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Introduction

In the middle of the nineteenth century Rudolf 
Virchow described for the first time neuroglia 
as a connective tissue that glued nervous 
elements together [1]. Later studies of Camillo 
Golgi allowed to recognise the cellular nature 
of glia [2,3], then identified as a group of 
cells distinguishable from neurons. Central 
nervous system (CNS) glial cells encompass 
oligodendrocytes, the myelin forming cells, 
microglial cells, the brain/spinal cord resident 
macrophages, and astrocytes that are the 
most numerous component and account for 
a large portion of total brain volume (20-50%). 
Their name was coined in 1891 by Michael von 
Lenhossek who called “astrocytes” the star-
shaped cells found in the CNS. Once considered 
only passive scaffolds for neurons, in the last two 
decades astrocytes have been shown to play 
multiple roles in brain physiology thanks to the 
development of new technologies to study their 
in vivo function. Astrocytes are also emerging as 
important contributors to the pathogenesis of a 
variety of neurological diseases.

Astrocytes are distributed throughout 
the CNS, in the grey and white matter. Two 
morphologically distinct astrocyte populations 
can be found. The protoplasmic astrocytes of the 
grey matter exhibit many branches uniformly 
distributed around the cell body, each of which 
gives rise to finely branching processes. The 
fibrous astrocytes are mainly localised along 
myelinated fiber tracts in the white matter and are 
characterized by many long fiber-like processes 
[4,5]. The intermediate filament glial fibrillary 
acid protein (GFAP) is the specific astrocyte 
marker, even though the variability of the GFAP 
expression in mature astrocytes in healthy CNS 
can limit its in vivo use [6,7]. The dense network 
of specialized, finely branched processes 
extending from the cell body allows astrocytes 
to contact and ensheath cerebral blood vessels 
and neuronal synapses whose development and 
functionality are strictly regulated by astrocytes. 
Due to their strategic location and structural 
and biochemical features astrocytes are the 
cells optimized by the natural selection to sense 
and dynamically respond to changes in the CNS 
microenvironment. By means of functionally 

specialized molecular settings at astrocyte-
neuron contacts astrocytes deliver energy 
substrates to neurons and regulate their activity 
by controlling neurotransmitter metabolism 
and, more in general, the homeostasis of 
synaptic transmission. Astrocyte endfeet also 
project toward blood vessels participating in the 
formation and maintenance of the blood-brain 
barrier (BBB) where they regulate water and 
solute exchange between the blood circulation 
and the neural milieu. Astrocytes also contact 
the pial membrane and the ependymal layer 
lining the ventricles, thus representing the main 
neural cell type interfacing with the external 
environment. Moreover, via specific intercellular 
communication structures, the gap junctions, 
astrocytes are structurally and functionally 
interconnected in a highly organized network 
allowing them to coordinate their activities like 
a cell syncytium, by transfer of small molecules 
like ions and second messengers. Through 
gap junction communication, astrocytes can 
also modulate the activity of adjacent cells, 
like oligodendrocytes and neurons, over long 
distances.
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Abstract
Astrocytes are the predominant glial cell population in the central nervous system (CNS). Once considered only 
passive scaffolding elements, astrocytes are now recognised as cells playing essential roles in CNS development 
and function. They control extracellular water and ion homeostasis, provide substrates for energy metabolism, and 
regulate neurogenesis, myelination and synaptic transmission. Due to these multiple activities astrocytes have 
been implicated in almost all brain pathologies, contributing to various aspects of disease initiation, progression 
and resolution. Evidence is emerging that astrocyte dysfunction can be the direct cause of neurodegeneration, 
as shown in Alexander’s disease where myelin degeneration is caused by mutations in the gene encoding the 
astrocyte-specific cytoskeleton protein glial fibrillary acidic protein. Recent studies point to a primary role for 
astrocytes in the pathogenesis of other genetic leukodystrophies such as megalencephalic leukoencephalopathy 
with subcortical cysts and vanishing white matter disease. The aim of this review is to summarize current 
knowledge of the pathophysiological role of astrocytes focusing on their contribution to the development of 
the above mentioned leukodystrophies and on new perspectives for the treatment of neurological disorders.
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Considering their key role in maintaining 
tissue homeostasis, astrocytes not only carry 
out essential functions in the healthy CNS but 
are also involved in virtually all pathological 
processes. Astrocytes respond to a variety of 
pathological insults by activating complex 
biochemical processes and by undergoing 
morphological changes, collectively called 
“reactive astrogliosis”, which can eventually 
lead to cell proliferation and scar formation. 
Moreover, astrocytes contribute to the brain 
defence response through their antioxidant 
and immunomodulatory activities. There 
is increasing evidence that alterations in 
astrocyte functionality play a crucial role in 
neurodegenerative diseases, inflammatory 
demyelinating diseases, infections, metabolic 
diseases, intoxication, leukodystrophies, 
epilepsy, migraine and schizophrenia (reviewed 
by [7]). Of major interest is the involvement of 
astrocytes in the pathological events leading 
to myelin disturbance.   Although already 
hypothesized in the past, this possibility has 
been recently confirmed by the identification of 
disorders in which myelin degeneration occurs 
as a consequence of a primary astrocyte defect. 
Alexander’s disease (AxD), a leukodystrophy 
caused by mutations in the GFAP gene, is 
the prototypic disease, but recently new 
clinical entities, particularly among genetic 
leukodystrophies, like megalencephalic 
leukoencephalopathy with subcortical cysts 
(MLC) and childhood ataxia with central 
hypomyelination (CACH)/vanishing white 
matter disease (VWM), have been added to this 
group.

In this review we summarize general 
astrocyte functions in the healthy CNS and 
provide some examples of neurological diseases 
whose pathogenic mechanisms directly alter 
astrocyte physiology. We will then discuss in 
more detail the genetic leukodystrophies in 
which a primary pathogenic role for astrocytes 
has been described and the possibility to target 
these cells for therapeutic intervention. 

Astrocytes in CNS physiology 

Evidence accumulated over the last 20 years has 
revealed that astrocytes are mainly devoted to 
the maintenance of CNS homeostasis at several 

levels. At the molecular level they continuously 
check the entire CNS by regulating the 
concentration and exchange of ions, water, 
neurotransmitters, neurohormones, and 
energy and metabolic substrates. Moreover, 
astrocytes control cellular and organ 
homeostasis, being involved in neurogenesis 
and synaptogenesis and in the formation and 
maintenance of the BBB. These fundamental 
activities are directly related to specialized 
plasmamembrane domains that are distributed 
along astrocyte processes in a polarized 
manner and are equipped with specific 
proteins and macromolecular complexes, 
enabling astrocytes to exert different functions 
depending on the environmental context. 
Although astrocyte plasmamembrane domains 

are functionally linked among them, for clarity 
reasons in the next sections we shall discuss 
separately the molecular organization and 
intercellular interactions and activities of each 
astrocytic functional domain.

Astrocytes and neurons: the 
synaptic domain (Figure 1) 

Astrocyte-neuron relationships start during 
development when astrocytes regulate 
neurogenesis by guiding and supporting 
neuronal migration, survival and process 
extension [8]. Astrocytes participate in the 
formation, maintenance and remodelling of 
synapses mainly through release of trophic 
factors such as brain-derived neurotrophic factor 

Figure 1.  Astrocyte-neuron relationships. Astrocytes are involved in the uptake and release of neurotransmitters, 
trophic factors and energy substrates for neurons and in the control of ion homeostasis. Astrocytes 
respond with Ca2+ elevations to neurotransmitters released during synaptic activity and, in turn, control 
neuronal excitability and synaptic transmission through the Ca2+-dependent release of gliotransmitters 
such as glutamate, ATP, GABA and D-serine. The uptake of the neurotransmitter glutamate from the 
synaptic cleft by astrocytes occurs via Na+-dependent excitatory amino acid transporters (EAATs). 
Glutamate is then converted into glutamine by glutamine synthetase (GS) and released back to neurons 
where it is converted to glutamate by glutaminase. Na+, K+-ATPase provides the Na+-mediated driving 
force for glutamate uptake. Trophic factors like BDNF, GDNF, NGF, IGF and thrombospondin, produced 
and released by astrocytes regulate synapse formation, maintenance and remodelling. Glutamatergic 
activation induces lactate release from astrocytes via monocarboxylate transporters (MCT). Astrocytes 
also control water and ion exchange in the synaptic cleft through water (AQP4) and ion (Kir4.1) channels 
and ion exchangers (Na+/H+ exchanger, Na+/Ca+2 exchanger). Kir4.1 is the main channel involved in 
potassium buffering in astrocytes. K+ ions travel through the astrocyte syncytium via gap junctions or 
are siphoned in the blood circulation. Carbonic anhydrase (CA) in astrocytes converts CO2 into H+ and 
HCO3-. Two HCO3- are transported into the extracellular space along with one Na+ via the Na+-HCO3- 
co-transporter (NBC), thereby increasing the extracellular ion buffering power. Excess H+ in neurons is 
extruded via the Na+/H+ exchanger (NHE).
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(BDNF), glial cell derived neurotrophic factor 
(GDNF), nerve growth factor (NGF), insulin-like 
growth factor (IGF) and thrombospondin [9-
12]. Additional factors produced by astrocytes 
like cholesterol, apolipoprotein E, glutathione 
and hydrogen sulphide have been shown to 
modulate neuronal function and viability in in 
vivo and in vitro models (reviewed by [13]). In 
the adult CNS protoplasmic astrocytes extend 
many fine processes that can contact synapses. 
It has been estimated that in the hippocampus 
and cerebral cortex a single astrocyte contacts 
100.000 or more synapses establishing a 
highly regulated, bidirectional communication 
[14,15]. Astrocytes possess functional receptors 
for the uptake of neurotransmitters and 
themselves respond to neurotransmitter 
stimulation via release of transmitter molecules 
called “gliotransmitters”. The uptake of the 
neurotransmitter glutamate is one of the most 
important functions of mature protoplasmic 
astrocytes. L-glutamate is the major excitatory 

amino acid in the CNS and its clearance 
by astrocytes is mainly due to high affinity 
glutamate transporters: excitatory amino acid 
transporter 1 (EAAT1) and particularly EAAT2 
in human brain, named glutamate aspartate 
transporter (GLAST) and glial glutamate 
transporter 1 (GLT1) in murine brain,  respectively 
[16,17]. Astrocytes also express ionotropic 
and metabotropic glutamate receptors whose 
activation mainly leads to Ca2+ influx [18]. 
Although both neurons and astrocytes express 
glutamate transporters, glutamate entry into 
astrocytes is the predominant route for removal 
of this excitatory neurotransmitter from the 
synaptic cleft and is responsible for 90% of total 
glutamate uptake as observed in in vitro and 
in vivo experiments [16,18]. Glutamate uptake 
by astrocytes maintains low extracellular 
glutamate concentrations, thus providing 
protection to neurons from excitotoxicity [16]. 
Dysfunction of EAAT2 and accumulation of 
excessive extracellular glutamate have been 

implicated in the development of several 
neurodegenerative diseases (see Table 1). 
Glutamate transporters are membrane-bound 
pumps closely resembling ion channels which, 
by using the Na+ gradient generated by the Na+, 
K+-ATPase pump, uptake glutamate along with 
Na+ ions and import them into the astrocyte 
cytosol. After uptake by astrocytes glutamate 
is amidated by the astrocyte specific enzyme 
glutamine synthetase to form the neuronal 
nonreactive amino acid glutamine. The latter is 
released back in the extracellular space to fuel 
neurons where it is reconverted into glutamate 
in a process called the glutamate-glutamine 
cycle [19,20]. Mature astrocytes in situ are 
also involved in the uptake of other active 
neurotransmitters like gamma-aminobutityric 
acid (GABA), norepinephrine, dopamine, 
serotonin, acetylcholine and glycine [21] 
through specific transporters that are expressed 
at high levels in astrocytic endfeet contacting 
the synapses [15,22,23].

Astrocyte-mediated process Molecules involved Pathological  e�ects Disorder  References

Glutamate homeostasis EAAT1 (GLAST)
EAAT2 (GLT1) Excitotoxicity

Epilepsy
Trauma 
Stroke

Amyotrophic lateral sclerosis
Huntington’s disease
Alzheimer’s disease

94-98

Calcium signalling AMPARs**
mGluRs

Excitatory and inhibitory 
actions on neurons

Migraine
Epilepsy 99 and references therein

K+ and  Na+ homeostasis Kir4.1 and other Kir channels
Na+, K+-ATPase

Spreading depression
Neuronal hyperexcitability

Edema 

Stroke 
Migraine
Epilepsy
Trauma

Cytotoxic edema
Autism

100-103

Water homeostasis Aquaporin-4 Edema
Trauma

Ischemic edema
Stroke 

112,104,105

Cholesterol production Niemann-Pick disease, type 
C1 (NPC1)

Oxidative stress
Excessive deposition of 

cholesterol
Niemann-Pick disease 106,107

Long-range signalling Cx30
Cx43

Spread of death and 
apoptotic signals

Stroke
Epilepsy 70,108

Neuronal-glial signalling
GluR1-4
NR1,2,3

Purinergic P2 receptors (P2X1/7)

Ca2+/Na+ overload
Excitotoxicity

Trauma 
Stroke

Neurodegeneration
75,109,110

Reactive astrocytosis and 
release of toxic substances 

Nitric oxide
Reactive oxigen species/SOD
Inflammatory and apoptotic 

mediators

Neurotoxicity
Alzheimer’s disease
Parkinson’s disease

Amyotrophic lateral sclerosis
95,97,111

Table 1.  Astrocyte contribution to CNS pathology*.

* Infectious and tumoral diseases are not included in this table. **α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid subtype glutamate receptors (AMPARs)
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Increasing experimental evidence indicates 
that gliotransmitters released from astrocytes 
actively participate in modulating synaptic 
activity. Astrocytes react to synaptically 
released neurotransmitters with intracellular 
calcium elevations, which in turn induce the 
regulated secretion of gliotransmitters, such 
as glutamate, adenosine triphosphate (ATP), 
GABA and D-serine [24], mainly through 
Ca2+-dependent vesicular release ([25] 
and references therein) but also via other 
mechanisms (reviewed by [26,27]). Release 
of gliotransmitters is also driven by a volume 
regulatory response stimulated by osmotic 
imbalance conditions following the release of 
osmotically active solutes from the neuronal 
cytoplasm into the extracellular space [27]. 
These findings have led to build-up a new 
model of neuron-glia inter-communication, 
the so called “tripartite synapse”, comprising 
the pre- and post-synaptic neurons and the 
astrocyte, where the latter integrates neuronal 
inputs and modulates synaptic activity [22]. 
Other soluble factors produced by astrocytes 
in vitro and in vivo, such as neurosteroids [28], 
growth factors and cytokines [29], can also 
influence synaptic activity.

Astrocytes also support brain activity by 
supplying neurons with energy substrates. 
They contribute to take up glucose, the primary 
source of energy for the brain, from the blood 
circulation and to deliver it to neurons. Apart 
from neurons which mainly rely on oxidative 
metabolism, astrocytes rely more on glycolytic 
metabolism to generate ATP and lactate from 
glucose [30,31]. Glucose enters astrocytes via 
specific glucose transporters (GLUT) and its 
degradation to lactate represents the main 
energy source for neurons, particularly during 
intense neuronal activity. In the “astrocyte-
neuron lactate shuttle model” (ANSL) 
proposed by Magistretti and collaborators 
[32] astrocytes respond to glutamatergic 
activation by increasing the rate of glucose 
utilization and the production of lactate which 
is released in the extracellular space through 
monocarboxylate transporters to be taken up 
by neurons (reviewed by [33] and references 
therein). Neurons can use both lactate and 
glucose as energetic substrates, and the 
issue of lactate versus glucose as energetic 

supply for neurons has been debated [34]. 
Moreover, the CNS astrocytes represent the 
main storage site for glycogen [35]. Up to 40% 
of glucose entering astrocytes is metabolised 
into glycogen molecules which can be rapidly 
mobilized without requirement of ATP to 
generate energy substrates, particularly lactate 
([33] and references therein). In areas of intense 
synaptic density the accumulation of glycogen 
in astrocytes is increased and its utilization 
can sustain neuronal activity [35] but also 
buffer blood hypoglycaemia which disturbs 
cerebral metabolism and neuronal function 
[36,37]. The coupling between astrocyte 
glycogen accumulation and its mobilization 
during neuronal activity is sustained by 
the observation that neurotransmitters like 
glutamate can regulate glycogen release at 
synaptic sites ([33] and reference therein). The 
activity-dependent mechanisms of glucose 
utilization involve Na+-coupled glutamate 
uptake in astrocytes and the activation of the 
Na+, K+-ATPase which triggers glucose uptake 
from the blood and its processing [38].

Another important task of astrocytes is to 
optimize synapse functionality by maintaining 
the interstitial space homeostasis through a 
tight control of water and ion fluxes [39]. To 
this end, astrocytes are well equipped with ion 
channels and transporters for the uptake of K+ 
ions and for proton exchange, like the Na+/H+ 
exchanger, bicarbonate transporters, and the 
vacuolar type ATPase [40]. It is remarkable that 
most of the ATP produced within astrocytes is 
for cell pumping requirements to maintain ionic 
homeostasis [31]. Particularly important is the 
astrocyte-mediated control of K+ homeostasis 
since repetitive firing of action potentials in 
neurons induces a rise in extracellular K+ ions 
that can compromise neuronal function, if not 
quickly buffered in the space surrounding the 
synapses [41]. Studies in cultured cells have 
demonstrated that astrocytes have a much 
higher capacity for K+ uptake compared to 
neurons [42]. It was initially proposed that 
astrocytes, due to their high permeability to K+ 
ions, could favour passive uptake of K+ ions that 
would diffuse to distant sites through the glial 
syncytium, a process named K+ spatial buffering 
[41,43]. More recently using knock-out (KO) 
mouse models it has been demonstrated that 

K+ spatial buffering, rather than being a passive 
process, is mediated by the activity of specific 
channels, particularly the inward-rectifying 
Kir4.1 channels [44] which are clustered in 
specific functional domains in the perisynaptic 
and perivascular astrocyte endfeet. Due to the 
weakly rectifying nature of Kir4.1 the same 
channel can drive both inward and outward K+ 
movements in astrocytes [45]. Other molecules 
like the Na+, K+-ATPase pump, co-transporters 
of the Slc12a family and chloride channels 
contribute to K+ buffering by astrocytes as 
observed in vitro and in vivo models [42,46-48].

Astrocytes and blood vessels: the 
vascular domain (Figure 2)

Both protoplasmic and fibrous astrocytes 
contact and establish bidirectional 
communication with BBB components [49]. The 
BBB is a diffusion barrier that hampers entry of 
most of the molecules and cells present in the 
blood into the brain parenchyma, maintaining 
the specific microenvironment required for 
proper brain functioning. The BBB consists 
of specialized endothelial cells lining brain 
capillaries which form tight junctions between 
them and are surrounded by pericytes, basal 
lamina and astrocyte endfeet in a concentric 
manner on their abluminal side [50]. 
Pericapillary astrocyte endfeet are involved 
in the control of the ingress of nutrients, like 
glucose and amino acids, from the blood 
circulation by means of specific transporters, 
and the egress of waste metabolites [51]. 
Pericapillary astrocyte endfeet are also 
enriched in the water channel aquaporin 4 
(AQP4), which is anchored to the membrane 
by the dystrophin-associated protein complex 
and functionally cooperates with Kir4.1 to 
regulate water and K+ exchange at these sites 
[52-54]. Other ion channels involved in the 
control of cell volume [55-57], like the chloride 
channel ClC2, the calcium channel transient 
receptor potential vanilloid-4 cation channel 
(TRPV4) and the putative ion channel MLC1 are 
enriched in astrocyte endfeet contacting blood 
vessels and the pial membrane [55,58,59]. 
Numerous observations indicate that both 
astrocyte interactions and astrocyte-derived 
factors among which peptides, growth factors, 
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cytokines, chemokines, lipid substances 
and neurotransmitters, are essential for the 
development and/or maintenance of the BBB 
properties of brain endothelial cells [60,61]. In 
cell culture systems also endothelial cells can 
influence astrocyte growth and differentiation 
[62] in a bidirectional cross-talk. Because of 
their polarized anatomical structure and of 
the vicinity of their endfeet to the contractile 
elements of blood vessels, such as smooth 
muscle cells in arterioles and pericytes in 
capillaries, astrocytes have been long proposed 
to contribute to the regulation of the blood flow 
during neuronal activity. Indeed, astrocytes are 
able to influence local blood flow in the CNS 
through release of vasoactive substances like 
prostaglandins (PG), arachidonic acid (AA) and 
nitric oxide (NO) which regulate vessel diameter 
and blood flow in a coordinated manner [63,64]. 
Notably, astrocytes regulate vasodilatation and 
blood flow in response to electrical activity 
so that neuronal metabolism is supported by 
adequate perfusion of brain tissue [65,66]. This 
process, known as neurovascular coupling or 
functional hyperemia, is essential for cerebral 
homeostasis and neuronal survival. Ca2+ 
signals that travel along astrocytic processes 
activate the release of vasoactive substances 
causing relaxation, and in some circumstances 
contraction, of the smooth muscle cells of 
parenchymal arterioles contacted by astrocyte 
endfeet [67].

Astrocyte-astrocyte syncytium 
(Figure 3)

Astrocytes contact neighbouring astrocytes 
via gap junctions (GJ), which are a specialized 
type of junctions formed by clusters of closely 
packed hemichannels named connexins 
aligning between adjacent cells [68]. GJ 
mediate cell-cell adhesion and allow the 
communication and functional coordination of 
contacting cells through the direct cytoplasmic 
passage and exchange of ions, mainly Ca2+ 
but also K+ and Na+, and small molecules 
such as water, glucose, metabolites, second 
messengers and neurotransmitters [69]. 
Unopposed hemichannels can also open 
on the cell surface and are involved in the 
release of different intracellular molecules 

Figure 2.  Astrocytes and the blood brain barrier. The blood brain barrier (BBB) structure relies on the properties of 
endothelial cells of brain capillaries which are sealed by tight junctions and surrounded by basal lamina, 
pericytes and astrocyte endfeet. The water channel aquaporin-4 (AQP4) and the potassium channel 
Kir4.1 involved in water and potassium exchange are enriched in the membranes of astrocytic endfeet 
where they are stabilized by the association with the dystrophin-dystroglycan associated complex 
(DGC). At this site astrocyte endfeet are highly enriched in ion channels among which the chloride 
channel ClC2, the calcium channel TRPV4 and the putative ion channel MLC1. Uptake of glucose from 
the blood circulation by astrocytes occurs via the glucose transporter-1 (GLUT1).

Figure 3.  Astrocyte-astrocyte syncytium. Astrocytes are interconnected via gap junctions formed by clusters of 
packed connexin (Cx) hemichannels that contribute to form an astrocyte syncytium for the exchange 
of small molecules (water, glucose, metabolites, second messengers and neurotransmitters) and ions 
(Ca+2, K+ and Na+) over long distances. Na+ and Ca+2 diffuse through gap junctions in the astrocyte 
syncytium generating signalling and metabolic waves.

Translational Neuroscience



149

into the extracellular space. In the CNS, glial 
cells express the highest level of connexins 
(connexins 30 and 43 representing the main 
astrocyte specific connexins), GJ channels and 
hemichannels ([69] and references therein). By 
means of GJ astrocytes form a network that is 
visualised experimentally by the injection of a 
dye in one cell and its subsequent spreading 
to adjacent cells. Astrocyte coupling generates 
a multicellular structural and functional 
network, considered as a syncytium, that is 
not only essential for physiological functions 
but may also play a role in CNS disorders [70]. 
Through this network astrocytes are thought 
to rapidly dissipate K+ and glutamate from 
highly active synapses to other brain areas 
or blood circulation, avoiding their harmful 
accumulation [71]. Passage of Ca2+ ions between 
adjacent astrocytes provides these cells with a 
specific form of excitability and represents the 
major way by which astrocytes encode and 
transmit information. During the propagation 
of Ca2+ waves several calcium-dependent 
pathways and biochemical cascades are 
activated which have functional consequences 
for astrocyte themselves and for neighbouring 
cells (for a detailed review see [72]). Connexins 
also allow direct contacts between astrocytes 
and oligodendrocytes (see below).

It has been shown that, in addition to Ca2+ 
waves, electrical or mechanical stimulation of 
cultured astrocytes induces metabolic waves 
that are mediated by Ca2+-dependent release of 
glutamate which in turn triggers a Na+ wave in 
the astrocyte network due to the activity of the 
Na+-dependent glutamate transporters [72,73]. 
The propagation of this signal is spatially and 
temporally connected with the activation of 
glucose uptake, which is also dependent on 
astrocyte glutamate transporters, thus allowing 
a concerted neurometabolic coupling between 
glucose utilization and neuronal activity [74]. 
The important role of Ca2+ and Na+ ions in 
regulating astrocyte function is demonstrated 
by the tight control of the intracellular 
concentration of these two ions exerted by 
several transporters and ionic channels or ion 
exchangers present in the astrocyte plasma 
membrane [75]. In light of these findings 
neuron-glia relationships should be considered 
not only at the single cell level, but as a 

more complex array of interactions between 
neuronal and glial networks.

Astrocyte relationships with 
oligodendrocytes and myelin 
(Figure 4)

Astrocyte production of growth factors 
which promote neuronal survival in normal 
([76], see above) and injured brain [77] is also 
essential for survival of oligodendrocytes, 
the myelin forming cells. The importance of 
astrocytes as regulators of oligodendrocyte 
proliferation and differentiation in vitro was 
recognized more than 20 years ago when 
astrocytes were identified as a major source 
of proliferation and differentiation factors, 
in particular platelet-derived growth factors 
(PDGFα) and fibroblast growth factor 2 (FGF2), 
for oligodendrocyte progenitor cells [78-80]. 
Subsequently, astrocyte-conditioned media 
and several astrocyte-derived soluble factors, 
like neurotrophin-3 (NT-3), IGF-1 and ciliary 
neurotrophic factor (CNTF), were found to 
support oligodendrocyte progenitor cell 
survival [81-83]. Although astrocytes have 

long been considered the main players in 
the inhibition of CNS repair via formation of 
the glial scar (see below), it is now accepted 
that astrocytes regulate myelin formation 
and that understanding this process could 
help develop strategies for CNS repair and 
remyelination [84]. Astrocyte influence on 
myelination is supported by the observation 
that oligodendrocytes remyelinate 
preferentially in areas containing astrocytes 
and that endogenous remyelination can be 
favoured by transplanting astrocytes into 
demyelinated lesions [85,86]. In vitro studies 
using a myelinating culture system made 
of embryonic spinal cord cells plated on 
monolayers of astrocytes provided additional 
evidence that astrocytes, particularly when 
activated, efficiently support myelination by 
secreting pro-myelinating factors [87,88]. 
Moreover, depending on their activation 
status astrocytes can promote myelination 
by releasing cytokines and growth factors 
like BDNF, CTNF, GDNF, IGF, NGF, C-X-C motif 
chemokine 12 (CXCL12), PDGF, FGF and factors 
implicated in extracellular matrix remodelling 
which may affect oligodendrocyte progenitor 

Figure 4.  Astrocyte relationship with oligodendrocytes and myelin. Astrocytes produce several factors that 
contribute to oligodendrocyte progenitor cell (OPC) proliferation and differentiation, such as PDGFα 
and FGF2, and survival like NT-3, IGF-1, CNTF. Astrocytes also respond to ATP released by neurons 
by producing LIF which promotes the myelinating activity of oligodendrocytes. Astrocytes may also 
contribute to myelin maintenance via gap junction communication.
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proliferation/differentiation or even the 
process of myelin ensheatment [40,84].

Astrocytes can modulate myelin formation 
by indirectly connecting neuronal activity with 
myelinogenesis. Co-culture studies indicated 
that electrical activity induces neurons to release 
ATP, which serves as an important stimulus 
for myelin formation by inducing astrocytes 
to secrete leukemia inhibitory factor (LIF), a 
regulatory protein that promotes the myelinating 
activity of oligodendrocytes [89]. Astrocytes 
may also contribute to myelin maintenance 
through gap junction communication as 
demonstrated by presence of extensive white 
matter vacuolation and myelin degeneration in 
mice double-deficient for connexins that form 
heterotypic interactions between astrocytes and 
oligodendrocytes [90-92]. 

Astrocytes in brain pathology 
(Table 1)

Considering the essential role played by 
astrocytes in the maintenance of CNS 
homeostasis and function, it is conceivable 
that any alteration of astrocyte-mediated 
physiological processes may directly cause or 
contribute to CNS pathology. The emerging 
view is that astrocyte homeostatic failure is 
implicated in neurological symptoms and in 
processes leading to neurodegeneration that 
once were considered to be due only to neuron 
dysfunction [93]. Indeed, astrocytes have 
been demonstrated to play an important role 
in the pathogenesis of several CNS diseases 
[94-111]. In addition, the molecular apparatus 
that controls brain homeostasis can turn 
to be deleterious and toxic in conditions of 
severe insults or when abnormally stimulated 
[93]. Expression of aquaporins in perivascular 

astrocyte membranes, which is essential to 
regulate water exchange in the brain and also 
responsible for the generation of cerebral 
edema during stroke [112], is a clear example 
of astrocyte gain-of-function-mediated 
pathological effect. In general, astrocytes 
respond to CNS injury with a spectrum of 
molecular, cellular and functional changes that 
lead to progressive hypertrophy, proliferation, 
process extension and interdigitation and 
reversible alteration of gene expression. 
This gradual process of astrocyte activation 
or astrogliosis can lead to long lasting glial 
scar formation depending on the nature of 
the insult [40,93,113]. It is widely recognised 
that the spatial, temporal and insult specific 
regulation of astrocyte reactivity contributes to 
limit tissue damage [114] and that alterations 
in astrocyte activation can lead to neural 
dysfunction as observed in trauma, stroke 
and multiple sclerosis [40]. However reactive 
astrogliosis can exert detrimental effects 
at different levels, such as exacerbation of 
inflammation via cytokine production, release 
of toxic substances [glutamate, reactive oxygen 
species (ROS)], alterations of the BBB structure 
and function through vascular endothelial 
growth factor (VEGF) production, or AQP4 
overactivity which can lead to cytotoxic edema 
in trauma and stroke [40,112,115,116]. Similarly, 
glial scar formation, which is beneficial to 
encapsulate infections and areas of tissue 
necrosis, can be deleterious for tissue repair 
[113]. The observation that glutamate release 
from astrocytes is controlled by molecules 
linked to inflammation, such as tumor necrosis 
factor (TNF) and PG [117], suggests that glia-to-
neuron signalling is affected by inflammatory 
responses. In view of this increasing basic 
knowledge, it is not surprising that the list of 

CNS diseases in which astrocyte dysfunction 
and hyper-reactivity play a pathological role is 
continuously expanding [93]. 

Astrocytes as direct targets of 
pathological processes (Table 2) 

In some neurological diseases a specific 
pathological process can primarily affect 
astrocytes causing their dysfunction. Among 
these, neuromyelitis optica is an inflammatory 
demyelinating disease that is associated with an 
autoantibody response directed against AQP4, 
the water channel expressed at high density 
in perivascular, subpial and subependymal 
astrocyte endfeet [118]. Anti-AQP4 
autoantibodies have a primary role in disease 
pathogenesis by disrupting the structural 
and functional integrity of astrocytes, leading 
to demyelination and axonal loss primarily 
in spinal cord and optic nerve, paralysis 
and blindness [119,120]. Even if conditional 
deletion of AQP4 in astrocytes alone does not 
lead to a neurological phenotype [121], these 
studies indicate that autoimmune events that 
target astrocytes can induce demyelination 
and neurodegeneration. Autoantibody-
independent AQP4 and Cx43 decrease is also 
observed in Balò’s disease, a rare inflammatory 
demyelinating disease characterized by brain 
lesions with concentric areas of demyelination 
alternated with preserved myelin layers [122]. 
Disruption of astrocyte-oligodendrocyte 
interactions due to astrocyte dysfunction and 
loss is suggested as a pathological mechanism 
of this disease [122,123]. 

In Wernicke’s disease a neurological disease 
resulting from dietary thiamine (vitamin B1) 
deficiency and clinically characterized by 
changes in consciousness, ocular dysfunction 

Disease Neuropathological features Astrocyte-associated defect References

Neuromyelitis Optica (NMO) Inflammatory  autoimmune demyelinating disease associated 
with demyelination, astrocyte loss and neuronal degeneration

Autoantibody-mediated loss of 
AQP4+ and GFAP+ astrocytes 118

Balò’s disease Inflammatory demyelinating disease characterized by concentric 
demyelinating lesions and astrocyte hypertrophy

Loss of Cx43 and AQP4, MLC1 
mislocalization 122

Wernicke’s encephalopathy Metabolic encephalopathy associated with brain damage, 
edema, loss of neurons, gliosis 

Loss of EAAT1 and EAAT2, decrease 
in AQP4 and glutamine synthetase 124-126

Hepatic encephalopathy Cytotoxic brain edema
Ammonia and glutamine-induced 

astrocyte swelling, neurotransmitter 
receptor alterations

127-129

Table 2.  Neurological diseases associated with astrocyte dysfunction.
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and ataxia, decrease of the astrocytic glutamate 
transporters EAAT1 and EAAT2 and disturbance 
of glutamatergic neurotransmission are 
considered the main cause of the loss of neurons, 
gliosis [124] and structural damage (lesions 
in thalamus and cortex) observed in patients 
[106]. Abnormalities in GABA transporters, GFAP, 
glutamine synthetase, and AQP4 have also been 
reported, which may result in brain edema, 
oxidative stress, inflammation and white matter 
damage [124-126]. Hepatic encephalopathy, 
an alteration of the CNS primarily caused 
by hepatic insufficiency, liver failure and 
cirrhosis, results in a decrease in ammonia 
detoxification and higher ammonia levels in 
the systemic circulation. Excessive ammonia 
entry into the brain leads to astrocyte swelling. 
Swelling impairs astrocyte homeostatic ability 
and predisposes to neuronal dysfunction 
and cytotoxic brain edema, the major cause 
of mortality [127]. Hepatic encephalopathy 
is considered as a primary astrocytopathy 
[128,129] since astrocytes are the only CNS cell 
type that can detoxify ammonia by glutamate 
to glutamine conversion.

Astrocyte dysfunction as primary 
cause of brain diseases: focus on 
cystic leukodystrophies (Table 3)

The first example of a disease with a primary 
astrocyte defect is Alexander’s disease (AxD), 
a leukodystrophy in which mutations in the 
gene encoding the astrocyte intermediate 

filament GFAP causes severe myelin 
alterations and neurodegeneration [130,131]. 
Leukodystrophies are a heterogeneous 
group of rare and untreatable genetic 
diseases characterised by defects in CNS 
myelin formation or maintenance. Most 
leukodystrophies manifest as early as in the first 
year of life or later in childhood or adolescence 
and represent an important cause of progressive 
mental and motor disability. Although 
considerable advances in the diagnosis 
have been made over the last decade due to 
improvement in magnetic resonance imaging 
(MRI) and gene sequencing technology, the 
definitive diagnosis of many leukodystrophies 
remains a challenge and requires combined 
clinical, genetic, biochemical and 
neuroradiological investigations [132]. Most of 
the clinically characterized leukodystrophies 
are still of unknown cause, while in some cases 
the gene mutation is known but the function 
of the mutated proteins or the pathogenetic 
mechanisms leading to myelin defects remain 
elusive [133]. Pathological mutations can 
target genes encoding myelin components or 
genes encoding proteins whose dysfunction 
indirectly leads to myelin damage. Different 
types of classification of these myelin 
disorders have been made based on either 
pathological defect, biochemical and genetic 
data or on the combination of histological 
and clinical criteria [134]. Depending on the 
type of defect observed, leukodystrophies 
have been classified into 2 main groups: i) 

hypomyelinating leukodystrophies, in which 
a lower amount of myelin is observed due to 
defects in myelin production or to myelin poor 
quality, are generally caused by mutations in 
genes encoding myelin structural proteins, 
such as myelin proteolipid protein (PLP) 
[135]; and ii) demyelinating leukodystrophies 
in which myelin degenerates because of 
loss of some enzymatic activity essential for 
myelin biogenesis and maintenance, like 
peroxisomal or lysosomal enzymatic activities, 
or because of astrocyte dysfunctions that lead 
to progressive cystic or spongy (vacuolating) 
degeneration of myelin [135,136]. This latter 
group encompasses AxD, megalencephalic 
leukoencephalopathy with subcortical cysts 
and vanishing white matter disease, three 
leukodystrophies characterized by defects in 
genes expressed in astrocytes or associated 
with specific astrocyte function (Table 3). In 
the next section the role of astrocytes in these 
leukodystrophies is discussed. The clinical and 
neuropathological characterization of these 
diseases has been described in detail elsewhere 
[137-139].

Alexander’s disease (AxD)

AxD (OMIM 203450) is a degenerative 
neurological disorder that is inherited in an 
autosomal dominant manner and is caused 
by heterozygous mutations in the astrocyte 
specific type III intermediate filament GFAP  
gene [132]. About 95% of patients show 

Table 3.  Leukodystrophies caused by a primary astrocyte defect.

Leukodystrophy Gene defect Astrocyte-mediated 
pathological mechanisms

Clinical and histopathological features
shared among cystic leukodystrophies 

Alexander’s disease (AxD)

Mutations in the 
glial fibrillary acidic 
protein (GFAP) gene  

(130)

Accumulation of Rosenthal 
fibers, abnormal GFAP 

polimerization, defects in 
proteasomal degradation and 

authophagy processes, decrease 
in glutamate trasporters

Macrocephaly, ataxia, spasticity, epilepsy,
aggravation of clinical conditions after minor head trauma 
and infections; limited genotype-phenotype correlation. 

Swollen white matter, astrocyte vacuolation

Megalencephalic 
leukoencephalopathy with 

subcortical cysts (MLC)

Mutations in the 
MLC1 or HEPACAM 

gene
(168,178)

Altered regulation of ion and 
fluid homeostasis and cell 

volume

Macrocephaly, ataxia, spasticity, mild cognitive decline, 
severe motor dysfunctions, epilepsy, subcortical cysts, 

aggravation of clinical conditions after minor head trauma. 
No genotype-phenotype correlation. 

Swollen white matter, astrocyte vacuolation

Vanishing white matter 
syndrome (VWM) or childhood 

ataxia with central nervous 
system hypomyelination (CACH) 

Mutations in the 
Eukariotic Translation 

Initiation Factor 2 
(EIF-2B) gene (187)

Astrocyte maturation defect, 
abnormal response to stress 

conditions 

Ataxia, spasticity, loss of vision, severe motor dysfunctions, 
mild cognitive decline, epilepsy, aggravation of clinical 

symptoms after minor stress conditions. Limited genotype-
phenotype correlation. 
Swollen white matter
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mutations, including de novo mutations, in the 
GFAP gene. Mutations can affect different parts 
of the GFAP protein, at either the NH2 or COOH 
terminal, with hot spot mutation areas [140]. 
Evidence of genotype-phenotype correlation in 
AxD is limited [141]. Three forms of the disease 
exist: infantile, juvenile and adult-onset. The 
infantile onset form is very aggressive and is 
characterized by seizures, bulbar dysfunction, 
psychomotor regression symptoms and low 
life expectancy [142]. When compared to a 
healthy control (Figure 5A-D) MRI analysis 
of AxD affected brain reveals macrocephaly 
and widespread abnormalities in the anterior 
white matter (Figure 6 A-D). The juvenile and 
adult forms of AxD are not associated with 
macrocephaly, have longer life expectancy and 
milder symptoms, white matter damage being 
less severe and sometimes absent. Aggravation 
of clinical symptoms can occur after trauma 
or inflammatory events [140,142-144].
Histopathological studies performed on bioptic 
and autoptic brain samples indicate that 
pathological changes in the CNS of aggressive 
infantile forms include loss of oligodendrocytes, 
cystic degeneration and loss of myelin in the 
white matter and variable loss of neurons, most 
commonly in the hippocampus, striatum, and 
neocortex [145,146].

The pathological hallmark of AxD is 
the presence of Rosenthal fibers, that are 
ubiquitinated protein aggregates composed 
of GFAP, vimentin, small heat shock proteins 
(including αB-crystallin and Hsp27) and 
plectin, in the cytoplasm of astrocytes 
[147,148]. Since GFAP is not expressed 
in neurons or oligodendrocytes, myelin 
degeneration and oligodendrocyte loss in the 
AxD brain [149] are secondary to alterations in 
astrocyte functions [137]. A direct relationship 
between expression of disease-associated 
GFAP mutants, Rosenthal fiber accumulation 
in astrocytes and neurodegeneration was 
demonstrated first in mice carrying additional 
copies of the wild-type human GFAP gene and 
expressing elevated levels of GFAP protein, 
which replicated some features of human AxD, 
and in knock-in mice carrying the pathological 
gene mutations found in patients [149,150]. 
While these studies suggest that high levels 
of wild-type GFAP can reproduce the astrocyte 

phenotype of AxD, studies performed in 
cultured astrocytes showed that mutant GFAP 
protein accumulates more rapidly and at higher 
levels than the wild-type protein [151,152]. 
Thus, the precise mechanism through which 
GFAP mutations lead to accumulation of 
Rosenthal fibers and the pathogenicity of the 
proteinaceous aggregates themselves are not 
completely understood. The dominant nature 
of pathological GFAP mutations, along with the 
accumulation of protein aggregates in brain 
astrocytes, have led to a hypothesis of a toxic 
gain-of-function pathological mechanism with 
impairment of normal astrocyte supportive 

functions [153]. Other studies have suggested 
that astrocyte-mediated pathological effects 
in AxD are due to both oxidative stress and 
reduction in glial glutamate transporter 
function [154-156]. It was been shown that 
GLT-1 transcript and protein are markedly 
downregulated in astrocytes overexpressing 
mutant GFAP and that hippocampal neurons 
are more vulnerable to glutamate-induced 
excitotoxicity when co-cultured with 
astrocytes overexpressing mutant GFAP [157]. 
These observations connect GFAP mutations 
to GLT-1 dysfunction and impairment of 
neuron-astrocyte interactions, suggesting a 

Figure 5.  Normal MRI of a 4 year old boy. (A) Normal myelination in a T2 weighted image; (B) the same aspect 
in a FLAIR weighted image with normal relative hypointensity of the white matter; (C) the normal 
hypointense T2 weighted signal also involves the white matter of the cerebellum; (D) relative 
hyperintesity of the white matter is clear in the parasaggital T1 weighted image.
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possible pathogenic mechanism underlying 
neuronal loss in AxD. However, failure of 
other astrocyte homeostatic functions, like 
extracellular K+ buffering via Kir4.1 and Na+, 
K+-ATPase activity, has been recently proposed 
to contribute to myelin degeneration in 
AxD [149]. In vitro studies have provided 
additional clues to AxD pathogenesis 
supporting a critical role for abnormalities in 
protein degradation pathways in astrocytes, 
including impairment in proteasome activity 
and autophagy [151-153, 158-160]. Multiple 
vacuoles, mostly autophagic vacuoles, 
have been found in astrocytes in AxD brain 
specimens and in the brain of knock-in mice 
[158] suggesting that GFAP mutants can 
induce astrocyte degeneration by activating 
abnormal autophagic processes. 

Megalencephalic leukoencepha-
lopathy with subcortical cysts (MLC)

MLC (OMIM 604004) is a rare congenital 
and autosomal recessive leukodystrophy 
characterized by early-onset macrocephaly, 
fronto-temporal subcortical cysts and swollen 
appearance of the white matter, as observed 
by magnetic resonance imaging (MRI) analysis 
[161] (Figure 7A-D). Ataxia, seizures, motor 
function degeneration and epilepsy occur 
during the course of the disease and are 
associated with late-onset mild cognitive 
impairment [161-164]. Temporary aggravation 
of clinical symptoms after minor head trauma 
has been reported [165-167]. Histological 
analysis of brain biopsies from MLC  subjects 
revealed spongy degeneration of myelin, 
with vacuoles localised in the outer layers 
of the myelin sheats, variable alterations of 
the BBB structure and astrocyte activation 
[168,169]. Enlarged vacuoles localized in 
the endfeet of blood vessel-contacting 
astrocytes have been described [170,171]. 
Almost 75% of MLC patients carry mutations 
(missense, splice site, insertions and 
deletions) in the MLC1 gene [168,172-174].
However, no correlation between genotype 
and phenotype has been reported so far. 
Different clinical manifestations have been 
observed in MLC patients carrying the same 
mutations suggesting that epigenetic factors 

can influence the disease course. The human 
MLC1 gene encodes a 377-amino acid protein 
named MLC1. This is an oligomeric protein 
with eight predicted transmembrane domains 
with low homology with ion channels and 
transporters [58,168,174,175] whose exact 
function is still unknown. Studies in human 
and murine brain indicate that MLC1 is 
mainly expressed in perivascular and subpial 
astrocyte endfeet contacting blood vessels 
and the pial membrane and in intracellular 
structures in parenchymal astrocytes 
(Figure 8A-C). Moreover, cerebellar Bergmann 

glia and ependymal cells lining the ventricles 
are other brain cells expressing MLC1 
[174-177]. The selective localization of MLC1 
in distal astrocytic processes ensheating 
blood vessels renders this protein a candidate 
molecular marker to specifically identify these 
astrocytic subdomains. Recently, mutations in 
the hepatic and glial cell adhesion molecule 
gene (Hepacam/Glialcam) encoding an 
adhesion-like molecule of unknown function 
have been found in the majority of MLC 
patients without mutations in MLC1, indicating 
genetic heterogeneity [178,179].

Figure 6.  MRI of a 22 month old boy with macrocephaly  harboring a  heterozygous  mutation in GFAP. (A) Notice 
the hyperintesity of the abnormal signal in T2 weighted image predominant in the anterior white matter 
sparing the U fibres only in the posterior white matter regions; (B) the same areas  appear markedly 
hypointense in the correspondent anterior white matter regions in the T1 weighted images; (C) the 
abnormal hyperintense T2 weighted signal also involves the white matter of the cerebellum;  (D) the 
predominant anterior swelling aspect indicating increased vacuolation is also clear in the parasaggital 
T1weighted image.
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In cultured human and rat astrocytes MLC1 
is localized along the plasma membrane, at 
astrocyte-astrocyte contacts and in many 
intracellular vesicles [170,180,181]. As for GFAP 
in AxD, MLC1 is an astrocyte specific protein 
not found in oligodendrocytes [174-176], 
indicating that also in MLC myelin degeneration 
is secondary to astrocyte dysfunction. To date 
the molecular mechanisms causing MLC-
associated brain damage are not completely 
understood. Swollen white matter, fluid cysts 
and myelin vacuolation observed in the MLC 
brain and preferential localization of MLC1 at 
the brain barriers has led to suggest that MLC1 
is involved in astrocyte-mediated regulation 
of brain homeostasis through transport of 
water and/or ions between astrocytes and 
the blood or cerebrospinal fluid. Consistent 
with this hypothesis we have recently shown 
that in cultured astrocytes MLC1 interacts 
with the b subunit of the Na+, K+-ATPase 
complex and is part of a macromolecular 
protein complex that includes Kir4.1, AQP4, 
syntrophin, dystrobrevin, caveolin-1 and the 
cation channel TRPV4. This complex is involved 
in the cellular response to hyposmotic stress in 
primary rat astrocytes and human astrocytoma 
cells overexpressing MLC1 [182,183]. We have 
shown that MLC1 functionally cooperates 
with TRPV4 to activate intracellular Ca2+ influx 
in astrocytes in hyposmotic conditions and 
that pathological MLC1 mutations affect 
this pathway [183]. TRPV4-mediated calcium 
influx is the trigger leading to activation of 
the regulatory volume decrease (RVD), which 
compensates hyposmotic stress-induced cell 
swelling, including astrocyte swelling [184,185]. 
Hyposmotic shock is known to cause an abrupt, 
osmotic driven cell swelling due to ion and 
water movement across the plasmalemma, 
which is followed by RVD activation. Together 
with the observation that ATP induces 
abnormal Ca2+ currents in patient-derived 
macrophages (Petrini S. et al., manuscript under 
revision) the data reported above, highlight 
the possibility that MLC1 mutations alter 
intracellular Ca2+ homeostasis which then leads 
to defects in cell volume regulation, particularly 
in stress conditions. Defects in a RVD-induced 
chloride current have been reported also in 
rat astrocytes upon siRNA-mediated MLC1 

downregulation and in MLC patient-derived 
lymphoblastoid cell lines after hyposmotic 
stimulation [56]. Altogether, these findings 
corroborate the idea that mutated MLC1 causes 
an altered reaction of astrocytes to osmotic 
changes, which accounts for brain damage in 
MLC. This model implies that MLC1 exerts its 
functions mainly in response to physiological 
changes in the extracellular ionic composition 
(i.e. during development or intense neuronal 
activity) or to pathological insults (i.e. trauma 
or inflammatory reaction). In this respect, we 
have observed upregulation of MLC1 protein 

expression in astrocytes in the brain of patients 
with the inflammatory demyelinating disease 
multiple sclerosis, [182] and other neurological 
diseases with a major microglia activation 
(Alzheimer’s disease, prion disease) (Sbriccoli, 
Ambrosini - unpublished data). The recent 
finding that the Hepacam/Glialcam protein is 
essential to transport MLC1 and the chloride 
channel ClC2, another channel involved in the 
regulation of cell volume in response to osmotic 
stress [57,179] in cultured rat astrocytes, 
supports the idea that alteration of this process 
is responsible for MLC pathogenesis. 

Figure 7.  MRI of a 8 month old boy with macrocephaly harboring a homozygous mutation in MLC1. (A) Notice 
the diffuse swelling aspect of the abnormal hyperintense signal in T2  weighted image also involving 
the internal capsule;  (B) the same areas appear markedly hypointense in the FLAIR weighetd images 
indicating  abnormal vacuolation of the white matter; (C) the abnormal hyperintense T2 weighted 
signal also involves the white matter of the cerebellum; (D) the diffuse swelling aspect with increased 
vacuolation is also clear in the parasaggital T1 weighted image.
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Vanishing white matter (VWM)

Leukoencephalopathy with vanishing white 
matter (VWM) (OMIM 603896), also called 
childhood ataxia with diffuse central nervous 
system hypomyelination (CACH), is an 
autosomal recessive disorder characterized 
by cerebellar ataxia, spasticity and cognitive 
decline [186]. Although initially described in 
children later studies demonstrated that VWM 
may affect people of all ages from neonates to 
adults. The disease shows a high variability in 
onset and symptom severity, which depend 
on patient specific gene mutations, genetic 
background and exposure to environmental 
stressors. Rapid neurologic deterioration 
following febrile infection, minor head trauma 
or acute fright is a hallmark of VWM disease. 
Epilepsy, hypotonia, vomiting and irritability 
are often associated with disease worsening. 
MRI and magnetic resonance spectroscopy are 
pathognomonic and in the typical childhood 
forms show a diffuse and symmetrical 
involvement of the cerebral white matter, which 
undergoes cystic degeneration (Figure  9A-D),
becomes progressively rarefied (vanishes) and 
is eventually replaced by cerebrospinal fluid 
[186]. Mutations in each of the genes encoding 
the five subunits of the eukaryotic translation 
initiation factor 2B (eIF2B) can cause VWM 
[187]. EIF2B is a ubiquitous factor that initiates 
the translation of RNA into protein and is 
involved in the regulation of this process, 
especially in stress conditions. More than 
120 mutations, mainly missense mutations, 
have been described in patients, without 
hotspot regions. Mutations in eIF2B result in 
abnormalities of its function [188] that lead 
to alteration of protein synthesis in control 
conditions and in response to stress when 
the cellular requirement of protein synthesis 
is increased. These effects may explain the 
sensitivity to stress factors observed in patients. 
However, the exact molecular mechanisms 
underlying white matter alterations in VWM 
are still under investigation. Although eIF2B is 
expressed in all cells, the pathophysiological 
effects of eIF2B mutations preferentially target 
white matter tracts resulting in extensive 
axonal loss [188-190]. Analysis of brain biopsies 
and autopsies revealed paucity of myelin 

despite an increased density of immature 
oligodendroglial cells in less affected regions, a 
variable portion of which display an abnormal 
“foamy” cytoplasm [191,192]. Poor astrogliosis 
and dysmorphic astrocytes [193] suggest 
the possible involvement of astrocytes in the 
pathogenesis of VWM disease. Consistent with 
this, it has been shown that the differentiation 
of GFAP+ astrocytes from neural progenitor 
cells was impaired in cultures established 
from the brain of patients with VWM disease 
and that the few astrocytes present in these 
cultures had an abnormal morphology and 
composition of the intermediate filament 
network [190]. In the same study the role of 
eIF2B in astrocyte development was confirmed 
using RNA interference technology [190]. A 
detailed histopathological study revealed that 
in VWM brain tissue astrocytes show increased 
proliferation capacity, defective maturation 
and altered composition of the GFAP network 
with increased levels of the delta GFAP isoform 
and of the protein chaperon aB crystallin 
[194]. These results suggest that defects 
in astrocyte function may contribute to or 
directly cause white matter damage in VWM 
disease. Abnormal myelination and an early 

defect in glial cell proliferation and maturation 
have been observed in mice carrying an 
homozygous mutations in the eIF2B gene 
[195]. However, the presence of GFAP+ cells 
in unaffected brain areas suggests that VWM 
pathogenesis can be the result of a complex 
interplay among different factors [194]. Studies 
performed in different cell culture systems, 
including those derived from patients, indicate 
that the decrease in eIF2B activity is more 
tightly related to alterations in the cellular 
stress response than to global protein synthesis 
inhibition. This could be due to the regulatory 
activity of eIF2B on endoplasmic reticulum 
stress response whose malfunctioning caused 
by gene mutations associated with VWM 
disease would lead to the generation of cells 
that are hyper-reactive to stress [196,197]. In 
this pathological scenario, it remains to be 
explained why, despite eIF2B is ubiquitously 
expressed, astrocytes and oligodendrocytes 
are the main targets of eIF2B mutation-
induced abnormalities. Recently, a microarrays 
analysis comparing fibroblasts from VWM 
patients, healthy controls and patients with 
other leukodystrophies revealed differences in 
the expression of specific genes involved in the 

Figure 8.  Co-immunostaining of normal human brain with anti-MLC1 (red) and anti-GFAP (green) antibodies. 
MLC1 is expressed in astrocyte end-feet contacting pial membrane (A, arrows) and blood vessels 
(arrowheads in A and in B) as indicated by the yellow signal in merged images. Scattered astrocytes in 
the parenchyma show MLC1 staining in vesicular structures in the cell body (C, asterisks). Bars  A=50 µm; 
B,C=20 µm. (Modified from Ambrosini et al., Mol. Cell. Neurosc., [177]).
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regulation of mRNA splicing and mitochondrial 
metabolism. In the same study splicing 
dysregulation of genes important for glial cell 
maturation, like PLP in oligodendrocytes and 
GFAP in astrocytes, were observed in eIF2B 
mutated fetal brains compared with control 
brains [136]. Another recent study showed in 
the brain of VWM patients accumulation of 
the high molecular weight extracellular matrix 
component hyaluronan [198], which inhibits 
oligodendrocyte and astrocyte progenitor cell 
differentiation [198-200], further supporting 
the pathogenetic importance of abnormalities 
in glial cell maturation processes in this disease.

Lesson from cystic 
leukodystrophies

The study of cystic leukodystrophies has 
revealed that failure of astrocyte functions 
due to specific gene mutations can lead to 
myelin degeneration. Although the molecular 
mechanisms underlying these diseases are not 
completely understood, it is now established 
that defects in astrocyte maturation, astrocyte 
functional impairment due to accumulation 
of toxic substrates, and/or failure of specific 
astrocyte-mediated homeostatic pathways 
can affect myelin formation and maintenance 

leading to cystic or spongiform myelin 
degeneration. Dysfunctional astrocytes 
could affect myelination also by acting on 
oligodendrocyte cell development. Whatever 
the mechanism leading to the astrocyte 
defect, an important concept that emerges 
from the study of leukodystrophies is that 
loss of astrocyte functionality can make the 
brain more vulnerable to changes in tissue 
homeostasis that are caused by different 
types of pathological insults and stress 
conditions, thus aggravating tissue damage. 
Indeed aggravation of clinical symptoms is 
commonly observed in patients affected by 
cystic leukodystrophies after trauma or febrile 
episodes, all conditions known to perturb 
brain homeostasis ([201] and reference 
therein, [202,203]). This body of evidence 
suggests that in disorders caused by a primary 
astrocyte defect environmental factors 
perturbing CNS homeostasis can modify the 
clinical course of the disease independently 
of the type of mutation, thus hampering 
genotype-phenotype correlations.

An interesting hypothesis is that brain 
damage in genetic leukodystrophies could 
be the result of failure of some astrocyte-
mediated regulatory pathways influencing 
glial cell homeostatic control during brain 
development [204]. Further investigations 
on the pathogenesis of astrocyte-mediated 
leukodystrophies and the availability of new 
disease models are needed to elucidate 
whether gene-environmental interactions 
during development are modulated at the 
astrocyte level and how genetic defects in 
astrocytes can affect CNS developmental 
processes.

Concluding remarks and 
perspectives 

During the past 20 years it has become clear 
that astrocytes exert complex and essential 
functions in the healthy CNS including 
regulation of synaptic transmission and 
information processing by neuronal circuits. 
Recently, unexpected roles of astrocytes in 
higher brain functions such as learning and 
memory, sleep behaviour and regulation of 
breathing, have been described [205-207]. 

Figure 9.  MRI of a 14 year old girl with 2 heterocompound  mutations in eIF2Be. (A) Notice the diffuse hypointensity 
of the abnormal signal in FLAIR weighted image sparing the U fibers indicating abnormal vacuolation of 
the white matter; (B) the same areas appear markedly hyperintense in the T2 weighted images and also 
involve the internal capsule; (C) the abnormal hyperintense T2 weighted signal also involves the white 
matter of the cerebellum; (D) the increased vacuolation is also clear in the parasaggital  FLAIR weighted 
image showing a marked hypointense signal of the brain white matter.
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The speculative concept that astrocytes 
contribute to the pathogenesis of 
neurodegenerative diseases is turning into 
reality as strong evidence proves astrocyte 
involvement in Alzheimer’s disease, 
amyotrophic lateral sclerosis, Huntington’s 
disease, cerebral edema and stroke, as a 
consequence of either loss or gain of astrocyte 
function [7,208]. However, it is also clear 
that these disorders arise from a complex 
combination of abnormalities in neurons, glial 
cells and immune system cells that we are only 
beginning to understand. The identification of 
the genetic defect and the elucidation of the 
pathogenetic mechanism underlying AxD and 
other cystic leukodystrophies, has opened a 
new avenue for understanding the impact that 
specific astrocyte functional impairment has on 
myelin and neuron degeneration. Advancing 
knowledge in this field may have significant 
implications for the development of therapeutic 
strategies for these rare leukodystrophies and 
other common CNS diseases. The majority of 
drugs currently used for brain diseases target 
neuronal proteins like receptors, channels 
or transporters. Therapeutic strategies may 
benefit by a stronger focus on the homeostatic 
control functions of astrocytes. Although 

some complex aspects of astrocyte physiology 
must be taken into account, such as regional 
differences in astrocyte phenotypes indicating 
that these cells represent a heterogeneous 
cell population [209,210], astrocytes are 
emerging as new potential pharmacological 
targets for CNS diseases [211]. The dissection 
of the molecular mechanisms of astrocyte 
reactivity is allowing identification of specific 
molecules whose function can be blocked or 
stimulated for therapeutic purposes [212,214]. 
The development of new technologies allows 
generating glial cells, including astrocytes, 
from embryonic stem cells or from the 
reprogrammed induced pluripotent stem cells 
(iPSCs) derived from skin fibroblasts [215-217]. 
These advancements have paved the way for 
the generation of easily accessible human 
cellular models to study astrocyte role in CNS 
development and the pathological mechanisms 
of astrocyte-mediated diseases [218,219].  
These technologies are also providing new 
opportunities for regenerative therapies 
involving transplantation of astrocytes or glial 
progenitor cells [219,220-225]. Transplanted 
progenitor cells differentiating into astrocytes 
were reported to improve disease outcome 
in a mouse model of amyotrophic lateral 

sclerosis characterized by abnormal astrocytes 
overexpressing mutant superoxide dismutase 
(SOD), thus demonstrating the feasibility 
and efficacy of transplantation-based 
astrocyte replacement for this disease [225]. 
Transplantation of astrocytes genetically 
engineered to produce therapeutic molecules 
is another strategy under investigation 
[221,223]. Recently, cortical human astrocytes 
have been dedifferentiated into cells with 
a neural stem/progenitor cell phenotype, 
indicating that restoration of multipotency 
from human astrocytes can be exploited 
for the reprogramming of endogenous CNS 
cells in neurological disorders [226]. A better 
knowledge of astrocyte contribution to genetic 
leukodystrophies will help develop astrocyte-
based therapeutic strategies for these rare 
pathologies and for other neurological diseases.
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