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Abstract

Myelination by oligodendrocytes is a highly specialized process that relies on intimate interactions
between the axon and oligodendrocyte. Astrocytes also have an important part in facilitating
myelination in the CNS, however, comparatively less is known about how they affect myelination.
This review therefore summarizes the literature and explores lingering questions surrounding
differences between white matter and grey matter astrocytes, how astrocytes support myelination,
how their dysfunction in pathological states contributes to myelin pathologies and how astrocytes
may facilitate remyelination. We propose that astrocytes in the white matter are specialized to
facilitate myelination and myelin maintenance by clearance of extracellular ions and
neurotransmitters and by secretion of pro-myelinating factors. Aditionally, astrocytes-
oligodendrocyte coupling via gapjunctions is crucial for both myelin formation and maintenance,
due to K* buffering and possibly metabolic support for oligodendrocytes via the panglia
syncytium. Dysfunctional astrocytes aberrantly affect oligodendrocytes, exemplified by a number
of leukodystrophies in which astrocytic pathology is known as the direct cause of myelin
pathology. Conversely, in primary demyelinating diseases, such as multiple sclerosis, astrocytes
may facilitate remyelination. We suggest that specific manipulation of astrocytes could help
prevent myelin pathologies and successfully restore myelin sheaths after demyelination.

Introduction to astrocytes

Distributed throughout the brain’s grey and white matter, under the dura and around cerebral
vasculature, astrocytes comprise the most abundant and diverse type of glial cell in the CNS.
Many key regulatory functions in maintaining brain homeostasis have been pinpointed to
astrocytes. Astrocytic endfeet processes cover more than 90% of the cerebral vasculature
and play a crucial role in formation and maintenance of the blood-brain barrier (BBB). The
BBB is immensely selective and protects the brain from entry of toxic substances and influx
of ions, such as K* and Ca?*, thereby regulating the extracellular environment (Abbott et al.,
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2006). Astrocytes take up K* and neurotransmitters such as glutamate that is increased in the
interstitial fluid during high frequency firing of neurons. By keeping extracellular K* and
glutamate levels low astrocytes facilitate fast repetitive neurotransmission (Walz, 2000,
Oliet et al., 2001). Astrocytes also control the dynamics of cerebral blood flow in order to
increase the availability of oxygen and glucose and thereby accommaodate changes in
neuronal activity (Zonta et al., 2003, Takano et al., 2006, ladecola and Nedergaard, 2007).
During high levels of neuronal activity astrocytes also play a pivotal role in maintaining pH
despite ionic changes (Chesler and Kaila, 1992). Astrocytes are the only cells in the CNS
that store glycogen and these depots may serve as a source of energy in support of neurons’
metabolic needs during hypoglycemia (Wang and Bordey, 2008, Belanger et al., 2011). The
metabolic role of astrocytes is further emphasized by their production of sterols and
lipoproteins. The BBB is impermeable to many lipid-soluble molecules, including
cholesterol and lipoproteins. Astrocytes produce and secrete cholesterol and distribute it
using lipid carriers, e.g. Apolipoprotein E, as vehicles (Dietschy and Turley, 2004). Another
way astrocytes may supply energy to other cells in the CNS is via facilitating the transport
and exchange of soluble substrates between the cerebrospinal fluid (CSF) and the interstitial
fluid (ISF) of the brain parenchyma (lliff et al., 2012, liff et al., 2013, Iliff and Nedergaard,
2013).

In addition to their role in maintaining stable physiological conditions in the CNS, astrocytes
are considered to be critical in specialized functions, such as such as control of respiratory
rate by ATP release (Gourine et al., 2010), regulation of the sleep wake cycle (Blutstein and
Haydon, 2013), and the facilitation of learning and memory (Han et al., 2013). Although
they are not electrically excitable, astrocytes are capable of detecting and modulating
neuronal activity. Astrocytes may tweak neuronal action potentials by release of glutamate,
ATP and D-serine at the synapse, however, this might only take place early in development
(Panatier et al., 2006, Araque, 2008, Nedergaard and Verkhratsky, 2012, Sun et al., 2013).
One study also implicated astrocytes as active modulators of axonal propagation of action
potentials (Sasaki et al., 2011). Astrocytes also play an active and specific role in both
formation and pruning of synapses (Ullian et al., 2001, Christopherson et al., 2005, Eroglu et
al., 2009, Dodla et al., 2010). Common between mammalian species, astrocytes comprise a
gap-junction coupled network of non-overlapping domains. Each domain covers a
significant region of neuronal synapses. Such an organization suggests that astrocytes may
play important roles in integrating and processing complex cognitive tasks, as local neural
activity in a single domain may be detected by astrocytes that then communicate with
coupled cells to coordinate a wide-spread response. Most of the studies describing astrocytic
function have been performed on rodents; however, considerable differences exist between
human and rodent astrocytes. Compared to rodents, human astrocytes are 16 times larger in
volume, conduct calcium waves at a 4 fold increased velocity and extend 10 times more
primary processes (Oberheim et al., 2006, Oberheim et al., 2012). Intriguingly, engraftment
of human astrocytes in rodents results in significant enhancements over wild type control
animals in behavior analysis of learning and memory, directly tying astrocytic functions to
cognitive powers (Han et al., 2013). The increased complexity of human astrocytes, the
numbers of synapses contacted and the speed of Ca* waves are possibly contributing to
heightened intelligence compared to rodents. Other glial cells, namely oligodendrocytes are
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also believed to contribute to the superior cognitive functions in humans, given that the
volume of white matter in humans constitutes 50-80% of the brain while only 14% of the
rodent brain (Zhang and Sejnowski, 2000). Whether human astrocytes facilitate myelination
more than rodent astrocytes is still unknown, however, here we review the current
knowledge on how astrocytes may affect myelination in normal physiological conditions
and in disease.

Astrocyte heterogeneity and general characteristics

Given the ample functions of astrocytes it is not surprising that they are a heterogeneous
class of cells. Developmentally, astrocytes originate from several sources and can vary in
proliferation rates and in response to brain injury (Bardehle et al., 2013). The main sources
of mature astrocytes during development are the radial glia cell in the brain and several
types of progenitor cells in the spinal cord (Vaccarino et al., 2007, Nash et al., 2011,
Molofsky et al., 2012, Tsai et al., 2012). Astrocytes can be continually generated in the adult
brain by subventricular stem cells (Molofsky et al., 2012) and a small fraction of dividing
mature astrocytes, depending on the brain region (Emsley and Macklis, 2006). Surprisingly,
the astrocytes originating from different progenitor cells stay in place and are not
replenished by astrocytes in neighbor domains (Tsai et al., 2012). Experimental data
supports the idea that astrocytes are heterogenous according to both their origin and by
virtue of their environment (Emsley and Macklis, 2006, Wang and Bordey, 2008). It is
possible that astrocytes adapt to the needs of their surrounding tissue. This could also be
reflected by the fact that the sheer density of astrocytes differs between brain regions
(Emsley and Macklis, 2006).

Expression levels of intermediate filament proteins vary distinctively in astrocytes. The
abundance of filamentous proteins was amongst the very first characteristics of astrocytes
that were noticed by researchers using histochemical stainings (Miller and Raff, 1984). The
structural integrity of astrocytes is supported by several filamentous proteins including
vimentin, desmin, synemin and Glial Acidic Fibrillary Protein (GFAP) (Dahl and Bignami,
1982, Pixley et al., 1984, Hirako et al., 2003). GFAP was identified as the most abundant
intermediate filament expressed in astrocytes (Bignami et al., 1972, Schachner et al., 1977,
Kimelberg, 2004). However, immunostainings for GFAP reveal neither the number nor the
complexity of astrocytes, as up to 85% of astrocytic processes do not contain GFAP
(Bushong et al., 2002). Usually, the finer processes are GFAP negative, however, a subset of
astrocytes does not express GFAP at all. The cytoplasmic CaZ* binding protein S100b is
expressed in a larger proportion of astrocytes than GFAP, although it is not expressed in all
astrocytes (Ogata and Kosaka, 2002). Whereas GFAP in the CNS is exclusively expressed
by astrocytes, some studies have found s100b expression in a small proportion of neurons
(Rickmann and Wolff, 1995, Yang et al., 1995) and oligodendrocytes (Vives et al., 2003,
Zuo et al., 2004).

The majority of astrocytes are post mitotic at physiological conditions, and very active
proliferation is usually associated with astrogliosis, e.g. induced by CNS damage (Nash et
al., 2011). An overall 10% of astrocytes are cycling in the adult brain as measured by BrdU
incorporation, however, the fraction of astrocytes undergoing cell division varies in different
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brain areas (Emsley and Macklis, 2006). Following injury astrocyte proliferation may be
important for scar formation but the relevance of astrocyte proliferation under physiological
condition is unknown (Bardehle et al., 2013). Uncertainty with regard to proliferation
capabilities in the human, uninjured brain further highlights our lack of understanding of the
importance of astrocyte proliferation in physiological states.

Despite their heterogeneity, astrocytes do have a number of characteristics in common.
Electron microscopy reveals how the cytoplasm of astrocytes is distinguished from other
cells due to their relatively scarce organelles. Besides from the intracellular filaments
supporting the morphology of astrocytes as part of the cytoskeleton, the cytoplasm of
astrocytes has a light appearance in the electron microscope (EM) compared to that of
neurons and especially oligodendrocytes (Peters et al., 1991). Astrocytic filaments resemble
neuronal filaments, however, unlike their neuronal counterparts the astrocytic filaments
usually occur in bundles. As shown by immunohistochemistry, it is also observed on EM
micrographs that white matter astrocytes contain larger amounts of filaments than
protoplasmic astrocytes (Kettenmann and Ransom, 1995). The nuclei of astrocytes are
usually irregular in shape and are finely granulated (Mori and Leblond, 1969).
Ultrastructural analysis also reveals that mitochondria of white matter astrocytes are more
elongated than those of grey matter astrocytes. The chromatin is condensed along the
nuclear envelope and nuclear envelope pores are abundant (Peters et al., 1991). In terms of
membrane properties, astrocytes are characterized by expression of a wealth of different K*
channels, causing their membrane to be leaky (Zhou et al., 2009). Consequently, the
membrane resistance of astrocytes is ~10 MS2, which is extremely low compared to other
cell types in the CNS (Schools et al., 2006). Although some voltage-gated Na* channels may
be expressed by immature astrocytes (Kressin et al., 1995) the cell membranes of mature
astrocytes are passive to changes in membrane potential and thus astrocytes are non-
excitable. The resting membrane potential of astrocytes is =78 mV or below (Ransom and
Sontheimer, 1992, Schools et al., 2006).

White matter versus grey matter astrocytes

Astrocytes have been divided into 9 groups based on morphology (Emsley and Macklis,
2006) and very distinctive differences are observed between grey and white matter
astrocytes. The striking difference in morphology of astrocytes in the grey matter versus
white matter gave rise to the two names: protoplasmic and fibrous astrocytes, respectively.
In rodent white matter, the astrocytes’ cell bodies are small and their processes are aligned
with the myelinated fibers, giving an elongated morphology (Fig 1). In grey matter,
astrocytes are typically larger and have more sheath-like and branched processes, however,
the more sheath-like processes are fine and not labeled by GFAP (Fig 1). Grey matter
astrocytes may also be polarized, for example in the dentate gyrus, where astrocytes extend
most of their processes towards the hippocampal fissure (Bushong et al., 2003). In humans,
the overall morphology of fibrous and protoplasmic astrocytes is similar to those found in
rodents, however, with some noticeable differences. Firstly, as reported by Oberheim et al,
human astrocytes are significantly bigger than murine astrocytes (Oberheim et al., 2006,
Oberheim et al., 2009). In addition, the human astrocytes, particularly in the grey matter, are
much more complex in morphology than their rodent counterparts (Oberheim et al., 2006,
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Oberheim et al., 2009). The number of synapses that an individual astrocyte can span is
therefore correspondingly larger and intracellular signaling through the astrocytes contacting
synapses could potentially be facilitating transmission of information between neurons. The
astrocytes originating from human-derived immature glial progenitor cells transplanted into
rodent brains developed a complex morphology similar to what is observed for astrocytes in
human brains (Han et al., 2013), indicating that size and morphology of astrocytes are
determined by cell-intrinsic factors. However, the human astrocytes developed to adapt a
protoplasmic and fibrous morphology according to their location in grey and white matter,
respectively (Han et al., 2013). This is an example that astrocytes of the same origin adapt
an intrinsic program in terms of size and morphology according to their environment.
However, it is still unknown what factors in the grey and white matter are conducive for
adaptation of the specific morphologies.

The hypothesis that diversity in terms of morphology could be a reflection of specialized
functions is supported by diversity in terms of protein expression profiles in grey matter
compared to white matter astrocytes. Both surface markers and intracellular proteins are
reported as differentially expressed in grey matter versus white matter astrocytes. The
surface marker cluster of differentiation 44 (CD44) is expressed mainly by astrocytes, which
express several splice variants of CD44. CD44 is a hyaluroran receptor, which is a highly
abundant extracellular matrix glycosaminoglycan. CD44 is also expressed by astrocyte-
committed glial progenitors (Bugiani et al., 2013). However, CD44 is expressed
predominantly by fibrous astrocytes found in the brain’s white matter (Kaaijk et al., 1997).
The functional relevance of the interactions between the extracellular matrix and astrocytes
in white matter are not fully understood.

Other noteworthy proteins that are differentially expressed are filamentous proteins
including vimentin and GFAP (Table 1). These intermediate filaments are highly expressed
in white matter compared to grey matter (Goursaud et al., 2009), suggesting that astrocytes
serve a specialized function with regards to structure amongst myelinated fibers. Besides
from the structural function of GFAP, it has been suggested that GFAP expression correlates
with glutamate transporter function. GFAP physically interacts with and might serve as an
intracellular anchor for Glutamate Aspartate Transporter (GLAST) (Sullivan et al., 2007).
The hypothesis is supported by the fact that GFAP knockout mice have decreased
expression of GLAST (Hughes et al., 2004). A study showed that cultured astrocytes from
white matter express higher levels of the glutamate transporters Glutamate Transporter 1
(GLT-1) and GLAST compared to astrocytes from grey matter (Goursaud et al., 2009). Not
only is GFAP more highly expressed in white matter astrocytes, a large fraction of grey
matter astrocytes does not express GFAP (Ludwin et al., 1976, Bushong et al., 2002).

On the more physiological level, some differences between white and grey matter astrocytes
have also been suggested. The cytoplasm of adjacent astrocytes is joined by homomeric gap
junctions formed by Cx43 and to a lesser extent Cx30 through which Ca2* waves are
propagated in large networks of astrocytes (Haas et al., 2006, Orthmann-Murphy et al.,
2008). This long-distance signaling between astrocytes propagates at a speed of 10-20 pm/s
both in white and grey matter (Haas et al., 2006). However, dye injection experiments in
acute brain slices showed that the coupling between astrocytes is remarkably different
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between grey and white matter astrocytes. In grey matter astrocytes are coupled in a network
of an average of 94 cells that spanned 390 um in diameter (Haas et al., 2006). In contrast,
when the same experiment was performed on astrocytes in the corpus callosum the
astrocytes showed coupling to few or no other astrocytes (Haas et al., 2006). However, dye
injection followed by optical bleaching showed that the optic nerve contained the highest
degree of coupled astrocytes of the areas investigated, namely 91% of the cells (Lee et al.,
1994). Although the experiments were conducted using different methods, they suggest that
the gapjunction coupling of astrocytes may be more varied in white matter.

As first demonstrated in the grey matter, astrocytes facilitate fast repetitive information
transmission between neurons by clearing the extracellular space of neurotransmitters.
Astrocytes are the main cell type expressing transporters for the main excitatory
neurotransmitter, glutamate. The family of glutamate transporters consists of 5 genes which
gene products are in the class of Excitatory Amino Acid Transporters (EAAT) (Danbolt,
2001). Of these, astrocytes express predominantly GLT-1 (EAAT2) and GLAST (EAAT1).
That astrocytic uptake of glutamate is indeed vital for maintaining a physiological balance as
demonstrated by Rothstein et al., who showed that knocking down GLAST and GLT-1 by
SiRNAs causes neurotoxicity (Rothstein et al., 1996). Accordingly, the activity of glutamate
transporters per mg of freshly isolated tissue in grey matter is higher than for white matter
(Hassel et al., 2003). However, when normalizing to the density of synapses in grey versus
white matter, the glutamate transporter activity is significantly higher in corpus callosum
than cortex (Hassel et al., 2003). Cell culture studies showed that the highest expression
level of glutamate transporters is found in astrocytes isolated from white matter (Goursaud
et al., 2009). In addition, the capacity for metabolism of glutamate to glutamine is higher in
white matter astrocytes than grey matter astrocytes in vitro (Goursaud et al., 2009) further
supporting the hypothesis that there is a need for more effective glutamate clearance in
white matter. That a relatively higher glutamate uptake and metabolism is indeed an
indicator that glutamate levels are more tightly controlled in white than grey matter is
confirmed by the findings that the glutamate concentration in white matter is only half of
what is found in the grey matter (Hassel et al., 2003). Overload of glutamate may cause
excitotoxicity via ionotropic glutamate receptors on the neurons’ cell body or axons.
Glutamatergic excitotoxicity may occur also in oligodendrocytes from activation of AMPA/
kainate and NMDA receptor activation (Oka et al., 1993, Borges et al., 1994, Karadottir et
al., 2005), suggesting that glutamate clearance by astrocytes in white matter might be
needed in order to maintain healthy oligodendrocytes.

Astrocytes in developing and adult white matter

In early development astrocytes are generated from GFAP-expressing radial glial cells in
addition to glia progenitors (Vaccarino et al., 2007); but they can be distinguished from
mature astrocytes based on their morphology and their lack of ability to generate neurons or
oligodendrocytes. GFAP-expressing radial glia are present in early pre-natal development,
however, GFAP-expressing mature astrocytes in the grey and white matter are first detected
at E16 (Miller et al., 1985, Sancho-Tello et al., 1995, Qian et al., 2000), around the time
where OPCs have begun migrating throughout the brain from their originating locations
(Fogarty et al., 2005, Vallstedt et al., 2005, Kessaris et al., 2006). Myelination in rodents is
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sparse before birth and is accelerated during early postnatal development. In the rat spinal
cord the number of glial cells increase 6-fold during the first two post-natal weeks (Gilmore,
1971) and mature astrocytes appear in large numbers at the same developmental stage as
axons are myelinated by oligodendrocytes (Qian et al., 2000). How astrocytes facilitate each
step of myelination including proliferation of oligodendrocyte precursor cells, initial contact
between oligodendrocytes and axons and myelination has been addressed by several studies.

Astrocytes may control proliferation and migration of oligodendrocyte precursor cells
(OPCs) as they are the main producer of platelet-derived growth factor-alpha (PDGF) in the
CNS (Noble and Murray, 1984, Noble et al., 1988, Richardson et al., 1988). PDGF-alpha is
also the most important survival factor for OPCs and inhibits differentiation of
oligodendrocytes, thereby regulating the timing of myelination (McKinnon et al., 2005). Co-
culture studies of retinal ganglion cells and optic nerve OPCs and astrocytes have
demonstrated a role for astrocytes in facilitating alignment and adhesion of immature
oligodendrocytes with unmyelinated axons (Meyer-Franke et al., 1999). The enhanced
adhesion of MBP* processes with axons induced by co-culturing with astrocytes was
reproduced by adding endoneuroaminidase-N, that cleaves off polysialic acid (PSA) from
NCAM (Rougon, 1993). This suggests that unmasking of neuronal NCAM by astrocytic
enzymes is needed to initiate robust contact between oligodendrocytes and axons
(Rutishauser, 1996, Kiss and Rougon, 1997). Downregulation of PSA is correlative with
onset of myelination in rodents and humans, however, in vivo evidence that astrocyte-
mediated cleavage of PSA initiates myelination is lacking (Bartsch et al., 1990, Nait
Oumesmar et al., 1995, Fewou et al., 2007, Jakovcevski et al., 2007). A wealth of soluble
factors secreted by astrocytes has also been implicated in enhancing myelination. Examples
of these are neuregulin and cleavage of neuregulin by gamma-secretase (Wang et al., 2007,
Taveggia et al., 2008, Watkins et al., 2008), brain-derived neurotrophic factor (BDNF)
(Cellerino et al., 1997, Jean et al., 2008, Xiao et al., 2010), ciliary neurotrophic factor
(CNTF)(Stankoff et al., 2002, Nash et al., 2011), insulin-like growth factor 1 (IGF-1)
(Ballotti et al., 1987, Ye et al., 2002, Ye et al., 2004, Wang et al., 2007, Zeger et al., 2007)
and osteopontin (Selvaraju et al., 2004), amongst others (Barnett and Linington, 2012).
However, astrocytes also secrete factors implicated in inhibition of myelination, such as
TGF-alpha, BMP2/4 and hyaluroran, as reviewed by Barnett and Linington (2012).
Interestingly, a role for astrocytes in sensing activity of neurons and consequently
instructing oligodendrocytes to myelinate have been suggested by Ishibashi et al. Using an
in vitro model of myelination, they showed that leukemia inhibitory factor (LIF) is released
from astrocytes in response to neuronal activity and axonal ATP release and that secretion of
LIF by astrocytes increases myelination (Ishibashi et al., 2006). Similarly, application of the
main excitatory neurotransmitter glutamate stimulates release of the pro-myelination growth
factor BDNF from astrocytes in culture (Jean et al., 2008).

Evidence that physical contact between astrocytes and oligodendrocytes plays a crucial role
in both myelination and continued support of white matter is indicated by the disease
severity and progression of the myelin disease Pelizaeus-Merzbacher-like disease (PMLD)
caused by mutations in genes encoding glial connexins (Orthmann-Murphy et al., 2007a).
Connexin (Cx) 30 and Cx43 on astrocytes form gap junctions with oligodendrocytes’ Cx32
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and Cx47, respectively (Orthmann-Murphy et al., 2007b), through which cytosolic
components up to ~900 Da can flow (Bruzzone et al., 1996). The phenotype observed in
connexin knockout mice recapitulates the pathology observed in patients. Elimination of
gap-junction coupling of oligodendrocytes and astrocytes in mice produces pronounced
white matter pathology including delayed myelination, vacuoles in the corpus callosum and
optic nerve and death of oligodendrocytes in young adults (Odermatt et al., 2003, Tress et
al., 2012). The importance of the pan-glia syncytium may be metabolic support of
oligodendrocytes by astrocytes, as there is some evidence that suggests a unidirectional flow
through gap junctions, whereby cytosolic contents originating from astrocytes are
preferentially transported to the cytosol of oligodendrocytes (Robinson et al., 1993).
However, it has been suggested that a major function of oligodendrocyte-astrocyte coupling
is to buffer K* which accumulates in oligodendrocytes following neurotransmission (Nagy
and Rash, 2000). In white matter, oligodendrocytes are directly exposed to K* released from
active axons and astrocytes could potentially provide spatial buffering of K* via direct flow
into their cytoplasm via gap junctions.

The function of the structural integrity provided by astrocytes has been tested by genetic
deletion of GFAP. Surprisingly, GFAP knockout mice are viable. Considering the many
functions of astrocytes it was an even more surprising finding that the GFAP knockout mice
reveal more extensive abnormalities in white matter than in grey matter. Hypomyelination as
well as ultrastructural myelin pathologies including loosening of myelin sheaths are very
prominent features in the CNS of GFAP knockout mice (Liedtke et al., 1996). It has been
proposed that deletion of GFAP might have other consequences than alterations of structural
support in the CNS such as reduced glutamate clearance as GFAP physically interacts with
GLAST (Sullivan et al., 2007). Although the underlying mechanisms of pathology in the
GFAP knockout mice are not fully understood, the developmental myelin pathologies in
these mice demonstrate that normal development of oligodendrocytes is supported by
astrocytes.

In summary, the majority of experimental evidence points to astrocytes as being crucial in
facilitating normal myelination during development. In terms of maintaining healthy
oligodendrocytes throughout adulthood astrocytes play crucial roles in maintaining the right
environment for oligodendrocytes and perhaps also ion buffering and metabolic supply.
However, as many experiments that demonstrate a role for astrocytes in myelination by
secretion of soluble factors have been performed in vitro additional studies are needed to
obtain a more detailed knowledge on the role of astrocytes in myelination in vivo.

The role of astrocytes in age-related white matter changes

Aging in humans is accompanied by increased rates of neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease. However, even in healthy individuals a substantial
cognitive decline in terms of learning and memory deficits is a general consequence of old
age (Vinkers et al., 2005). Surprisingly, although neuronal changes occur, investigations of
primate brains showed that the number of neurons was constant from young adults to aged
animals, indicating that cognitive decline as an effect of aging is not caused by neuronal loss
(Peters et al., 1994, Peters et al., 1996). Further investigations showed gross changes in
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myelin of aged monkeys. The percentage of myelinated axons only decreases from 94 to
90% in the anterior commissure but the absolute number of myelinated axons declines
dramatically (Sandell and Peters, 2003, Hinman and Abraham, 2007). A closer look at the
myelin on the ultrastructural level revealed abnormalities with regards to structures of
myelin sheaths and paranodes (Sandell and Peters, 2003). The numbers and proportions of
glial cells were not affected by aging, however, the volume of astrocytic processes was
greater in the aged monkeys (Sandell and Peters, 2002). One explanation for the expansion
of astrocyte volume could be that astrocytes are simply filling the space left by the
degenerated oligodendrocytes and axons, however, there are several indications that
astrocytes might play an active role in the demise of white matter in aging. Increased
astrocytic GFAP content, a changed secretion profile as well as an increase in general
indicators of astrogliosis are known age-related changes of the mammal CNS (Sloane et al.,
2000, Moore et al., 2011, Salminen et al., 2011). In the adult cerebral cortex only a small
minority of astrocytes expresses GFAP and the cells are non-proliferative (Buffo et al.,
2008). Following CNS injuries GFAP expression can be upregulated or induced and
proliferation evoked in mature astrocytes, a phenotype acknowledged as reactive (Buffo et
al., 2008). Although there is a continuum of the reactive astrocyte phenotype according to
severity, even mild forms of reactive astrocytes have been correlated with damage
(Sofroniew and Vinters, 2010). In some instances reactive astrocytes may improve the
outcome after CNS injury, although the reactive astrocyte phenotype is more commonly
connected to deleterious outcomes (Sofroniew and Vinters, 2010). The underlying cause of
astrogliosis during aging might be chronic low grade inflammation, as inflammation is
increasing with aging (Franceschi et al., 2007). In addition, senescent and activated
astrocytes may themselves contribute to inflammation by releasing pro-inflammatory
cytokines (Li et al., 2011, Salminen et al., 2011). The evidence for inflammatory-induced
astrogliosis remains controversial (Little and O’Callagha, 2001), however, the link between
astrogliosis and white patter pathology is more clear. There is compelling evidence that
aging is accompanied by a transformation of a proportion of astrocytes into reactive
astrocytes, as measured by increased expression of GFAP. Although an increase in the
number of GFAP-expressing astrocytes is not reliably observed in aged animals, the level of
GFAP expression per cell is consistently increased (Sabbatini et al., 1999, Salminen et al.,
2011). The level of GFAP-expression per cell increases disproportionately more in white
matter than grey matter during aging, indicating that white matter astrocytes may be more
affected than grey matter astrocytes. Although it is unclear if the increase in GFAP in the
context of aging is a direct cause of myelin degeneration, an experimental model of
Alexander Disease showed that accumulation of mutant GFAP is directly correlated with
disease severity (Jany et al., 2013). This suggests that senescent-induced changes in
astrocyte may contribute, if not drive, age-relaged myelin pathology.

The role of astrocytes in white matter pathology

Congenital dysmyelinating disorders

Leukodystrophies encompass the genetically determined white matter disorders and are
characterized by abnormal myelin formation (Schiffmann and van der Knaap, 2009).
Despite the fact that these diseases are categorized as myelin pathologies there are several

Neuroscience. Author manuscript; available in PMC 2015 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lundgaard et al.

Page 10

examples of leukodystrophies where astrocytes have been identified as the underlying cause
of disease. Among those, Alexander Disease is a clear example of how astrocytic
dysfunction can compromise the development and integrity of myelin. Alexander Disease
can manifest from early infancy to late childhood and symptoms may include seizures,
spasticity and intellectual disability in the affected patients (Gordon, 2003, Liem and
Messing, 2009, Sawaishi, 2009). The underlying pathology results from mutations in the
GFAP gene leading to toxic gain of function. Astrocytes in Alexander Disease develop a
reactive phenotype including hypertrophic GFAP* processes (Fig 2a—b). The mutant GFAP
forms characteristic intracytoplasmic aggregates known as Rosenthal fibers, which can be
seen on hematoxylin and eosin (H&E) stain and electron microscopy (Liem and Messing,
2009, Messing et al., 2012). Megalencephalic leukoencephalopathy with subcortical cysts
(MLC) is another leukodystrophy where astrocytes play a central role in the pathogenesis.
The disease commonly affects infants and leads to progressive spasticity and ataxia (Ridder
etal., 2011). The clinical pathologies were directly linked to mutations in a specific gene,
named MLC1. MLC1 protein is mainly expressed in astrocyte endfeet surrounding blood
vessels (Boor et al., 2005). In vitro studies showed that the formation of vacuoles found in
vivo can be reproduced in astrocytes cultures with mutations in the MLC1 gene (Duarri et
al., 2011), implying that the role of astrocytes in maintaining BBB integrity is crucial for
myelination. Vanishing white matter (VWM) disease is another leukoencephalopathy where
dysmorphic astrocytes have been described. It predominantly manifests in early childhood
but can arise in all ages. VWM disease presents with episodes of rapid clinical deterioration
triggered by stress such as minor head trauma or fever and may lead to death (van der Knaap
et al., 2006). Pathohistological findings include increased proliferation and maturation
defects in astrocytes. Abnormal composition of intermediate filament network, with
predominance of the GFAP delta isoform, and general upregulation of heat shock proteins
suggest that the astrocytes are metabolically stressed (Bugiani et al., 2011). The five genes
linked to this pathology encode different subunits of the eukaryotic initiation factor elF2B
(Maletkovic et al., 2008). However, elF2B is expressed in both astrocytes and
oligodendrocytes and thus the primary role of astrocytes in VWM remains undefined
(Bugiani et al., 2011).

Autoimmune myelopathies

The primary demyelinating disease multiple sclerosis (MS) is characterized by immune-
mediated attacks leading to loss of mature oligodendrocytes and myelin. Astrogliosis is a
hallmark of demyelinated lesions in MS and formation of an astroglia scar is often observed
in chronic demyelinated lesions (Wu and Raine, 1992). Astrogliosis is thought to create a
non-permissive environment for remyelination, however, it is believed to be a secondary
effect of demyelination rather than the cause of disease (Holley et al., 2003). Conversely, in
neuromyelitis optica (NMO), another autoimmune demyelinating disorder in some ways
similar to MS, the disease is caused by autoimmune response directed against astrocytes.
NMO is an inflammatory demyelinating disorder that predominantly affects the optic nerves
and spinal cord and courses with rapid progression of disability (Wingerchuk et al., 1999).
Although initially thought to be a subtype of MS, the finding of serum reactivity targeting
Aquaporin 4 (AQP4), absent in MS, supports the distinct humoral pathogenesis directed
against astrocytes (Jarius and Wildemann, 2010). Anti-AQP4 antibodies were first described

Neuroscience. Author manuscript; available in PMC 2015 September 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lundgaard et al.

Page 11

by Lennon and colleagues in 2004 in parallel with a striking loss of AQP4 in optic nerve and
spinal cord lesions (Lennon et al., 2004). The AQP4 antibody titer correlates with disease
activity and lesions occur predominantly in areas of high AQP4 expression. AQP4 is
expressed exclusively in astrocytes’ endfeet processes lining the cerebral vasculature.
Experimental evidence suggests that APQ4 antibody activates complement, induces necrotic
cell death in astrocytes and impairs BBB function and glutamate homeostasis. The
combination of these effects is thought to result in demyelination (Jarius and Wildemann,
2010).

In primary demyelinating disorders remyelination is needed for functional recovery. Several
studies have investigated different aspects of the role of astrocytes in remyelination.
Blakemore et al. tested how transplantation of astrocytes influenced remyelination in a study
where endogenous astrocytes were killed using a gliatoxin (Blakemore et al., 2003).
Although a proportion of the lesions with transplanted astrocytes were remyelinated as
efficiently as the lesions largely devoid of astrocytes, remyelination was compromised in
number of lesions with exogenous astrocytes. In addition, when comparing remyelination
within lesions, there was no difference in the area of the lesion where astrocyte processes
were present. However, a similar study using transplantation of astrocytes into demyelinated
lesions showed that astrocytes enhanced remyelination by endogenous oligodendrocyte
precursor cells (Franklin et al., 1991). In MS, astrocytes have a role in both phagocytosis of
myelin debris which is necessary for efficient remyelination (Kotter et al., 2006) and antigen
presentation which in the case of MS is disease-promoting (Lee et al., 1990). Also in terms
of secreted factors astrocytes have been ascribed both enhancing and inhibiting roles in
relation to remyelination (Nair et al., 2008). In chronic demyelinated lesions astrocytes
express elevated levels of both CD44 and its ligand hyaluronan and this inhibits maturation
of oligodendrocyte precursor cells (Back et al., 2005). However, it is unknown if this
seemingly aberrant response from astrocytes in MS could is part of MS pathogenesis or a
secondary response to MS pathology. Furthermore, the role of CD44 is unclear as a global
knockout of CD44 showed worsened outcomes of EAE (Flynn et al., 2013). Amongst the
basis for the worse outcomes of EAE in CD44 deficient mice was increased breakdown of
the blood-brain barrier.

Similar to myelination in development, astrocyte secreted factors may also enhance
remyelination (Barnett and Linington, 2012). In addition, a recent study indicated a specific
metabolic role for astrocytes in remyelination by oligodendrocytes. A conditional knockout
of the iron efflux transporter ferroportin (Fpn) under the GLAST promoter two weeks before
induction of remyelination decreased both OPC proliferation and remyelination (Schulz et
al., 2012). These results indicate that iron homeostasis is vital for oligodendrocytes ability to
remyelinate axons and that astrocytes play an essential role in oligodendrocyte iron
metabolism. Given that gapjunctions between astrocytes and oligodendrocytes appear to be
crucial for myelination and survival of oligodendrocytes, it would not be surprising if
gapjunction coupling also is important for remyelination (Odermatt et al., 2003, Orthmann-
Murphy et al., 2007a, Tress et al., 2012). Expression of genes encoding oligodendrocyte and
astrocytes connexins are dysregulated in MS patients, especially in chronic demyelinated
lesions the glia connexins Cx43 and Cx47 are downregulated (Markoullis et al., 2012).
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Ultimately, the balance between opposing effects of astrogliosis and normal functions of
astrocytes may therefore be determining if astrocytes inhibit or enhance remyelination in
demyelinating diseases such as MS. As reactive astrocytes is a common denominator in
Alexander Disease and chronic demyelinated MS lesions, a potential strategy with regards to
ameliorating astrogliosis-induced pathology would be to simply reduce astrogliosis. Using
lentivira encoding short hairpin RNA against GFAP or Vimenting, Desclaux et al obtained
promising results in terms of nerve regeneration in a spinal cord injury model (Desclaux et
al., 2009).

Conclusion

In the mammalian CNS, astrocytes have been attributed countless of vital roles to
development of neurons, e.g. formation and pruning of synapses, as well as in the
development or repair of acute CNS trauma or chronic neurodegenerative diseases. This
review was focused on a topic that has received less attention, namely the role of astrocytes
in differentiation and maintenance of oligodendrocytes as well as repair in myelin diseases.
The review of existing literature testifies to the plentiful roles of astrocytes in the CNS with
relevance to oligodendrocytes, ranging from survival, proliferation and migration of OPCs
to secreted factors regulating myelination. The central role of astrocytes in the
leukodystrophies Alexander Disease, MLC and VWM is evidence that dysfunctional
astrocytes may directly cause myelin abnormalities and breakdown. PMLD where
gapjunctions between oligodendrocytes and astrocytes are compromised demonstrate that
the panglia syncytium is crucial for myelin formation and maintenance. NMO is an example
how targeted destruction of astrocytes around blood vessels lead to myelin pathology.
Astrocytes can also positively enhance myelination and remyelination, as shown by both in
vitro and in vivo studies. In conclusion, there is a potential scope for treatment of
developmental myelin diseases and adult demyelinating disorders by manipulating astrocyte
functions. Strategies in disease treatment could include identification and administration of
astrocytic secreted agents that promote myelination and remyelination, or gene therapies that
could reduce astrogliosis. Thus, treatments for CNS diseases converge on manipulating
astrocytes and may in some cases provide a multifunctional solution in the forefront of
combating neurodegenerative diseases.
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Figure 1.
3D reconstruction of astrocytes stained for GFAP. Fibrous astrocyte in mouse corpus

callosum (top left) and in human subcortical white matter (bottom left). Protoplasmic
astrocyte in mouse cortex (top right) and human cortex (bottom right).

Neuroscience. Author manuscript; available in PMC 2015 September 12.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Lundgaard et al.

Page 24

Figure 2.
A: Astrocytes in the hippocampus of wild type mouse express GFAP (green) and GLT-1

(red). B: Astrocytes in the hippocampus of Alexander Disease model GFAP-R23H mouse
have hypertrophic GFAP-positive processes (green) and express low levels of GLT-1 (red);
from Tian et al., Neuropathol Exp Neurol (2010). C: Hematoxylin and eosin stain stain of
periventricular white matter showing Rosenthal fibers (arrows) in Alexander Disease model
R76H/+ mouse; from Hagemann et al., J Neurosci (2006). D: Electron micrograph of post-
mortem tissue from a 17 month old child with Alexander Disease showing an astrocyte with
Rosenthal fibers (arrows) in the cytoplasm next to the nucleus (N); from Eng et al., J
Neurosci Res (1998).
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Table 1

Differences in general characteristics of grey and white matter astrocytes.

Grey matter astrocytes White matter astrocytes

Low/no CD44 expression High CD44 expression

Low GFAP expression High GFAP expression

Low vimentin expression High vimentin expression

Low nestin expression High nestin expression

Highly branched morphology | Elongated, more simple morphology
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