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REVIEW

Astrocyte phenotypes and their relationship to
myelination
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Abstract

Astrocytes are one of the major glial cell types that maintain homeostasis in the undamaged CNS. After injury
and disease, astrocytes become reactive and prevent regeneration; however, it has also been suggested that
astrocytes can become activated and promote regeneration. Thus, it is hypothesised that astrocytes have an
important role in modulating CNS repair. This review will focus on the variable phenotypic state of astrocytes
that range from inactive/quiescent to reactive, and relate these to their ability to influence myelination. Using
myelinating cultures plated on astrocytes we propose a possible mechanism for oligodendrocyte precursor cell
interaction with the axon, leading to myelination. The phenotypic status of astrocytes is an intriguing and
widely discussed issue, which is critical for understanding the mechanisms involved in CNS injury and its subse-

quent repair.
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Introduction

Astrocytes and myelination

Astrocytes are the most abundant glial cells in the CNS
defined by their stellate morphology and expression of glial
fibrillary acidic protein (GFAP; Eng et al. 1971). They have
been termed ‘support cells’, and in the normal adult brain
are thought to have a relatively passive role in the CNS.
However, astrocytes are emerging as key players in many
aspects of CNS diseases and injury. Their diverse roles
extend from energy metabolism and neurotransmitter
homeostasis, myelination and axonal outgrowth to mainte-
nance of the blood-brain barrier (BBB) and synaptogenesis
(Ullian et al. 2001; Liberto et al. 2004; Silver & Miller, 2004;
Pellerin, 2005; Nair et al. 2008; Sorensen et al. 2008; Wat-
kins et al. 2008). There have been many reviews that have
described the broad range of biological properties attrib-
uted to astrocytes (Eddleston & Mucke, 1993; Liberto et al.
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2004; Williams et al. 2007; Sofroniew & Vinters, 2010), but
for the purpose of this review we will focus on the variable
phenotypic ‘state’ of the astrocyte and relate it to its ability
to affect myelination. We have used the term phenotype to
represent the various properties of astrocytes that change
after injury, and includes their morphological, antigenic
and physiological characteristics. The phenotypic status of
astrocytes has been an intriguing and widely discussed issue
as they appear to play an important role in the pathology
of neurological diseases.

Myelination is a complex process by which an axon
becomes insulated by the continuous wrapping of the
proteolipid oligodendroglial membrane known as myelin.
The mechanism by which an oligodendrocyte enwraps mye-
lin around an axon has still not been elucidated. It has been
suggested that at least four important stages occur during
the process of myelination, including: (i) the selection of
axons by the oligodendrocyte process and the initiation
of cell—ell interaction between them; (ii) the establishment
of stable intercellular contacts and assembly of the nodes of
Ranwvier; (iii) regulation of myelin thickness; and (iv) longitu-
dinal extension of myelin segments in response to the
lengthening of axons during postnatal growth (taken from
a review by Sherman & Brophy, 2005).

Since the seminal discovery by Geren & Raskind (1953)
that PNS myelin is formed by the Schwann cell plasma mem-
brane wrapping around the axon, several theories have
been proposed to explain how this membrane wrap evolves
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into a perfect and, thought to be, almost crystalline struc-
ture. Myelination in the CNS and PNS is dissimilar not only
because different cell types carry out the process, but also
from research that has shown that the regulatory factors
are quite diverse. In the CNS, the oligodendrocyte extends
multiple processes that contact and wrap around several
axons to form the myelin sheath. In contrast, in the PNS
Schwann cells contact a single axon, making a one-one rela-
tionship with the characteristic signet ring appearance of
peripheral myelin (Bunge & Wood, 2006). Recently, it has
been shown that the thickness of the myelin sheath gener-
ated by a Schwann cell is regulated by neuregulin 1 type Ill
(Michailov et al. 2004; Taveggia et al. 2005), but to date no
single molecule has been shown to have such an instructive
role in the CNS. For CNS myelination, as one cell wraps
several axons it has been assumed that each process wraps
around the axons while the cell body remains stationary
(Bauer et al. 2009). In fact, two models have been proposed
on how an oligodendrocyte wraps an axon with myelin
(Pedraza et al. 2001; Bauer et al. 2009). This has been
depicted nicely in a review by ffrench-Constant and col-
leagues (Bauer et al. 2009). One model involves a spiral of
the oligodendrocyte process wrapping around the axon,
which then extends laterally into overlapping sheets, while
the second model involves the myelin wrapping around the
axon in a sheet-like manner forming an initial wrap, which
then extends by longitudinal movement underneath the
sheet that continues to extend.

We have developed cultures in which the many stages of
myelination can be followed over time. These myelinating
cultures involve plating dissociated rat spinal cord cells onto
a confluent monolayer of neurosphere-derived astrocytes
(Sorensen et al. 2008). The cultures develop over 26-28

Fig. 1 Stages of myelination visualised from
the myelinating cultures immunolabelled with
SMI-31 to depict neurites (red) and PLP
(green) for mature myelin. Stages of
myelination in vitro can be followed in the
cultures. (A) At early stages of myelination,
OPCs wrap a myelin sheath as a spiral around
the axons (arrow). Image taken after 18 days
in culture. (B) The myelin sheath begins to fill
in around from the initial spirals around the
axon. Image taken at 18 days in culture. (C)
Oligodendrocytes can make many internodes
of myelin often from primary processes (*),
but sometimes from secondary (**). (D) The
myelinating cultures form many nodes of
Ranvier. Image taken at 22-28 days in
culture.
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days, and from Day 1 to 12 allow the study of neuronal sur-
vival and neurite outgrowth, followed by oligodendrocyte
precursor proliferation and extension of their processes to
axons (Days 13-18), which progresses to ensheathment of
axons and formation of myelin internodes and nodes of
Ranvier (Days 22-28). Although this work was carried out
using neurosphere-derived astrocytes, myelination was also
seen on a monolayer of cortical astrocytes (Sorensen et al.
2008), suggesting there was not a great deal of difference
in the biological properties of the astrocytes despite the
difference in their origin. However, it is possible that P1
neurosphere-derived astrocytes may have different proper-
ties from astrocytes derived from P1 cortices, as neuro-
sphere-derived astrocytes are generated by differentiation
from neural stem cells. Images summarising the several
stages of myelination in these cultures can be seen in Fig. 1.
Our data suggest that oligodendrocytes appear to wrap a
fine process around an axon, which gradually extends out
along the axon rather like that described for model one
(Bauer et al. 2009; Fig. 2).

Using these myelinating cultures, we have shown that
astrocytes have a direct role in promoting myelination
(Sorensen et al. 2008). In fact, myelination was poor on
monolayers of other supporting glia, such as olfactory
ensheathing cells or Schwann cells, suggesting that astro-
cytes promote myelination either by releasing a soluble
factor or by cell—ell contact. More recently, we have shown
that the astrocyte phenotype can influence the ability of
oligodendrocytes to myelinate axons. Astrocytes can exhi-
bit a continuum of phenotypes ranging from quiescent/
resting to reactive (Liberto et al. 2004; Williams et al. 2007;
Sofroniew & Vinters, 2010). Myelination was poor when the
myelinating cultures were plated on quiescent astrocytes,
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but enhanced when they were plated on a more
reactive/activated phenotype (Nash et al. in press). Others
have also shown that astrocytes can modulate myelina-
tion. Indeed, in 1904 it was proposed that hypertro-
phic/reactive astrocytes were a pathological feature of
multiple sclerosis (MS), and it was hypothesised that they
had an important role in the disease (Muller, 1904). A
similar hypothesis was raised by Wu & Raine (1992) from
studies of human MS lesions. In this study the authors
demonstrated a correlation between hypertrophic astro-
cytes and MS pathology (Wu & Raine, 1992). Several other
reviews have discussed the role of astrocytes in MS (Lass-
mann, 2005; Williams et al. 2007; Nair et al. 2008; Sofro-
niew & Vinters, 2010), and have detailed the importance
of astrocyte-secreted factors that either promote or
impede myelination (Moore et al. 2011). It has also been
shown from immunohistochemical studies of the devel-
oping rat spinal cord that a temporary increase in GFAP-
positive cells correlated with an increase in immunoreac-
tivity with the late myelin marker, myelin basic protein,
suggesting that this increase of GFAP-positive cells accom-
panying myelination is necessary for normal myelin devel-
opment (Dziewulska et al. 1999). Other in vitro studies
have confirmed the role of astrocytes in myelination. For
example, Barres and colleagues demonstrated that astro-
cytes secrete factors that influence the rate of myelin en-
sheathment in vitro (Watkins et al. 2008). This highlights
the importance astrocytes have on influencing myelina-
tion, and the use of such cultures may provide a way to
define the differing phenotypes of astrocytes.

Astrocytes and myelination in the normal brain

In the normal CNS, astrocytes are often described as resting
or quiescent (Eddleston & Mucke, 1993; Holley et al. 2005),

Fig. 2 Schematic for a mechanism for
myelination based on images obtained from
the myelinating cultures. (A) The glial cell
puts out many processes and spirals a sheath
around the axon. (B) The spiral of myelin fills
forming a larger expanse of membrane. (C)
Eventually this fills out to form myelin
internodes. (Ai) OPCs wrapping a spiral of
myelin around the axon. (Aii) An example of
an oligodendrocyte extending multiple
processes towards axons. (Bi) The myelin
from the membrane spiral expands out along
the axon. (Ci) Oligodendrocytes form
internodes of myelin separated by nodal
spacing over several axons. Myelinating
cultures were immunolabelled with SMI-31 to
depict neurites (red) and PLP (green) for
mature myelin.

but it is more likely that they are actively regulating normal
brain function. For example, they express a wide range of
receptors, making them responsive to many growth factors
and neurotransmitters, as well as development and regula-
tion of neuronal synaptic plasticity and function (for review,
see Williams et al. 2007; Sofroniew & Vinters, 2010). In
response to damage, astrocytes within the CNS tissue
acquire a change in phenotype known as astrocytosis,
where their morphology, size and secretory profile changes
from that of a resting/quiescent astrocyte to one that is
reactive, also known as anisomorphic astrocytosis. It has also
been suggested that there is an intermediate phenotype in
which the astrocytes are activated, known as isomorphic
astrocytosis (Liberto et al. 2004). These categories are not
completely exclusive, but instead show a graded progres-
sion from one to the other, with possible phenotypes in
between (Sofroniew & Vinters, 2010; Fig. 3). In this review
we aim to further elucidate the various astrocyte pheno-
types, with emphasis on those that appear to play a role in
influencing myelination.

A key indication for the role of astrocytes in myelination
comes from a series of astrocyte mutations. One such muta-
tion in GFAP, which is upregulated when the astrocyte
becomes activated, results in a loss of integrity of CNS
white matter architecture and long-term maintenance of
myelination (Liedtke et al. 1996). Furthermore, there is a
strong association of GFAP mutations with Alexander dis-
ease (Brenner et al. 2001; Li et al. 2002), a neurodegenera-
tive disease classified as a leukodystrophy with loss of
myelin, oligodendrocytes and neuronal degeneration
(Alexander, 1949). Mutations in eukaryotic translation initi-
ation factor 2B, EIF2B5, cause childhood ataxia with CNS
hypomyelination, also known as vanishing white matter
disease (VWM). This mutation was found in neural progeni-
tor cells, preventing their differentiation into astrocytes,
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Fig. 3 Summary of astrocyte phenotypes and
markers used to identify them. The astrocyte

Quiescent Activated Reactive
can be termed quiescent in normal adult
resting CNS tissue. They can become Normal Mild gliosis Severe gliosis
activated by various mechanisms that result in
mild/isomorphic astrogliosis, with a mild Resting Isomorphic astrogliosis Anisomorphic astrogliosis
increase in cytoskeleton markers. Activated
astrocytes are also more distal to the injury Common markers used to identify astrocyte phenotype
site. The most severe phenotype is the
reactive/anisomorphic astrocyte that forms at FowiGRAR (I CEAE (0 CEAR
the gliotic scar. This phenotype is
characterised by a high increase in Ho vimentin 1 Vimentin® 1T Vimentin
cytoskeletal molecules (Ridet et al. 1997; NN N e
Fawcett & Asher, 1999 Liberto et al. 2004;
East gt al. 2009; Sofroniew & VmFers, 201.0). Low Ao & 2 Aiiperin g 1t Aducporin &
Asterisks represent our predicted information
on expression of these markers. Arrows 1008 2 51008 A S1008
indicate direction of expression and intensity.
CSPG, chondroitin sulphate proteoglycans; Low CSPG 2 CSPG M CSPG

GFAP, glial fibrillary acidic protein.

suggesting that a lack of astrocytic development in the
brain may contribute to VWM (Dietrich et al. 2005). Addi-
tional evidence that astrocytes are important for CNS repair
came from elegant transgenic mice experiments in which
dividing, and therefore reactive, astrocytes were selectively
ablated after induction of spinal cord injury. Resulting
injury was far worse in groups where astrocytes were
removed with a failure of BBB repair, leukocyte infiltration,
local tissue disruption, severe demyelination, neuronal and
oligodendrocyte death, and pronounced motor function
loss (Faulkner et al. 2004).

Experimental models of demyelination have also been
used to demonstrate an important role for astrocytes in the
subsequent remyelination. These use the glial toxin ethidi-
um bromide to create a focal area of demyelination in the
CNS (Graca & Blakemore, 1986). It was shown that oligo-
dendrocytes favour the remyelination of axons in areas
where astrocytes were localised (Blakemore, 1984; Talbot
et al. 2005). Likewise, transplantation of astrocytes into
these experimentally created demyelinated lesions
enhanced remyelination by host oligodendrocytes (Franklin
et al. 1991). The observation that endogenous oligodendro-
cyte precursor cells (OPCs) cannot myelinate demyelinated
axons in areas devoid of astrocytes suggests that remyelina-
tion failure was due to either: (i) the dominant influence of
inhibitory signals in astrocyte-free regions preventing termi-
nal differentiation of OPCs; or (ii) the absence of astrocyte-
derived signals enhancing terminal differentiation of OPCs
(Talbot et al. 2005). It is possible that both types of signals
compete for promotion of myelination.

© 2010 The Authors

It has been known for many years that astrocytes secrete
promyelinating factors that directly affect the oligodendro-
cyte lineage. In fact, astrocyte conditioned medium was
often used as an OPC mitogen (Noble & Murray, 1984), and
recently it was shown that the presence of astrocytes
allowed faster and more thorough ensheathment of axons
by oligodendrocytes (Watkins et al. 2008). Although the
above studies do not specify the mechanisms by which
astrocytes affect myelination, it is clear that they do have a
major influence on oligodendrocyte function. A link has also
been demonstrated between astrocytes, myelination and
electrical activity in axons (Ishibashi et al. 2006). In this study
it was shown that astrocytes secrete leukaemia inhibitory
factor (LIF) in response to ATP being liberated from axons fir-
ing, which in turn increased the number of myelinated
fibres. Thus, LIF secretion by electrically stimulated astrocytes
results in enhanced oligodendrocyte differentiation. There-
fore, secreted factors by astrocytes help create an accommo-
dating and permissive environment for oligodendrocytes to
mature into successful myelin-producing cells. The evidence
above suggests that any change in the secretory profile of
astrocytes may subsequently have an effect on the cells
within the surrounding environment, including a direct
functional effect on oligodendrocytes.

Changes in astrocytic phenotype following
homeostatic disturbance and injury

The glial reaction is a hallmark of many CNS pathologies,
including MS, spinal cord injury and Alzheimer's disease
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(Eng, 1985; Ridet et al. 1997; Nair et al. 2008; Verkhratsky &
Parpura, 2010). The glial reaction can range from mild to
severe, and comprises mainly of an increase in structural
molecules such as GFAP and vimentin, an increase in prolif-
eration, a change in secretory and metabolic profile, and at
the extreme leads to the formation of a scar. The remyeli-
nating capacity of oligodendrocytes in the vicinity of reac-
tive astrocytes appears to depend on the severity of this
astrocytic response. The following sections describe the
phenotypic changes that occur in astrocytes after injury.

Mild gliosis

Mild astrogliosis is also often described as isomorphic as-
trogliosis or astrocyte activation. This phenotype usually
refers to astrocytes that have upregulated a relatively low
expression of GFAP, show some degree of proliferation,
and secrete anti-inflammatory cytokines (John et al. 2003;
Liberto et al. 2004). There is currently a general view that
mild astrogliosis is beneficial to axonal regeneration and re-
myelination in injured CNS tissue (White & Jakeman, 2008;
Sofroniew & Vinters, 2010). Cytokine-treated astrocytes are
thought to be activated and have previously been shown to
promote angiogenesis, restore the BBB, neuronal survival
and synaptogenesis (Krum & Rosenstein, 1998; Gozes et al.
1999; Marz et al. 1999; Blondel et al. 2000; Herx & Yong,
2001; Mason et al. 2001).

A great deal of research has been undertaken to identify
the secretory profile of cytokine-treated astrocytes, with
emphasis on their effect on OPC differentiation (John et al.
2003, 2005; Meeuwsen et al. 2003). For example, ciliary neu-
rotrophic factor (CNTF) treatment of mouse spinal cord as-
trocytes leads to an increase in fibroblast growth factor
(FGF)-2 mRNA (Albrecht et al. 2002). FGF-2 is a growth fac-
tor known to be secreted by astrocytes, whilst its receptor is
on the oligodendrocyte (Woodward et al. 1992; Redwine
et al. 1997). In a viral-induced model of spinal cord demye-
lination, FGF-2 mRNA peaked 30 days post-infection, the
early remyelination stage of disease progression showing a
correlation of FGF-2 expression and myelination (Messer-
smith et al. 2000). Other cytokines that have been reported
to activate astrocytes include interleukin (IL)-1p, interferon-
7 (IFNy) and IL-11 (Meeuwsen et al. 2003; John et al. 2005).
Direct injection of IL-18 into the mammalian brain results in
an inflammatory response and reactive astrogliosis (Giulian
et al. 1988), and application of exogenous IFNy activates as-
trocytes in a corticectomy model of CNS injury (Yong et al.
1991). IL-11 has been shown to influence astrocyte differen-
tiation and GFAP expression (Yanagisawa et al. 2000).

Mild astrogliosis usually occurs in areas where there is a
much less disrupted environment or in areas distal from the
injury site. The establishment of such astrocytes in these
remote areas may be due to: (i) the release and widespread
diffusion of cytokines from the injury site; (ii) migration of
reactive astrocytes from the injured area to distant sites; (iii)

neuronal degeneration at the site of injury leading to
anterograde and retrograde fibre degeneration that affects
the astrocyte at the projection territory; or (iv) direct astro-
cyte injury leading to reduced gap junction activity, which
then propagated via the astrocyte syncytial network to dis-
tant astrocytes (Malhotra & Shintka, 2002). Thus, cytokine-
activated distal astrocytes play a role in the re-establishment
of the injured CNS. The presence of these astrocytes contrib-
utes to the regeneration capacity of the tissue, partly via
the secretion of promyelinating factors.

Severe gliosis

Severe astrogliosis, also known as anisomorphic astrogliosis
or astrocyte reactivity, results in a much higher increase in
GFAP expression, elevated proliferation rates and secretion
of pro-inflammatory cytokines (Fedoroff etal. 1983;
Eddleston & Mucke, 1993; Daginakatte et al. 2008; Sofro-
niew & Vinters, 2010). This astrocytic phenotype is regularly
associated with the glial scar, where astrocytes usually
directly border an area of CNS damage. The environment is
generally inhibitory to regeneration due to the presence of
inflammatory cytokines, residual tissue damage products
and immune cells, which is why the glial scar is often
described as an impediment for axonal regeneration (Fawc-
ett & Asher, 1999; Fitch & Silver, 2008). Reactive astrocytes
also upregulate chondroitin sulphate proteoglycans, hyal-
uronic acid and tenascins, extracellular molecules that have
been associated and are thought to play a part in the
regeneration failure in demyelinated regions (Canning
et al. 1996; Back et al. 2005; East et al. 2009; Filous et al.
2010).

The deleterious effects of secreted factors from reactive
astrocytes have been well documented. The most striking
example is a cytokine of the tumour necrosis factor (TNF)
family. TNFa levels increase in experimental autoimmune
encephalomyelitis (EAE; Villarroya et al. 1996) as well as
in the cerebrospinal fluid of patients with MS (Tsukada
et al. 1991). TNFx has been reported to induce myelin
and oligodendrocyte damage in vitro (Selmaj & Raine,
1988), and its expression in MS plaques from patients is
positively correlated with the extent of demyelination
(Bitsch et al. 2000). Furthermore, it has been shown that
the major target for TNF« is the maturation of oligoden-
drocytes (Cammer & Zhang, 1999), and thus supports evi-
dence that OPCs are locally present in lesion sites but are
unable to differentiate (Levine & Reynolds, 1999; Redwine
& Armstrong, 1998). Reactive astrocytes have also been
shown to secrete CXCL10 (IP-10; Ransohoff et al. 1993).
This is a small molecule belonging to the CXC chemokine
family, and shares its CXCR3 receptor with CXCL9/MIG
and CXCL11/I-TAC. Interestingly, CXCL10 has been shown
to be expressed by reactive astrocytes surrounding active
MS lesions (Omari et al. 2005; Carter et al. 2007). Because
oligodendrocytes express the CXCR3 receptor they may
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be the target for CXCL10. Furthermore, CXCL10 mRNA
was shown to be significantly increased during peak dis-
ease and reduced during the recovery phases in animal
models of MS, including myelin oligodendrocyte glyco-
protein-induced EAE (Godiska et al. 1995; Glabinski et al.
1997; Fife et al. 2001). In an in vitro model of myelina-
tion, astrocytes with increased expression of CXCL10
failed to promote myelination, an observation that was
reversed by the addition of CNTF, astrocyte conditioned
media or the neutralisation of CXCL10 using antibodies
(Nash et al. in press). Furthermore, it was demonstrated
that the addition of CXCL10 protein to normal myelinat-
ing cultures leads to the reduction of myelinated axons
within the culture. These data suggest that astrocyte-
derived CXCL10 acts directly on oligodendrocyte matura-
tion and axonal wrapping. It has been shown, however,
that CXCL10™~ or CXCR3™~ mice provoked more severe
clinical and histological symptoms and earlier onset of MS
disease models compared with wild-type controls (Klein
et al. 2004; Liu et al. 2006; Muller et al. 2007). Further-
more, in a viral model of MS, neutralising antibodies to
CXCL10 lead to a reduction in disease progression and
suppressed ongoing demyelination (Liu et al. 2001). This
conflicting evidence for the effects of CXCL10 suggests
possible multiple functions in CNS pathologies.

Generally, reactive astrocytes are regarded as a barrier for
regeneration, partly via the secretion of factors that halt
the survival and maturation of OPCs. Understanding the
factors that lead to the creation of reactive astrocytes and
its possible reversal may be of vast therapeutic potential for
CNS diseases and injuries.

Astrocyte phenotypes and myelination, B. Nash et al. 49

Environment and astrocytosis

The ability of astrocytes to present a graded response to the
intensity of injury highlights the versatility and adaptability
of these cells. Although severe astrogliosis is correlated with
well-documented studies regarding them as an obstacle to
regeneration, it must be noted that other cell types, such as
microglia (Liberto et al. 2004), are much more responsive
and can override any beneficial effects of the astrocytes.
Apart from the vast array of growth factors and cytokines
secreted by astrocytes, the physical barrier they form may
be more protective than inhibitory. The evolutionary con-
servation of the glial scar (Larner et al. 1995) suggests that
it must serve some kind of functional role, and its absence
may be more detrimental if it was not present at all (Faulk-
ner et al. 2004). Cytokine activation of astrocytes is clearly
favourable for OPC proliferation, maturation and myeli-
nation. Understanding how cytokine-activated astrocytes
influence oligodendrocyte differentiation could provide
important clues for devising a therapy for demyelinating
diseases.

The phenotypic state of astrocytes and their ability to sup-
port myelination depends on many factors, including the
age of the astrocytes, the proximity to injury site and the
state of activation (Fig. 4). It is known that the severity of
CNS damage in neonatal animals is much less severe than
that of adult animals (Barrett et al. 1984; Fujimoto et al.
2006; Filous et al. 2010), an observation that is likely to
relate to the phenotype of the astrocyte. For example,
astrocytes in neonatal animals may be more activated com-
pared with the quiescent astrocyte in the adult. If astrocyte

The relationship between astrocyte phenotype, support for myelination, proximity to injury and

age of the astrocyte.
Proximity to injury

Distal

Proximal

Adult

Fig. 4 Summary of how an astrocyte
phenotype, which is determined by age and
location, can influence myelination.
Astrocytes in close proximity to the site of
injury are typically described as reactive and
their support for myelination is poor.
Astrocytes more distal to the site of injury
receive ‘injury’ signal in the form of cytokines
and increase their state of activation,
ultimately increasing their support for
oligodendrocytes via the secretion of trophic
factors. Astrocytes in the neonatal animals
respond better to injury possibly due to the
reactivation state of the astrocytes, and are
therefore more equipped to support
myelination than in the adult. Green
represents a more positive effect on
myelination, while red represents a more
negative effect on myelination.
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phenotype is considered as a spectrum of reactivity inten-
sity, it can be argued that the closer the astrocyte is to being
in an ‘activated’ state, the better it responds to injury and
subsequently (re)myelination. Thus, the neonatal astrocyte
is more equipped to deal with insults than that of an adult.
This observation highlights why many researchers generate
neural cultures from neonatal rather than adult tissue.

Astrocytes in vitro are usually grown as a monolayer,
which is very different to their 3D environment in tissue. In
fact, the process of dissection and enzymatic dissociation of
tissue for generation of cells in culture induces an activated
state. Indeed, expression of the reactivity markers, GFAP, vi-
mentin and aquaporin 4 were reduced in astrocytes grown
on a 3D collagen gel system compared with astrocytes
grown in a monolayer (East et al. 2009). Furthermore, astro-
cytes in vitro are usually exposed to foetal bovine serum,
whereas those in the normal brain are not. Serum contains
many factors, including bone morphogenetic protein-like
factors that can induce astrocyte differentiation (Obayashi
et al. 2009). Therefore, the artificial culture conditions to
grow and maintain astrocytes may lead to a higher state of
activation than at their tissue source. As astrocytes in culture
have been shown to be supportive for myelination
(Ishibashi et al. 2006; Sorensen et al. 2008; Watkins et al.
2008), it can be argued that the greater the level of activa-
tion, the more supportive an astrocyte is for myelination
(Fig. 4).

It is generally accepted that astrocytes within the glial scar
inhibit regeneration and can have negative effects on remye-
lination (Rudge & Silver, 1990; Silver & Miller, 2004). Con-
versely the emerging view is that astrocytes can also be
essential for repair and subsequently myelination (Williams
et al. 2007; White & Jakeman, 2008; Sofroniew & Vinters,
2010). However, it is thought that these astrocytes are gener-
ally at more distal sites and probably respond to molecules
emerging from the damaged area (Ridet et al. 1997). Fur-
thermore, astrocytes more distal to injury contribute to a
great extent to regeneration via the secretion of growth fac-
tors and cytokines (Ridet et al. 1997; Williams et al. 2007; Nair
et al. 2008; Sofroniew & Vinters, 2010). With the identifica-
tion of more markers that define the various astrocyte phe-
notypes, it is hoped that consistency in the terminology and
classification of astrocytes will be made and lead to a better
understanding of their specific roles in CNS pathology.

Concluding remarks

Research into astrocyte phenotypes looks at a ‘snapshot’ of
a very active and constantly changing environment that is
highly dependent on environmental cues. It is important
for future strategies in CNS repair to identify the molecular
and cellular changes in these polarised astrocyte pheno-
types. Furthermore, it should be acknowledged that the
environment around CNS damage and demyelinated areas
contain heterogeneous cell populations, and relatively small

changes in this responsive milieu may have an impact on
other areas within the CNS. Thus, results observed are very
likely to be due to an indirect activation of complex cell—ell
interactions. It is probable that the dynamic nature of astro-
cytes allows them to effectively respond to minute changes
in the microenvironment mainly for the benefit of the host.
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