot (Jessen & Mirsky, 2005).

A major component of the axonal signal is an EGF-
like growth factor variously known as beta-neuregulin-1,
GGF and NRG1 and comes in many different isoforms
(Jessen & Mirsky, 2005). NRG1 aids the neural crest
cell in migrating to the primary sympathetic ganglion.
Knockouts of NRG1 interrupt migration and prevent
the formation of precursor and immature Schwann cells
(Meyer & Birchmeier, 1995). NRG1 from axons binds
and activates the ErbB2/ErbB3 heterodimeric receptor
complex on the Schwann cell to activate MAPK to drive
cell proliferation and PI3K/Akt to prevent apoptosis.
Endothelins also promote survival of precursor Schwann

Fig. 1. The development of the Schwann cell. The neural crest cell undergoes three transitions to develop into a Schwann cells. The first is formation
of a precursor Schwann cell at E14 for rat (E12 for mouse), the second is formation of an immature Schwann cell at E17 for rat (E15 for mouse).
Postnatal immature Schwann cells become either myelinating or non-myelinating Schwann cells. The neuregulins play central roles in development
and survival at multiple stages. Additionally, NRG1-III is secreted at high levels from axons !1 !m to direct myelination while smaller axons
secrete lower levels of NRG1-III to direct ensheathment. Both myelinating and non-myelinating cells can revert back to immature Schwann cells.
Stages of Schwann cell development are characterized by a set of overlapping markers, some of which are shown. The myelin genes are P0 (myelin
protein zero), PMP22 (peripheral myelin protein 22), MAG (myelin associated glycoprotein) and MBP (myelin basic protein). P75, low-affinity
neurotrophin receptor; Sox10 Oct-6 and Krox-20 are transcription factors. GAP43, growth-associated protein 43, S100 is a calcium binding protein.
All of the above mentioned can be used as Schwann cell lineage markers. (N) Schwann cell nucleus; (A) axon.

• Cellules gliales principales du SNP

• Fonction principale : formation de la gaine de myéline

• Rôle dans le développement du SNP : guidage axonal

• Elimination des débris 

• Pas de transmission synaptique

• Division continue : rôle dans les traitements post-
lesions

• Développement depuis la crête neurale

• Rôle de la protéine P0 (MPZ) : Changement de 
concentration en fonctionne l’interaction avec l’axon

• Myélinastion diamètre axonal dépendante 
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fonction du stage de maturation
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The interaction between integrin and laminin proteins 
located at the interface of SCs with the extracellular ma-
trix (Figure 2A), causes FAK phosphorylation and in turn  
cdc42 activation (Schwartz and Shattil, 2000). Cdc42 then 
stimulates merlin phosphorylation through p21-activated 
kinase-dependent (PAK) activation (Thaxton et al., 2008). 
SCs with high levels of phosphorylated merlin were reported 
to assume a multipolar phenotype, which is necessary for 
the radial sorting process (Thaxton et al., 2011). In this light, 
the interaction of SCs with the extracellular matrix during 
the PNS development can activate this pathway, determining 
the SC multipolar morphology and radial sorting process. 
Later in SC development, at the myelination onset, a sort of 
negative feedback might control the phosphorylation cas-
cade involving FAK, cdc42, PAK and merlin (Figure 2B). In 
that case the non-phosphorylated merlin exerts a suppressor 
function, inhibiting cdc42-mediated activation of PAK (Kissil 
et al., 2003; Hirokawa et al., 2004; Okada et al., 2005).

  Alteration of this intracellular cascade may change the 
entire axonal sorting process. Indeed, the ablation of FAK, as 
shown in vivo in mutant SCs, leads to the arrest of large-cal-
iber axon sorting, likely based on the dramatic reduction 
in SC proliferation during the embryonic stages (Grove et 
al., 2007). Furthermore, ablation of either cdc42 or Rac1 
impaired the radial sorting of axons, suggesting that cdc42 
is required for SC proliferation while Rac1 is necessary to 
correct the SC extension and stabilization (Benninger et al., 
2007). 

The non-receptor-type tyrosine kinase Src is a key com-
ponent of different signal transduction pathways that are 
involved in a wide range of cellular processes, including cell 
growth, migration, and differentiation. Formerly, Src was 

shown to be highly enriched in developing axonal tracts in 
the PNS, decreasing to lower levels during maturation (Bare 
et al., 1993). However, its expression is enhanced following 
peripheral nerve injury (Fu and Gordon, 1997). Consistent-
ly, SCs distal to the injury site were shown to express high 
levels of the active dephosphorylated form of Src (Zhao et 
al., 2003). It has been shown that Src can also modulate FAK. 
FAK phosphorylation at Tyr395 is an early event, leading to 
the exposure of a docking site for Src (Schaller et al., 1994; 
Xing et al., 1994). Under this conditions, Src can further 
phosphorylate FAK (Figure 2C), promoting its full activa-
tion (Calalb et al., 1995) that may occur via cdc42 and mer-
lin signals. 

Likely, FAK is required for proliferation, spreading and SC 
differentiation (Grove et al., 2007). However, in adult SCs 
FAK seems to be inactive, either for myelin maintenance or 
for re-myelination after nerve injury (Grove and Brophy, 
2014). These findings suggest a primary role of FAK during 
SC development but not during SC maturation or regener-
ation. However, it should be underlined that in mature SCs, 
Src can be also modulated by other stimuli, such as neuroac-
tive steroids (Melfi et al., 2017). Indeed, it was demonstrated 
that Src is directly activated by allopregnanolone (ALLO) 
through a GABA-A dependent mechanism, involving the 
modulation of FAK (Figure 2C). ALLO-induced activation 
of GABA-A receptor determines SC actin remodelling, 
migration, chemoattractant responsivity and proliferation. 
Moreover, ALLO treatment causes morphological re-ar-
rangements of SCs, that change into a bipolar shape, extrud-
ing lamellipodia necessary for the onset of myelination (Melfi 
et al., 2017). In this light, Src and FAK modulate myelination, 
so that their control may represent a potential approach to-

Figure 2 Scheme of some intracellular 
pathways involving FAK, cdc42, rac1, 
Src and merlin, in Schwann cell (SC) 
development, radial sorting, 
myelination and nerve repair. 
Firstly, during the PNS development, the 
interaction of SCs with the extracellular 
matrix can phosphorylate FAK, activate 
cdc42, then phosphorylate merlin, deter-
mining the SC multipolar morphology 
and radial sorting process (panel A). 
Later, during the myelination onset, this 
phosphorylation cascade may be con-
trolled by a sort of negative feedback, in 
which the non-phosphorylated merlin 
exerts a suppression of cdc42 and rac1, 
thus promoting myelination. The SC 
transition toward the bipolar morpholo-
gy, thus, initiates the myelination process 
(panel B). In mature SCs, the neuroactive 
steroid ALLO, via a GABA-A dependent 
mechanism, can modulate Src and FAK. 
This activation promotes the myelination, 
thus representing a potential approach 
towards the regulation of SC maturation, 
likely in post-injury conditions (panel C). 
ALLO: Allopregnanolone; cdc42: cell di-
vision control protein 42; FAK: focal ad-
hesion kinase; GABA-A: γ-aminobutyric 
acid-A; rac1: Ras-related C3 botulinum 
toxin substrate.

 A    B    C   
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Neuroactive Steroids/GABA Receptors 
Neuroactive steroids, including progestagens, are hormones 
active and synthesized in the nervous system. The proges-
terone metabolite 5α-pregnan-3α-ol-20-one, named tetra-
hydroprogesterone or ALLO, is the most important neu-
roactive steroid (Baulieu and Robel, 1990), targeting both 
neurons and glial cells in the central nervous system and 
in the PNS. In particular, the PNS is a target of neuroactive 
steroids, since it expresses the common progestagen re-
ceptors, such as the classic progesterone receptor (PR) and 
the non-classic GABA-A receptor (Faroni and Magnaghi, 
2011). It is well established that ALLO may act through the 
GABA-A receptor, modulating Cl-ion flux and exerting 
non-genomic actions (Puia et al., 1990, 2015), albeit alter-
native mechanisms have been recently hypothesized (Cooke 
et al., 2013; Pang et al., 2013). SCs synthesize ALLO and 
simultaneously may be a target of its actions (Faroni and 
Magnaghi, 2011). 

In the PNS, ALLO participates in the control of myelin-
ation, nerve regeneration and likely nociception (Magnaghi 
et al., 2006, 2010; Faroni and Magnaghi, 2011; Melfi et al., 
2017). 

It was mentioned (see above) that, in SCs, Src is directly 
activated by ALLO through a GABA-A dependent mecha-
nism, involving the modulation of FAK (Melfi et al., 2017). 
This determines remodeling and proliferation of SCs, asso-
ciated to a promotion of in vitro myelination and increase in 
the internodes distance (Figure 2C) (Melfi et al., 2017). 

Interestingly, several proofs collected in the last decade 
demonstrated that also the GABA-B receptor is relevant in 
the control of SC development, maturation and plasticity 
(Procacci et al., 2012; Faroni et al., 2014; Magnaghi et al., 
2014; Corell et al., 2015). Hitherto, it was not established 
whether the GABA-B receptor in the PNS, in particular in 
SCs, might be a direct target of neuroactive steroids, such as 

ALLO. Interestingly, the cross-regulation between GABA-A 
and GABA-B receptors in SCs was partially characterized 
(Magnaghi et al., 2006), representing an alternative mecha-
nism of SC regulation that needs further investigation. 

c-Jun
Recently, the transcription factor c-Jun was shown to be the 
key modulator of SC plasticity towards the repairing pheno-
type. 

As a matter of fact, c-Jun expression changes during SC 
development. Its expression is low or absent in SC pre-
cursors, but later it is upregulated in immature SCs, via 
Krox20-mediated mechanism (Jessen and Mirsky, 2016). In 
mature SCs, c-Jun is strongly downregulated, although it is 
still detectable in non-myelinating and (to a lesser extent) in 
myelinating SCs (Jessen and Mirsky, 2016). Meanwhile c-Jun 
is a negative modulator of SC myelination, suppressing som 
myelin genes including Krox20, P0 and MBP (Parkinson et 
al., 2004, 2008).

Importantly, c-Jun is rapidly upregulated in injured nerves. 
In fact studies performed in SCs obtained from condition-
al knockout mice proved that c-Jun is not essential during 
development, but it is required for functional regeneration 
and post-injury axonal recovery (Arthur-Farraj et al., 2012). 
After nerve injury, c-Jun mediates the de-differentiation 
from the SC myelinating phenotype, as well as the subse-
quent activation of the repairing program in PNS. c-Jun was 
shown to be necessary for the upregulation of important fac-
tors involved in axonal growth and survival, such as GDNF, 
BDNF, p75-NTR and N-cadherin. In particular, GDNF and 
N-cadherin are directly targeted by c-Jun (Arthur-Farraj et 
al., 2012; Fontana et al., 2012). 

Interestingly, c-Jun seems to play a role in the so called 
myelinophagy process, which is a specialized mTOR-inde-
pendent autophagy process by which SCs start to remove 

Figure 3 Scheme of Hippo/YAP
involvement in SCs. 
Hippo/YAP participates in forming 
tight-junction, thus regulating cell 
adhesion properties of SCs. However, 
in normal cells YAP localizes mainly 
in the nucleus, where it controls pro-
liferation and apoptosis. A physical/
mechanical injury or an environmental 
challenge, such as the exposure to a 50 
Hz electromagnetic field, may induce 
a merlin-dependent Hippo/YAP acti-
vation; this process affects SC prolif-
eration, migration and differentiation. 
YAP increases in the cytoplasm, losing 
its tumor suppressor activity, likely in-
ducing the onco-transformation of SCs 
and the schwannoma development. 
SCs: Schwann cells; YAP: Yes-associat-
ed protein.
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may also become directly affected by disease. Both onto-

genetic aspects and its anatomic location could influence a
microglial cell’s functional repertoire. The view that

microglia can contribute to neuronal diseases is expressed

by some authors in the increasingly popular but imprecise
term, ‘‘non-cell autonomous’’.

A family of CNS macrophages consisting of at least five

subtypes exists [67]. We believe that their definition and
distinction from microglia is of great practical utility as well

as conceptual importance. This holds true even if a certain

overlap with ‘‘bone marrow-derived microglia’’ exists.

‘‘Inflamed’’ microglia?

There is probably no area of microglial research that has

attracted more attention in recent years than inflammatory

phenomena associated with their activation process. The
underlying mechanisms, however, have remained largely

Fig. 3 An updated view on microglia functional plasticity involving
neuronal-microglial interactions during acute and chronic activation.
The initial trigger for microglial activation are signals emitted by
damaged or stressed neurons that tell resting cells to divide, increase
production of cytokines and growth factors, and change surface
antigen expression. This increase in microglial activities, reflected in
cellular hypertrophy, represents an acute neuroinflammatory reaction
that is designed to bring about neuronal recovery from stress or injury.
If successful, excess numbers of activated microglia are eliminated
through programmed cell death [88]. If unsuccessful, acute neuronal
death will result in the formation of microglia-derived brain

macrophages that clear out debris. A chronic neuroinflammatory
reaction occurs if damaged neurons continue to send out activating
signals that result in persistent microglial activation. Such prolonged
overactivation will cause some microglia to become senescent and
undergo degenerative changes and eventually lead to widespread
microglial degeneration. Once a critical number of microglia have
undergone this type of accidental cell death, neurons will have lost all
microglial support and are destined to follow a path of slow
neurodegeneration, reflected morphologically by abnormal inclusions
(e.g. Lewy bodies) and/or neurofibrillary degeneration

94 Acta Neuropathol (2010) 119:89–105

123

• Activation différente selon stress Vs Infection/inflammation

• Zinc, CD38, activation P2X7R

• Famille heterogene, mais on distingue 

Microglie M1 : activation classique

Microglie M2 : activation alternative & desactivation acquise

• TNFa / Il-1b /NO/ ROS / Proteases

• Réponse aux infections et lésions 

• IL-4 / IL-13/NO/ ROS / Proteases

• IGF-1

• ‘’ soulagement’’ de l’inflammation aigue

• captation des cellules apopototique

• sensibilité IL-10 & TGF-b

• SRA & CD163



Neurobiologie : Anatomie générale du système nerveux     

Cellules Gliales
Microglies

Télencéphale

Microglie M1 : activation classique
• Relargage de molecules pro-inflammatoires

• Réponse aux infections et lésions 

• Arg1 /CD206 / Ym1

the destruction of invading pathogens. However, they also
induce neurotoxicity due to the release of pro-inflammatory
factors and various neurotoxic mediators and often setup a
vicious cycle between dying neurons and acute inflammation
[6, 24]. After the onset of classical activation, an anti-
inflammatory and repair phase is rapidly initiated that leads
to wound healing and brings back tissue homeostasis. M2
microglia are the major effector cells with the potential to
dampen pro-inflammatory immune responses and promote
the repair genes expression (Fig. 1).

Four major anti-inflammatory cytokines including IL-4,
IL-13, IL-10, and TGF-β are employed by M2 microglia to
antagonize the pro-inflammatory responses [25, 26]. IL-4 and
IL-13 are well-described anti-inflammatory cytokines, which
could suppress the production of pro-inflammatory cytokines
such as IL-8, IL-6, and TNF-α, and reduce NO release, which
collectively protect against lipopolysaccharide (LPS)-induced
neuron injury both in vitro and in vivo [25, 27–29]. TGF-β is

a pleiotropic cytokine with diverse functions on angiogenesis,
ECM deposition, and participates in suppressing microglial
responses [30, 31]. Upregulation of scavenger receptors
(SRA) such as CD163 are observed in acquired deactivation
to promote debris clearance [32–34]. Besides that, M2 mi-
croglia can also enhance neurotrophic factors, such as
insulin-like growth factor 1 (IGF-I) release to assist inflamma-
tion resolution and promote neuron survival [35]. Anti-
inflammatory factors are also released when apoptotic cells
or myelin debris are removed [36], accompanied by the induc-
tion of typical M2 markers, such as Arginase 1 (Arg1),
Mannose receptor (CD206), Found in inflammatory zone 1
(FIZZ1), and Chitinase-3-Like-3 (Chi3l3) to help tissue recon-
struction [37, 22].

Notably, these neuroprotective signals are orchestrating
each other in a coordinated way against the pro-
inflammation responses (Fig. 1). For example, TGF-β can
enhance IL-4-induced M2microglia by increasing the expres-
sion of Arg1 and Ym1; whereas in turn, treatment with IL-4
can increase the level of TGF-β2, suggesting that TGF-β and
IL-4 signals are working together in promoting protective ef-
fects [26].

Functions of Typical M2 Markers

The resolution states are critically important in chronic neuro-
inflammation; thus, the genes specifically associated with the-
se states are of great importance. Although the exact functions
of many of those genes are not clear in the CNS, some alter-
native activation genes such as Arg1 have been well studied in
peripheral macrophages, which provide a link between M2
microglia and immunosuppression or repair processes.

Arg1

Arginine metabolism varies in tissues throughout the body
including the brain due to the differential activation of multi-
ple enzymatic pathways [38]. Arg1 is a typical marker for M2
macrophage/microglia activation that participates in arginine
metabolism. Specifically, both Arg1 and induced nitric oxide
synthase (iNOS) expressed in the CNS utilize arginine as the
sole substrate for biosynthetic pathways [37, 39]. On one
hand, arginine is catalyzed by iNOS to produce citrulline
and NO. On the other hand, Arg1 metabolizes arginine into
urea and ornithine, which are further metabolized into hy-
droxyproline and proline, and polyamine. The enzymatic
products in the Arg1 pathway contribute greatly to the tissue
repair [40]. For instance, hydroxyproline and proline are im-
portant sources of collagen synthesis, or by large, ECM syn-
thesis that helps to physically strengthen the tissue and are also
used for repair at the sites of injury [41, 42]. Polyamines such
as spermines are multivalent cations required for cell prolifer-
ation and differentiation [43], and could help protect neurons

Fig. 1 M1 and M2 microglia. Microglia possess states of “classical
activation,” “alternative activation,” and “acquired deactivation,”
depending on the milieu in which they become activated and the factors
they are stimulated. Microglia in classical activation state are also termed
M1 microglia, which induce iNOS and NF-κB pathways and produce
various pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6,
as well as superoxide, ROS and NO. M2 microglia include the states of
both alternative activation and acquired deactivation, which are induced
by IL-4/IL-13 and IL-10/TGF-β, respectively. M2 microglia facilitate
phagocytosis of cell debris and misfolded proteins, promote ECM
reconstruction and tissue repair, and support neuron survival by
neurotrophic factors. M2 microglia are driven by the coordinated
regulation of various anti-inflammatory factors and antagonize the M1
pro-inflammatory responses that finally results in immunosuppression
and neuron protection
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elevated levels of pro-inflammatory cytokines including
TNF-α and NO [76]. However, a contradictory conclusion
comes from a study to characterize the microglial pheno-
type differences caused by lack of α-synuclein expression
[77]. Deficient of α-synuclein in microglia impairs the
phagocytic ability and enhances the secretion of TNF-α
and IL-6 after LPS stimulation [77]. Those studies com-
plicate the role of α-synuclein in microglia but indeed
hint an autonomous microglial reaction in the α-
synuclein transgenic model (Fig. 2).

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
is an environmental toxin that causes parkinsonism and
is used to establish the animal model of PD [65, 78].
MPTP induces DA neuron injury by blocking the electron
transport chain of the mitochondria, and thereby indirectly
activates microglia [65]. Similarly, typical characteristics
of M1 phenotype including the activation of NADPH
oxidase and NF-κB pathways, as well as the release of
various pro-inflammatory mediators were observed in the
MPTP-intoxicated models [79–81]. LPS as a classical
ligand of toll-like receptors (TLRs) is definitely evoking

M1 microglial activation. And therefore, administration of
LPS causes extensive DA neuron death both in vitro and
in vivo [20, 21, 82].

However, little is known about the activation of the M2
phenotype in the PD pathogenesis. To evaluate the possible
link of alternative activation and α-synuclein, Theodore et al.
established a mouse model overexpressing human α-
synuclein by a recombinant adeno-associated virus vector
(AAV2-SYN) [83]. However, the results come out that the
expression of cytokines IL-4 and IL-13 as well as M2 marker
Arg1 in the SN of mice treated with AAV2-SYN was not
significantly changed after 2 or 4 weeks [83]. Considering that
M2 microglia generally execute immunoresolution at a later
phase, the detected endpoints in the early time may not be
convincing. It will be interesting to examine at later time
points when neurodegeneration becomes apparent.

As the two microglia phenotypes can transit each other, it
might be available to make microglia protective by switching
their phenotypes. For instance, treatment with LPS primed
microglia into the M1 phenotype in both BV2 cells and pri-
mary microglia, while the addition of fasudil, one type of Rho

Fig. 2 Microglial phenotypes in neurodegenerative diseases. Microglial
activation states are closely associated with the aggregated misfolded
proteins seen in various neurodegenerative diseases including PD, AD,
and ALS. Mutant α-synuclein in microglia is potential to switch
microglia to either M1 or M2 phenotype. Microglia harboring excessive
mSOD1 or TDP-43 are easily induced to be more M1-like phenotypes.
Aggregated α-synuclein, mSOD1, or Aβ/tau oligomers released into the
extracellular space from neurons can directly induce microglia towards
M1 phenotypes. At the stage of disease onset, M2 microglia might be
predominated to phagocytize cell debris, enhance tissue reconstruction,

and produce anti-inflammatory factors, in attempt to quench pro-
inflammation and keep tissue homeostasis. However, the endogenous
stimuli including aggregated α-synuclein, mSOD1, Aβ plaques, and
tau oligomers, as well as environmental toxins persistently exist in the
milieu that skew microglia into M1 phenotypes and compromise the
immunoresolution process at the later stage of disease progression,
which eventually leads to irreversible neuron loss. Notably, the regional
distributed Aβ plaque are surrounded by M2 microglia that is observed
till the end stage of pathology, which may complicate the changing M1
microglial phenotypes during the disease development
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contributes to more IL-6 expression [150]. Additionally, treat-
ment with MPTP in aged mice can cause severer DA neuron
loss and greater microglial activation in the SN [151]. As the
classical activation in the CNS is enhanced along aging, alter-
native activation appears to be mitigated, which is manifested
by the reduction in the IL-4/IL-13 signaling pathway [152].
Therefore, the age-associated inflammation profiles might
switch microglia phenotypes to be more M1-like, which ren-
ders aging brains are more easily affected by genetic or envi-
ronmental insults during the onset of neurodegenerative
diseases.

Therapeutic Perspectives

Switching of M1/M2 Phenotypes

Neurodegenerative diseases commonly implicate the failure in
the resolution of neuroinflammation and presence of a defec-
tive repair process. Clinical therapy of neurodegenerative dis-
eases faces numerous challenges with respect to timing, effi-
cacy, and safety. Targeting any one of the vast pro-
inflammatory mediators or pathways may not be efficacious,
and the anti-inflammatory strategy varies in different diseases.
Early stage intervention with drugs targeting dysregulated
pro-inflammatory cytokine production might be therapeutical-
ly beneficial. A small molecule named MW-151 has been

tested during two distinct but overlapping therapeutic time
windows at the early pathological stage in APP/PS1 transgen-
ic mice. MW-151 treatment attenuates the microglial activa-
tion and the production of pro-inflammatory cytokines in the
cortex, which protects from synaptic dysfunction implicated
in learning and memory [153].

As stated above, it might be interesting to manipulate mi-
croglia phenotypes from cytotoxic to neuroprotective by drug
treatment or genetic modification. To be clinically effective,
targeting M1/M2 balance also depends on the time window,
since the timing, stages, and severity of diseases are critically
associated with the changing microglial activation states
(Fig. 3). Anti-inflammatory therapies will have to gain access
to the CNS; it is not realistic that cytokines are used to mod-
ulate microglia polarization because most of the cytokines
cannot enter brain tissue. The chemicals as fasudil [84] and
minocycline [141], which have the superior ability to cross the
blood–brain barrier, have demonstrated to enhance M2
microglial anti-inflammatory responses, and importantly ma-
nipulating the demethylase Jmjd3 is capable to skew microg-
lia towards beneficial M2 phenotype [45]. Therefore, it is
necessary to further delve into the effects of this manipulation
within appropriate time windows. In addition, as the cell re-
placement therapy emerges in recent years to replace damaged
neurons with fresh ones derived from embryonic stem cells or
induced pluripotent stem cells, the immunosuppressive milieu
modified through M1/M2 switching might help achieve a
beneficial clinical outcome.

Fig. 3 Therapeutic perspectives
on switching of M1/M2
phenotypes. In the progression of
neurodegenerative diseases, it
might be possible to switch
microglial phenotypes from
cytotoxic to neuroprotective by
drug treatment or genetic
modification, so as to alleviate pro-
inflammation and attenuate neuron
loss. To be clinically effective,
targeting M1/M2 balance greatly
depends on the optimal therapeutic
time windows, since the timing,
stages, and severity of diseases are
critically associated with the
changing microglial phenotypes.
The treatment before or after the
stage of disease onset may produce
different therapeutic outcomes and
may also vary in different
neurodegenerative diseases. Dash
lines indicate the neuron survival
and microglial activation after M1/
M2 switch therapy
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Microglie M2 : activation alternative & desactivation acquise


