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Astrocytes: a central element in neurological diseases
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Abstract The neurone-centred view of the past disre-
garded or downplayed the role of astroglia as a primary
component in the pathogenesis of neurological diseases.
As this concept is changing, so is also the perceived role of
astrocytes in the healthy and diseased brain and spinal cord.
We have started to unravel the different signalling mecha-
nisms that trigger specific molecular, morphological and
functional changes in reactive astrocytes that are critical for
repairing tissue and maintaining function in CNS patholo-
gies, such as neurotrauma, stroke, or neurodegenerative

P4 Milos Pekny
Milos.Pekny @neuro.gu.se

P4 Alexei Verkhratsky
Alexej. Verkhratsky @manchester.ac.uk

Department of Clinical Neuroscience and Rehabilitation,
Center for Brain Repair and Rehabilitation, Institute

of Neuroscience and Physiology, Sahlgrenska Academy

at the University of Gothenburg, 405 30 Gothenburg, Sweden

Florey Institute of Neuroscience and Mental Health,
Parkville, VIC, Australia

University of Newcastle, New South Wales, Australia

Waisman Center, University of Wisconsin-Madison, 1500
Highland Avenue, Madison, WI 53705, USA

Medical faculty, Institute of Cellular Neurosciences,
University of Bonn, Bonn, Germany

Department of Neurology, The Hope Center for Neurological
Disorders, Washington University School of Medicine, St.
Louis, USA

Department of Neurobiology, Civitan International Research
Center, Center for Glial Biology in Medicine, Evelyn

F. McKnight Brain Institute, Atomic Force Microscopy

and Nanotechnology Laboratories, University of Alabama

at Birmingham, 1719 6th Avenue South, CIRC 429,
Birmingham, AL 35294, USA

diseases. An increasing body of evidence shows that the
effects of astrogliosis on the neural tissue and its functions
are not uniform or stereotypic, but vary in a context-spe-
cific manner from astrogliosis being an adaptive beneficial
response under some circumstances to a maladaptive and
deleterious process in another context. There is a growing
support for the concept of astrocytopathies in which the
disruption of normal astrocyte functions, astrodegeneration
or dysfunctional/maladaptive astrogliosis are the primary
cause or the main factor in neurological dysfunction and

Department of Translational Neuroscience, Brain Center
Rudolf Magnus, University Medical Center Utrecht, Utrecht,
The Netherlands

Netherlands Institute for Neuroscience, An Institute
of the Royal Netherlands Academy of Arts and Sciences,
Amsterdam, The Netherlands

Swammerdam Institute for Life Sciences, Center
for Neuroscience, University of Amsterdam, Amsterdam,
The Netherlands

Department of Neurobiology, University of California, Los
Angeles, CA 90095, USA

Faculty of Life Sciences, The University of Manchester,
Oxford Road, Manchester M13 9PT, UK

13 Achucarro Center for Neuroscience, IKERBASQUE, Basque
Foundation for Science, 48011 Bilbao, Spain

Department of Neurosciences, University of the Basque
Country UPV/EHU and CIBERNED, Leioa, Spain

University of Nizhny Novgorod, Nizhny Novgorod 603022,
Russia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-015-1513-1&domain=pdf

324

Acta Neuropathol (2016) 131:323-345

disease. This review describes the multiple roles of astro-
cytes in the healthy CNS, discusses the diversity of astro-
glial responses in neurological disorders and argues that
targeting astrocytes may represent an effective therapeutic
strategy for Alexander disease, neurotrauma, stroke, epi-
lepsy and Alzheimer’s disease as well as other neurodegen-
erative diseases.

Keywords Astrocytes - Astroglial cells - Reactive
astrogliosis - Reactive gliosis - Astrocytopathies -
Neurotrauma - Stroke - Epilepsy - Alzheimer’s disease -
Alexander disease - Huntington disease - Neurological
diseases

To help and protect: the warden astrocytes

Evolution of the nervous system progressed through spe-
cialization and division of function, with neural cell net-
works being composed from electrically excitable neurones
and electrically non-excitable glia. Neuronal specialization
is in firing action potentials that propagate to axonal ter-
minals and initiate synaptic transmission, whereas glia are
optimized for housekeeping, control and neural tissue pro-
tection. The multi-partite synapse of the CNS represents
a striking example of such a specialization (Fig. 1), with
pre- and post-synaptic membranes being packed with exo-
cytotic machinery, neurotransmitter receptors and proteins
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Fig. 1 Astroglial cradle and homeostatic support of the multi-partite
synapse in the CNS. The majority of synapses in the brain and in the
spinal cord are multi-partite being composed of (i) the presynaptic
terminal; (ii) the post-synaptic dendritic compartment; (iii) the peri-
synaptic process of the astrocyte; (iv) the process of neighbouring
microglial cell that periodically contacts the synaptic structure and
(v) the extracellular matrix (ECM) present in the synaptic cleft and
also extended extra-synaptically. Astroglial perisynaptic membrane
contains numerous transporters that control homeostasis in the syn-
aptic cleft. EAAT, excitatory amino acid transporters 1 (SLC1A3)
and 2 (SLC1A2); NKA, the Na™/K* ATPase or ATP-dependent Na™/
K* pump, the a2 subtype (ATP1A2) is predominantly expressed in
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astrocytes; NKCCI, the Na—K-Cl co-transporter (SLC12A2); NCX,
the sodium—calcium exchanger expressed in 3 isoforms (SLC8AI,
SLC8A2 and SLC8A3); NAAT, the Na*—dependent ascorbic acid
transporter (SLC23); NBC, the sodium-bicarbonate co-transporter
(SLC4A4); CNT2, the high-affinity Nat-dependent concentra-
tive adenosine transporter (CNT2); ASCT2, the alanine-serine—
cysteine transporter 2; MCT-1, the monocarboxylase transporter
1 (SLC16A1); K;4.1, inward rectifier K;4.1 channels; NHE, the
sodium-proton exchanger 1 (SLC9A1); GAT, GABA transport-
ers 1 (SLC6A1) and 3 (SLC6AI11); SN1,2, Nat/H*-dependent
sodium-coupled neutral amino acid transporters 1 (SLC38A3) and 2
(SLC38A5); GlyT1, glycine transporter 1 (SLC6A9)
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responsible for plasticity, whereas all “homeostatic” mol-
ecules (i.e. transporters and enzymes responsible for ion and
transmitter homeostasis in the synaptic cleft, for transmit-
ter catabolism, for metabolic support, etc.) being localized
in the perisynaptic astroglial processes [235]. The synaptic
assembly also includes a microglial cell process that fre-
quently senses the synapse status [114, 229, 242]. Already
at this elementary level of CNS organization, the cellular
functions are divided. Neuronal compartment assures fast
information flow whereas glial elements ascertain functional
isolation and support of synapses, maintain synaptic opera-
tion through regulation of homeostasis and control synaptic
survival or elimination depending on the network demands.

The very same specialization is observed at all levels
of CNS organization. Neurones fire and establish multiple
contacts whereas neuroglia control local microenvironment
and protect neural tissue. In the grey matter, astrocytes
divide (through the process known as tiling that starts in
late embryogenesis) the parenchyma into relatively inde-
pendent units traditionally known as neurovascular units,
and recently often called astroglio-vascular units, that inte-
grate, within an individual astroglial territorial domain,
neural and vascular elements [33, 96, 155]. By employing
a wide array of molecular mechanisms such as exocytosis,
diffusion through plasmalemmal channels or membrane
transporters, astrocytes secrete numerous neurotransmit-
ters, neurohormones and trophic factors [143, 168] that
regulate synaptic fields, neuronal groups and signal to
other cellular elements (e.g. microglia, oligodendroglia,
pericytes, endothelial cells). At the level of the whole brain,
astrocytes form glia limitans, regulate emergence and func-
tion of brain—blood and brain—cerebrospinal fluid barriers
and contribute to overall brain metabolism being the sole
producers and repository of glycogen.

The homeostatic function of astroglia is linked to their
neuroprotective capabilities, as indeed astrocytes are prin-
cipal elements of CNS defence. Insults to the CNS, regard-
less of their aetiology, strain the organ homeostasis and
these are astrocytes, which, through dedicated molecular
cascades, protect neurones against glutamate excitotoxic-
ity, extracellular K™ overload, reactive oxygen species,
and these are also astrocytes that supply stressed neurones
with energy substrates [222, 236]. The loss of these criti-
cal astroglial functions permits and exacerbates progression
of various diseases, of which amyotrophic lateral sclero-
sis, toxic encephalopathies or Alzheimer’s disease (AD)
are prominent examples [234, 237]. Defensive function of
astrocytes is manifested as reactive astrogliosis, a multi-
component and complex remodelling of astroglia triggered
by lesions to the CNS [30, 169, 175, 210]. Astrogliosis is
an important component of cellular pathophysiology and
its suppression often aggravates neuropathology.

To learn and to remember: astroglia in adaptive
and regenerative CNS plasticity

Astrocytes are fundamental elements of the adaptive plas-
ticity of the nervous system, essential for experience-
dependent learning and functional regeneration after injury.
Adaptive plasticity involves dendritic and axonal arbori-
sation, spine density, synapse number and size (structural
synaptic plasticity) as well as changes in receptor composi-
tion and density, and regulation of neurotransmitter release
involving individual synapses (Hebbian synaptic plasticity)
or resetting the strength of all the synapses in a particu-
lar neurone (homeostatic synaptic scaling). In some brain
regions such as the hippocampus and olfactory bulb, adap-
tive plasticity involves also changes in neuronal numbers.
These structural and functional changes in neuronal net-
works also underlie the activity-dependent re-arrangements
of cortical maps, which together with the involvement of
the contra-lesional hemisphere and contra-lesional axonal
remodelling contribute to the compensation and recovery
of function after injury [170].

Astroglia-derived factors induce synapse formation
and maturation [152]. Thrombospondin (TSP) 1 and 2,
extracellular glycoproteins secreted by astrocytes, induce
excitatory synapse formation during development [39]
by acting through the neuronal receptor a28-1 [57]. Simi-
larly, astrocytes support synaptogenesis in the regenerat-
ing post-lesioned neural tissue. Expression of TSP 1 and
2 is increased after ischemia and TSP 1- and 2-deficient
mice exhibited reduced synaptic density and axonal sprout-
ing associated with impaired motor function recovery after
stroke [133]. Another thrombospondin, TSP 4, controls pro-
tective astrogenesis in the adult subventricular zone after
neurotrauma [19]. Astrocyte were also reported to secrete
hevin protein that stimulates synaptogenesis; conversely
the protein SPARC (secreted protein acidic and rich in
cysteine), also secreted by astroglia, inhibits synaptogenesis
both in vitro and in vivo [120]. Astroglia-derived glypican-4
and 6 induce functional synapse maturation by increasing
the number of AMPA receptors on synapses [5]. The spe-
cific function astrocytes play in regulating synapse number
seems to depend on the time after injury; attenuation of
reactive astrogliosis in mice led to a more prominent synap-
tic loss in the hippocampus in the acute phase (4 days) after
injury, but led to a complete synaptic recovery by 14 days
after lesion [252]. These findings indicate that while reac-
tive astrogliosis is protective at the acute stage, if it persists,
regenerative responses might be inhibited.

In the developing CNS, astrocytes acting in concert with
microglia play a critical role in the elimination of supernu-
merary synapses and this process, called synaptic pruning, is
delayed in mice in which microglial migration is suppressed
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due to the lack of CX3CR1 chemokine receptor [167]. Syn-
aptic pruning in the dorsal geniculate nucleus of the thala-
mus is dependent on the expression of the complement
protein Clq in the retinal ganglion cells [193, 221], which
in turn is regulated by transforming growth factor (TGF)-f
secreted by immature astrocytes in the retina [23]. The Clq
activates the classical complement pathway leading to the
tagging of the thalamic synapses of retinal ganglion cells
with complement-derived C3b fragment; the tagged syn-
apses are subsequently eliminated by microglia in a manner
that requires the complement receptor 3, CR3 [193, 221].
In glaucoma, one of the most common neurodegenerative
diseases, microglia upregulate C1q at an early stage of the
disease, and mice deficient in Clq are protected against
glaucoma [93]. In line with these observations, mice lacking
C3, from which C3b is generated by proteolytic removal of
a small peptide known as C3a, have a larger number of syn-
apses in the hippocampal CA1 [177]. Notably, these mice
do not show any spontaneous epileptiform activity, conceiv-
ably due to compensatory reduction in release probability
of glutamate from the presynaptic terminals [177] but are
protected from age-related hippocampal decline [202]. The
complement system also contributes to axotomy-induced
elimination of synapses on spinal cord motoneurones, albeit
in a Clg-independent manner [20]. Remarkably, while basal
levels of C3a are required for normal synaptic function,
dendritic extension and neuronal maturation of neural pro-
genitor cells [132, 204], excessive astroglial release of C3
in response to e.g. activation by B-amyloid disrupts neuronal
morphology and function [132]. Astrocytes also actively
engulf and eliminate synapses in the developing and adult
brain. This process is governed by neuronal activity, and

requires expression of phagocytic receptors MEGF10 and
MERTK [40]. After ischemic injury, ephrin-A5 expressed
by reactive astrocytes inhibits axonal sprouting and motor
recovery [165]. Finally, astroglial cells are instrumental
in controlling neuronal numbers through adult neurogen-
esis. Neural stem cells in the subventricular zone and in
the dentate gyrus of the hippocampus, the two neurogenic
regions of the adult brain, express glial fibrillary acidic pro-
tein (GFAP) and it has been proposed that many of these
GFAP-positive astrocytes possess stem cell properties [28,
51, 54, 55]. Astrocytes also regulate the local microenviron-
ment in the neurogenic regions through secreted as well as
membrane-bound factors [134, 214, 251].

Astrogliopathology: classification and general
concept

Fundamentally, all diseases, naturally including neurologi-
cal disorders, can be broadly defined as homeostatic fail-
ures within tissue, organ or a system. For a long time neu-
ropathology was dominated by the neurone-centric views
when all conceptualisation of brain pathology was focused
on neurones, on their survival or death. This neurone-cen-
tricity is now being challenged and neuroglia begin to be
regarded as a central element of neuropathology [30, 175,
196, 237, 239]. The astroglial component of neuropathol-
ogy is highly variable and is often disease specific. Distinct
astrogliopathic changes may co-exist or emerge sequentially
in the progression of neurological disorders. Here we pro-
pose a classification of astrocytopathies that is based around
functional cellular response (Fig. 2). We broadly classify

Astrogliopathology

Astrocytopathy

Atrophy/degeneration
with loss of function

Pathological remodelling

Toxic encephalopathies Alexander disease

Wernicke-Korsakoff syndrom Epilepsy
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Schizophrenia
Major depressive disorder

Fig. 2 Pathological changes in astroglia
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astrocytopathies into astroglial atrophy with loss of func-
tion, astroglial pathological remodelling and astrogliosis.

The concept of gliodegeneration in neuropathology was
introduced by Emilie Croisier and Manuel Graeber in 1996
[46]. Astroglial atrophy, functionally manifested by loss of
function contributes to pathological progression of a sur-
prising variety of neurological disorders. Decrease in the
astroglial numbers as well as astroglial atrophy has been
detected in schizophrenia, in temporal lobe epilepsy, and
in major depressive disorders and loss of astrocyte-depend-
ent control over glutamatergic transmission is considered
as one of the principal mechanisms of abnormal synaptic
connectivity in these major psychiatric disorders [15, 156,
182, 238]. Astrodegeneration and downregulation of astro-
glial glutamate uptake plays a leading role in excitotoxic-
ity in amyotrophic lateral sclerosis, in Korsakoff—-Wernicke
syndrome and in toxic encephalopathies [86, 189, 238].
Atrophic changes in astroglia are observed in several types
of neurodegenerative disorders.

Pathological remodelling of astrocytes can be a causal
factor in homeostatic failures of the brain such as severe
leukoencephalopathy seen in Alexander disease, in which
astroglial expression of mutant GFAP leads to profound

Healthy CNS

Molecular triggers:
ATP, B-amyloid, TNF-a
IL-6, LIF, CNTF, etc.

deficits in the white matter [145]. Aberrant increase in the
astroglial synthesis of kynurenic acid induced by infec-
tion of astrocytes with Toxoplasma gondii is considered
as a risk for schizophrenia [194]. Astrogliosis represents a
multifactorial and complex remodelling of astrocytes, gen-
erally characterized by an increase in expression of GFAP
and vimentin as well as a profound changes in astrocytic
biochemistry and physiology associated with a secretion of
numerous neuroprotective and pro-inflammatory factors.

Astrocyte reactivity and reactive astrogliosis

When and where can astrocyte activation be detected and
why has it evolved? Molecular and morphological features
of reactive astrocytes responding to an injury or other CNS
pathologies include hypertrophy of astrocyte processes and
upregulation of GFAP, the key constituent of astrocyte inter-
mediate filaments, both of these being hallmarks of reactive
astrocytes in human pathologies such as neurotrauma, stroke,
perinatal asphyxia, brain haemorrhage, CNS infections,
epilepsy, or AD (Fig. 3). Cytokines, such as transforming
growth factor (TGF)-a, ciliary neurotrophic factor (CNTF),

Diseased CNS

In many (but not in all) diseases of CNS
(for example in neurotrauma, stroke or
in neurodegenerative diseases) astrocytes
acquire reactive phenotypes, hallmarks of which
are increase in GFAP expression and
hypertrophy of processes.

W

Physiological functions

of astroglia
Neurogenesis
Synaptogenesis
Synaptic plasticity
Formation of astroglio-vascular unit
lon homeostasis
Neurotransmitter homeostasis and metabolism
Water transport
Regulation of local blood flow

Reactive astrogliosis

limits the acute stress
and tissue damage,
and restores homeostasis

Reactive astrogliosis
Disease-specific
Multiple phenotypes
Mild to severe (scar formation)
Focal to diffuse
Protective vs. maladaptive

Persisting reactive astrogliosis can be maladaptive
Maladaptive astrogliosis can be a therapeutic target

Fig. 3 Reactive astrogliosis is the term used for responses of acti-
vated astrocytes seen in many neurological diseases. As a rule reac-
tive astrogliosis is a defensive reaction (which is often disease-
specific) in times of acute stress that aims at restoring the tissue

homeostasis and restricting the damage. Persisting reactive astroglio-
sis has a potential of turning maladaptive, and can inhibit neural plas-
ticity and other regenerative responses. Modified from [91, 174, 175]
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interleukin (IL)-6, leukaemia inhibitory factor (LIF), oncos-
tatin M all were shown to induce astrocyte activation [10, 92,
117, 181, 218, 253]. Astrocyte activation seems to be also
mediated by gp-130/activator of transcription 3 (STAT3)
signalling pathway, phosphorylation and nuclear transloca-
tion of STAT3, either in astrocytes themselves [218] or, indi-
rectly, via microglia, neurones or endothelial cells. Extensive
(also known as anisomorphic) reactive astrogliosis results
in glial scarring, which involves not only astrocytes but also
other cells types, including pericytes that were recently pro-
posed to be key contributors to glial scars [72].

Functionally, astrogliosis is aimed at: (i) increased neu-
roprotection and trophic support of insult-stressed neurones;
(ii) isolation of the damaged area from the rest of the CNS
tissue, (iii) reconstruction of the compromised blood—brain
barrier; and (iv) in some situations, possibly at the facilita-
tion of the remodelling of brain circuits in areas surrounding
the lesioned region. Within the framework of neural circuit
remodelling, reactive astrocytes may acquire properties of
stem cells [185]. The overall result of these functional reac-
tions is clearly beneficial for the nervous tissue, since exper-
imental removal of reactive astrocytes increases the degree
of tissue damage and neuronal death [185, 213].

Reactive astrocytes that form a border between a focal
lesion and the surrounding tissue (e.g. in ischemic or trau-
matic lesions or around amyloid plaques in AD) provide the
means to demarcate the lesion and separate it from the rest
of the CNS [184, 241]. Such a sequestering of a lesion might
favour clinical stabilization and allow survival, but it might
negatively affect the regenerative responses at a later stage
[205]. Factors reducing astrocyte activation (as measured,
e.g. by the expression of GFAP) have not been sufficiently
studied. Recently, complement activation-derived C3a has
been shown to reduce the expression of GFAP in astrocytes
subjected to ischemia while promoting their survival [203].
As the positive effect of C3a on astrocyte survival was
equally strong in astrocytes lacking GFAP and vimentin,
these data point to differential regulation of cell survival and
GFAP expression in astrocytes in response to ischemic stress
[203].

In response to injury, some reactive astrocytes pro-
liferate and this increases the number of astrocytes at the
lesion site [29, 210, 213]. Contrary to what was previously
thought, recent live imaging data suggest that astrocytes
do not migrate towards the side of injury [11]. Many astro-
cytes in the injured brain cortex become hypertrophic and
up-regulate GFAP; however, they stay within their tiled
domains, among which only a limited overlap can be found
[11, 250]. Some astrocytes become polarized or can prolif-
erate, with the latter ones often being associated with blood
vessels [11]. Such proliferating blood vessel-associated
astrocytes might regulate migration and proliferation of
pericytes involved in the glial scar formation [11, 72].
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Are reactive astrogliosis and corresponding changes in
the astrocyte network disease specific and do they have dis-
ease-specific consequences? Recent data suggest that reac-
tive astrogliosis has both common and unique cellular and
molecular features in individual neuropathologies. Com-
parisons of gene expression profiles of reactive astrocytes
between ischemic stroke and endotoxin-induced astrocyte
activation revealed that at least half of altered gene expres-
sion was disease specific [262].

Elimination of dividing subpopulation of reactive astro-
cytes in transgenic mice suggested that reactive astrocytes
play a positive role at the acute post-traumatic stage and
limit the extent of neurodegeneration after neurotrauma
[31, 60, 212]. Manipulation of reactive astrogliosis around
focal lesions by ablation in astrocytes of STAT3 transcrip-
tion factor, which is a transducer of signals for cytokines
such as IL-6, LIF and CNTF [113, 218, 256], inhibited both
astrocyte migration and lesion demarcation and resulted
in larger lesions and increased functional deficit [88, 158,
247]. In contrast, ablation of Socs3, a negative feedback
molecule of STAT3 [67, 148], reduced the lesion area and
resulted in a better functional recovery [158].

As suggested by the above, changes associated with astro-
gliosis range from reversible alterations in astrocyte gene
expression and cell hypertrophy with preservation of cellular
domains and tissue structure, to long-lasting scar formation
that involves cell proliferation and permanent rearrangement
of tissue structure. Multiple lines of molecular and cellular
research indicate that astrogliosis is not a simple all-or-none
stereotypic program triggered by a simple on/off regulatory
switch, but instead is a finely gradated continuum of changes
that occur in a context-dependent manner and that can be
independently regulated by a multitude of specific molecu-
lar signalling events that mediate different specific responses
[210, 213]. There is growing evidence for and interest in the
heterogeneity among reactive astrocytes not only across dif-
ferent CNS regions, but locally within the same region [7].
For example, adjacent to focal traumatic or ischemic lesions
there is topographic heterogeneity of astrogliosis as regards
astrocyte proliferation, morphology and gene expression
with respect to distance from the insult [210, 247]. In addi-
tion, analysis at the single cell level in vivo shows that inter-
mingled reactive astrocytes can exhibit different expression
levels of (i) chemokines or cytokines [82], (ii) signalling
molecules such as pSTAT3 [88], or (iii) transcription factors
that regulate sonic hedgehog signalling (SHH) [69].

As outlined above, astrogliosis can be induced, regulated
or modulated by a wide variety of extracellular molecules
ranging from small molecules such as purines, transmitters
and steroid hormones, to large polypeptide growth factors,
cytokines, serum proteins or neurodegeneration-associated
molecules (Fig. 4). These instructive signals can derive from
many different sources and can be released by cell damage or
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Fig. 4 Reactive astrocytes interact with multiple cell types. a Reac-
tive astrocytes can receive diverse molecular signals from neurons,
synapses, inflammatory cells, such as microglia and white blood cells
(wbc), as well as blood vessel (bv) endothelia and pericytes. Incom-
ing molecular signals include neurone-derived growth factors and
transmitters, or inflammatory cell-derived cytokines, or blood borne
molecules, which then activate specific intracellular signalling path-
ways. b Conversely, reactive astrocytes can send diverse molecular
signals that can influence all of these same cell types in context-spe-

cell death, or via specific signalling mechanisms and act via
receptors that initiate intracellular second messenger signal-
ling cascades as reviewed elsewhere [109, 172, 174,210, 213].
Many cell types can release molecular regulators of astroglio-
sis, including (i) local neural and non-neural cells intrinsic to
CNS tissue such as neurones, microglia, oligodendrocyte line-
age cells, endothelia, pericytes, fibromeningeal cells and other
astrocytes, as well as (ii) non-neural cells that gain entry into
the CNS, such as bone marrow-derived leukocytes, fibrocytes,
and microbial infectious agents, and (iii) cells outside of the
CNS that produce serum proteins, cytokines, steroid hormones
or microbial endotoxins such as lipopolysaccharides [30].
There is now substantial information available about
extra- and intracellular signalling molecules that regu-
late astrogliosis (Fig. 4a). Some aspects of astrogliosis can
be regulated by multiple signalling cascades, while other
aspects are regulated more selectively. For example, expres-
sion of intermediate filament proteins such as GFAP or
vimentin can be induced by intracellular signalling pathways
associated with cAMP, STAT3, NFkB, Rho-kinase, JNK,
calcium and others [66, 146, 172, 174]. Similarly, astrocyte
proliferation can be regulated by various extracellular signals
including EGF, FGF, endothelin 1, SHH, the serum proteins
thrombin and albumin and others, and by intracellular regu-
lators such as Olig2, JNK pathway and many more [64, 127,
208, 210]. Other aspects of astrogliosis are regulated more
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cific manners via specific intracellular signalling pathways. Astrocyte
released molecules include numerous growth factors, neurotransmit-
ters, cytokines and chemokines. The functional implications of the
diverse and complex signalling interactions of reactive astrocytes
with multiple cell types are poorly understood and only beginning to
be elucidated. Dissecting the functional interactions of reactive astro-
cytes is a next major challenge and holds much promise for improv-
ing understanding of many aspects of pathophysiology. Modified
from [209]

selectively. For example, certain pro- and anti-inflammatory
functions of astrocytes are regulated separately. Deletion or
disruption of NFkB or SOC3 signalling pathways in astro-
cytes diminishes recruitment of inflammatory cells after trau-
matic injury and autoimmune disease [26, 27, 158]. In con-
trast, deletion of STAT3 or its associated membrane receptor
GP130, markedly increases the spread of inflammation after
traumatic injury, autoimmune disease or infection [56, 83,
88, 158, 247]. Deletion of oestrogen receptor o, but not oes-
trogen receptor B, selectively from astrocytes diminishes the
anti-inflammatory and neuroprotective effects of oestrogen
on autoimmune inflammation [216, 217]. In addition, certain
microRNAs (miR) such as miR-21 and miR-181, and miR
regulatory enzymes, such as Dicer, can modulate astroglio-
sis and its functions, adding yet another level of potential
regulation and specification of functions [22, 95, 223]. Thus,
different signalling mechanisms regulate different aspects of
pro- or anti-inflammatory functions of reactive astrocytes.

In response to the many incoming instructive signalling
events described above, reactive astrocytes can release a
wide variety of instructive molecular signals that are tar-
geted at diverse kinds of surrounding cells, including mul-
tiple types of inflammatory cells, vasculature and other
non-neural cells, as well as neural cells including neu-
rones, synapses and oligodendroglia (Fig. 4b). Substantial
evidence, as revealed in particular by in vivo transgenic
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loss-of-function studies, indicates that via these multi-
ple molecular signals astrogliosis exerts numerous critical
functions. For example, transgenic ablation or prevention
of astrogliosis or astrocyte scar formation causes increased
inflammation and tissue damage and worsens functional
outcome in all CNS insult models studies thus far, includ-
ing traumatic injury, ischemic injury (stroke), infection,
autoimmune inflammation and neurodegenerative disorders
[32, 56, 60, 83, 88, 130, 142, 151, 154, 241, 247]. Never-
theless, transgenic studies also reveal the potential for cer-
tain aspects of astrogliosis to exacerbate inflammation after
traumatic injury or autoimmune challenge [26, 27, 216,
217]. Large-scale gene expression evaluations also show
that inflammatory mediators can drive astrocyte transcrip-
tome profiles towards pro-inflammatory and potentially
cytotoxic phenotypes [82, 262] that may be beneficial in
microbial infection but may be detrimental if triggered dur-
ing sterile (uninfected) tissue responses to trauma, stroke,
degenerative disease or autoimmune attack [211]. Thus,
transgenic loss-of-function studies point towards the poten-
tial for astrocytes to contribute to regulation of CNS inflam-
mation in different ways, both by attracting inflammatory
cells that take part in debris clearance, but also by form-
ing scars that act as functional barriers that protect adjacent
neural parenchyma from the spread of neurotoxic inflam-
mation [30]. Together, these observations provide compel-
ling evidence that astrogliosis exerts a variety of beneficial
functions that are essential for limiting tissue damage and
preserving neurological function after CNS insults but
that astrogliosis also has the potential to exert detrimental
effects as determined by specific signalling mechanisms.

Ablation of astrocyte intermediate filament
(nanofilament) system as an experimental
modulation of reactive astrogliosis

Several approaches to study the function of reactive astro-
cytes utilized genetic ablation of the intermediate filament
proteins, the up-regulation of which represents a hallmark
of reactive astrogliosis. The intermediate filament system
of reactive astrocytes is composed of GFAP, vimentin and
nestin, and in some astrocytes it also includes synemin
[102, 176, 219]; combined deficiency of GFAP and vimen-
tin in GFAP™~Vim™~ mice results in a complete absence
of intermediate filament in reactive astrocytes [171]. Mice
with GFAP™~Vim™~ genome show reduced reactive glio-
sis and glial scarring, slower healing with an increased loss
of neuronal synapses following neurotrauma [171, 252],
with decreased resistance of the CNS tissue to mechanical
stresses [141, 232]. Astrocytes around the CNS lesion in
GFAP~~Vim™~ mice are present in normal numbers and
form normally tiled domains [252], but do not develop the
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typical hypertrophy of the main cellular processes [250,
252]. Ischemic stroke induced in GFAP™~Vim™~ mice
results in larger infarcts [130] with the astrocyte intermedi-
ate filament system being linked to astrocyte motility [128],
viscoelastic properties, which might affect cell migration
[139], vesicle trafficking [179, 180, 230], activation of Erk
and c-fos [153], response to hypo-osmotic and oxidative
stress and neuroprotective properties [48, 53], and the effi-
ciency of glutamate transport and astrocyte gap junctional
communication [130], all of which may play roles in CNS
trauma or ischemia. The causal relationship of these impor-
tant associations needs to be addressed on a molecular level.

Numerous negative consequences of reactive astrogliosis
were also demonstrated, in particular when it does not get
resolved in time, and can thus become maladaptive [187].
The inhibition of chondroitin sulphate proteoglycans that are
expressed by oligodendrocyte precursor cells and astrocytes
after CNS injury is linked to improved axonal regeneration
after trauma [24, 25, 45, 125, 201, 246, 260]. Ephrin-AS,
expressed by reactive astrocytes after injury was shown to
limit axonal sprouting and functional recovery [165]. Genetic
attenuation of reactive astrogliosis in GFAP™~Vim™~ mice
also has some positive effects, albeit it is associated with more
extensive tissue damage in the initial acute post-traumatic or
post-ischaemic stage [130, 252]. These positive effects include
improved synaptic regeneration after entorhinal cortex lesion
[252], improved post-traumatic regeneration of the optic nerve
in the early postnatal period [38] and improved regenerative
response and functional recovery after spinal cord trauma
[144]. Both basal and post-traumatic hippocampal neurogen-
esis are increased in GFAP™~Vim™~ mice and it was pro-
posed that the negative control of neurogenesis by astrocytes
via Notch signalling to NSC/NPSs depends on GFAP and
vimentin [251]. GFAP™~Vim™~ mice exposed to neona-
tal hypoxic-ischemic injury develop normal size infarcts but
show increased number of newly born cortical neurones [101].
Adult GFAP™~Vim™~ mice support better integration of neu-
ral grafts in the retina [116] and neuronal and astrocyte differ-
entiation of adult NSC/NPCs transplanted in the hippocampus
[249]; it remains unknown whether this is caused by attenu-
ated reactive gliosis or by altered interactions between the
grafted cells and the recipient’s astrocytes. Thus, the benefits
of reactive astrogliosis at the acute stress-handling phase of
neurotrauma or ischemic lesions might be counterbalanced by
restricted regenerative potential at a later stage.

Astroglia in neurological diseases

Genetic astrogliopathy: Alexander disease

Mutations in the astrocyte intermediate filament protein
GFAP are causative for Alexander disease (AxD), a protein
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aggregation disorder in which the hallmark pathology con-
sists of cytoplasmic aggregates known as Rosenthal fibres
(RFs) that accumulate in the cell body, processes, and distal
endfeet of astrocytes [145]. As such this disorder offers a
fascinating window on the spectrum of effects that astro-
cyte dysfunction may have on the CNS. Clinically, patients
present with a wide range of onsets from foetal through the
seventh decade and varied symptomatology. Many patients
exhibit some degree of white matter deficit (perhaps a com-
bination of hypomyelination or demyelination depending
on age of onset) that is typically bilaterally symmetrical
and most severe in the frontal lobes but less severe or even
absent in the later onset patients. A subset of patients dis-
plays focal lesions that are sometimes confused with neo-
plasia, especially in the brain stem. Why only certain areas
of the nervous system are so vulnerable to the effects of
mutations in a gene that is widely expressed, and in a cell
type that is present throughout the entire nervous system, is
far from clear.

One question that remains a topic of investigation is the
composition of RFs and their role in disease. Early studies
identified GFAP and the small heat-shock proteins aB-crys-
tallin and Hsp27 as major components of the fibres [98].
More recently this list has expanded to include vimentin,
nestin, plectin, the 20S proteasome subunit, p-JNK, p62,
and synemin [146, 176, 225, 263], although the exact pro-
portions of these various components in the fibres remain
to be elucidated. A lingering question is what prompts for-
mation of the fibres in the first place. Initial studies impli-
cated accumulation above a critical threshold as the key,
since over-expressing even wild-type GFAP to sufficient
levels in mouse models leads to aggregates that are mor-
phologically and biochemically indistinguishable (except
for the absence of mutant protein) from those found in AxD
[146]. What the critical threshold is remains uncertain,
with data from experiments using a knock-in mouse model
showing that fibres appear with a fivefold change in total
brain levels [77]; experiments on similar though not iden-
tical transgenic model suggesting a much lower threshold
of only 30 % excess to be sufficient [223]. In addition, no
one has yet established whether RFs are protective or toxic,
although evidence from the recently developed Drosophila
model is compatible with the latter property [245].

In addition to the formation of RFs, a consistent down-
stream effect of both mutant GFAP and the accumula-
tion of GFAP to excess is the activation of multiple stress
pathways within the astrocyte. Some of these stress path-
ways may actually be protective, which if amplified in the
proper way could be useful as therapeutic strategies. Such
a role is already suggested for aB-crystallin from both the
mouse and fly models [79, 245], and for the transcription
factor Nrf2 from the mouse model [123]. Increased expres-
sion of GFAP itself can also be considered a type of stress

response, as indicated from studies demonstrating trans-
activation of the Gfap gene promoter as an early event in
evolution of disease [100]. Of course increasing expression
of the very protein that starts the entire disease process in
motion is not helpful, and more needs to be learned about
how this promoter activation takes place.

Ultimately what aspects of astrocyte function are
impaired via expression of mutant GFAP is still not known.
Some data exists for an interference with expression of
glutamate transporters, but whether this has functional sig-
nificance in vivo has not yet been proven [227]. Recently,
Walker et al. [243] demonstrated that the DNA- and RNA-
binding protein TDP-43, clearly causative and widely
implicated in other neurodegenerative disease, mis-local-
izes to the cytoplasm of astrocytes and becomes abnor-
mally phosphorylated. Given the large number of genes and
genetic pathways that are regulated by TDP-43, the cascade
of effects initiated by GFAP mutations has the potential to
quickly expand in multiple directions.

While most attention in Alexander disease research nat-
urally has focused on astrocytes, it is worth remembering
that other cells express GFAP as well, both developmen-
tally and into adulthood. Indeed, the R236H mutant mouse
suffers from a striking deficit in adult neurogenesis in the
hippocampus [78]. In theory, this deficit could arise either
from dysfunction of mature astrocytes in the hippocampus
which are known to influence the stem cell population [12,
214], or directly from dysfunction of the stem cells them-
selves which also express GFAP [68, 198]. In rodents, at
least, the integration of new neurones into the dentate gyrus
contributes to contextual learning, spatial memory, and pat-
tern separation [1, 50, 115, 191]. Similar claims have been
made for human hippocampus [43]. The existence of this
hippocampal phenotype opens an entirely new perspective
and set of possibilities for studying the cognitive impair-
ments that are frequently observed in patients with Alex-
ander disease. Given the increasing recognition of neuro-
genesis as a property of the adult human central nervous
system [215], it is especially valuable to have a single gene
disease model in which to study the significance of adult
neurogenesis.

Pathological remodelling of astroglia in epilepsy

Epilepsy is a condition of the brain characterized by the
unpredictable occurrence of seizures, affecting at least 2 %
of the population worldwide [90]. The vast majority of epi-
leptic cases are of idiopathic origin with their underlying
mechanisms being undefined. This disorder is generally
considered to reflect neuronal malfunction, and the search
for anti-epileptic drugs has largely concentrated on com-
pounds that affect neurones. The efficacy of these drugs,
old and newly created, has not improved substantially over
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Fig. 5 Astrocytic dysfunction in MTLE. I Seizure activity leads to
an increase in extracellular K™ concentration. Downregulation of
K, channels was observed in astrocytes in human and experimental
epilepsy. 2 Gap junctions mediate spatial redistribution of K™ and
energy metabolites. Loss of gap junction coupling in human and
experimental MTLE entails impaired K* buffering and hyperactivity.
3 Dislocation of water channels contributes to impaired K™ buffering.
4 Astrocytes accomplish glutamate uptake. Reduced expression of

the past decades. All known anti-epileptic drugs merely
suppress symptoms without treating the underlying disor-
der, and at least one-third of patients are refractory to phar-
macological treatment. There is, therefore, an urgent need
for developing more efficacious medications. Accordingly,
recent critical reviews call for alternative concepts to iden-
tify new targets for improved therapeutic approaches [65,
138, 205].

Emerging evidence suggests that astrocytes might repre-
sent such new targets. These cells are now recognized as
active communication partners in the CNS. Among many
homeostatic functions, astrocytes provide energetic metab-
olites to neurones [190], regulate K™ and glutamate homeo-
stasis [244, 264] and synchronize neuronal firing [8, 61].
Because neurosurgical specimens from patients presenting
with mesial temporal lobe epilepsy (MTLE) demonstrate
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the astrocytic transporters (EAAT1, EAAT2) was observed in human
epileptic hippocampus. Elevated extracellular glutamate decreases
the threshold for seizure induction. 5 Glutamate is converted into
glutamine through GS. In chronic epileptic hippocampus, loss of
GS impairs extracellular glutamate clearance and glutamine supply
to neurones, resulting in decreased GABA release and hyperactivity.
Modified from [197]

marked reactive gliosis, it is conceivable that astrocytes
also have a role in seizure generation and/or seizure spread.
In support of this view, various membrane channels, recep-
tors and transporters in astrocytic membranes are altered in
the epileptic brain [197].

Decreased expression and function of inwardly rectify-
ing Kt (K;) channels characterizes astrocytes in human
sclerotic hippocampus surgically resected from patients
with MTLE, which indicates impaired K™ clearance and
increased seizure susceptibility (reviewed by [16]; Fig. 5).
Astrocytes predominantly express the K; 4.1 channel [195],
and support for an anti-epileptic function of K;4.1 came
from conditional K;4.1 knockout mice, which display an
epileptic phenotype [37, 80]. Similarly, missense muta-
tions, loss-of-function mutations or single nucleotide poly-
morphisms in the genes encoding K;4.1 (and, incidentally,
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the water channel AQP4 usually co-localized with K; 4.1
channels in astroglial processes) are associated with human
epilepsy [16].

In the adult brain, astrocytes are connected to each other
through gap junctions mainly composed of connexin Cx43
and Cx30, allowing intercellular exchange of ions, amino
acids and energy metabolites. This astrocytic network has
important functions, including spatial buffering of KT
[244], delivery of energy metabolites to neurones [190]
and regulation of adult neurogenesis [122]. In epilepsy,
enhanced, reduced or unaltered expression of Cx43 and
Cx30 has been reported [70, 220]. However, altered expres-
sion of connexins does not allow conclusions about func-
tional coupling, and functional coupling studies in epilepsy
are virtually absent. According to the spatial buffering
concept, the astrocytic network is expected to exert anti-
epileptic effects because decreased coupling would lead to
accumulation of extracellular K™, neuronal depolarization
and hyperactivity (Fig. 5). In accord with this idea, mice
with coupling-deficient astrocytes, due to genetic deletion
of Cx30 and Cx43, display impaired clearance of K and
glutamate as well as epileptiform activity [166, 244]. How-
ever, spread of Ca>™ waves and energy supply to neurones
are also reduced in the absence of astrocytic coupling, sug-
gesting that the networks might play a dual, pro- and anti-
epileptic role. These findings further emphasize the need
for functional studies to unravel the role of coupling in
epilepsy. Functional properties of astrocytes were recently
investigated in neurosurgical hippocampal specimens from
MTLE patients with and without sclerosis, combining
patch clamp recording, Kt concentration analysis, EEG/
video-monitoring, and fate mapping analysis [15]. The
authors reported that the hippocampus of MTLE patients
with sclerosis is completely devoid of bona fide astrocytes
and gap junction coupling, while coupled astrocytes were
abundantly present in non-sclerotic specimens (Fig. 5).
To decide whether these glial changes represented cause
or effect of the disease, a mouse model was established
that reproduced key features of the human disease. In this
model, uncoupling impaired K™ buffering and temporally
preceded neuronal death and generation of spontaneous
seizures. Uncoupling was induced in vivo through injection
of LPS, prevented in Toll-like receptor4 knockout mice and
reproduced in situ through acute IL-18, TNFa or LPS incu-
bation. Fate mapping confirmed that in the course of MTLE
with sclerosis, astrocytes acquire an atypical functional
phenotype and lose coupling [15]. The study suggested that
astrocyte dysfunction might be a prime cause of the disease
and identified novel targets for anti-epileptogenic therapeu-
tic intervention.

Enhanced extracellular glutamate concentrations are
observed in human epileptic tissue, which is thought to
induce hyperactivity and neuronal death [71]. Whether

dysfunctional glial glutamate transporters (EAATI,
EAAT?2) contribute to the impaired glutamate homeostasis
in epilepsy is under discussion because experimental find-
ings are inconsistent [197]. For effective removal of excess
extracellular glutamate, the transmitter must be converted
by the enzyme glutamine synthetase (GS) into the receptor-
inactive molecule glutamine, and recent data suggested that
in epilepsy, GS might represent the bottleneck for catabo-
lism of the transmitter [44], (Fig. 5). Indeed, loss of GS
was found in the sclerotic hippocampus of MTLE patients.
GS is also down-regulated in the chronic phase of experi-
mental epilepsy, and pharmacological inhibition generated
seizures and a pathology resembling human hippocampal
sclerosis. Besides disturbing glutamate uptake, loss of GS
also impairs delivery of glutamine to neurones by reactive
astrocytes, which results in decreased GABA release from
interneurones and exacerbates hyper-excitability [164],
(Fig. 5).

In conclusion, although research on astrocytes in epi-
lepsy is still in its infancy, increasing evidence suggests
a critical role of these cells in the disturbance of K* and
transmitter homeostasis and seizure generation. These find-
ings might eventually classify MTLE as a glial rather than
a neuronal disorder, and identify astrocytes as promising
new targets for the development of more specific anti-epi-
leptogenic therapeutic strategies.

Astroglia in AD: reactivity, astrodegeneration
and pathological remodelling

Reactivity

Astrogliosis has been reported to be an integral compo-
nent of AD pathology since its first descriptions in the
early twentieth century [6]. Astrocytes surrounding amy-
loid plaques show a reactive phenotype characterized by
increased GFAP expression with hypertrophied processes
which envelop and penetrate into plaques. However, the
precise role of astrocyte activation in disease pathogen-
esis has been controversial. Activated astrocytes elabo-
rate a complex array of inflammatory mediators. In vitro,
exogenous P-amyloid stimulates astrocytes to express
IL-1B, IL-6, TNF-a, IFN-y, and iNOS [129], which have
been detected in activated astrocytes surrounding plaques
in transgenic mouse models and the AD brain [150, 162].
The increased expression of pro-inflammatory mediators
and cytotoxic molecules in astrocytes (and other glial cells)
form the basis of the “inflammation hypothesis”, which
postulates that plaques activate glia and initiate a pro-
inflammatory and cytotoxic cascade resulting in neurode-
generation [3].

In support of the specific role of astrocytes in mediating
this effect, Furman et al. [63] demonstrated that selective
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inhibition of inflammatory signalling in astrocytes via
viral-mediated disruption of calcineurin/NFAT (nuclear
factor of activated T-cells), reduced plaque pathology and
improved cognitive function in a mouse model of AD. An
adeno-associated virus (AAV) driving expression of VIVIT,
a peptide targeting the interaction between calcineurin and
NFAT, using a GFAP promoter, was injected into the hip-
pocampi of APP/PS1 mice. After several months, amyloid
plaque load was reduced by 25 % compared to control
AAYV, and hippocampal-dependent active avoidance behav-
iour was improved. These results suggest that astrocytic
inflammatory cascades regulated by calcineurin/NFAT play
a critical role in exacerbating amyloid plaque pathogenesis
with detrimental behavioural consequences [63].

The inflammation hypothesis gained support with early
epidemiological studies which revealed that non-steroidal
anti-inflammatory drug (NSAID) use was inversely cor-
related with the risk of AD incidence, suggesting a protec-
tive effect [140]. However, several subsequent randomized,
blinded, placebo-controlled clinical trials did not confirm
this beneficial effect [2, 183]. More recent studies suggest
that different aspects of astrocyte function might also play a
salutary role, reducing B-amyloid load during AD pathogen-
esis. A hallmark of astrocyte activation is the induction and
assembly of the cytoplasmic intermediate filament network,
consisting of GFAP and vimentin (among others), giving
astrocytes the characteristic reactive phenotype [173]. Dele-
tion of GFAP and Vim in mice results in astrocytes with
peculiar phenotypes (see also above): under physiologi-
cal conditions, astrocyte morphology is indistinguishable
from wild-type astroglia; however, following acute CNS
injury (spinal cord injury, hippocampal deafferentation,
or cerebral ischemia), GFAP™~Vim™~ astrocytes do not
develop the characteristic morphologic changes associated
with activation [130, 171, 252]. Similarly, gene deletion of
GFAP and Vim in APP/PS1 mice resulted in alterations in
the morphology of activated astrocytes. GFAP™/~Vim ™'~
astrocytes in close proximity to plaques had the appearance
of non-reactive astrocytes with fine processes that lacked
interaction with plaques, in striking contrast to the typical
hypertrophied processes with intimate invasion of amyloid
plaques seen with wild-type astrocytes [118]. Furthermore,
the plaque load in GFAP™~Vim™~ mice was double that
found in the APP/PS1 mice with wild-type astrocytes. Of
note, the finding on the amyloid plague load was not con-
firmed in another study with the APP/PS1 GFAP ™~ Vim™~
mice, although the changes of astrocytes morphology were
present [104]. In addition, GFAP and Vim absence was asso-
ciated with an increased load of dystrophic neurites—the
swollen neuronal processes seen adjacent to plaques—pro-
viding evidence that activated astrocytes might exert neuro-
protective effects on nearby neurones. GFAP and Vim gene
deletion had remarkably little effect on the expression of
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key cytokines and chemokines in the APP/PS1 mice: IL-1p,
IL-6, IL-10, TNF-a, TGF-f, and iNOS were unchanged.
The number of astrocytes, and expression of GS and S1008
were also unaltered, suggesting that the absence of GFAP
and vimentin had no effect on astrocyte viability. Finally,
the gene deletions had little effect on APP expression or
processing. Thus, the major difference between the mice
seems to come from the interaction between astrocytes and
amyloid plaques [118].

The precise intermediate filament-dependent mecha-
nism by which astrocytes reduce plaque accumulation in
APP/PS1 mice is not known; however, several potential
mechanisms have been described. Transcriptome profil-
ing has revealed that astrocytes express genes involved
in phagocytosis, including Draper/Megfl0 and Mertk/
integrin VPS5 [34]. Wyss-Coray and colleagues cultured
mouse astrocytes on the surface of plaque-laden brain
slices derived from aged APP transgenic mice, and found
that astrocytes degraded amyloid plaques [255]. Others
have demonstrated that activated astrocytes release pro-
teases, such as matrix metalloproteinase-9, capable of
degrading B-amyloid and amyloid [258, 261]. Astrocytes
are capable of taking up P-amyloid, via endocytosis or
macropinocytosis and subsequent trafficking and degra-
dation via the lysosomal pathway [13, 131]. It has been
hypothesized that age-dependent lysosomal dysfunc-
tion [47, 112, 254] may be an underlying mechanisms
for accumulation of B-amyloid resulting from impaired
degradation [62, 255]. Recent studies demonstrate that
activation of ubiquitously expressed transcription factor
EB (TFEB) stimulates lysosome biogenesis and cellular
trafficking pathways to promote breakdown of lipids and
proteins [199, 200, 257]; and remove abnormal aggregates
in lysosome storage disorders [199]. The hypothesis was
tested that enhancing lysosomal function in astrocytes
with TFEB, would promote B-amyloid uptake and catabo-
lism; and attenuate plaque pathogenesis. Exogenous TFEB
localized to the nucleus with transcriptional induction of
lysosomal biogenesis and function, in vitro. This resulted
in significantly accelerated uptake of exogenously applied
p-amyloid,,, with increased localization to and degrada-
tion within lysosomes in primary cultures of astrocytes.
Stereotactic injection of AAV particles carrying TFEB
driven by a GFAP promoter was employed to achieve
astrocyte-specific expression in the hippocampus of APP/
PS1 transgenic mice. Viral gene transfer of TFEB to astro-
cyte enhanced lysosome function, resulting in reduced
B-amyloid levels and shortened f-amyloid half-life in the
brain interstitial fluid; and reduced amyloid plaque load in
the hippocampus compared to control virus-injected mice
[257]. Therefore, enhancing lysosomal function in astro-
cytes is an effective strategy to restore adequate f-amyloid
removal and counter amyloid plaque pathogenesis in AD.
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Fig. 6 Multiple facets of reactive astrocytosis in Alzheimer’s disease.
Schematic diagram illustrating both detrimental and salutary effects
of reactive astrocytes on amyloid plaque pathogenesis. Astrocyte sur-
rounding plaques become activated, elaborating pro-inflammatory
mediators and free radicals, and may contribute to neurodegeneration.
Concomitantly, astrocytosis induces catabolic, proteolytic and phago-
cytic pathways that might attenuate plaque pathogenesis

The above studies highlight the multiple facets of astro-
cyte activation in the setting of AD pathogenesis (Fig. 6).
Astrogliosis results in the activation of a complex array of
pathways involved in diverse functions, including changes
in inflammation, metabolism, cytoarchitecture, and micro-
environmental regulation. The activation of specific astro-
glial pathways (such as immune/inflammatory regulation)
might exacerbate AD pathogenesis, while others (cata-
bolic, proteolytic, and phagocytic function) might attenu-
ate AD pathogenesis. Understanding these specific path-
ways as they related to disease pathogenesis will be critical
for the potential identification of exploitable targets for
intervention.

Astrodegeneration

Reduction in astroglial volume, surface area and in their
morphological complexity has been observed in several AD
transgenic mouse models [14, 121, 160, 259]. This reduc-
tion was quantified by analysing astroglial profiles labelled
with antibodies against GFAP (which labels primary and
possibly secondary processes) as well as with antibodies
against GS and S1008 (these latter stainings reveal much
of astroglial arborisation including the finest processes,

because both GS and S100B are cytosolic proteins whereas
GFAP is associated with cytoskeleton). The total number of
astrocytes labelled with these markers did not change with
age in the triple transgenic model (3xTG-AD) under inves-
tigation [121, 160, 259].

The astroglial atrophy in 3xTG-AD animals was region-
and age-specific with the reduction in astroglial profiles
first occurred in the entorhinal cortex (at 1 month of age);
in the prefrontal cortex reduction in morphological pro-
files became significant at 3 months of age, whereas in the
hippocampus atrophic astrocytes appeared much later at
9-12 months of age (see [186, 234] for systematic review).
It is of importance to observe, that atrophic astroglia
emerged in all these brain regions before an appearance of
extracellular B-amyloid depositions.

Morphological atrophy of astrocytes coincides with
a decrease in their territorial domains, and most likely
results in a reduction of the astroglial coverage of syn-
aptic contacts belonging to these domains. Furthermore,
reduced astroglial coverage may also indicate compro-
mised homeostatic support, which may have detrimen-
tal consequences for neuroprotection and for synap-
tic strength and connectivity. All of this can result in
decrease in the number of synapses which are known
early pathological events observed in AD [41, 224]; of
note a decrease in synaptic densities has been reported to
correlate with the severity of dementia [49, 192]. Astro-
cytes support synaptic transmission through numerous
coordinated mechanisms [235]; these mechanisms include
regulation of ion concentrations in the synaptic cleft,
shuttling lactate to active synapses, uptake of neurotrans-
mitters and supplying neuronal terminals with glutamine,
that is an obligatory precursor for glutamate and GABA.
Naturally, decreased coverage of synapses by astroglial
processes reduces homeostatic support and hence affects
synaptic transmission.

Pathological atrophy of astroglia may also affect the
neurovascular unit and reduce coverage of brain vessels
with astroglial endfeet, thus contributing to vascular deficits
manifest already in the early stages of AD [18, 265]. Brain
metabolism is also compromised in AD and decreased glu-
cose utilization is often detected by functional brain imag-
ing [149]. Astrocytes are the only cells in the brain contain-
ing and processing glycogen; and astroglial metabolism
was shown to be affected by B-amyloid [4]. Early stages
of AD are also characterized by a remarkable decrease
in noradrenergic innervations of the brain due to an early
degeneration of the locus coeruleus from which noradren-
ergic projections originate [35]. Astroglial function, includ-
ing calcium signalling, metabolism, and morphological
plasticity, and gap junctional connectivity, are all controlled
by noradrenergic regulation [52, 89]; the failure of the lat-
ter may further exacerbate astrodegeneration in AD.
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Pathological remodelling of astrocytes: can these
contribute to cognitive decline and dementia?

In the human brain, reactive astrocytes have been observed
closely to AP plaques; however, not all A plaques are
surrounded by GFAP-expressing astrocytes, and reactive
astrocytes also occur in areas without plaques [106, 207].
This is in contrast with an AD mouse model, in which the
earliest sites of B-amyloid depositions are associated with
both reactive astrocytes and microglia [105, 107]. This dif-
ference is likely due to the diversity in plaque pathology.
In the human brain different plaques morphologies can be
found, i.e. dense core, neuritic and diffuse plaques, some of
these might be very old plaques and thus the reactive astro-
cyte response might have subsided. In the mouse brain a
steady build up of plaques occur and the diversity of plaque
morphology as in human brains is not observed. A positive
correlation between GFAP expression and the neuropatho-
logical Braak stages in AD has been observed in several
studies [106, 206, 248].

Astrocytes are known to be involved in clearance of
AP [108, 255], but can they also be involved in dementia?
In the rodent CNS each astrocyte supports and modulates
about 100,000 synapses and this number is even higher
in the human CNS where up to 2 million synapses can be
supported by a single astrocyte [157]. Astrocytes in glial
networks form syncytia coupled through gap junctions
[70]. This property enables them to organize K* homeo-
stasis in the brain, an essential factor in neurone excitabil-
ity (Fig. 5). Astrocytes are essential for neurotransmitter
homeostasis and are actively involved in neuronal com-
munication [81, 85]. They respond to neurotransmitters
by calcium waves and release transmitters to which in turn
the neurones respond [9] (Fig. 5). It has been shown that
release of D-serine from astrocytes is essential for long-
term potentiation in the hippocampus [87], which is a
mechanism that is thought to be critical for learning and
memory. Interestingly, the appearance of reactive astro-
cytes in the human brain, as measured by GFAP expres-
sion, coincides with the occurrence of dementia [97, 111].
This suggests that reactive astrocytes can be an important
factor in the development of dementia. Furthermore, amy-
loid precursor protein, mutated in some forms of AD, is
highly expressed in astrocytes [163], and in certain path-
ological conditions astrocytes can produce Af [231]; the
Apolipoprotein E, which is the genetic risk factor for AD,
is highly expressed in astrocytes [163]. A role for astro-
cytes in AD pathogenesis process is also supported by
genome-wide association (GWAS) studies as these have
revealed that many genes within GWAS loci are highly
expressed in astrocytes, such as clusterin (CLU) and sor-
tilin-related receptor L (DLR Class), A repeats containing
(SORL1) [110].
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The functional consequences in reactive astrocytes
are yet to be fully understood. It has been shown that
GS is decreased in reactive astrocytes [159] resulting in
a depletion of glutamine and consequently a reduction of
synaptic GABA and a hyper-excitability of hippocampal
neuronal circuits [164] (Fig. 5). In an AD mouse model
a hyperactivity in intracellular calcium waves in astro-
cytes near AP plaques have been observed [119]; whereas
B-amyloid was shown to alter astroglial Ca>" signalling
kit [74, 188], see also [136] for detailed overview of glial
calcium signalling in AD. In another AD mouse model,
an increase astrocyte coupling and an increase in gluta-
mate sensitivity was reported [178]. Furthermore, a tran-
scriptomic profiling study on acutely isolated astrocytes
showed that these cells adopt a pro-inflammatory pheno-
type, including up-regulation of the immunoproteasome
activity [161], and a reduction in genes involved in neu-
ronal signalling a support [162]. Recently, it was shown
that reactive astrocytes in AD mice show an abundant
production of and an abnormal release of the inhibitory
neurotransmitter GABA, due to an increase in the enzyme
MAO-B, which leads to a memory impairment in the AD
mice [103].

Genetic studies have revealed causative genes and
genetic risk factors, but in the majority of the AD patients
the exact cause of the disease is still unclear. The disease
is in about 13 % of the early-onset cases caused by auto-
somal recessive mutations in the genes for amyloid precur-
sor protein (APP) and the presenilins (PSEN1 and PSEN2)
[21]. ApoE is the main genetic risk factor for AD, and it
has been calculated that 50 % of the late-onset AD patients
have an ApoE4 allele [233]. Since 2009, more genetic
risk factors have been identified with genome-wide asso-
ciation studies, such as clusterin, CR1, SORL1, PICALM,
BIN1, EPHA1, ABCA7, MS4A, CD33 and CD2AP [21,
110]. Despite of all this knowledge, it is still elusive
which molecular and cellular mechanisms cause the actual
dementia. In this respect it is important to note that not
only neurones are affected in AD patient brains. Astrocytes
are highly involved in neuronal communication, and there-
fore the transformation of these cells to a reactive pheno-
type can have detrimental effects on the tripartite synapse.
Taken together, it is imperative to consider the molecular
and cellular changes of glia as well as neurones when try-
ing to decipher the exact processes that lead to dementia
in AD.

Huntington disease (HD): astroglial
morpho-functional changes

In tissue of HD patients, there is a prominent astrogliosis
[59, 240], which could be either primary and/or a response
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Table 1 Examples of potential treatment strategies targeting astrocytes

Disease Subcellular/molecular target Mode of action References
Epilepsy Gap junction protein Cx3 Inhibition [15]
Stroke/neurotrauma Ephrin-AS5 Inhibition [165]
Alexander disease GFAP Downregulation [222]

ALS TDP-43 Misfolding inhibition [99]

Ischemic stroke C3a receptor Activation [202]

Desired effect Subcellular/molecular target Mode of action References
Improved integration of transplanted stem cells GFAP and vimentin Downregulation [116, 249]
Increased neurogenesis GFAP and vimentin Downregulation [124, 251]

to neuronal dysfunction. This is characterized by a progres-
sive increase in the number of reactive astrocytes, having
hypertrophic somata and an increase in GFAP immunore-
activity and seen throughout the striatum; eventually, the
blurring of the astrocytic tiling, i.e. the formation of over-
lapping domains between neighbouring astrocytes, occurs
as the HD severity increases [59]. Similarly, astrogliosis in
the striatum and cortex has been reported in many of the
mouse models expressing mutated huntingtin [75, 76, 137],
being more severe with animal ageing [59]. Reactive astro-
gliosis in HD may contribute to pericyte death, causing the
reduction in pericyte coverage of cerebral blood vessels,
which also could contribute to the disease progression [94].

Besides morphological changes in HD, astrocytes func-
tion is compromised as well leading to excitotoxicity,
which is generally considered responsible for neuronal
death [73]. There is a substantial decrease in the presence
of astrocytic plasma membrane glutamate transporters
EAAT?2/GLT-1 along with a decrease in the astrocytic pro-
duction of the antioxidant ascorbic acid [58]. The decrease
in astrocytic expression of EAAT2/GLT-1 has been iden-
tified in post-mortem human tissue and in an HD mouse
model [17, 59, 84, 135]. Consequently, the decreased
efficacy of astrocytic glutamate uptake leads to elevated
glutamate concentration in the brain, which is a leading
factor in excitotoxicity and neuronal death [17, 59, 84,
135] (Fig. 5). An additional disorderly component of HD
astrocytes is evident in the pathological glutamate release
[126], which occurs as a result of an increased expression
of the astrocyte-specific enzyme pyruvate carboxylase. As
this enzyme is critical for de novo synthesis of glutamate,
the resulting augmented glutamate production leads to an
increased availability of cytosolic glutamate for vesicular
packaging and, consequentially, pathologically high exo-
cytotic release of this neurotransmitter from astrocytes. In
addition, HD astrocytes in a different mouse model showed
a decreased expression of K; 4.1 K™ channels resulting in a
deficient K buffering (Fig. 5), which may further contrib-
ute to the pathogenesis of HD [228]. Thus, astrogliosis and

dysfunctional regulation of glutamate and potassium extra-
cellular levels by astrocytes can contribute to HD pathol-
ogy. However, it remains unclear whether EAAT?2, pyru-
vate carboxylate and K; 4.1 channels may represent targets
for therapeutic interventions in HD.

Potential treatment strategies targeting astrocytes

Although much remains to be learnt about the specific
involvement—primary or secondary—of astrocytes in neu-
rological disorders, at least in some of them, astrocytes
emerge as potential therapeutic targets. This was discussed
above and examples of astrocyte-specific molecular targets
are given in Table 1.

Conclusions

Astroglia represent the homeostatic and regulatory arm of
the CNS and their dysfunction or maladaptive responses
contribute to the pathogenesis of most, if not all, neurologi-
cal diseases. Whether the astrocyte pathology is primary to
the disease in question and how much of it is secondary is
in most cases rather difficult to determine. However, even
in the latter case, astrocyte dysfunction can profoundly
affect and exacerbate the primary pathology. Astrocytes can
contribute to neuropathology through multiple and com-
plex pathways ranging from reactive astrogliotic response
to astrodegeneration, or pathological remodelling with loss
or modification of function. Astroglial reactivity is gener-
ally a defensive response aimed at containing the damage
and facilitate regeneration. In certain conditions, however,
pathologically modified astrocytes can release neurotoxic
factors, lose intercellular communication and exacerbate
vicious progression. Astrocytes, therefore, should be con-
sidered as targets for cell-specific therapy, which may open
new avenues in treatment or even prevention of neurologi-
cal disorders.
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