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Preface

This book entitled “Astrocyte - Physiology and Pathology” is a review of the most updated
studies about astrocytes. For decades, since their discovery in the late 1800s, astrocytes, to‐
gether with the other glial cells, have been considered as a purely unfunctional glue for neu‐
rons. However, recent studies have demonstrated that astrocytes are active dynamic
signaling players of the central nervous system (CNS). A team of authors from prestigious
academic schools contributed to draw up a project, which is divided into three sections. The
first section is introductory and describes the importance of astrocytes in the research of
CNS diseases. The second section gives a detailed account of astrocyte’s morphology and
physiology, examining thoroughly all the astrocyte’s types; giving an accurate description of
their morphology, location, and function in the brain; and illustrating their physiology in
terms of dealing with neurons through “gliotransmitters,” ionic channels, and membrane
"receptors expression. The third section of the book focuses on the role of astrocytes in neu‐
rodegenerative disorders such as Alzheimer’s disease (AD) and amyotrophic lateral sclero‐
sis (ALS), in particular on the molecular mechanisms behind the degeneration of motor
neurons typical of ALS with attention to the intracellular signaling pathways activated
and/or inhibited, and on the molecular events behind AD onset such as the role of astrocyte
in Abeta toxicity and Tau phosphorylation or the role of astrocyte’s mitochondria function
and quality control with a look at the potential future therapeutic approach to modulate
these events. Moreover, a deep insight into the molecular mechanisms and intracellular sig‐
naling pathways that are behind the role of astrocytes in tumor growth and progression has
been reported with a look at brain tumors of both astrocytic and metastatic origins. Studies
about astrocyte’s interaction with the cells of the brain tissue, such as endothelial cells of
blood-brain barrier, pericytes, and other cells of the perivascular niche, neurons, and all the
intracellular signaling pathways stimulated or inhibited in order to facilitate tumor growth
and progression, are thoroughly described. Furthermore, the most recent literature about
therapeutic challenges that scientists are dealing with in order to prevent and/or curb brain
tumor growth and progression is posted. Last but not least, two chapters focus on the im‐
portant role of astrocytes in brain damage due to peripheral pathologic conditions such as
liver disease or the genetic disease aceruloplasminemia. Altogether, these essays give an
overview of the crucial role of astrocytes in the physiology of the CNS and in the pathogene‐
sis of several CNS disorders suggesting that the shift from a neurocentric view to one that
incorporates astrocytes in disease models for drug discovery is a critical step in renewing
drug development strategies to treat neurodegenerative diseases.

Maria Teresa Gentile, PhD and Luca Colucci D’Amato, MD, PhD
Laboratory of Molecular and Cellular Pathology

Department of Environmental, Biological and Pharmaceutical Sciences and Technologies
University of Campania “Luigi Vanvitelli,” Caserta, Italy
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1. Introduction

Glial cells were identified for the first time in the nineteenth century when the French physi-
cian René Dutrochet described for the first time, in 1824, small globules among the large ones 
within the mollusk nervous system. However, we have to wait until 1856 when the German 
pathologist Rudolph Virchow coined the term “nervekitt,” nerve glue, to describe that sort of 
connective tissue of the central nervous system. Subsequently, Santiago Ramon y Cajal, Pio 
del Rio Hortega, and Otto Deiters pioneered this field with their experiments and gave them 
the name “glia” derived from the ancient Greek word that means glue. At that time, glia was 
considered as purely unfunctional glue for neurons [1]. However, research since the mid-
1990 has shown that glia might play a particularly important role in the cognitive function 
as indicated by the correlation between the glia/neuron ratio in brain tissue and the state of 
evolution of species [2]. In fact, C. elegans possesses only 52 glial cells versus 302 neurons with 
a glia-to-neuron ratio of 0.18 [3], whereas the whole human-adult brain has a one-to-one ratio 
[4] and with a ratio of 1.4 in the cerebral cortex [5]. Moreover, comparison of glia-to-neuron 
ratio in different human cortical areas with that of macaques displayed a significant aug-
mentation of the ratio in humans [6]. In the CNS, glia includes astrocytes, oligodendrocytes, 
microglia, and their progenitors NG2 glia and decades of studies demonstrated that they 
have a specific role in brain tissue homeostasis. In particular, astrocytes, whose name derived 
from Greek and means “star-like cell,” are active dynamic signaling players of the central ner-
vous system. They are key regulators of synaptic activity and plasticity, neural network, and 
cognitive functions controlling extracellular ion balance and neurotransmitter homeostasis. 
They perform many functions, including biochemical support of endothelial cells that form 
the blood-brain barrier, provision of nutrients to the nervous tissue, and regulation of neuro-
genesis and brain wiring [7]. Dysfunction of astrocytes can thereby induce major alterations 
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in neuronal functions, contributing to the pathogenesis of several brain disorders. Astrocytes 
participate to a variety of essential physiological processes in the healthy brain such as the 
formation and maturation of the synapses, receptor trafficking, control of the homeostasis of 
ions and energy metabolites, and clearance of neurotransmitters. Astrocytes also regulate the 
extracellular space volume and modulate the synaptic plasticity [8, 9]. Dynamic bidirectional 
signaling between neurons and astrocytes has been extensively demonstrated in experimen-
tal animal models. However, recently Navarrete et al. [10] demonstrated that astrocyte from 
human brain tissue exhibit Ca2+-induced excitability and can respond to neurotransmitters 
released by synapses. Moreover, morphological, genomic, and functional studies revealed 
that human astrocytes display specific characteristics compared to the rodent counterparts. In 
particular, human astrocytes express more proteins involved in calcium signaling and propa-
gate calcium waves at a higher speed compared to murine astrocytes [11]. These observations 
lead to the idea that human astrocytes play an important role in the molding of the higher 
cognitive functions and that they give a significant contribution to cerebral pathology. As a 
matter of fact, transplantation of human astrocytes into mouse brain leads to an improvement 
of higher cognitive functions, such as long-term potentiation (LTP) and learning, pointing 
toward the importance of human astrocytes in the cognitive abilities of human brains [2].

Indeed, even if several neuropathologists, such as Alzheimer, Nissl, and Fromman, speculate 
a glial role in neurodegenerative disorders, until the mid-1990s, the neurocentric paradigm 
dominated. Nevertheless, growing evidences indicate that astroglial dysfunction contributes 
to the pathogenesis of several neurological and psychiatric disorders [12]. A common feature 
of several neurological diseases is reactive astrogliosis.

2. Reactive astrogliosis

Reactive astrogliosis is a spectrum of changes in astrocytes that occur in response of all forms 
of CNS injury and disease. In summary, injured tissues display upregulation of structural pro-
teins, such as glial fibrillary acidic protein (GFAP) and vimentin, and hypertrophy of astrocytes’ 
cell body and processes that elongate around the lesion core and release a cascade of inflamma-
tory signals that can strongly affect the pathological outcome [13]. Moreover, some quiescent 
astrocytes re-enter the cell cycle [14]. However, these hallmarks can vary according to the sever-
ity of the disease and are regulated by inter- and intracellular signaling molecules in a context-
specific manner [15]. In particular, in mild or moderate astrogliosis, which generally occurs 
far from CNS focal lesions, astrocytic proliferation is almost absent and the increased GFAP 
expression together with cell body and process hypertrophy, which is not altering astrocyte 
organization into individual distinct domains, are variable [16]. Moreover, moderate astroglio-
sis also results in the expression of copper-zinc superoxide dismutase, glutathione peroxidase 
or metallothionein, inducible nitric oxide synthase, and release of trophic factors and cytokines, 
including tumor necrosis factor and interleukins and interferons [17]. Furthermore, in mild or 
moderate forms, if the initial triggering insult is removed, reactive astrogliosis can revert and 
cells return to a condition similar to that observed in healthy tissue [15]. On the other hand, near 
focal lesions, severe diffuse astrogliosis is characterized by significantly increased astrocytic 

Astrocyte - Physiology and Pathology4

proliferation. The molecular factors that induce astrocytes’ proliferation are not completely 
characterized, but several studies ascribe an important role to epidermal growth factor, fibro-
blast growth factor, endothelin 1, ATP, lipopolysaccharide, and nitric oxide [18–21]. Astrocytic 
proliferation causes overlapping of neighboring astrocytic processes with the disruption of the 
individual astrocyte domains and the consequent formation of a compact glial scar. Such scar, 
which represents the hallmark of reactive astrogliosis, is due to astrocyte interaction with differ-
ent cell types of the brain tissue and is characterized by phenomena of necrosis, tumors, chronic 
neurodegeneration, infection, or inflammatory infiltration [15, 21]. These structural changes 
are not reversible and persist also after the resolution of the triggering insult [15]. More impor-
tant, mature glial scars act as barriers to inflammatory cells to protect surrounding healthy 
tissue from nearby areas of intense inflammation. Reactive astrocytes can also protect CNS 
cells and tissue by up-taking excitotoxic glutamate, producing glutathione against oxidative 
stress, degrading amyloid-beta peptides, regulating extracellular space volume and ion bal-
ance, facilitating blood-brain barrier repair, and regulating CNS inflammation. Nevertheless, 
growing evidence also shows that reactive astrocytes can contribute to or be the primary source 
of CNS physiopathology. Reactive astrocytes from glial scars can indeed synthesize collagen 
and sulfate proteoglycans, which prevent axon regeneration [17].

3. Astrocytes: new tools for neurological disease research

Traditionally, astrocytes have been studied as a homogeneous group of cells, even if the 
peculiar morphology of mature mammalian astrocytes was observed since 1865 thanks to 
the studies on mouse brain by Otto Deiters [22]. A detailed morphological study of glial cells 
came from Camillo Golgi and Ramon y Cajal in 1872 who, independently, by means of the 
black staining reaction, observed two different types of astrocytes: the protoplasmic and the 
fibrous astrocytes. However, for a long time, astrocytes received little or no consideration 
as target for neurological studies because the neurocentric paradigm dominated. New and 
recent findings demonstrated that astrocytes are positioned to promote both the regeneration 
of the damaged neurons and to protect existing neurons from degeneration. For this reason, 
astrocytes represent an important focus in the development of new therapeutic tools for neu-
rodegenerative disorder that have been historically viewed as purely neuronal in their pathol-
ogy. Within the past 5 years, important progress has been made deriving astrocytes from 
induced pluripotent stem cells (IPSC). Researchers are now able to generate patients-specific 
astrocytes that recapitulate the patients’ genetic background. Once healthy astrocytes have 
been obtained and characterized, they can be used to replace dying astrocytes or to promote 
the survival of existing neurons. This kind of application has not yet been tested in humans; 
however, there is a growing body of in vitro and in vivo evidence that indicates that these 
therapies would be beneficial for many neuronal diseases [23]. Indeed, in an amyotrophic 
lateral sclerosis (ALS) mouse model, researchers have shown that the direct transplantation 
of human (h)iPSC-derived neural progenitor cells prolonged the lifespan of the animal [24]. In 
these experiments, NPCs differentiated into astrocytes and exhibited an upregulation of vas-
cular endothelial growth factor (VEGF), which induces the activation of the AKT-dependent 
intracellular signaling, which has previously been shown to be important for cell survival 
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proliferation causes overlapping of neighboring astrocytic processes with the disruption of the 
individual astrocyte domains and the consequent formation of a compact glial scar. Such scar, 
which represents the hallmark of reactive astrogliosis, is due to astrocyte interaction with differ-
ent cell types of the brain tissue and is characterized by phenomena of necrosis, tumors, chronic 
neurodegeneration, infection, or inflammatory infiltration [15, 21]. These structural changes 
are not reversible and persist also after the resolution of the triggering insult [15]. More impor-
tant, mature glial scars act as barriers to inflammatory cells to protect surrounding healthy 
tissue from nearby areas of intense inflammation. Reactive astrocytes can also protect CNS 
cells and tissue by up-taking excitotoxic glutamate, producing glutathione against oxidative 
stress, degrading amyloid-beta peptides, regulating extracellular space volume and ion bal-
ance, facilitating blood-brain barrier repair, and regulating CNS inflammation. Nevertheless, 
growing evidence also shows that reactive astrocytes can contribute to or be the primary source 
of CNS physiopathology. Reactive astrocytes from glial scars can indeed synthesize collagen 
and sulfate proteoglycans, which prevent axon regeneration [17].

3. Astrocytes: new tools for neurological disease research

Traditionally, astrocytes have been studied as a homogeneous group of cells, even if the 
peculiar morphology of mature mammalian astrocytes was observed since 1865 thanks to 
the studies on mouse brain by Otto Deiters [22]. A detailed morphological study of glial cells 
came from Camillo Golgi and Ramon y Cajal in 1872 who, independently, by means of the 
black staining reaction, observed two different types of astrocytes: the protoplasmic and the 
fibrous astrocytes. However, for a long time, astrocytes received little or no consideration 
as target for neurological studies because the neurocentric paradigm dominated. New and 
recent findings demonstrated that astrocytes are positioned to promote both the regeneration 
of the damaged neurons and to protect existing neurons from degeneration. For this reason, 
astrocytes represent an important focus in the development of new therapeutic tools for neu-
rodegenerative disorder that have been historically viewed as purely neuronal in their pathol-
ogy. Within the past 5 years, important progress has been made deriving astrocytes from 
induced pluripotent stem cells (IPSC). Researchers are now able to generate patients-specific 
astrocytes that recapitulate the patients’ genetic background. Once healthy astrocytes have 
been obtained and characterized, they can be used to replace dying astrocytes or to promote 
the survival of existing neurons. This kind of application has not yet been tested in humans; 
however, there is a growing body of in vitro and in vivo evidence that indicates that these 
therapies would be beneficial for many neuronal diseases [23]. Indeed, in an amyotrophic 
lateral sclerosis (ALS) mouse model, researchers have shown that the direct transplantation 
of human (h)iPSC-derived neural progenitor cells prolonged the lifespan of the animal [24]. In 
these experiments, NPCs differentiated into astrocytes and exhibited an upregulation of vas-
cular endothelial growth factor (VEGF), which induces the activation of the AKT-dependent 
intracellular signaling, which has previously been shown to be important for cell survival 
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and proliferation in ALS [25]. The authors also hypothesized that the introduction of progen-
itor-derived astrocytes with normal expression of glucose transporters could restore glucose 
homeostasis in this model [26]. Moreover, these versatile human astrocytes could be used 
alone or in co-culture with neurons in both target-based and phenotypic high-throughput 
drug-screening research studies, promoting the discovery of novel therapeutics tools useful 
in the treatment of neurodegenerative disorders. For decades, therapeutic development for 
neurodegenerative disorders has focused only on diseased neurons. Due to the crucial role of 
astrocytes in physiology of the central nervous system and in the pathogenesis of several neu-
rodegenerative diseases, it is not surprising that the traditional drug development strategy 
which follows the neurocentric paradigm has not produced effective therapies. Developing 
new drugs that complement and combine therapies which target both neuronal and astrocytic 
degeneration could provide a new direction to increase the success of therapeutic develop-
ment for neurodegenerative diseases in the future. The shift from a neurocentric view to one 
that incorporates astrocytes in disease models for drug discovery is a critical step in renewing 
drug development strategies to treat neurodegenerative diseases.
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and proliferation in ALS [25]. The authors also hypothesized that the introduction of progen-
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homeostasis in this model [26]. Moreover, these versatile human astrocytes could be used 
alone or in co-culture with neurons in both target-based and phenotypic high-throughput 
drug-screening research studies, promoting the discovery of novel therapeutics tools useful 
in the treatment of neurodegenerative disorders. For decades, therapeutic development for 
neurodegenerative disorders has focused only on diseased neurons. Due to the crucial role of 
astrocytes in physiology of the central nervous system and in the pathogenesis of several neu-
rodegenerative diseases, it is not surprising that the traditional drug development strategy 
which follows the neurocentric paradigm has not produced effective therapies. Developing 
new drugs that complement and combine therapies which target both neuronal and astrocytic 
degeneration could provide a new direction to increase the success of therapeutic develop-
ment for neurodegenerative diseases in the future. The shift from a neurocentric view to one 
that incorporates astrocytes in disease models for drug discovery is a critical step in renewing 
drug development strategies to treat neurodegenerative diseases.
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Abstract

Astrocytes are highly responsive to changes in their microenvironment, and undergo 
prominent functional alterations in pathological conditions, a process called astroglio-
sis. In such conditions, astrocytes can gain immune cell-like functions, form glial scars 
and promote brain repair and regeneration. However, astrogliosis can also contribute to 
disease pathogenesis by exacerbating inflammation and perturbing the normal physi-
ological functions of astrocytes. The IKK/NF-κB signaling system is a master regulator of 
inflammation, cell survival and differentiation, which also controls astrocyte functions, in 
particular their responses to pathological conditions. Activation of IKK/NF-κB signaling 
in astrocytes is a key driver of neuroinflammation and astrogliosis, which can interfere 
with normal brain development and homeostasis and can aggravate various central ner-
vous system (CNS) pathologies. Besides IKK/NF-κB signaling, several other signaling 
pathways regulate pathophysiological responses of astrocytes, in particular hypertro-
phy, proliferation and the reactivation of neural stem cell-like properties of astrocytes. 
Further dissection of the role of these signaling pathways in the control of physiological 
functions and pathophysiological plasticity of astrocytes will reveal new insights into 
the pathogenesis of neurological diseases and might indicate new neuroprotective and 
regenerative therapeutic approaches.

Keywords: NF-kappa B, astrocytes, neuroinflammation, astrogliosis, 
neurodegeneration, brain development, brain homeostasis, signal transduction

1. Introduction

Astroglial cells, which comprise one of the major cell populations in the central nervous 
system (CNS), show a remarkable morphological and functional diversity and they are 
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highly important for brain development and homeostasis. For example, prototypical paren-
chymal astrocytes regulate the local cerebral blood flow and the transport of metabolites 
through the blood-brain-barrier (BBB) according to local demand [1]. These metabolites 
are then converted by astrocytes to metabolites required by neurons and other cells in the 
brain parenchyma [1]. Astrocyte also directly contact synapses with their cell processes and 
they are actively and specifically involved in synaptic signaling. They take up potassium 
ions and neurotransmitters like glutamate released by neurons and release gliotransmitters 
to modulate synaptic transmission [1]. These active functions in synaptic signaling led to 
the concept of the tripartite synapse, that is, the view that astrocytes processes are a third 
integral component of synapses beside the pre- and postsynaptic neuronal compartments 
[1]. Astrocytes also have important functions in development, as structural scaffold and 
in neuronal maturation [1]. Furthermore, neural stem cells (NSCs) in development (radial 
glia) and the adult brain show extraordinarily high similarity to astrocytes, and recent 
studies indicate that classical parenchymal astrocytes can regain NSC-like properties [2]. 
Therefore, NSCs might even be considered to be a part of a broad continuous spectrum of 
astrocyte-like cells [2].

For many of their diverse functions in normal brain development and homeostasis, astrocytes 
need to closely monitor and respond to changes in their environment. Therefore, it is not 
surprising that astrocytes also strongly respond to pathological conditions. This can result in 
the gain of novel functions, like immune cell-like functions, but also in the disruption of their 
normal homeostatic functions, adding an additional layer of complexity to astrocyte biology. 
Due to the important functions of astrocytes and their prominent alterations in pathologies, 
astrocytes are known or suspected to be involved in the pathogenesis of a large number of 
neurological conditions, from acute injury and inflammatory diseases to neurodegenerative 
and even psychiatric disorders [3, 4].

Astrocytes express a large set of receptors allowing them to detect a wide spectrum of 
changes in their environment, which activate various signaling pathways. Many of these 
receptors detect molecules occurring in pathological conditions, for example, pathogen-
derived molecules, molecules derived from damaged cells (pathogen-associated molecu-
lar patterns/Danger associated molecular patterns (PAMPs/DAMPs)), and cytokines [5, 6]. 
Signaling of most of these receptors converges on one major signaling pathway, the IKK/
NF-κB signaling pathway. This pathway is a master regulator of inflammation, and one of 
the main pathways controlling the pathophysiological responses of astrocytes, as will be 
discussed in detail in this chapter.

2. Astrogliosis: responses of astrocytes to pathological conditions

Most CNS pathologies, ranging from acute damage in traumatic brain injury (TBI) or CNS 
infections to inflammatory disorders like multiple sclerosis (MS), epilepsy and classical 
chronic neurodegenerative diseases like Alzheimer’s disease (AD) are associated with similar 
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characteristic histopathological alterations of astrocytes, which are generally referred to as 
astrogliosis [1]. Astrogliosis is usually associated with local inflammatory processes elicited 
by these pathological conditions. Similarly, microglia, the resident macrophages of the CNS, 
show characteristic alterations in these conditions, called microgliosis, which usually occur 
together with astrogliosis. [3, 7, 8].

A common feature of astrogliosis is astrocyte hypertrophy, along with an upregulation of 
proinflammatory mediators and intermediate filaments like the classical astrocyte and astro-
gliosis marker GFAP [1, 5, 6, 9]. Depending on the severity and type of insult, this hyper-
trophic response can also be accompanied by astrocyte proliferation and can result in the 
formation of dense glial scars [10].

The production of inflammatory mediators like cytokines (e.g. TNF, IL-1β) and chemokines 
(e.g. MCP1 (CCL2), RANTES (CCL5) and IP-10 (CXCL10)) by reactive astrocytes is crucial for 
the recruitment of peripheral immune cells into the CNS and their subsequent activation [3, 5]. 
This astrocyte-mediated immune cell recruitment is essential to fight infections and repair tissue 
damage, but exacerbated or chronic immune cell infiltration also drives autoimmune patholo-
gies like MS, and can aggravate other pathologies associated with neuroinflammation, like neu-
rodegenerative disorders [3, 11].

In response to pathological conditions, beside recruiting professional immune cells, astro-
cytes themselves contribute to inflammation and immune responses by producing a variety 
of acute phase response factors, like complement proteins (e.g. C1q, C3) or Lcn2 [12, 13]. 
While these factors can have important protective functions, for example, by inhibiting bacte-
rial growth in case of an infection, they can also promote synapse elimination and neuronal 
cell death [12, 13]. Interestingly, reactive astrocytes also upregulate MHC class II genes and 
have phagocytic capabilities [14, 15]. Therefore reactive astrocytes might act as professional 
antigen-presenting cells, similar to macrophages and dendritic cells [14, 15].

Overall, these inflammation-related and immune cell-like properties gained by reactive astro-
cytes suggest that astrocytes, beside microglia, are a second major component of the innate 
immune system of the brain.

The inflammatory functions of astrocytes are important for a fast and strong early response of 
the CNS to pathological conditions, which can be crucial to limit damage, for example, in infec-
tions or acute injury. This local response is particularly important in the CNS, because as an 
immune-privileged organ it has limited surveillance by peripheral immune cells. But inflamma-
tion increases cellular stress by various mechanisms, therefore chronic or exaggerated inflam-
matory astrocyte activation can have severe adverse effects resulting in neurotoxicity [16]. These 
early inflammatory responses of astrocytes are similar to the early responses of microglia and 
macrophages to pathological conditions, often described as proinflammatory M1 polarization 
[17]. Therefore, this type of astrocyte responses was recently described as A1 activation [16].

In addition to increased inflammatory stress, this type of astrocyte activation can also disrupt 
their normal homeostatic functions, like BBB maintenance, or the clearance of extracellular 
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highly important for brain development and homeostasis. For example, prototypical paren-
chymal astrocytes regulate the local cerebral blood flow and the transport of metabolites 
through the blood-brain-barrier (BBB) according to local demand [1]. These metabolites 
are then converted by astrocytes to metabolites required by neurons and other cells in the 
brain parenchyma [1]. Astrocyte also directly contact synapses with their cell processes and 
they are actively and specifically involved in synaptic signaling. They take up potassium 
ions and neurotransmitters like glutamate released by neurons and release gliotransmitters 
to modulate synaptic transmission [1]. These active functions in synaptic signaling led to 
the concept of the tripartite synapse, that is, the view that astrocytes processes are a third 
integral component of synapses beside the pre- and postsynaptic neuronal compartments 
[1]. Astrocytes also have important functions in development, as structural scaffold and 
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characteristic histopathological alterations of astrocytes, which are generally referred to as 
astrogliosis [1]. Astrogliosis is usually associated with local inflammatory processes elicited 
by these pathological conditions. Similarly, microglia, the resident macrophages of the CNS, 
show characteristic alterations in these conditions, called microgliosis, which usually occur 
together with astrogliosis. [3, 7, 8].

A common feature of astrogliosis is astrocyte hypertrophy, along with an upregulation of 
proinflammatory mediators and intermediate filaments like the classical astrocyte and astro-
gliosis marker GFAP [1, 5, 6, 9]. Depending on the severity and type of insult, this hyper-
trophic response can also be accompanied by astrocyte proliferation and can result in the 
formation of dense glial scars [10].

The production of inflammatory mediators like cytokines (e.g. TNF, IL-1β) and chemokines 
(e.g. MCP1 (CCL2), RANTES (CCL5) and IP-10 (CXCL10)) by reactive astrocytes is crucial for 
the recruitment of peripheral immune cells into the CNS and their subsequent activation [3, 5]. 
This astrocyte-mediated immune cell recruitment is essential to fight infections and repair tissue 
damage, but exacerbated or chronic immune cell infiltration also drives autoimmune patholo-
gies like MS, and can aggravate other pathologies associated with neuroinflammation, like neu-
rodegenerative disorders [3, 11].

In response to pathological conditions, beside recruiting professional immune cells, astro-
cytes themselves contribute to inflammation and immune responses by producing a variety 
of acute phase response factors, like complement proteins (e.g. C1q, C3) or Lcn2 [12, 13]. 
While these factors can have important protective functions, for example, by inhibiting bacte-
rial growth in case of an infection, they can also promote synapse elimination and neuronal 
cell death [12, 13]. Interestingly, reactive astrocytes also upregulate MHC class II genes and 
have phagocytic capabilities [14, 15]. Therefore reactive astrocytes might act as professional 
antigen-presenting cells, similar to macrophages and dendritic cells [14, 15].

Overall, these inflammation-related and immune cell-like properties gained by reactive astro-
cytes suggest that astrocytes, beside microglia, are a second major component of the innate 
immune system of the brain.

The inflammatory functions of astrocytes are important for a fast and strong early response of 
the CNS to pathological conditions, which can be crucial to limit damage, for example, in infec-
tions or acute injury. This local response is particularly important in the CNS, because as an 
immune-privileged organ it has limited surveillance by peripheral immune cells. But inflamma-
tion increases cellular stress by various mechanisms, therefore chronic or exaggerated inflam-
matory astrocyte activation can have severe adverse effects resulting in neurotoxicity [16]. These 
early inflammatory responses of astrocytes are similar to the early responses of microglia and 
macrophages to pathological conditions, often described as proinflammatory M1 polarization 
[17]. Therefore, this type of astrocyte responses was recently described as A1 activation [16].

In addition to increased inflammatory stress, this type of astrocyte activation can also disrupt 
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neurotransmitters (e.g. glutamate) and potassium ions released during synaptic activity  
[1, 18, 19]. Disruption of these astrocyte functions can cause edema formation and alters neu-
ronal excitation and network activity, which can result in behavioral changes, epileptic seizures 
and excitotoxic neurodegeneration [3, 18, 19].

Beside the described prominent proinflammatory phenotype, which in some conditions can 
have adverse consequences, reactive astrocytes also seem to occur in more “benign” states, 
which has been described as A2 activation, in analogy to a similar anti-inflammatory, pro-
regenerative state of microglia and macrophages (M2 polarization) [16, 17].

In chronic neurodegenerative or neuroinflammatory pathologies, A1 astrocyte activation 
seems to dominate, whereas after acute injury or ischemia, this A2 activation seems to deter-
mine the overall functional consequences of astrogliosis [16]. In these acute insults, reactive 
A2 astrocytes upregulate neurotrophic factors and can gain overall neuroprotective func-
tions [16].

After acute brain injury, for example, in models of cortical stab wound injury or spinal cord 
injury (SCI), but not in chronic neurodegenerative or neuroinflammatory pathologies, astro-
cytes also respond by proliferation and the formation of dense astroglial scars [10, 20, 21]. 
It is often assumed that this glial scar is required to restrict the spreading of tissue damage 
in the acute stage of the injury, but interferes with CNS regeneration on the long term, for 
example, by preventing axonal regrowth through the scar tissue. However, several studies 
indicate that also on the long term, the astrocytes of the glial scar rather promote repair 
and regeneration [10, 20]. Specifically, ablation of proliferating astrocytes has been shown 
to interfere with the repair of the BBB in cortical stab wound injury and SCI models, and 
prevented axonal regrowth after SCI stimulated by a conditioning lesion and neurotrophin 
application [20, 22, 23]. In addition, recent studies suggest that astrocytes not only protect 
the surviving of neurons in the damaged tissue, but might also reactivate a NSC-like poten-
tial, and might thereby contribute to the (very limited) generation of new neurons after 
injury [21, 24–26].

3. The IKK/NF-κB signaling pathway: a central signaling hub in 
inflammation, cell survival, proliferation and differentiation

The IKK/NF-κB pathway is a master regulator of inflammation, which is also implicated in a 
wide range of other biological processes, including cell death/survival, proliferation and dif-
ferentiation [27–29]. This signaling pathway integrates signals from a large number of differ-
ent receptors, converging in the activation of the IκB kinase (IKK) complex, the key activator 
of the NF-κB family of transcription factors in canonical NF-κB signaling [28]. In mammals, 
the NF-κB family includes the five members—RelA, RelB, c-Rel, p105/p50 and p100/p52, 
which form homo- and heterodimers [28]. In the basal state, these dimers are kept inactive in 
the cytoplasm by binding to proteins of the inhibitor of NF-κB (IκB) family [28].
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The IKK complex, consisting of the kinase subunits IKK1 and IKK2 (also called IKKα and IKKβ) 
and the regulatory subunit NEMO (IKKγ), can activate NF-κB dimers by phosphorylating IκB 
proteins through IKK2 as active kinase subunit [28]. This induces the poly-ubiquitination and 
subsequent proteasomal degradation of the IκB proteins, resulting in the release of the NF-κB 
dimers [28]. These dimers then can translocate to the nucleus, where they can activate or repress 
a large number of target genes [28].

Various inflammation-mediating receptors activate NF-κB through this canonical signaling 
pathway, including the TNF receptor TNFR1 and the IL-1β receptor as prototypical examples 
[28]. Upon activation, these receptors recruit K63-ubiquitin ligases like the cIAP proteins, and 
the linear ubiquitin assembly complex (LUBAC) [30, 31]. These ubiquitin ligases build K63- 
and linear (M1-) poly-ubiquitin chains on receptor-associated scaffolding proteins, which 
form the backbone for the assembly of large signaling complexes [30, 31]. The TAK1/TAB2/3 
and IKK kinase complexes then bind to these poly-ubiquitin chains, allowing the phosphory-
lation of IKK2 at two conserved serine residues by TAK1 and IKK2 itself [30, 31]. This dual 
phosphorylation of IKK2 is the key step in the activation of the IKK complex, which is then 
capable of phosphorylating IκB proteins [30, 31].

Beside TNFR1 and the IL-1β receptor, among the receptors activating this canonical NF-κB 
signaling pathway there are also many pattern recognition receptors (PRRs), like Toll-like 
receptors (TLRs) and NOD-like receptors (NLRs) [6, 28, 32]. These receptors are sensors 
of molecular danger signals, like conserved pathogen-derived molecules (pathogen-asso-
ciated molecular patterns, PAMPs) and molecules released by damaged cells (danger-
associated molecular patterns, DAMPs), which are driving the initiation of inflammatory 
responses [6, 28, 32].

Some other extracellular signals, like CD40L, LTβ, BAFF or RANKL, can activate an alterna-
tive NF-κB signaling pathway, by activation of IKK1 via the NF-κB inducing kinase (NIK). 
This induces the proteasomal processing of the NF-κB precursor subunit p100, resulting in 
the degradation of an inhibitory IκB domain of p100 [27]. This processing leaves the active 
subunit p52, which can translocate to the nucleus as a p52/p52 or RelB/p52 dimer [27].

In addition, several other stimuli, including neurotrophins and general cellular stress, like 
DNA damage and high levels of reactive oxygen species, can activate NF-κB signaling. In 
these cases, NF-κB activity is often regulated via atypical NF-κB signaling pathways, which 
involve various posttranslational modifications of IKK and NF-κB subunits [28, 33–35].

As diverse as the range of NF-κB activating stimuli are the target genes of the NF-κB transcrip-
tion factors. NF-κB signaling controls the expression of a large number of inflammatory cyto-
kines, chemokines, cell adhesion molecules, immunoreceptors and acute phase response genes 
[36]. As NF-κB signaling is activated by a wide range of inflammatory stimuli, and induces a 
large number of proinflammatory target genes, it can both initiate inflammatory responses 
and enhance them by positive feedback loops via NF-κB activating cytokines. These proper-
ties make the NF-κB signaling system a critical master regulator of inflammatory processes. In 
fact, IKK/NF-κB activation alone is sufficient to initiate and maintain inflammatory responses 
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in many tissues, which often phenotypically closely resemble classical autoimmune/inflamma-
tory diseases. This has been shown by us and others by conditional genetic activation of IKK/
NF-κB in pancreatic acinar or β-cells, hepatocytes, cardiomyocytes and airway or intestinal 
epithelial cells [37–43]. Vice versa, genetic inactivation of IKK/NF-κB signaling strongly sup-
presses inflammation in many mouse models of pathological conditions. This often amelio-
rates pathology, for example, in a model of cerebral ischemia with inactivated neuronal IKK/
NF-κB signaling [44], or in an MS model with inactivated IKK/NF-κB signaling in all neuroec-
todermal cells [45].

Among the large spectrum of NF-κB targets are also many genes controlling cell prolifera-
tion, differentiation and survival, like growth factors, cyclins and apoptosis regulators of the 
Bcl-2 and IAP families [29, 36]. Therefore NF-κB signaling represents a crucial link between 
inflammation and cancer [29, 36]. In addition, in the CNS, NF-κB signaling regulates neuronal 
differentiation and function, for example, dendrite formation and synaptogenesis, via various 
target genes like neurotrophins or IGF2 [34, 46–48].

In conclusion, the NF-κB signaling pathway is a central signaling hub integrating a large spec-
trum of signals to regulate a similar broad range of biological processes. One important func-
tion is the transduction of pathophysiological alarm signals, which is crucial for the cellular 
responses to these signals, in particular for inflammatory responses. Due to its diverse other bio-
logical functions, the NF-κB signaling pathway is a critical molecular link between inflamma-
tion and various physiological processes known to be dysregulated in inflammatory conditions.

4. Activation of the IKK/NF-κB pathway in astrocytes

Considering the responsiveness of astrocytes to pathological conditions and the central role 
of NF-κB in the transduction of such responses, it is not surprising that NF-κB signaling in 
astrocytes is activated in many pathological conditions and regulates many of these patho-
physiological responses.

Astrocytes express a large number of cytokine receptors including TNFR1 and IL-1RI; PRRs 
including TLRs (TLR2,3,5,9); NLRs including NOD2 and NLRP3 and RIG-1 like receptors 
(RLRs), which can activate NF-κB signaling in pathological conditions [5, 49, 50].

Accordingly, astrocytes activate NF-κB signaling in vitro after stimulation with ligands of 
these receptors, and in vivo in various neuropathological conditions associated with neuro- 
inflammation.

For example, in vitro, stimulation of primary mouse astrocytes with TNFα or IL-1β induces 
nuclear accumulation of RelA indicating NF-κB activation (e.g. [45]). In vivo, astroglial NF-κB 
activation was described, for example, in MS [51], traumatic brain injury (TBI) [52], in chronic 
neurodegenerative pathologies such as ALS [53] and Huntington’s disease (HD) [54], but 
remarkably also in a post-mortem study in autism spectrum disorders [55].
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5. Functions of astroglial IKK/NF-κB signaling: a central regulator of 
the pathophysiological responses of astrocytes

To investigate the specific functions of NF-κB signaling in astrocytes in vivo, we and other 
groups have developed conditional transgenic mouse models allowing the genetic activation 
or inactivation of NF-κB signaling specifically in astrocytes and closely related cell types.

One much-studied mouse model was developed by the group of John R. Bethea, the GFAP-
IκBα-dn transgenic mouse line [56]. In this mouse model, astroglial NF-κB signaling is 
strongly inhibited by overexpression of a dominant-negative, non-degradable mutant of the 
NF-κB inhibitor IκBα [56]. The transgene expression is driven by the GFAP promoter, which 
restricts its expression to astrocytes and closely related cell types [56].

Vice versa, to genetically activate IKK/NF-κB signaling, we generated a mouse model allow-
ing the inducible overexpression of a constitutively active mutant of IKK2 specifically in 
astrocytes (GFAP.tTA/tetO.IKK2-CA) [57]. Using a so-called Tet-off conditional expression 
system, the expression of this transgene is driven by the GFAP promoter and can be revers-
ibly repressed by the administration of doxycycline, allowing both constitutive and time-
controlled transient activation of astroglial IKK/NF-κB signaling [57, 58].

Other strategies to manipulate astroglial IKK/NF-κB signaling include the Cre-mediated dele-
tion of components of the IKK complex to block NF-κB activation [45], or deletion of IκBα to 
enhance astroglial NF-κB signaling [59].

A number of studies using these or similar approaches have revealed important functions of 
astroglial NF-κB signaling in normal CNS development and homeostasis, as well as critical 
roles in the regulation of astroglial responses to pathological conditions.

5.1. Astroglial IKK/NF-κB signaling is a central regulator of neuroinflammation

In line with the key role of IKK/NF-κB signaling in the regulation of inflammation in other cell 
types, and the important role of astrocytes in neuroinflammation, a number of studies have 
established that astroglial IKK/NF-κB activation is a critical step in the initiation and propaga-
tion of neuroinflammatory processes.

In the initial description of the GFAP-IκBα-dn model, it was shown that IKK/NF-κB inhibition 
in astrocytes in SCI reduced the expression of the proinflammatory chemokines CCL2 (MCP-1)  
and CXCL10 (IP-10), which are important regulators of immune cell recruitment [56]. This 
study also showed that the upregulation of the astrogliosis-promoting cytokine TGFβ2 after 
SCI is mediated by astroglial NF-κB signaling [56].

A subsequent study on the role of NF-κB signaling in experimental autoimmune encepha-
litis (EAE), a model of MS, showed that inhibition of NF-κB signaling in all neuroectoder-
mal cells (Nes-Cre/NEMO fl/fl and Nes-Cre/IKK2 fl/fl) prominently reduced the expression 
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of a large spectrum of inflammatory mediators in this pathology [45]. This study indicated 
that inhibition of astroglial NF-κB signaling was predominantly responsible for this ame-
lioration of neuroinflammation, which was confirmed later by astrocyte-specific NF-κB 
inhibition using the GFAP-IκBα-dn model [60]. GFAP-IκBα-dn transgenic mice in this 
study showed a similar reduction of the expression of inflammatory mediators after EAE 
[60]. These mediators included various chemokines and cell adhesion molecules involved 
in the recruitment of peripheral immune cells, and the major proinflammatory cytokines 
TNF, IL-1β and IFN-γ, as well as inflammatory effector genes like complement factors 
[45, 60].

These findings suggest that astroglial IKK/NF-κB signaling is important for the recruitment 
and activation of immune cells in neuroinflammatory conditions. Indeed, in both mentioned 
models, a reduced infiltration of immune cells after EAE induction was found in mice with 
inhibited astroglial IKK/NF-κB signaling [45, 61], although originally also an increase of (reg-
ulatory) T cell infiltration was described for the GFAP-IκBα-dn model [60].

Similar to the situation in EAE and SCI, inhibition of astroglial NF-κB signaling by GFAP-
IκBα-dn also resulted in a reduced induction of multiple proinflammatory factors in mod-
els of retinal ischemia-reperfusion injury [62] and optic neuritis [63]. While this reduced 
microgliosis and astrogliosis in ischemic injury [62], infiltration of peripheral immune 
cells in optic neuritis was not obviously altered, although this was not quantified in this 
study [63].

Overall, these studies demonstrate that astroglial NF-κB signaling mediates the coordinated 
induction of various inflammatory mediators in various neuropathologies. However, the con-
sequences of this proinflammatory signaling for local glial reactivity and the infiltration of 
peripheral immune cells depend on the specific pathological context. Whether these context-
dependent effects in different pathologies are due to different levels of NF-κB activation, or 
whether additional signaling pathways are required for astrocytes to modulate neuroinflam-
mation, was not investigated by these studies. Also, they could not address the question, 
whether astroglial NF-κB activation can only modulate neuroinflammation induced by other 
processes in these specific pathologies, or whether it is actually a driving force of neuroin-
flammation, which is sufficient to initiate neuroinflammation.

To address these questions, we generated the GFAP.tTA/tetO.IKK2-CA model, which allows 
astroglial NF-κB activation in normal physiological conditions, that is, in the absence of an 
external pathogenic trigger that could induce neuroinflammation [57]. Remarkably, both in 
the developing, early postnatal brain and in the adult brain, the selective activation of astro-
glial NF-κB in this model was sufficient to initiate and maintain a prominent global neuro-
inflammatory response [57, 58, 64]. This inflammatory response was characterized by strong 
astrogliosis and microgliosis, as well as a prominent infiltration of innate immune cells, and, 
in adult animals, also T cells [57, 58, 64]. On a molecular level, in particular the chemokines 
CCL2(MCP-1), CCL5(Rantes) and CXCL10(IP-10), the cell adhesion molecule Madcam1, 
the MHC class II protein CD74 and some acute phase effector genes (Lcn2, C3) were highly 
upregulated by astroglial IKK/NF-κB activation [57, 58]. These inflammatory mediators and 
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effectors were upregulated both in brain tissue and in primary astrocytes, suggesting that 
they are direct targets of IKK/NF-κB signaling in astrocytes [57, 58]. In contrast, TNF and 
IL-1β were induced in adult cerebellar tissue of these animals [58], but not in primary astro-
cytes [57]. This indicates that these major proinflammatory cytokines are not direct NF-κB 
targets in astrocytes, but that they are produced by other cell types as an indirect consequence 
of astroglial IKK/NF-κB activation.

In conclusion, these studies show that astroglial IKK/NF-κB signaling is a key regulator of 
inflammatory responses in the CNS, whose activation is required and can be sufficient to 
initiate and maintain neuroinflammation. Specifically, astroglial IKK/NF-κB activation alone 
is sufficient to induce the infiltration of peripheral immune cells into the brain, probably via 
the strong induction of chemokines. However, in specific disease contexts this can also occur 
independently of astroglial IKK/NF-κB signaling, and other cell types or signaling pathways 
are likely required for the production of major cytokines to activate these immune cells. 
Furthermore, astroglial IKK/NF-κB activation can trigger astrogliosis and induce a number 
of acute phase response factors, which might be important for the rapid response of the CNS 
to acute pathological insults, to limit potential further damage, for example, in an infection 
or injury.

5.2. Astroglial IKK/NF-κB activation can interfere with postnatal brain development

Astrocytes and related cell types, like radial glia, have important functions in CNS develop-
ment [1], and neuroinflammatory conditions like brain infections, which are associated with 
NF-κB activation in astrocytes, are known to be major risk factors for neurodevelopmental 
disorders [65, 66]. This suggests that NF-κB-mediated astroglial responses during CNS devel-
opment might contribute to the pathogenesis of such inflammation-associated neurodevelop-
mental disorders.

Indeed, in line with this hypothesis, we found that constitutive activation of astroglial IKK/
NF-κB signaling during early postnatal brain development in the GFAP.tTA/tetO.IKK2-CA 
model resulted in lethality due to neuroinflammation-associated hydrocephalus formation 
[57]. Hydrocephalus is a known complication of neuroinflammatory insults, in particular 
during brain development [57]. In the GFAP.tTA/tetO.IKK2-CA model, hydrocephalus for-
mation was caused by impaired differentiation of the ependymal cells lining the cerebral 
ventricles, which failed to develop motile cilia [57]. These cilia are required to facilitate 
the flow of the cerebrospinal fluid through the cerebroventricular system, and defects of 
these cilia can cause hydrocephalus also in other mouse models [57]. Ependymal cells are 
closely related to astrocytes and develop postnatally from radial glia, which are common 
progenitors of both astrocytes and ependymal cells [2]. Thus, at least some ependymal cells 
expressed the IKK2-CA transgene [57]. Therefore, it is not clear whether this defect is cell-
intrinsic, or whether non-cell-autonomous effects of astrocyte-mediated neuroinflamma-
tion contribute to this defect [57]. Beyond hydrocephalus formation, astroglial IKK/NF-κB 
activation in the GFAP.tTA/tetO.IKK2-CA model resulted in additional defects in late devel-
oping brain regions, specifically in a disorganization of the hippocampus, most prominently 

Signaling Pathways Regulating the Pathophysiological Responses of Astrocytes: A Focus on the…
http://dx.doi.org/10.5772/intechopen.72283

19



of a large spectrum of inflammatory mediators in this pathology [45]. This study indicated 
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NF-κB activation in astrocytes, are known to be major risk factors for neurodevelopmental 
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NF-κB signaling during early postnatal brain development in the GFAP.tTA/tetO.IKK2-CA 
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ventricles, which failed to develop motile cilia [57]. These cilia are required to facilitate 
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these cilia can cause hydrocephalus also in other mouse models [57]. Ependymal cells are 
closely related to astrocytes and develop postnatally from radial glia, which are common 
progenitors of both astrocytes and ependymal cells [2]. Thus, at least some ependymal cells 
expressed the IKK2-CA transgene [57]. Therefore, it is not clear whether this defect is cell-
intrinsic, or whether non-cell-autonomous effects of astrocyte-mediated neuroinflamma-
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in the dentate gyrus, and a delayed maturation of the cerebellum [57]. These defects might 
be caused by an impaired migration of neural progenitors, as this migration is guided by 
chemokine gradients, which are likely disturbed by the massive NF-κB-mediated upregu-
lation of chemokines by astrocytes, and the overall inflammatory environment [57].

These findings demonstrate that astroglial IKK/NF-κB activation can interfere with normal 
brain development, providing a potential molecular link between neuroinflammation and 
neurodevelopmental disorders. On the other hand, inhibition of IKK/NF-κB signaling in 
astrocytes does not cause obvious defects of brain development and homeostasis [45, 56]. 
Therefore, it will be interesting to study to what extent inhibition of astroglial IKK/NF-κB 
signaling can ameliorate inflammation-associated neurodevelopmental defects.

5.3. Roles of astroglial IKK/NF-κB signaling in normal adult brain homeostasis and 
function

Mice with IKK/NF-κB inhibition in astrocytes do not show obvious phenotypes in normal 
physiological conditions [45, 56], demonstrating that astroglial NF-κB signaling is not broadly 
required for normal brain development, homeostasis and function. However, two studies 
reported subtle behavioral phenotypes of mice with reduced basal astroglial IKK/NF-κB 
signaling, specifically a sex-specific impairment in learning and memory in female GFAP-
IκBα-dn mice [67], and reduced food intake in mice with Cre-mediated astroglial IKK2 inac-
tivation (GFAP-Cre/IKK2 fl/fl) [68].

On the other hand, as described in Section 5.1, activation of astroglial IKK/NF-κB signaling 
in normal physiological conditions in the adult brain in the GFAP.tTA/tetO.IKK2-CA model 
induces prominent global neuroinflammation [58, 64]. This indicates that activation of IKK/
NF-κB signaling in astrocytes might have more severe consequences for brain homeostasis 
and function than its inhibition. Interestingly however, this prominent global neuroinflam-
matory phenotype had obvious consequences for brain homeostasis only in one specific brain 
region, the cerebellum [58]. In the cerebellum, with some delay massive neurodegeneration 
was observed, which predominantly affected Purkinje cells, the output neurons of the cerebel-
lum and resulted in severe motor impairment [58]. This was found to be due to the dysfunc-
tion of the Bergmann glia, a specific population of astrocytes with radial glia-like morphology, 
which is essential for the function and survival of the Purkinje neurons [58]. IKK2 activa-
tion in Bergmann glia resulted in prominent astrogliosis-like alterations, including prominent 
upregulation of GFAP and morphological alterations disrupting their specialized morphology 
[58]. These alterations were shown to represent an irreversible “point of no return” resulting 
in inevitable Purkinje cell degeneration [58]. Of note, this phenotype resembles alterations 
found in inflammatory cerebellar neurodegenerative disorders, for example, in paraneoplas-
tic cerebellar degeneration, which are also characterized by prominent selective Purkinje cell 
degeneration [58]. Therefore, these findings suggest a mechanism how cerebellar neuroin-
flammation caused by various insults might result in the common pathology of Purkinje cell 
degeneration: Inflammation-induced IKK/NF-κB activation in Bergmann glia would cause 
irreversible Bergmann glia dysfunction, which consequentially would drive Purkinje cell 
degeneration [58].

Astrocyte - Physiology and Pathology20

Interestingly, it was also found that astroglial IKK/NF-κB activation in the GFAP.tTA/tetO.
IKK2-CA model resulted in the downregulation of the glutamate transporters EAAT1 (GLAST) 
and EAAT2 (GLT-1) in the cerebellum and the medulla oblongata [58]. Downregulation of 
these transporters is found in many neurological disorders, including cerebellar neurodegen-
erative disorders, and is believed to contribute to the pathogenesis of these disorders [18, 69]. 
By impairing the uptake of the excitatory neurotransmitter glutamate by astrocytes, down-
regulation of these transporters can result in neuronal hyperexcitation and excitotoxic neuro-
degeneration [18, 69].

Another recent study found that astroglial IKK/NF-κB activation also impairs the astro-
glial uptake of the neurotransmitter GABA, at least in the hypothalamus, which resulted in 
increased activity of specific neurons in hypothalamic nuclei [68]. In this model, a consti-
tutively active IKK2 allele was activated by GFAP-Cre-mediated recombination (GFAP-Cre/
Rosa26-LSL-IKK2CA) [68]. This resulted in more moderate astroglial IKK/NF-κB activa-
tion, which was not sufficient to induce neuroinflammation in heterozygous mice [68]. In 
this model, astroglial IKK/NF-κB activation led to mild astrogliosis-like changes, specifically 
increased astrocyte numbers and altered morphology (shortened processes) [68]. These alter-
ations resulted in changes in the systemic metabolism, which is controlled by the hypothala-
mus, specifically in a metabolic syndrome-like phenotype with insulin resistance, increased 
blood pressure and increased fat deposition [68].

Given the important functions of astrocytes in neuronal metabolism and signaling, and 
their prominent alterations in pathological conditions, it is likely that astroglial IKK/NF-κB 
activation also causes additional more subtle alterations in neuronal communication in the 
CNS. Indeed, we have found a moderate reduction of striatal dopamine levels in the GFAP.
tTA/tetO.IKK2-CA model [64]. However, more research is needed to examine the functions of 
astroglial IKK/NF-κB in the modulation of neurotransmitter signaling.

Another mechanism beside the uptake of neurotransmitters and release of gliotransmitters, 
by which astrocytes modulate neuronal communication, is the regulation of synapse forma-
tion, maturation and elimination. On a molecular level, complement proteins, including C3, 
which is highly induced by astrocytes upon NF-κB activation, contribute to the elimination of 
synapses [70]. Indeed, it has recently been demonstrated, that astroglial NF-κB activation by 
GFAP-Cre-mediated IκBα deletion promotes synapse elimination and alters neuronal signal-
ing via C3 induction [70].

5.4. Roles of astroglial IKK/NF-κB signaling in models of specific pathological 
conditions

Astrogliosis and neuroinflammatory processes are occurring in most neurological disorders, 
most prominently in autoimmune/inflammatory disorders and acute injury. Often these pro-
cesses contribute to the pathogenesis of these disorders, but depending on the conditions 
they can also have protective roles. Astroglial IKK/NF-κB signaling is a key regulator of these 
pathophysiological responses, therefore a number of studies have addressed the role of astro-
glial IKK/NF-κB signaling in specific CNS disease and injury models.
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and function than its inhibition. Interestingly however, this prominent global neuroinflam-
matory phenotype had obvious consequences for brain homeostasis only in one specific brain 
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was observed, which predominantly affected Purkinje cells, the output neurons of the cerebel-
lum and resulted in severe motor impairment [58]. This was found to be due to the dysfunc-
tion of the Bergmann glia, a specific population of astrocytes with radial glia-like morphology, 
which is essential for the function and survival of the Purkinje neurons [58]. IKK2 activa-
tion in Bergmann glia resulted in prominent astrogliosis-like alterations, including prominent 
upregulation of GFAP and morphological alterations disrupting their specialized morphology 
[58]. These alterations were shown to represent an irreversible “point of no return” resulting 
in inevitable Purkinje cell degeneration [58]. Of note, this phenotype resembles alterations 
found in inflammatory cerebellar neurodegenerative disorders, for example, in paraneoplas-
tic cerebellar degeneration, which are also characterized by prominent selective Purkinje cell 
degeneration [58]. Therefore, these findings suggest a mechanism how cerebellar neuroin-
flammation caused by various insults might result in the common pathology of Purkinje cell 
degeneration: Inflammation-induced IKK/NF-κB activation in Bergmann glia would cause 
irreversible Bergmann glia dysfunction, which consequentially would drive Purkinje cell 
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degeneration [18, 69].

Another recent study found that astroglial IKK/NF-κB activation also impairs the astro-
glial uptake of the neurotransmitter GABA, at least in the hypothalamus, which resulted in 
increased activity of specific neurons in hypothalamic nuclei [68]. In this model, a consti-
tutively active IKK2 allele was activated by GFAP-Cre-mediated recombination (GFAP-Cre/
Rosa26-LSL-IKK2CA) [68]. This resulted in more moderate astroglial IKK/NF-κB activa-
tion, which was not sufficient to induce neuroinflammation in heterozygous mice [68]. In 
this model, astroglial IKK/NF-κB activation led to mild astrogliosis-like changes, specifically 
increased astrocyte numbers and altered morphology (shortened processes) [68]. These alter-
ations resulted in changes in the systemic metabolism, which is controlled by the hypothala-
mus, specifically in a metabolic syndrome-like phenotype with insulin resistance, increased 
blood pressure and increased fat deposition [68].

Given the important functions of astrocytes in neuronal metabolism and signaling, and 
their prominent alterations in pathological conditions, it is likely that astroglial IKK/NF-κB 
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Astrogliosis and neuroinflammatory processes are occurring in most neurological disorders, 
most prominently in autoimmune/inflammatory disorders and acute injury. Often these pro-
cesses contribute to the pathogenesis of these disorders, but depending on the conditions 
they can also have protective roles. Astroglial IKK/NF-κB signaling is a key regulator of these 
pathophysiological responses, therefore a number of studies have addressed the role of astro-
glial IKK/NF-κB signaling in specific CNS disease and injury models.
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The first neuropathological condition, in which the role of astroglial NF-κB signaling was 
studied using the GFAP-IκBα-dn model, was SCI, a condition in which inflammatory pro-
cesses are believed to prominently contribute to pathogenesis [56, 71]. In line with the 
idea that astroglial NF-κB signaling promotes neuroinflammation and that this aggravates 
pathogenesis of SCI, functional recovery was improved in mice with inhibited astroglial 
NF-κB signaling [56]. Histologically, microgliosis and astrogliosis were less pronounced in 
the absence of astroglial NF-κB signaling after SCI [71]. This was associated with improved 
white matter preservation, probably due to reduced secondary inflammatory white mat-
ter damage [56], which also improved axonal integrity [71]. Also, a reduced intra-lesional 
deposition of chondroitin sulfate proteoglycans (CSPGs) was observed [56]. CSPGs are 
important components of the glial scar, which interfere with regenerative axonal out-
growth [56]. In this model of contusive SCI, even some degree of axonal sprouting across 
the lesion was observed upon inhibition of astroglial NF-κB signaling, but not in wildtype 
animals [71]. This indicates that NF-κB-mediated scar formation contributes to the inabil-
ity of the CNS to regenerate lost axons. However, this regenerative response was not able 
to bridge the lesion in a complete spinal cord transection, showing that astroglial NF-κB 
inhibition is not sufficient to allow axonal regeneration [71]. In conclusion, these stud-
ies show that astroglial NF-κB signaling might contribute to the pathogenesis of SCI by 
aggravating inflammatory secondary tissue damage and by interfering with regenerative 
processes.

Another well studied neurological disorder with an obviously strong inflammatory patho-
genic component is MS, the most common autoimmune disease of the CNS. A number of 
studies have therefore investigated whether astroglial NF-κB signaling contributes to patho-
genesis of demyelination in this disease [45, 60, 61, 63, 72, 73].

In an early study indicating that indeed astroglial NF-κB signaling might contribute to MS 
pathogenesis, the core components of the IKK complex were inactivated in neuroectodermal 
cells (neurons, astrocytes and oligodendrocytes) in a mouse model using nestin-promoter 
driven Cre expression (Nes-Cre x IKK1 fl/fl or IKK2 fl/fl or NEMO fl/fl) [45]. After induction 
of EAE, mice with conditional IKK2 and NEMO inactivation, but not with IKK1 inactiva-
tion, displayed prominently reduced neurological deficits [45]. This indicates that canoni-
cal, but not non-canonical NF-κB signaling in astrocytes, oligodendrocytes and neurons, 
contributes to EAE pathogenesis [45]. These reduced neurological deficits were accompa-
nied by reduced demyelination and immune cell infiltration, and a reduced expression of 
proinflammatory genes in primary astrocytes [45]. Because microglia and astrocytes are the 
main cell types in the CNS parenchyma that regulate inflammatory processes, and microg-
lia are not targeted by the Nes-Cre-driven ablation approach, the authors concluded that 
reduced proinflammatory signaling by NF-κB inhibition in astrocytes is likely responsible 
for the amelioration of the phenotype [45]. This hypothesis was confirmed by astrocyte-spe-
cific NF-κB inhibition in EAE in the GFAP-IκBα-dn model [60, 61]. Astrocyte-specific NF-κB 
inhibition in this model also reduced neurological deficits after EAE induction, along with 
a reduced expression of inflammatory mediators, and led to improved remyelination and 
neuronal survival at chronic stages [60, 61]. Vice versa, GFAP-Cre-mediated inactivation 
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of A20, a negative feedback regulator of NF-κB signaling, in astrocytes, increased expres-
sion of proinflammatory NF-κB target genes and inflammatory infiltration after EAE, which 
resulted in aggravated neurological deficits and demyelination [72]. Interestingly, the 
observed myelin preservation after inhibition of astrocyte-specific NF-κB signaling is not 
restricted to EAE, which is driven by an autoimmune attack, that is, a very strong inflam-
matory insult. Increased myelin preservation was also observed in a model of cuprizone-
induced toxic demyelination, where inflammatory events are not the primary cause but 
rather a co-pathogenic consequence of the myelin damage [73]. This indicates that NF-κB-
mediated astroglial responses contribute to the pathogenesis of demyelination not only by 
inflammatory signaling, for example, by promoting the recruitment of peripheral immune 
cells, but that astrocytes gain additional pathogenic properties after NF-κB activation. In 
line with this idea, demyelination in the optic nerve, one of the earliest symptoms of MS, is 
reduced in EAE in the GFAP-IκBα-dn model even without any obvious differences in local 
immune cell infiltration [63]. It was proposed that astroglial NF-κB signaling in the latter 
paradigm contributes to myelin damage by increasing oxidative stress, as it induces the 
NAD(P)H oxidase subunits Cybb/NOX2 and Ncf1 [63].

Overall, these studies provide clear evidence that activation of NF-κB-mediated inflamma-
tory responses of astrocytes aggravate demyelination and associated neurological defects in 
different animal models, indicating that these NF-κB-mediated astrocytic responses likely 
contribute to the pathogenesis of MS and other demyelinating disorders.

For other neurological disorders, the functions of astroglial NF-κB signaling are less well 
studied.

In a model of ischemic retinal injury, astroglial NF-κB inhibition in GFAP-IκBα-dn mice 
was shown to be neuroprotective, likely by suppressing the induction of Nos2 (iNos) and 
NADPH-oxidase genes after ischemia [62, 74]. This resulted in a reduction of oxidative stress, 
a crucial pathogenic factor in ischemia, at least in vitro [62, 74]. In contrast, an earlier study 
using a model with a different astrocyte-specific dominant-negative IκBα transgene did not 
find any consequences of astroglial NF-κB inhibition for the pathogenesis of cerebral isch-
emia [75].

A reduction of the expression of the oxidative stress promoting enzyme iNos by astroglial 
NF-κB inhibition in GFAP-IκBα-dn mice was also found in a model of hepatic encephalopa-
thy [76]. In this model, astroglial NF-κB inhibition had a protective effect due to a prominent 
reduction of astrocyte swelling and edema formation [76].

These findings, as the described similar findings in EAE/optic neuritis [63], indicate that astro-
glial NF-κB signaling increases oxidative stress, which might contribute to the pathogenesis 
of a range of neuroinflammation-associated neuropathological conditions.

Classical chronic neurodegenerative disorders like AD, PD or ALS are also associated with 
neuroinflammatory processes, which are believed to contribute to the pathogenesis of these 
diseases. However, only few studies so far have addressed the role of astroglial NF-κB signal-
ing in models of chronic neurodegeneration.
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The first neuropathological condition, in which the role of astroglial NF-κB signaling was 
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of A20, a negative feedback regulator of NF-κB signaling, in astrocytes, increased expres-
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neuroinflammatory processes, which are believed to contribute to the pathogenesis of these 
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One study found that Aβ can activate NF-κB in astrocytes, resulting in C3 induction [70]. 
Further, this study showed that in AD C3 levels are elevated, and that inhibition of the C3 
receptor C3aR can revert memory deficits in a mouse model of AD [70]. This suggests that 
astroglial NF-κB activation via C3 induction might contribute to AD pathogenesis. However, 
a direct link of astroglial NF-κB activation and disease pathogenesis in AD has yet to be 
demonstrated.

To study the role of astroglial NF-κB signaling in PD, we have analyzed the consequences of 
enhanced NF-κB activation in astrocytes in GFAP.tTA/tetO.IKK2-CA mice for neurodegen-
eration in the MPTP model of PD [64]. In this paradigm, astroglial NF-κB activation did not 
affect the degeneration of dopaminergic neurons in the substantia nigra, despite inducing 
prominent neuroinflammation in this brain region [64]. This argues against a prominent role 
of astroglial NF-κB signaling in PD pathogenesis. However, the mechanism of degeneration 
in this toxin-induced dopaminergic neurodegeneration model differs from the mechanism of 
degeneration in PD, therefore studies in other models of PD should be undertaken to further 
elucidate the role of astroglial NF-κB signaling in PD.

Finally, one study inhibited astroglial NF-κB signaling in a mouse model of ALS, using 
another independent GFAP-IκBα-dn transgenic mouse line [77]. Rather unexpectedly, despite 
the well documented contribution of astrocytes to ALS pathogenesis and a delayed onset of 
astrogliosis and microgliosis in this model, no alterations in disease onset or progression were 
found in this model [77]. This argues against a prominent contribution of astroglial NF-κB 
signaling to astrocyte dysfunction and neurodegeneration in ALS.

In conclusion, although astrocytes have crucial functions in neuroinflammation and neuro-
nal homeostasis, and neuroinflammation and astrocyte dysfunction are widely accepted as 
pathogenic mechanisms in chronic neurodegeneration, direct evidence for the contribution 
of astroglial NF-κB signaling to the pathogenesis of these disorders is scarce. Given the huge 
socioeconomic impact of these disorders, and the prominent role of astroglial NF-κB signal-
ing on the pathogenesis of other neurological disorders, further studies should address the 
role of astroglial NF-κB signaling in chronic neurodegeneration in more detail.

6. Other signaling pathways regulating pathophysiological 
responses of astrocytes: an overview

Although we have focused here on the role of NF-κB signaling in the regulation of patho-
physiological responses of astrocytes, several other signaling pathways have been implicated 
in these responses. Interestingly, many pathways involved in astrocyte reactivity are also 
required for astrocyte differentiation in development. Activation of these pathways in path-
ological conditions seems to promote a partial de-differentiation of astrocytes, resembling 
more immature stages of astrocyte differentiation with increased proliferative and lineage 
potential.
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One of these key developmental pathways contributing to astrocyte reactivity is the JAK/
STAT3 pathway, which is activated by cytokines of the IL-6 family, like IL-6, LIF and CNTF 
[78, 79]. This pathway is closely interconnected with the NF-κB pathway, as, for example, IL-6 
is induced in many inflammatory conditions, also by NF-κB activation in astrocytes [58]. Vice 
versa, JAK/STAT3 signaling induces target genes that are also induced by NF-κB signaling, 
like CXCL10 and LCN2 [78]. STAT3 activation in the context of pathological conditions was 
shown be a crucial driver of astrocyte hypertrophy and GFAP induction, two major hallmarks 
of astrogliosis [78]. Indeed, STAT3 directly regulates GFAP expression, in cooperation with 
SMAD transcription factors, which are activated by BMP and TGFβ signaling, another signal-
ing system implicated in astrogliosis [80].

Interestingly, while both NF-κB and STAT3 signaling promote astroglial scar formation in 
SCI, STAT3 regulated aspects of astroglial scar formation seem to promote repair and regen-
eration [20], whereas NF-κB regulated aspects rather interfere with repair processes [56, 71]. 
This indicates that different types of astroglial scars exist, which are regulated by different 
molecular mechanisms and which can influence regeneration in different ways. Therefore, 
future studies should further investigate these mechanisms, as this might open up new strate-
gies to promote regeneration after CNS damage, by converting astroglial scars to more pro-
regenerative states.

STAT3 signaling also contributes to the proliferative response of astrocytes observed after 
acute injury [78], a response which is also regulated by Sonic hedgehog (SHH) signaling [21]. 
Interestingly, this proliferative response seems to be directly linked to the acquisition of NSC-
like properties of astrocytes after injury, which similar to NSCs and immature astrocytes, can 
form multipotent neurospheres in vitro [21, 81]. This indicates that astrocytes after injury can 
partially de-differentiate, and can regain increased lineage plasticity, including the poten-
tial to generate new neurons. Indeed, recent studies have demonstrated that at least in the 
striatum, some astrocytes can generate neurons in vivo after cell cycle re-entry in response to 
ischemic or excitotoxic injury [25, 26]. In ischemic injury, this reactivation of proliferation and 
subsequent neurogenesis was associated with reduced Notch signaling [25], another pathway 
which is required for astrocyte differentiation and maturation, and which is also controlling 
NSC quiescence [82, 83].

This study further showed that genetic activation of Notch signaling can suppress this pro-
liferative and neurogenic response in ischemia [25]. Vice versa, inhibition of Notch signaling 
in astrocytes by conditional RBPJ deletion is sufficient to elicit a neurogenic response in some 
striatal astrocytes [25]. These results indicate that Notch signaling is crucial to maintain the 
mature, quiescent state of astrocytes, and that downregulation Notch signaling promotes a 
de-differentiation response of astrocytes in pathological conditions.

It will be important to further dissect the mechanisms governing these neurogenic de-differ-
entiation responses of astrocytes, which might open up new strategies for regenerative medi-
cine. This could allow enhancing endogenous neuronal replacement in neurodegenerative 
conditions and improving the efficiency of neuronal reprogramming of astrocytes.
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7. Conclusions and future directions

As we have described in this chapter, astrocytes are functionally diverse and plastic cells that 
are highly responsive to changes in the CNS microenvironment.

In most CNS pathologies, including acute injuries, autoimmune/inflammatory disorders like 
multiple sclerosis, and chronic neurodegenerative diseases like Alzheimer’s disease, astro-
cytes show prominent pathophysiological responses, often rather superficially described 
with the unifying terms astrogliosis or astrocyte reactivity. These responses share common 
features, but include also many distinct aspects in different CNS pathologies, and can have 
important protective or pathogenic consequences in these pathologies.

Therefore, understanding the precise mechanisms as how these responses are controlled and 
how they influence CNS development, homeostasis and pathology, is highly relevant for 
translational and clinical neuroscience.

A large spectrum of extracellular signals activating several intracellular signaling pathways 
regulates the pathophysiological responses of astrocytes. One central signaling hub integrat-
ing many of these extracellular signals is the IKK/NF-κB signaling pathway. A number of 
studies summarized here have established that the IKK/NF-κB pathway in astrocytes is a key 
regulator of neuroinflammatory responses. These studies also demonstrated that astroglial 
IKK/NF-κB activation interferes with normal CNS development and homeostasis and contrib-
utes to the pathogenesis of various CNS disorders in mouse models.

These findings have important implications for the development of new strategies for the 
treatment of CNS disorders. Although pharmacological targeting of the IKK/NF-κB pathway 
has proven to be difficult due to its broad spectrum of functions, it might be an option for 
some very specific conditions, where a transient inhibition of a particularly strong inflamma-
tory response might be beneficial, for example, in acute stages of autoimmune disorders or 
injury. In addition, the further investigation of the effector pathways of IKK/NF-κB signal-
ing in astrocytes will hopefully identify specific aspects of this broad response that can be 
targeted with more selective approaches. Such approaches could include, for example, the 
inhibition of specific chemokines or the complement system, the prevention of the morpho-
logical changes of astrocytes that might cause disruption of the blood-brain-barrier or neu-
ronal support functions, or the restoration of neurotransmitter uptake by astrocytes. Another 
important, unsolved question is, in which conditions astroglial NF-κB activation is actually 
beneficial. In most conditions investigated so far, astroglial NF-κB activation seems to have 
detrimental effects, but as this response is evolutionary conserved, it should have beneficial 
effects in some circumstances. One could speculate that acute CNS infections might require 
astroglial NF-κB activation to allow a rapid and strong response to stop spreading of the 
pathogens and to allow their efficient clearance. However, this has not been experimentally 
demonstrated yet.

As only shortly summarized here, also other signaling pathways have important functions in the 
regulation of astroglial responses to pathological insults, which, except for JAK/STAT signaling, 
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have received only relatively limited attention so far. The functions of these pathways in astro-
cytes should be investigated in more detail in future studies, and the functional interaction of 
these pathways with each other has to be elucidated. Manipulation of the balance of these path-
ways might allow to improve regenerative responses of astrocytes, as indicated, for example, 
by the detrimental versus beneficial roles of NF-κB and STAT3 signaling in astroglial scars for 
regeneration in spinal cord injury models.

Finally, the investigation of the mechanisms which regulate the only recently recognized neu-
rogenic responses of astrocytes, offers an exciting perspective for regenerative medicine. It 
might uncover approaches to stimulate endogenous replacement of lost neurons, which is 
an important mechanism of CNS repair in lower vertebrates, but has been largely lost in 
mammals.
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7. Conclusions and future directions
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these pathways with each other has to be elucidated. Manipulation of the balance of these path-
ways might allow to improve regenerative responses of astrocytes, as indicated, for example, 
by the detrimental versus beneficial roles of NF-κB and STAT3 signaling in astroglial scars for 
regeneration in spinal cord injury models.
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might uncover approaches to stimulate endogenous replacement of lost neurons, which is 
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Abstract

In the absence of external spatial cues, dendritic arbors of neurons grown in vitro 
approximate those observed in situ. Absent, however, from these culture models is 
patterned orientation of dendritic trunks, and variation of branch geometry that pro-
vide identifiable characteristics of the cytoarchitecture of the intact brain. Although 
astroglia are present during key stages of dendritic development in vivo, little is 
known about whether local interactions with glia shape dendritic growth. Astroglial 
cells are good candidates for this kind of regulation because they can exert con-
trol over the formation of synapses, an event correlated with the maturational state 
of the dendrite. The present review highlights some key findings from vertebrate 
model systems offering evidence that astroglia can contribute to the shape, and 
growth, of the dendritic arbor. Drawing from our recent work using a co-culture 
system composed of neurons growing in differential contact with astroglia, we dis-
cuss findings that suggest: 1) growth of dendrites, and addition of synapses, can 
be independent; further, while astroglia promote synapse formation, they inhibit 
dendritic growth; 2) astroglia mediate dendrite growth through both paracrine, and 
contact-dependent mechanisms; and 3) astroglia appear to impose pattern by con-
straining the growth of dendrites within their zones of influence.
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1. Introduction

The size and shape of the dendritic arbor is a key factor in determining the connective potential 
of a neuron. While programs intrinsic to the neuron itself can instruct the general morphol-
ogy of the dendritic arbor [1], it has long been recognized that the form dendrites take as they 
mature is under significant influence from extrinsic factors [2, 3]. The complexity of extrinsic 
influences, and the collective impact they have upon dendritic architecture, is evident when 
one compares the spatial patterning of dendritic arbors that have developed in situ, or within 
a tissue context, against those that form in vitro, largely deprived of patterned contact with 
other cells (e.g., see Figure 1). Although the importance of identifying and understanding 
how such extrinsic influences work has been recognized by neuroscientists for decades, relat-
ing specific influences to specific aspects of dendritic morphogenesis has proven challenging.

Figure 1. Comparing hippocampal pyramidal neurons grown under different conditions can help distinguish 
intrinsically determined features of the dendritic arbor from those under extracellular control. (A) Camera lucida 
drawing of the dendritic arbors of pyramidal neurons of the CA fields of the hippocampus and granule cells of the 
dentate gyrus, based on Golgi-Cox impregnation of an adult rat (modified from [4]). The dendritic arbor has pronounced 
apical and basilar domains that are physically segregated and oriented in opposite directions. (B) A hippocampal neuron 
labeled by biolistic transfection of eGFP in an organotypic slice culture from rat. (C) Dissociated hippocampal neurons 
growing in primary culture, immunostained with MAP2 to reveal the dendritic arbors of the neurons present in the 
field of view. (D) An individual cultured neuron, labeled by transfection with eGFP, from within a similarly dense field 
of neurons (unstained) as in (C). Based on the shape of the soma, and orientation of the primary dendrites, the major 
dendrite that points toward the upper left of the frame might be a candidate “apical” dendrite.
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But while fundamental questions remain, new tools are being brought to bear in this area of 
active investigation, and a series of insights have unfolded over the last decade. For example, 
interactions within, and between, neurons are one important source of cues involved in onto-
genesis of the dendritic arbor. The mechanism of “self-avoidance” between dendrites within a 
given arbor can help establish appropriate spacing of branches (for review, see [5]). Similarly, 
segregation of branch territories has also been recognized as important in understanding how 
the dendritic arbors of a single type, or class, of neuron within a brain region are arranged 
in a territorial configuration. Such an arrangement optimizes dendritic capture of incoming 
afferents and is now understood at a mechanistic level [6, 7]. It is hard to envision how these 
homotypic mechanisms contribute to the cases where branching pattern and density vary 
stereotypically along a single primary stalk of the arbor, however.

The hypothesis that astrocytes might also shape dendrites has received less attention. In 2010, 
Procko and Shaham proposed that glial cells might play such a role, although, at that time, 
direct evidence in vertebrate systems was lacking [8]. Mounting evidence, however, demon-
strated that interactions between neurons and astroglia were crucial to other aspects of den-
dritic development [9–11]. Astroglia secrete factors that facilitate synapse formation, both in 
terms of the onset [12–16] and of rate [17, 18]. Because immature dendrites are not receptive to 
innervation [19], these synaptogenic effects could imply an astroglial contribution to dendrite 
maturation. In addition, astroglia produce factors that modulate synaptic efficacy [20] and 
regulate synapse pruning [21]. Moreover, a number of growth factors have been identified 
that selectively alter dendritic, but not axonal growth, of forebrain neurons, e.g., [22, 23] and 
these factors may be produced, or regulated by astroglia [24, 25]. Collectively, these findings 
point toward mechanisms whereby astroglia could influence the competence, or develop-
mental state, of the dendrite. It is therefore becoming increasingly important to characterize 
these effects in more detail so as to determine the roles of astroglia as regulators of synapse 
formation versus sculptors of dendritic arbor size and shape.

In this regard, data from two human neurodevelopmental disorders, Rett Syndrome and 
Fragile X mental retardation, implicate astroglia as a regulatory influence on the growth of 
dendrites [26, 27]. In Rett Syndrome, single-gene mutations in the X-linked transcription 
factor methyl-CpG-binding protein 2 (MeCP2) are associated with infant death in males, 
while females begin to display signs of mental retardation, autism, and epilepsy between 
6 and 18 months of age [28], coincident with the time when dendritic outgrowth is most 
robust. Mutations in the fragile X mental retardation 1 gene (Fmr1) cause similar cognitive 
and behavioral impairments, and individuals with Fragile X have abnormal dendrites [29]. 
Isolating how interactions between different cell types bearing the gene mutations could pro-
duce defects in dendritic development in vivo is difficult, such that in vitro models can be 
the best option for screening for effects of specific interaction between identified cell types. 
Accordingly, when wild-type neurons were co-cultured with astroglial cells bearing muta-
tions in MeCP2, or Fmr1, they showed altered dendritic development. These are effects that 
would have been difficult to detect and attribute directly to astroglia, using in situ analyses 
of tissue from the transgenic animals. It is noteworthy that much of what we know about the 
development of dendrites has, in fact, been learned using in vitro models (for example, see 
[30–33]). The power of these models is that they permit direct microscopic observation and 
enable manipulation of the extent to which neurons can interact dynamically with astrocytes 
as they form dendrites.
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2. Dendritic arbors of isolated neurons grown in vitro exhibit 
features that are intrinsically determined and lack those features 
patterned by extrinsic influences

The first microscopic views of the intact hippocampus, impregnated with Golgi stain, illus-
trated the extent to which dendritic arborization is patterned (Figure 1A). This distinctly 
polarized arbor, with zonal variation in branching pattern, also forms in organotypic slice 
cultures, a method that preserves some populations of afferents, astroglia, and microglia [34] 
as dendritic outgrowth and maturation takes place [35]. In contrast, dissociated cultures of 
hippocampal neurons isolated from embryonic rat brain remove spatial cues that come from 
organized inputs and contain predominantly neurons with an excitatory phenotype. These 
cells generate MAP2 positive dendritic arbors that proceed to form post-synaptic specializa-
tions expected of pyramidal cells in vivo [31]. Thus, an advantage of this in vitro model is 
that the developmental trajectory parallels development in the intact neuropil [23, 30]. And 
because they grow at low density while flat on a coverslip, benchmarks of morphological 
maturation can be readily observed and quantified. For example, processes become tapered 
and generate spines (see Figure 1C and D). Despite the physical isolation of these neurons, 
the dendritic arbors that form sometimes have a prominent dendrite that is somewhat thicker 
and distinct from the other dendrites that form off of the cell body, suggesting a rudimentary 
form of an apical dendrite. By comparing dendritic architecture of hippocampal pyramidal 
neurons from the intact brain, slice cultures, and dissociated neurons, we can separate basic 
features of the dendritic arbor that are expressed robustly across this range of extracellular 
contexts and therefore likely intrinsically determined from those features that require extra-
cellular influences to be expressed.

3. Both the presence of astroglia and factors derived from astroglia 
alter the spatial patterning of dendritic arbors grown in vitro

3.1. Effects produced by secreted, soluble factors present in media conditioned  
by astroglia

In vitro approaches to studying neuron development were transformed when Gary Banker 
reported a new method that allowed dissociated embryonic hippocampal neurons from the 
rat to be grown on glass using defined serum-free medium [36]. There was one telling techni-
cal detail, however: long-term survival of neurons required astroglial cells to be present in the 
culture, although not in direct physical contact with neurons. In fact, these cultures were typi-
cally prepared with the astroglial cells grown as a separate monolayer culture on the bottom of 
the culture dish, while the neuronal cultures were grown on glass coverslips that were several 
millimeters away. These observations revealed that astroglia secreted trophic factors upon 
which the viability of neurons depended. Other data suggested that astroglia enabled more 
than just survival. Sympathetic ganglion cells, for example, formed axons  readily in vitro, but 
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dendrites could only be produced in the presence of glia [37]. The dendrite-specific factor 
necessary for this polarized outgrowth was later identified as BMP-7 [38].

Further evidence of the importance of developmental cross-talk between astroglia and 
dendritic morphogenesis emerged. Astroglia native to the cortex promoted dendrite for-
mation of cortical neurons more effectively than astroglia from other regions of the brain 
[39–42]. These studies supported the hypothesis that astroglia could influence dendritic 
growth in a brain-region specific manner. Taken together, these findings suggest that the 
developmental interactions between astroglia and the forming dendritic arbor might be 
multiple and significant.

It was in this context that we sought to observe dendritogenesis in vitro, while controlling the 
extent to which developing neurons were exposed to astroglial cells. As a first step, cohorts 
of neurons were grown for several days under two conditions: in medium that had been con-
ditioned by brief exposure to astroglia (24 h or less) versus in co-culture with a feeder layer 
of astroglia continuously present but with neurons isolated from physical contact. Neurons 
grown in conditioned medium formed dendritic arbors but did not form synaptic contacts. 
Conversely, sibling neurons grown with astroglia continuously present (yet not in direct con-
tact) formed dendrites that displayed presynaptic contacts (Figure 2) [43]. Given previous 
reports that astroglia produced factors essential for synapse formation in retinal ganglion 
cells (reviewed in [44]) and in hippocampal neurons [17], the failure of synapses to form in 
glial-deprived cultures was not surprising.

What was unexpected, however, was that the dendritic arbors that formed in the glial-deprived 
neuron cultures were more extensive than those of neurons grown in an astroglial co-culture, 

Figure 2. Dendritic arbors of neurons that are glial-deprived are more extensive but have few presynaptic contacts (B), 
compared to those co-cultured with astroglia (A). MAP2-stained dendrites are green, Synapsin1 puncta, representing 
presynaptic contacts, are red. Modified from Withers et al. [43].
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with significantly more primary and higher-order branches [43]. These findings revealed that 
astroglia exert two effects on dendritic development that seem paradoxical. On the one hand, 
astroglia were permissive to synapse formation, and on the other hand, their presence limited 
dendritic outgrowth. A similar inhibitory effect by astroglia has been reported to occur in 
brain stem neurons in vitro [45] and the enabling effects of astroglia on synapses formation 
have been characterized in detail (see references above).

Thrombospondin (TSP) is the synaptogenic factor that is produced by astroglia and promotes 
the formation of presynaptic contacts onto dendrites both in vitro and in vivo [14]. Thus, in the 
glial-deprived paradigm, a straightforward prediction was that if TSP was added, the neurons 
growing under glial deprivation would form presynaptic contacts. They did. A second pre-
diction could also be made: if TSP mediated the astroglial restriction of dendrite outgrowth 
as well, then those same neurons would be expected to have arbors that would be reduced in 
size compared with glial-deprived neurons not exposed to TSP. Instead, glial-deprived neu-
rons + TSP still had dendritic arbors that were significantly larger than those growing in the 
presence of astroglia, and after 48 h of exposure, they were even greater than those growing 
under glial deprivation without TSP. A simple interpretation of these data is that the astro-
glia effects on dendritic growth are separate from the effects produced by TSP. The selective 
effects of TSP seem to suggest a mechanistic dissociation between the inhibition of dendritic 
growth and the formation of synapses.

3.2. Effects mediated by local contact between astroglia and neurons

Co-plating neurons and astroglia on the same coverslip offers opportunities for local interac-
tion between the two cell types that could involve signals both soluble and contact-dependent. 
In our work, we have observed that neurons in full contact with astroglia had dendritic arbors 
with reduced size compared with neurons that did not contact astroglia at all. These effects 
could be mediated by the same mechanism as described earlier, but given that the neuron has 

Figure 3. Asymmetry of dendritic arbors in partial contact with astroglia (A and B). The dendritic arbors are revealed by 
MAP2 immunostaining (green). Polymerized actin, stained with fluorescently conjugated phalloidin (blue), highlights 
astroglia, as well as growth cones at the tips of dendrites.
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grown while adhering to an astroglial island, it seems very likely that the signal(s) originated 
from the astroglial cell on which it resided. The interesting case comes when physical contact 
is limited, when a neuron straddles an astroglial cell, such that part of the growing arbor 
touches and part does not (Figure 3). When in partial contact, the dendritic arbor forms asym-
metrically, with the most extensive arborization not in direct contact. One interpretation of 
this biased growth is that it is the product of an interplay between the action of soluble factors 
produced by astroglia and a separate inhibition of growth when dendrites are in direct contact 
with the surface of astroglial cells.

4. If astrocytes sculpt dendrites in vitro, might they also influence 
dendrite arbor shape in vivo?

In vivo, the onset of astrogliogenesis occurs before robust dendritic outgrowth begins and 
immediately precedes peak synaptogenesis in the hippocampus [46–51]. For humans and 
nonhuman primates, the dendritic arbors of forebrain neurons take years to reach their 
full extent [52]. Dendritic development in rats is similarly protracted, with the elabora-
tion of branches and the addition of synaptic contacts upon them occurring over weeks 
[53, 54]. This timing makes astroglia good candidates for secreting signals and providing 
physical cues to guide dendrite growth. Clues to the role astroglia might play in vivo 
could come from analyzing their spatial relationships with dendrites in mature tissue 
(see Figures 4 and 5) and the temporal sequence by which these relationships arise dur-
ing development.

The effects of physical contact between a dendritic branch and astroglia in vitro provide an 
example of how functional domains within the dendritic field might be organized, at least in 
part, based on cross-talk between a specific dendritic branch and a neighboring glial cell. In 
support of this hypothesis, within intact neuropil, individual astroglia are arranged in non-
overlapping territories that occupy a fraction of the dendritic arbor of an individual princi-
pal neuron [56]. Stains that identify dendrites and astroglia in tissue show their interwoven 
relationship (see Figure 4A, C, and D). Further, the spatial domain of a single astrocyte con-
tacts synapses of multiple neurons [57], with fine processes extending dynamically to make 
physical contact at individual synapses [58]. There is an extensive literature documenting 
astroglial-synapse interactions that is well beyond the scope of this chapter, see [59]. These 
data fit well with the growing recognition that astroglia may contribute to the construction 
and function of cortical circuits and maps, physically defining and coordinating synaptic ter-
ritories [60–62]. Further, dendrite-astroglia interactions during development could help to 
scale the growth of a synaptic network to match the available nutritional network [63], similar 
to the mechanisms involved in building the retina [64]. Control over dendrite arbor shape 
could be an important part of these mechanisms.

The arbors of pyramidal neurons in hippocampal subfield CA1 offer a useful model because 
this population of cells has elaborate arbors, yet the arrangement of arbor branches repeats 
with striking regularity (see Figure 4B). The story of how this pattern of arborization arises 
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growing under glial deprivation would form presynaptic contacts. They did. A second pre-
diction could also be made: if TSP mediated the astroglial restriction of dendrite outgrowth 
as well, then those same neurons would be expected to have arbors that would be reduced in 
size compared with glial-deprived neurons not exposed to TSP. Instead, glial-deprived neu-
rons + TSP still had dendritic arbors that were significantly larger than those growing in the 
presence of astroglia, and after 48 h of exposure, they were even greater than those growing 
under glial deprivation without TSP. A simple interpretation of these data is that the astro-
glia effects on dendritic growth are separate from the effects produced by TSP. The selective 
effects of TSP seem to suggest a mechanistic dissociation between the inhibition of dendritic 
growth and the formation of synapses.

3.2. Effects mediated by local contact between astroglia and neurons

Co-plating neurons and astroglia on the same coverslip offers opportunities for local interac-
tion between the two cell types that could involve signals both soluble and contact-dependent. 
In our work, we have observed that neurons in full contact with astroglia had dendritic arbors 
with reduced size compared with neurons that did not contact astroglia at all. These effects 
could be mediated by the same mechanism as described earlier, but given that the neuron has 

Figure 3. Asymmetry of dendritic arbors in partial contact with astroglia (A and B). The dendritic arbors are revealed by 
MAP2 immunostaining (green). Polymerized actin, stained with fluorescently conjugated phalloidin (blue), highlights 
astroglia, as well as growth cones at the tips of dendrites.
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grown while adhering to an astroglial island, it seems very likely that the signal(s) originated 
from the astroglial cell on which it resided. The interesting case comes when physical contact 
is limited, when a neuron straddles an astroglial cell, such that part of the growing arbor 
touches and part does not (Figure 3). When in partial contact, the dendritic arbor forms asym-
metrically, with the most extensive arborization not in direct contact. One interpretation of 
this biased growth is that it is the product of an interplay between the action of soluble factors 
produced by astroglia and a separate inhibition of growth when dendrites are in direct contact 
with the surface of astroglial cells.

4. If astrocytes sculpt dendrites in vitro, might they also influence 
dendrite arbor shape in vivo?

In vivo, the onset of astrogliogenesis occurs before robust dendritic outgrowth begins and 
immediately precedes peak synaptogenesis in the hippocampus [46–51]. For humans and 
nonhuman primates, the dendritic arbors of forebrain neurons take years to reach their 
full extent [52]. Dendritic development in rats is similarly protracted, with the elabora-
tion of branches and the addition of synaptic contacts upon them occurring over weeks 
[53, 54]. This timing makes astroglia good candidates for secreting signals and providing 
physical cues to guide dendrite growth. Clues to the role astroglia might play in vivo 
could come from analyzing their spatial relationships with dendrites in mature tissue 
(see Figures 4 and 5) and the temporal sequence by which these relationships arise dur-
ing development.

The effects of physical contact between a dendritic branch and astroglia in vitro provide an 
example of how functional domains within the dendritic field might be organized, at least in 
part, based on cross-talk between a specific dendritic branch and a neighboring glial cell. In 
support of this hypothesis, within intact neuropil, individual astroglia are arranged in non-
overlapping territories that occupy a fraction of the dendritic arbor of an individual princi-
pal neuron [56]. Stains that identify dendrites and astroglia in tissue show their interwoven 
relationship (see Figure 4A, C, and D). Further, the spatial domain of a single astrocyte con-
tacts synapses of multiple neurons [57], with fine processes extending dynamically to make 
physical contact at individual synapses [58]. There is an extensive literature documenting 
astroglial-synapse interactions that is well beyond the scope of this chapter, see [59]. These 
data fit well with the growing recognition that astroglia may contribute to the construction 
and function of cortical circuits and maps, physically defining and coordinating synaptic ter-
ritories [60–62]. Further, dendrite-astroglia interactions during development could help to 
scale the growth of a synaptic network to match the available nutritional network [63], similar 
to the mechanisms involved in building the retina [64]. Control over dendrite arbor shape 
could be an important part of these mechanisms.

The arbors of pyramidal neurons in hippocampal subfield CA1 offer a useful model because 
this population of cells has elaborate arbors, yet the arrangement of arbor branches repeats 
with striking regularity (see Figure 4B). The story of how this pattern of arborization arises 
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in development is summarized nicely by Pokorny and Yamamoto [35]. In that report, den-
drite branching and elongation, as measured in Golgi-impregnated pyramidal cells, was not  
synchronous but rather followed a distinct sequence. For example, the apical dendrite 

Figure 4. Cytoarchitecture of the CA1 field of the hippocampal formation from rat brain illustrates laminar variation in 
dendritic branching and astrocyte morphology. (A) Immunostaining for the dendritic marker MAP2. (B) The dendritic arbor 
of a typical CA1 (modified from [55]). (C) Immunostaining for the astrocytic marker GFAP from the same region as (A). (D) 
The colorized overlay, with dendrites in red, astroglia in green, and nuclei in blue. The white box surrounds the field shown 
in panels and (C). The field within which dendrites develop is tessellated with astroglia: the size of individual astrocytic 
territories is appropriate to exert local influences on a sub-laminar scale, and the astrocytes themselves appear to show 
cytoarchitectural variations across laminae.
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extended nearly to its mature length by postnatal day (P)10, but the lateral branches along 
the apical shaft had only extended a minor fraction of their mature length. There was also 
a temporal  separation when these lateral branches formed. The number of lateral branches 
that arose from the apical shaft within the proximal stratum radiatum peaked at P15, 
whereas more distally, the number continued to be added out to P48. These zones within 
stratum radiatum correspond to afferent inputs from associative and commissural fibers 
(proximal stratum radiatum) and Schaffer collaterals (distal stratum radiatum). Branching 
within stratum lacunosum-moleculare, originating from the most distal portions of the 
apical dendrite, did not peak until after P48 and appeared to be more pronounced in 
the preterminal branches. The availability of afferents, which enter during embryonic 
development (for a review, see [65]), could be an important source of cues for dendritic 
development.

During the time frame when CA1 pyramidal cells are growing dendrites, astroglial cells in 
this region go through a number of transitions in number, and structure, that could be mean-
ingful for establishing arbor pattern. Though relatively sparse before P10, astrocytes are pres-
ent at the time when the apical dendrite is forming, and during the first 2 weeks of postnatal 
development, astroglia extend long filopodia-like processes [66]. An intriguing possibility is 
that during early stages of dendritic branch formation, the long filopodial extensions on glia 
serve a function related to branch formation or guidance, analogous to the guidance pro-
cesses extended by radial glial cells. By the time astroglia begin to extend elaborate spongi-
form processes more characteristic of mature astroglia, the architecture of the arbor has been 
established, although branch growth continues beyond P30, when astrocytes have established 
nonoverlapping territories characteristic of mature neuropil [66].

Striking changes in the shape or spatial orientation of astroglia also accompany the most active 
periods of dendritic branch formation and growth. Astroglia are initially spherical but take 
on a polarized shape with development [66, 67]. In the stratum radiatum, this shape change 

Figure 5. Illustration of how differential contact between astroglia and neurons can contribute to patterns of dendritic 
arborization. (A) Dendritic arbors of neurons grown in vitro are inhibited by contact with astroglia. (B) Dendritic arbors 
of CA1 hippocampal neurons show varied branching across laminae, coincident with changes in the distribution, and 
size, of astroglia. Astroglia, red; dendrites, blue; axons, green.
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is oriented perpendicularly to the cell body layer, stratum pyramidale. In the stratum lacuno-
sum-moleculare, the astroglia are elongated parallel to the cell body layer [67]. Coincidentally, 
this is the zone of the apical dendritic arbor that shows the most prominent lateral spread.

In vitro, local encounters between growing dendrites and astroglial cells can exert significant 
biases in the spatial patterning of the arbor. We have observed long filopodial-like processes 
extending from astroglia that resemble those reported in developing tissue in vivo (see the 
earlier section). These extensions could provide a mechanism for spatial capture of dendrites 
[43]. Time-lapse recordings of living cells have shown that, although slow growing, dendritic 
branches are dynamic structures that extend and retract growth cones and various forms 
of filopodia [68–70] (Withers and Wallace, unpublished observations). Cycles of extension 
and retraction create the opportunity for multiple physical or molecular interactions between 
these two cell types, analogous to neuron-astroglia interactions that occur during neuron 
migration [71, 72]. Collectively, such interactions could determine the trajectory of dendritic 
branch growth in three-dimensional space.

Comparison of dendritic arbors of neurons and arrangement of astrocytic processes in neu-
ropil suggests that the structures of these two cell types co-vary in a nonrandom manner (see 
Figure 4). Such a view, however, only begins to represent more nuanced phenotypic hetero-
geneity of astroglia based on patterns of gene expression that are of emerging importance in 
current research, for review, see [73]. Likewise, these kinds of analyses only begin to disclose 
the developmental shifts in phenotype of astrocytes across lamina that may accompany  
distinct stages of dendritic branch formation. Such shifts appear to occur. As early as P8, 
GFAP-positive astroglia are densely arranged in the stratum lacunosum-moleculare, while 
remaining comparatively sparse in the stratum radiatum [67]. Additionally, two different 
transporters for glutamate show a different time course of expression and distinctive local-
ization in different populations of astroglia in the developing hippocampus [48]. While such 
complexities are far from resolved, there is enough data available, we argue, to make the 
case that (1) patterning of dendritic branches is subject to the influence of astroglia and that 
(2) this relatively neglected developmental effect is distinct from the actively studied influ-
ences on synapse formation. The purpose of this chapter was to build on the hypothesis 
proposed by Procko and Shaham [8] by adding supporting evidence based on direct analy-
sis of dendritic arbor formation in principle neurons of the central nervous system. Both 
the documented impact of astrocytes on dendritic arbor formation in vitro, and the fact that 
astrocytes are present but distributed differentially, during the extended period of dendritic 
outgrowth in vivo, support the argument that astrocytes could be a key part of the network 
of extrinsic influences that locally refines dendritic arbor geometry during development.
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Abstract

The neurocentric theory dismissed for decades the role of glia in information handling 
within the central nervous system (CNS). Nevertheless, almost 3 decades ago, this started 
to change and today astrocytes are considered relevant players for this function. Astrocytes 
“listen” to neuronal communication, regulate it, and respond at the cellular and synctitial 
level. Ionotropic glutamate NMDA receptor (NMDAR) is critical in CNS. It mediates synaptic 
neuronal communication and it is involved in different mechanisms. However, NMDAR is 
also expressed by astrocytes, but its functional role in these cells has not been deeply investi-
gated and has been a matter of debate in the last decades. In this chapter, we briefly outline 
NMDAR intracellular transduction pathways initiated by Ca2+ flux. Then, we review chrono-
logically NMDAR expression and function in astrocytes that have been a source of controver-
sies and apparent contradictions. Finally, some insights are presented regarding NMDAR in 
astrocytes in the context of the tripartite synapse concept and the recently described Ca2+ flux–
independent metabotropic-like NMDAR function in astrocytes. Given the complex molecu-
lar nature of NMDAR, its critical role, and the relevance of astrocytes, the study of astrocytic 
NMDAR promises to provide further understanding of CNS physiology and pathology.

Keywords: NMDAR, astrocyte, glutamate, flux-independent, signal transduction, 
tripartite synapse

1. Introduction

The glutamate (Glu) N-methyl D-aspartate receptor (NMDAR) plays a fundamental role in 
the central nervous system (CNS) mediating synaptic neuronal communication based on its 
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ionotropic function. This Glu receptor is sensitive to different coagonist such as glycine (Gly) 
or D-serine (D-Ser), ions (Mg2+, Zn2+, H+), or other molecules such as polyamines. It is involved 
in different functions that include memory, synaptic plasticity, and long-term potentiation 
and depression (LTP and LTD) among others [1, 2]. This central role in CNS is given mainly 
by its location in the postsynaptic membrane, where it mediates neuronal communication 
enabling extracellular (EC) Ca2+ and Na+ entry into the postsynaptic neuron. Functionally, at 
resting membrane potential, neuronal NMDAR is inactive because its pore is blocked by an 
Mg2+ ion. This scenario is modified when the presynaptic neuron depolarizes and releases 
vesicular Glu into the synaptic cleft. This in turn activates AMPA and Kainate ionotropic 
receptors that depolarize the postsynaptic membrane, thus allowing Mg2+ removal from the 
NMDAR pore and therefore its opening with the consequent cationic flux in response to Glu 
and coagonist binding. For this reason, neuronal NMDAR is considered a coincidence detec-
tor that requires both membrane depolarization and ligand binding [1, 2].

NMDAR is a tetramer of homodimers or a heterotrimer conformed by two obligate subunits 
GluN1 coupled to GluN2 and/or GluN3 subunits. There is only one gene (Grin1) for GluN1 
subunit that is present in all NMDAR described so far, since it plays a central role in NMDAR 
assembly in the endoplasmic reticulum (ER). There, GluN1 regulates NMDAR exit from this 
organelle due to ER retention signals that are masked after its assembly. In addition, there 
are four GluN2(A-D) genes (Grin2a-d) and two genes for GluN3 (A and B; Grin3a-b). It is well 
known that the mRNA of some of these genes undergoes posttranscriptional modification by 
alternative splicing, generating molecular variants that confer specific functional properties 
to NMDAR. This diversity of subunits also allows the assembly of different NMDAR accord-
ing to subunits expressed by the cell, resulting in receptors with different features in terms 
of modulation, traffic, location, and biophysical properties, given in part by their interaction 
with different molecular partners. In addition, there are some posttranslational modifications 
of these subunits that also generate functional variants of NMDAR, such as phosphorylation, 
myristoylation, and proteolytic cleavage, among others [1, 2]. In the CNS, the expression of 
NMDAR subunits is regionalized, and notably, NMDAR is expressed by nonneuronal cells 
but also is widely expressed in cells from different mammal tissues including skin, testis, and 
pancreas, among many others [1–3].

All NMDAR subunits share a common structure with an EC region of ≈500 amino acids (aa); 
three transmembrane domains and two loops, the first one intracellular (IC) and the second 
EC; and an IC C-terminal domain that ranges from ≈200 aa in GluN1 and GluN3 subunits to 
≈500 aa in GluN2 subunits (Figure 1). The EC region is comprised of two functional domains: 
the N-terminal domain (NTD) involved in subunit-subunit molecular interactions and the 
ligand binding domain (LBD) that in close interaction with the EC loop shapes the ligand 
binding site, Glu for GluN2 subunits and Gly or D-Ser for GluN1 and GluN3 subunits. The 
IC C-terminal domain mediates NMDAR molecular interactions that regulate its functional 
properties, for instance in the synapse with the postsynaptic density proteins that mediate the 
assembly of molecular clusters [1, 2].

NMDAR is a cationic channel with partial selectivity for Ca2+ conduction, explained at least in 
part by the DRPEER motif that binds this ion and is present near the second transmembrane 
domain of GluN1 that directly contacts the pore wall [2]. The entry of Ca2+ through NMDAR 
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activates different IC signaling pathways that seem to depend upon its synaptic or extrasyn-
aptic location (Figure 2 and see below). It is well known that these pathways are involved in 
neuronal survival, growth, and differentiation, among other functions. On the other hand, 
it is also known that the excessive and persistent activation of NMDAR may result in the 
mechanism known as excitotoxicity, elicited by the excess of Ca2+ entry and the activation of 
IC pathways that lead to neuronal death (see below) [4, 5]. These Ca2+-dependent IC path-
ways activated by NMDAR have also been referred to as Ca2+ flux–dependent metabotropic 
signaling [6].

Despite its wide expression and distribution in cells and tissues of mammals [3], NMDAR has 
been studied mainly in the neuronal context as a cationic channel [1, 2]. Nevertheless, now 
we know that NMDAR is expressed not only by other cells of the CNS such as astrocytes or 
oligodendroglia but also in non-CNS cells such as endothelium, platelets, and lymphocytes, 
among others [3, 7–9]. Moreover, there are some reports that have demonstrated NMDAR 
Ca2+ flux–independent functions and signaling [10–15], but only few of them have explored 
the molecular mechanisms that underpin this function.

Within the CNS, the role of astrocytes has transformed in almost a century from being con-
sidered supporting and metabolic cells to that of starring players in synaptic transmission 
among other functions. Indeed, since 1999, the concept of the tripartite synapse was coined by 
Araque et al. [16]. According to this idea, astrocytes play a relevant role beyond that of sup-
porting cells, given their neurotransmitter receptor expression, neurotransmitter secretion, 
and IC Ca2+ waves elicited by neurotransmitters together with the early observed position of 
astrocytes that contact synapses and blood vessels. In this context, nowadays, a large amount 
of information supports the role of these cells in different CNS functions including synaptic 
transmission, synapse formation, development, LTP, and complex functions such as memory, 
sleep, and respiration, among many others [17] .

Figure 1. NMDAR subunit and channel structure (see text for details).
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vesicular Glu into the synaptic cleft. This in turn activates AMPA and Kainate ionotropic 
receptors that depolarize the postsynaptic membrane, thus allowing Mg2+ removal from the 
NMDAR pore and therefore its opening with the consequent cationic flux in response to Glu 
and coagonist binding. For this reason, neuronal NMDAR is considered a coincidence detec-
tor that requires both membrane depolarization and ligand binding [1, 2].

NMDAR is a tetramer of homodimers or a heterotrimer conformed by two obligate subunits 
GluN1 coupled to GluN2 and/or GluN3 subunits. There is only one gene (Grin1) for GluN1 
subunit that is present in all NMDAR described so far, since it plays a central role in NMDAR 
assembly in the endoplasmic reticulum (ER). There, GluN1 regulates NMDAR exit from this 
organelle due to ER retention signals that are masked after its assembly. In addition, there 
are four GluN2(A-D) genes (Grin2a-d) and two genes for GluN3 (A and B; Grin3a-b). It is well 
known that the mRNA of some of these genes undergoes posttranscriptional modification by 
alternative splicing, generating molecular variants that confer specific functional properties 
to NMDAR. This diversity of subunits also allows the assembly of different NMDAR accord-
ing to subunits expressed by the cell, resulting in receptors with different features in terms 
of modulation, traffic, location, and biophysical properties, given in part by their interaction 
with different molecular partners. In addition, there are some posttranslational modifications 
of these subunits that also generate functional variants of NMDAR, such as phosphorylation, 
myristoylation, and proteolytic cleavage, among others [1, 2]. In the CNS, the expression of 
NMDAR subunits is regionalized, and notably, NMDAR is expressed by nonneuronal cells 
but also is widely expressed in cells from different mammal tissues including skin, testis, and 
pancreas, among many others [1–3].

All NMDAR subunits share a common structure with an EC region of ≈500 amino acids (aa); 
three transmembrane domains and two loops, the first one intracellular (IC) and the second 
EC; and an IC C-terminal domain that ranges from ≈200 aa in GluN1 and GluN3 subunits to 
≈500 aa in GluN2 subunits (Figure 1). The EC region is comprised of two functional domains: 
the N-terminal domain (NTD) involved in subunit-subunit molecular interactions and the 
ligand binding domain (LBD) that in close interaction with the EC loop shapes the ligand 
binding site, Glu for GluN2 subunits and Gly or D-Ser for GluN1 and GluN3 subunits. The 
IC C-terminal domain mediates NMDAR molecular interactions that regulate its functional 
properties, for instance in the synapse with the postsynaptic density proteins that mediate the 
assembly of molecular clusters [1, 2].

NMDAR is a cationic channel with partial selectivity for Ca2+ conduction, explained at least in 
part by the DRPEER motif that binds this ion and is present near the second transmembrane 
domain of GluN1 that directly contacts the pore wall [2]. The entry of Ca2+ through NMDAR 
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activates different IC signaling pathways that seem to depend upon its synaptic or extrasyn-
aptic location (Figure 2 and see below). It is well known that these pathways are involved in 
neuronal survival, growth, and differentiation, among other functions. On the other hand, 
it is also known that the excessive and persistent activation of NMDAR may result in the 
mechanism known as excitotoxicity, elicited by the excess of Ca2+ entry and the activation of 
IC pathways that lead to neuronal death (see below) [4, 5]. These Ca2+-dependent IC path-
ways activated by NMDAR have also been referred to as Ca2+ flux–dependent metabotropic 
signaling [6].

Despite its wide expression and distribution in cells and tissues of mammals [3], NMDAR has 
been studied mainly in the neuronal context as a cationic channel [1, 2]. Nevertheless, now 
we know that NMDAR is expressed not only by other cells of the CNS such as astrocytes or 
oligodendroglia but also in non-CNS cells such as endothelium, platelets, and lymphocytes, 
among others [3, 7–9]. Moreover, there are some reports that have demonstrated NMDAR 
Ca2+ flux–independent functions and signaling [10–15], but only few of them have explored 
the molecular mechanisms that underpin this function.

Within the CNS, the role of astrocytes has transformed in almost a century from being con-
sidered supporting and metabolic cells to that of starring players in synaptic transmission 
among other functions. Indeed, since 1999, the concept of the tripartite synapse was coined by 
Araque et al. [16]. According to this idea, astrocytes play a relevant role beyond that of sup-
porting cells, given their neurotransmitter receptor expression, neurotransmitter secretion, 
and IC Ca2+ waves elicited by neurotransmitters together with the early observed position of 
astrocytes that contact synapses and blood vessels. In this context, nowadays, a large amount 
of information supports the role of these cells in different CNS functions including synaptic 
transmission, synapse formation, development, LTP, and complex functions such as memory, 
sleep, and respiration, among many others [17] .

Figure 1. NMDAR subunit and channel structure (see text for details).
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Figure 2. Ca2+ flux–dependent metabotropic signaling pathways in NMDAR. (A) Prosurvival, antiapoptotic pathways. 
(B) Prodeath, proapoptotic pathways (see text for details).
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The aim of the present chapter is to review the expression and function of NMDAR in astro-
cytes, cells in which this topic has been a matter of debate and apparent contradictions. These 
have emerged mainly because astrocytes do not elicit action potentials as neurons do and thus 
NMDAR activation paradigm cannot be achieved, but also because NMDAR in astrocytes 
presents singularities not observed in neuronal NMDAR. Nevertheless, now there is a good 
amount of experimental evidence that has demonstrated NMDAR function in these cells.

In the first section of this chapter, we outline the Ca2+ flux–dependent metabotropic IC trans-
duction pathways started by NMDAR activation, studied in the context of synaptic function, 
to substantiate the diversity of IC signals activated by this receptor. We then account chrono-
logically the findings regarding the expression and function of NMDAR in astroglia that have 
been matter of some controversies and apparent contradictions. Finally, some insights are 
presented regarding NMDAR expression by astrocytes, with special attention to the tripartite 
synapse concept, and the Ca2+ flux–independent metabotropic-like NMDAR function recently 
reported. Given the complex molecular nature of NMDAR, its critical role in the CNS, both 
studied mainly in the neuronal context, and the relevance of astrocytes in the CNS evidenced 
in the last decades, the reexamination of NMDAR functions in astroglia may provide the basis 
to further gain insight into brain physiology and pathology.

2. NMDAR Ca2+ flux–dependent IC signaling

Until today, the canonical function of NMDAR is that of a cationic channel with partial selec-
tivity for Ca2+. This ion has been described in multiple signaling pathways ranging from 
bacteria to mammals and probably possesses the greatest universality and versatility as a sec-
ond messenger [18]. Several IC signaling pathways are activated depending upon Ca2+ entry 
through NMDAR, and some mediate signaling to cell nucleus where gene expression is regu-
lated (Figure 2) [5, 18, 19]. These Ca2+ dependent IC pathways triggered after NMDAR activa-
tion have been also referred as NMDAR metabotropic signaling [6]. The diversity of these IC 
pathways is influenced by NMDAR location and organism age among other variables [1, 20, 
21]. Importantly, Ca2+-dependent IC signaling mediates NMDAR function in LTP, memory, 
learning, neuronal plasticity, and survival, among other mechanisms but also mediates Glu 
excitotoxicity that leads to neuronal death [5].

Notably, there is a signaling dichotomy of NMDAR that has long been acknowledged [22]. A 
good amount of evidences supports divergent signaling between synaptic (prosurvival, anti-
apoptotic) and extrasynaptic (prodeath, proapoptotic) NMDAR [5], and even their genomic 
programs have been analyzed [23]. Interestingly, synaptic NMDAR is mainly assembled by 
GluN1/GluN2A subunits, whereas extrasynaptic NMDAR is mainly assembled by GluN1/
GluN2B subunits [5, 24]. However, this dichotomy has presented inconsistencies in some 
tested models [25]. In the following subsections, we outline the IC signaling evoked by 
NMDAR that for convenience is separated into prosurvival, antiapoptotic signaling and pro-
death, proapoptotic signaling. Since the review of these pathways is not the aim of this work, 
we invite the reader to please refer to the cited reviews and references therein for further 
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Figure 2. Ca2+ flux–dependent metabotropic signaling pathways in NMDAR. (A) Prosurvival, antiapoptotic pathways. 
(B) Prodeath, proapoptotic pathways (see text for details).
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tivity for Ca2+. This ion has been described in multiple signaling pathways ranging from 
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ond messenger [18]. Several IC signaling pathways are activated depending upon Ca2+ entry 
through NMDAR, and some mediate signaling to cell nucleus where gene expression is regu-
lated (Figure 2) [5, 18, 19]. These Ca2+ dependent IC pathways triggered after NMDAR activa-
tion have been also referred as NMDAR metabotropic signaling [6]. The diversity of these IC 
pathways is influenced by NMDAR location and organism age among other variables [1, 20, 
21]. Importantly, Ca2+-dependent IC signaling mediates NMDAR function in LTP, memory, 
learning, neuronal plasticity, and survival, among other mechanisms but also mediates Glu 
excitotoxicity that leads to neuronal death [5].

Notably, there is a signaling dichotomy of NMDAR that has long been acknowledged [22]. A 
good amount of evidences supports divergent signaling between synaptic (prosurvival, anti-
apoptotic) and extrasynaptic (prodeath, proapoptotic) NMDAR [5], and even their genomic 
programs have been analyzed [23]. Interestingly, synaptic NMDAR is mainly assembled by 
GluN1/GluN2A subunits, whereas extrasynaptic NMDAR is mainly assembled by GluN1/
GluN2B subunits [5, 24]. However, this dichotomy has presented inconsistencies in some 
tested models [25]. In the following subsections, we outline the IC signaling evoked by 
NMDAR that for convenience is separated into prosurvival, antiapoptotic signaling and pro-
death, proapoptotic signaling. Since the review of these pathways is not the aim of this work, 
we invite the reader to please refer to the cited reviews and references therein for further 
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 information. Although some of these pathways have also been investigated in astrocytes, it 
must be considered that their involvement must be contextual since NMDAR in astrocytes 
contains different assembled subunits and these cells perform distinct functions.

On the other hand, as mentioned above, some reports have found that NMDAR also activates 
IC pathways independently of Ca2+ flux in neurons and astrocytes, also termed Ca2+ flux–inde-
pendent metabotropic-like signaling, although its molecular mechanisms have been poorly 
studied. This kind of signaling is described in the section of NMDAR in astrocytes since recent 
work has demonstrated its occurrence in these cells, and then it is analyzed in the following 
section.

2.1. Prosurvival, antiapoptotic signaling

2.1.1. Calmodulin (CALM) pathway

One of the central pathways, if not the central one, associated with NMDAR Ca2+ flux is that of 
calmodulin (CALM). This small protein (148 aa) is a Ca2+ sensor that in turn activates the func-
tion of different enzymes, ion channels, aquaporins, and other proteins [26]. Consequently, 
CALM activation is a critical, necessary step for the activation of several downstream path-
ways associated with NMDAR. Malenka et al. demonstrated that CALM and CaMKII activa-
tion is necessary to induce LTP in rodent hippocampal slices. In their experiments, IC injection 
into CA1 pyramidal cells of calmidazolium (CALM antagonist) or a CALM-binding peptide 
blocked LTP [27]. Later, it was found that c-fos NMDAR-dependent activation required 
CALM activity in cultured rat hippocampal neurons, thus suggesting that CALM mediates 
signaling to cell nucleus [28]. In addition, CALM itself was found to modulate NMDAR func-
tion through its interaction with GluN1 subunit [29]. For a review of CALM functions in 
NMDAR signaling, please refer to the work by Xia and Storm [26].

2.1.2. Ca2+/calmodulin-dependent protein kinase (CaMK) pathway

Consistent with the central role of CALM in NMDAR signaling, one of the most studied 
pathways is that of Ca2+/calmodulin-dependent protein kinase (CaMK), of which two iso-
forms are active in NMDAR signaling. The role of these serine/threonine kinases was dem-
onstrated by Bading et al. [28], who found in cultured rat hippocampal neurons that NMDAR 
triggered activation of CaMK (CaMKII, because of the inhibitors tested), since the addition 
of DL-2-Amino-5—phosphopentanoic acid (APV or AP-5), a competitive NMDAR antagonist, 
decreased CaMK activity. Furthermore, also in cultured rat hippocampal neurons, Ca2+/CALM 
induced binding of CaMKII to the cytoplasmic domain of GluN2B, resulting in the translo-
cation of the kinase to the synapse, allowing the persistent CaMKII activity and facilitated 
response to extracellular Ca2+, mechanisms that regulate and potentiate synaptic strength [30]. 
CaMKII is involved in multiple neuronal functions such as LTP [31], dendritic spine density 
[32], and neuronal survival [20, 33], among others. These functions are achieved through activa-
tion of several downstream signaling pathways such as Ras/mitogen-activated protein kinase 
(MAPK) pathway and neuronal nitric oxide synthase (nNOS), among others (see below). For a 
review on the role of CaMKII in the synapse, please refer to the recent reviews [31, 34].

Astrocyte - Physiology and Pathology56

On the other hand, CaMKIV has also been involved in NMDAR-mediated functions. One of the 
earliest reports on NMDAR-dependent CaMKIV activation was that by Impey et al. [35]. Their 
results in cultured rat primary hippocampal neurons suggested that activation of CaMKIV 
is dependent upon NMDA, since APV treatment blocked its downstream signaling. In addi-
tion, NMDAR-mediated transcription was attenuated by treatment with CaMKIV inhibitors or 
in CaMKIV dominant-negative models [35]. CaMKIV has been extensively studied in down-
stream pathways, such as that of cAMP response element-binding protein (CREB; see below).

2.1.3. Ras/mitogen-activated protein kinase (MAPK) pathway

One of the most important and studied IC pathways activated by CaMKII is the Ras/MAPK 
pathway. Ras GTPase is a key molecule since when it is bound to GTP it activates different 
effectors. Raf-1 kinase is one of the effectors that in turn phosphorylates MEK1/2 (mitogen-
activated protein kinase kinase) that phosphorylates and activates extracellular-regulated 
kinase (ERK1/2 or mitogen-activated protein kinase (MAPK)). ERK1/2 activation results in 
the regulation of different genes in the cell nucleus [36].

Bading and Greenberg [37] demonstrated that Glu treatment of cultured rat hippocampal cells 
resulted in the rapid and transient tyrosine phosphorylation of a 39-kilodalton protein sug-
gested to be microtubule-associated protein kinase-2 (or ERK 2). NMDAR was responsible 
since APV blocked this effect that required Ca2+ influx. Later, Yun et al. [38] demonstrated that 
nitric oxide (NO), synthesized by nNOS, is a key player in NMDAR-mediated Ras activation. 
nNOS is a well-known target of CALM and it is activated after NMDAR mediated Ca2+ flux 
[39]. Moreover, NMDAR stimulation failed to activate Ras in nNOS−/− cultured cortical neurons, 
and ERK activation through NO and Ras is Ca2+ flux–dependent through NMDAR [38]. Later, 
it was found that Ca2+/CALM-dependent Ras guanine nucleotide release factor (RasGRF1) 
directly interacts with GluN2B subunit, and this interaction mediates MAPK pathway activa-
tion [40]. For further details on this pathway, please refer to previous reviews [18, 41].

However, not always NMDAR activity leads to ERK activation. It has been shown that under 
certain circumstances ERK can be inhibited by NMDAR generating apoptotic signals (see 
below).

2.1.4. Phosphoinositide 3-kinase (PI3K) pathway

Phosphoinositide 3-kinase (PI3K) is a target of CALM [42]. Chandler et al. [43] demonstrated 
that PI3K-mediated NMDAR induced activation of ERK in cultured cortical neurons, since 
wortmannin (PI3K inhibitor) decreased phospho-ERK2 levels. This observation, together 
with PI3K catalytic subunit binding to phosphorylated GluN2 previously reported, let the 
authors suggest that NMDAR activation could directly mediate PI3K activation. This was 
later confirmed when it was found that exposure to NMDA significantly enhanced phos-
pho-Akt levels in cultured rat cortical neurons [44]. This increase was blocked by MK-801, 
a pore blocker of NMDAR, or APV, but also by wortmannin and KN-93 (CaMKII inhibi-
tor), indicating that PI3K and CaMKII play a role in NMDA activation of Akt/ERK signaling. 
The Akt pathway modulates actin dynamics and promotes the synthesis of proteins through 
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the kinase  mammalian target of rapamycin (mTOR) that in turn phosphorylates the factor 
4E-binding protein (4E-BP) that controls mRNA translation [45].

2.1.5. cAMP response element-binding protein (CREB) pathway

One of the most studied pathways associated to NMDAR/CaMKIV is that of cAMP response 
element-binding protein (CREB), which plays a critical role in synaptic NMDAR-mediated 
neuroprotection. Impey et al. [35] showed that NMDAR activates transcription of CREB-
responsive genes in cultured rat hippocampal neurons. CaMKIV was responsible for phos-
phorylating CREB-binding protein (CBP), a CREB coactivator. Moreover, mutation of CBP 
Ser301 impaired NMDAR and CaMKIV-stimulated transcription, whereas dominant- negative 
CaMKIV inhibited NMDAR-mediated activation of CREB-CBP. These authors showed that 
CaMKIV mediated a transient early phase of NMDAR-dependent CREB phosphorylation, 
while MAPK mediates a later persistent phase, suggesting the convergence between MAPK 
and CaMKIV pathways. In addition, the transducer of regulated CREB activity 1 (TORC1) 
modulates NMDAR-dependent CREB activation. Although the role of TORC1 in LTP had 
been previously demonstrated [46], Sasaki et al. [47] found NMDAR-dependent TORC1 tran-
scription activation mediated by CaMKIV and salt-inducible kinase 2 (SIK2) degradation after 
oxygen-glucose deprivation (OGD).

Multiple genes related to cell survival are upregulated by NMDAR-dependent CREB activa-
tion. Nonetheless, it has been found that NMDAR activity-dependent shut off of genes is 
also an important process for neuronal survival. Zhang et al. [48] found in cultured mouse 
hippocampal neurons that NMDAR-mediated CREB regulation of Aft3 required nuclear Ca2+ 
transients and CaMKIV activity. Aft3 acts as a transcriptional repressor and protects neu-
rons from apoptosis and extrasynaptic NMDAR-induced cell death triggered by NMDA or 
OGD. For a review, please refer to the work by Hardingham [5].

2.1.6. T-cell lymphoma invasion and metastasis 1 (Tiam1)

Tolias et al. [49] identified Rac-1 guanine nucleotide exchange factor (GEF) Tiam1 as a mol-
ecule involved in NMDAR downstream signaling. Tiam1 interacts and colocalizes with 
NMDAR that after activation allows Tiam1 phosphorylation, depending upon Ca2+ flux. It is 
suggested that such phosphorylation is mediated by CaMKII since it phosphorylates Tiam1 
and increases Rac1 GTP exchange [50]. Using Tiam1 RNAi-infected neurons, this GEF was 
found to be necessary for NMDAR-dependent activation of Akt and phosphorylation of 
4E-BP that mediates NMDAR-dependent mRNA translation [49].

2.1.7. Cofilin/calcineurin pathway

Calcineurin is a Ca2+/CALM-dependent serine/threonine protein phosphatase that in neu-
rons was found to downregulate NMDAR itself after its activation by Ca2+ entry through 
NMDAR [51]. In this work with acutely isolated adult rat neurons, the duration of NMDA 
channel openings is prolonged when calcineurin is inhibited by okadaic acid (phosphatase 
inhibitor) or its specific inhibitor FK506. On the other hand, it was found that NMDAR activa-
tion enhanced F-actin content in dendritic spines, associated to LTP, and such increase was 
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 mediated by cofilin deactivation that stimulates actin filament turnover and therefore growth 
and development of dendritic spines [52].

2.1.8. Serum response factor (SRF) and ETS domain containing protein (Elk-1)

The transcription factors serum response factor (SRF) and ETS domain containing protein 
(Elk-1) were found to mediate NMDAR Ca2+-dependent transcriptional response in cultured 
rat hippocampal neurons [53]. In this work, it was determined that c-fos gene transcription 
through the serum response element (SRE) present in its promoter could be achieved by two 
different pathways: one by SRF independent of Elk-1 and the second dependent upon Elk-1 
phosphorylation, mediated by ERK.

2.1.9. p53 and p53 upregulated mediator of apoptosis (PUMA) suppression

NMDAR has also been shown to inhibit proapoptotic factors. Lau and Bading [54] demon-
strated in cultured mouse hippocampal neurons that synaptic NMDAR suppressed p53 expres-
sion. This effect was blocked by MK-801 and included the repression of proapoptotic p53 target 
genes apoptosis protease activating factor 1 (apaf1) and p53 upregulated modulator of apopto-
sis (PUMA). Léveillé et al. [55] demonstrated that in cultured mouse cortical neurons, blockage 
of NMDAR with MK-801 induced the activation of caspase-3/7 following an apoptotic insult. 
They also confirmed that synaptic NMDAR protected neurons by suppressing the expression 
of proapoptotic PUMA that through Bcl2 associated X protein (Bax) promotes mitochondrial 
release of apoptotic factors, such as cytochrome C, and facilitates the action of proapoptotic 
members of the Bax subfamily. Released cytochrome C binds to APAF-1, which oligomerizes 
and recruits procaspase-9 that then becomes activated, forming the apoptosome [56].

2.2. Prodeath, proapoptotic signaling

2.2.1. ERK pathway inhibition

Chandler et al. [43] found an ambivalent ERK regulation by NMDAR in rat neuronal cultures. 
High concentration of NMDA decreased phospho-ERK2 levels in 1 mM extracellular Ca2+, 
but activated it in 100 μM extracellular Ca2+. The inhibition was accompanied by a decrease of 
phospho-CREB. Later, Ivanov et al. [57] demonstrated in cultured rat hippocampal neurons 
that ERK activation or inhibition depended upon the pool of NMDAR activated. Synaptic 
NMDAR activated ERK, whereas extrasynaptic NMDAR inhibited it. However, more recently, 
it was reported that ERK pathway activation in cultured rat cortical neurons depended on the 
days in vitro (DIV) of the culture and NMDA concentration. However, effects were sensitive to 
ifenprodil (GluN2B receptor antagonists), thus suggesting that GluN2B containing NMDAR 
may activate or inhibit ERK pathway [21].

2.2.2. Synaptic Ras GTPase-activating protein (SynGAP)

Synaptic Ras GTPase-activating protein 1 (SynGAP1) has been shown to interact with PDZ 
domain containing proteins such as postsynaptic density protein 95 (PSD-95), in the PSD, 
where it exists as a macromolecular complex together with the NMDAR subunit GluN2B [58]. 
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the kinase  mammalian target of rapamycin (mTOR) that in turn phosphorylates the factor 
4E-binding protein (4E-BP) that controls mRNA translation [45].

2.1.5. cAMP response element-binding protein (CREB) pathway

One of the most studied pathways associated to NMDAR/CaMKIV is that of cAMP response 
element-binding protein (CREB), which plays a critical role in synaptic NMDAR-mediated 
neuroprotection. Impey et al. [35] showed that NMDAR activates transcription of CREB-
responsive genes in cultured rat hippocampal neurons. CaMKIV was responsible for phos-
phorylating CREB-binding protein (CBP), a CREB coactivator. Moreover, mutation of CBP 
Ser301 impaired NMDAR and CaMKIV-stimulated transcription, whereas dominant- negative 
CaMKIV inhibited NMDAR-mediated activation of CREB-CBP. These authors showed that 
CaMKIV mediated a transient early phase of NMDAR-dependent CREB phosphorylation, 
while MAPK mediates a later persistent phase, suggesting the convergence between MAPK 
and CaMKIV pathways. In addition, the transducer of regulated CREB activity 1 (TORC1) 
modulates NMDAR-dependent CREB activation. Although the role of TORC1 in LTP had 
been previously demonstrated [46], Sasaki et al. [47] found NMDAR-dependent TORC1 tran-
scription activation mediated by CaMKIV and salt-inducible kinase 2 (SIK2) degradation after 
oxygen-glucose deprivation (OGD).

Multiple genes related to cell survival are upregulated by NMDAR-dependent CREB activa-
tion. Nonetheless, it has been found that NMDAR activity-dependent shut off of genes is 
also an important process for neuronal survival. Zhang et al. [48] found in cultured mouse 
hippocampal neurons that NMDAR-mediated CREB regulation of Aft3 required nuclear Ca2+ 
transients and CaMKIV activity. Aft3 acts as a transcriptional repressor and protects neu-
rons from apoptosis and extrasynaptic NMDAR-induced cell death triggered by NMDA or 
OGD. For a review, please refer to the work by Hardingham [5].

2.1.6. T-cell lymphoma invasion and metastasis 1 (Tiam1)

Tolias et al. [49] identified Rac-1 guanine nucleotide exchange factor (GEF) Tiam1 as a mol-
ecule involved in NMDAR downstream signaling. Tiam1 interacts and colocalizes with 
NMDAR that after activation allows Tiam1 phosphorylation, depending upon Ca2+ flux. It is 
suggested that such phosphorylation is mediated by CaMKII since it phosphorylates Tiam1 
and increases Rac1 GTP exchange [50]. Using Tiam1 RNAi-infected neurons, this GEF was 
found to be necessary for NMDAR-dependent activation of Akt and phosphorylation of 
4E-BP that mediates NMDAR-dependent mRNA translation [49].

2.1.7. Cofilin/calcineurin pathway

Calcineurin is a Ca2+/CALM-dependent serine/threonine protein phosphatase that in neu-
rons was found to downregulate NMDAR itself after its activation by Ca2+ entry through 
NMDAR [51]. In this work with acutely isolated adult rat neurons, the duration of NMDA 
channel openings is prolonged when calcineurin is inhibited by okadaic acid (phosphatase 
inhibitor) or its specific inhibitor FK506. On the other hand, it was found that NMDAR activa-
tion enhanced F-actin content in dendritic spines, associated to LTP, and such increase was 
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 mediated by cofilin deactivation that stimulates actin filament turnover and therefore growth 
and development of dendritic spines [52].

2.1.8. Serum response factor (SRF) and ETS domain containing protein (Elk-1)

The transcription factors serum response factor (SRF) and ETS domain containing protein 
(Elk-1) were found to mediate NMDAR Ca2+-dependent transcriptional response in cultured 
rat hippocampal neurons [53]. In this work, it was determined that c-fos gene transcription 
through the serum response element (SRE) present in its promoter could be achieved by two 
different pathways: one by SRF independent of Elk-1 and the second dependent upon Elk-1 
phosphorylation, mediated by ERK.

2.1.9. p53 and p53 upregulated mediator of apoptosis (PUMA) suppression

NMDAR has also been shown to inhibit proapoptotic factors. Lau and Bading [54] demon-
strated in cultured mouse hippocampal neurons that synaptic NMDAR suppressed p53 expres-
sion. This effect was blocked by MK-801 and included the repression of proapoptotic p53 target 
genes apoptosis protease activating factor 1 (apaf1) and p53 upregulated modulator of apopto-
sis (PUMA). Léveillé et al. [55] demonstrated that in cultured mouse cortical neurons, blockage 
of NMDAR with MK-801 induced the activation of caspase-3/7 following an apoptotic insult. 
They also confirmed that synaptic NMDAR protected neurons by suppressing the expression 
of proapoptotic PUMA that through Bcl2 associated X protein (Bax) promotes mitochondrial 
release of apoptotic factors, such as cytochrome C, and facilitates the action of proapoptotic 
members of the Bax subfamily. Released cytochrome C binds to APAF-1, which oligomerizes 
and recruits procaspase-9 that then becomes activated, forming the apoptosome [56].

2.2. Prodeath, proapoptotic signaling

2.2.1. ERK pathway inhibition

Chandler et al. [43] found an ambivalent ERK regulation by NMDAR in rat neuronal cultures. 
High concentration of NMDA decreased phospho-ERK2 levels in 1 mM extracellular Ca2+, 
but activated it in 100 μM extracellular Ca2+. The inhibition was accompanied by a decrease of 
phospho-CREB. Later, Ivanov et al. [57] demonstrated in cultured rat hippocampal neurons 
that ERK activation or inhibition depended upon the pool of NMDAR activated. Synaptic 
NMDAR activated ERK, whereas extrasynaptic NMDAR inhibited it. However, more recently, 
it was reported that ERK pathway activation in cultured rat cortical neurons depended on the 
days in vitro (DIV) of the culture and NMDA concentration. However, effects were sensitive to 
ifenprodil (GluN2B receptor antagonists), thus suggesting that GluN2B containing NMDAR 
may activate or inhibit ERK pathway [21].

2.2.2. Synaptic Ras GTPase-activating protein (SynGAP)

Synaptic Ras GTPase-activating protein 1 (SynGAP1) has been shown to interact with PDZ 
domain containing proteins such as postsynaptic density protein 95 (PSD-95), in the PSD, 
where it exists as a macromolecular complex together with the NMDAR subunit GluN2B [58]. 
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SynGAP is inhibited by its phosphorylation by CaMKII that in turn stops inactivation of Ras 
that leads to MAPK pathway activation [59]. In cultured rat hippocampal neurons, they used 
RNAi to specifically suppress SynGAP expression that resulted in sustained ERK activation 
following NMDAR stimulation instead of transient activity [58].

2.2.3. Forkhead box protein O (FOX O)

Forkhead box protein O (FOXO) class of transcription factors can promote neuronal death 
[60]. FOXO targets proapoptotic genes including Bcl2-interacting mediator of cell death (Bim), 
PUMA, and Fas ligand (FasL), among others. It has been demonstrated in cultured rat cortical 
neurons that synaptic NMDAR prevents FOXO nuclear export and suppression of FOXO1 
gene through PI3K/Akt activation [61]. Similarly, Dick and Bading [62] found that in cultured 
rat hippocampal neurons, synaptic activity inhibits nuclear translocation of FOXO3 and that 
dominant negative CaMKIV(K75E) expression blocked protective activity. Contrarily, extra-
synaptic NMDAR activity induced FOXO3 nuclear import resulting in apoptosis.

2.2.4. Juxtasynaptic attractor of caldendrin on dendritic boutons (Jacob)

A binding partner of the neuronal Ca2+-binding protein caldendrin critical for extrasynaptic 
NMDAR signaling was identified named juxtasynaptic attractor of caldendrin on dendritic 
boutons protein (Jacob) [63]. These authors found that Jacob knockdown prevented CREB shut 
off after extrasynaptic NMDAR activation. When imported into the nucleus, Jacob causes CREB 
dephosphorylation and promotes apoptosis, effects prevented by Caldendrin, which binds 
Jacob in a Ca2+-dependent manner elicited by synaptic NMDAR activity. Contrarily, extrasyn-
aptic NMDAR activity promoted nuclear accumulation of Jacob and neuronal death [5, 63].

2.2.5. Calpain/p38 MAP pathway

The calpain pathway is another important pathway that is related to the extrasynaptic activ-
ity of NMDARs. Calpain is a Ca2+-dependent protease that has been widely implicated in 
neurotoxicity [64]. Xu et al. [65] demonstrated that in cultured rat cortical neurons the activa-
tion of extrasynaptic NMDARs strongly activates calpains, whereas synaptic NMDAR fails 
to activate this protease. Striatal-enriched protein tyrosine phosphatase 61 (STEP61) is a sub-
strate for calpain and is rapidly cleaved after strong glutamatergic stimulation such as during 
excitotoxic or ischemic insult [66, 67]. Extrasynaptic stimulation of NMDARs evoked calpain-
mediated proteolysis of STEP61 and activation of p38 MAPK. p38 contributes to cell death 
induced by chronic NMDA or Glu exposure [65]. Previously, Kawasaki et al. [68] observed 
p38 activation after Glu treatment in mature cerebellar granule cells, mediated by NMDAR.

3. Chronological track of NMDAR expression and function 
in astroglia

When considering the role of NMDAR in astrocytes, it is convenient to first acknowledge 
the hypothesis made by nineteenth century scientists such as Fridtjof Nansen, William Lloyd 
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Adriezen, or Carl Ludwig Schleich who suggested that neuroglial cells could play a more rele-
vant role than that of gluing the CNS, after the name neuroglia was coined by Virchow in 1856 
[17]. After almost a century of studying CNS from the perspective of the neurocentric theory, 
this conception was found to be correct. Previous recent reviews have examined the expres-
sion of NMDAR in neuroglial cells [69, 70]. Here, we present a chronological comprehensive 
review about how the expression and function of NMDAR in astrocytes have been studied in 
the last 40 years. Throughout these decades, different controversies and apparent contradic-
tions have been encountered, but today, NMDAR expression and function in astrocytes are 
well documented and accepted. Moreover, NMDAR in astrocytes could play a relevant role in 
CNS pathologies and therefore offer a window to develop new therapeutic strategies.

In this review, we focus in NMDAR expression and function of brain astrocytes, although we 
recapitulate some early approaches in other neuroglial cells. It must be noted however that dif-
ferent laboratories documented the expression and function of NMDAR in Muller, Bergman, 
and radial glial cells or spinal astrocytes mainly in the 1990s. Please refer to the reviews by 
Dzamba et al. [70] or Verkhratsky and Kirchhoff [69] who examined the work on these cells.

3.1. Is it there? The early years: 1960s, 1970s, and 1980s

In 1967, it was observed that cortical glial cells in situ did not respond to Glu [71]. Later, Hösli 
et al. [72] found that in spinal organotypic cultures, astrocytes depolarized after treatment with 
Glu (100 μM). However, it was postulated that such depolarization was due to K+ released 
by neurons, since 4-aminopyridine (blocker of Kv1 receptors) inhibited such effect and it was 
observed only in astrocytes adjacent to neurons but not in isolated astrocytes. Remarkably, 
no change in membrane resistance was observed in these cells, but neither in astrocytes from 
the olfactory cortex that also responded to Glu [72, 73]. However, few years later, it was dem-
onstrated that neuron-free cultured astrocytes from newborn rat hemispheres responded to 
Glu treatment (100 μM-1 mM) in a Na+-dependent manner. These groups also demonstrated 
that NMDAR was not involved in Glu response of astrocytes, since NMDA treatment alone 
(100 μM-1 mM) did not generate membrane depolarization [74, 75]. Instead, Glu was found to 
open Na+/K+ channels in cultured rat astrocytes that shared many properties with neuronal kain-
ate/quisqualate receptor [76]. This finding was confirmed by Pearce et al. [77] that measured Ca2+ 
efflux and breakdown of inositol phospholipids in cultured rat cortical astrocytes and found 
no response with 100 μM NMDA. Usowicz et al. [78] showed that type-2 cerebellar astrocytes 
also depolarized in response to Glu, and consistently with previous findings, these cells did not 
respond to NMDA application (30–100 μM). Consistently, Backus et al. [79] observed that cul-
tured rat cerebral astrocytes had no change in membrane potential with NMDA, even with the 
coagonist Gly or in Mg2+-free solution, conditions that would favor neuronal NMDAR response. 
These studies, most of them electrophysiological, the traditional approach to study neuronal 
NMDAR, set the basis to establish that astrocytes do not express NMDA-type Glu receptors.

3.2. Rethinking the idea: the 1990s

In the seminal study by Cornell-Bell et al. [80], who described for the first time Ca2+ waves in 
cultured rat astrocytes in response to Glu, establishing the possibility that this kind of signal-
ing could be relevant for CNS function, small inconsistencies regarding the expression of 
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SynGAP is inhibited by its phosphorylation by CaMKII that in turn stops inactivation of Ras 
that leads to MAPK pathway activation [59]. In cultured rat hippocampal neurons, they used 
RNAi to specifically suppress SynGAP expression that resulted in sustained ERK activation 
following NMDAR stimulation instead of transient activity [58].

2.2.3. Forkhead box protein O (FOX O)

Forkhead box protein O (FOXO) class of transcription factors can promote neuronal death 
[60]. FOXO targets proapoptotic genes including Bcl2-interacting mediator of cell death (Bim), 
PUMA, and Fas ligand (FasL), among others. It has been demonstrated in cultured rat cortical 
neurons that synaptic NMDAR prevents FOXO nuclear export and suppression of FOXO1 
gene through PI3K/Akt activation [61]. Similarly, Dick and Bading [62] found that in cultured 
rat hippocampal neurons, synaptic activity inhibits nuclear translocation of FOXO3 and that 
dominant negative CaMKIV(K75E) expression blocked protective activity. Contrarily, extra-
synaptic NMDAR activity induced FOXO3 nuclear import resulting in apoptosis.

2.2.4. Juxtasynaptic attractor of caldendrin on dendritic boutons (Jacob)

A binding partner of the neuronal Ca2+-binding protein caldendrin critical for extrasynaptic 
NMDAR signaling was identified named juxtasynaptic attractor of caldendrin on dendritic 
boutons protein (Jacob) [63]. These authors found that Jacob knockdown prevented CREB shut 
off after extrasynaptic NMDAR activation. When imported into the nucleus, Jacob causes CREB 
dephosphorylation and promotes apoptosis, effects prevented by Caldendrin, which binds 
Jacob in a Ca2+-dependent manner elicited by synaptic NMDAR activity. Contrarily, extrasyn-
aptic NMDAR activity promoted nuclear accumulation of Jacob and neuronal death [5, 63].

2.2.5. Calpain/p38 MAP pathway

The calpain pathway is another important pathway that is related to the extrasynaptic activ-
ity of NMDARs. Calpain is a Ca2+-dependent protease that has been widely implicated in 
neurotoxicity [64]. Xu et al. [65] demonstrated that in cultured rat cortical neurons the activa-
tion of extrasynaptic NMDARs strongly activates calpains, whereas synaptic NMDAR fails 
to activate this protease. Striatal-enriched protein tyrosine phosphatase 61 (STEP61) is a sub-
strate for calpain and is rapidly cleaved after strong glutamatergic stimulation such as during 
excitotoxic or ischemic insult [66, 67]. Extrasynaptic stimulation of NMDARs evoked calpain-
mediated proteolysis of STEP61 and activation of p38 MAPK. p38 contributes to cell death 
induced by chronic NMDA or Glu exposure [65]. Previously, Kawasaki et al. [68] observed 
p38 activation after Glu treatment in mature cerebellar granule cells, mediated by NMDAR.

3. Chronological track of NMDAR expression and function 
in astroglia

When considering the role of NMDAR in astrocytes, it is convenient to first acknowledge 
the hypothesis made by nineteenth century scientists such as Fridtjof Nansen, William Lloyd 
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Adriezen, or Carl Ludwig Schleich who suggested that neuroglial cells could play a more rele-
vant role than that of gluing the CNS, after the name neuroglia was coined by Virchow in 1856 
[17]. After almost a century of studying CNS from the perspective of the neurocentric theory, 
this conception was found to be correct. Previous recent reviews have examined the expres-
sion of NMDAR in neuroglial cells [69, 70]. Here, we present a chronological comprehensive 
review about how the expression and function of NMDAR in astrocytes have been studied in 
the last 40 years. Throughout these decades, different controversies and apparent contradic-
tions have been encountered, but today, NMDAR expression and function in astrocytes are 
well documented and accepted. Moreover, NMDAR in astrocytes could play a relevant role in 
CNS pathologies and therefore offer a window to develop new therapeutic strategies.

In this review, we focus in NMDAR expression and function of brain astrocytes, although we 
recapitulate some early approaches in other neuroglial cells. It must be noted however that dif-
ferent laboratories documented the expression and function of NMDAR in Muller, Bergman, 
and radial glial cells or spinal astrocytes mainly in the 1990s. Please refer to the reviews by 
Dzamba et al. [70] or Verkhratsky and Kirchhoff [69] who examined the work on these cells.

3.1. Is it there? The early years: 1960s, 1970s, and 1980s

In 1967, it was observed that cortical glial cells in situ did not respond to Glu [71]. Later, Hösli 
et al. [72] found that in spinal organotypic cultures, astrocytes depolarized after treatment with 
Glu (100 μM). However, it was postulated that such depolarization was due to K+ released 
by neurons, since 4-aminopyridine (blocker of Kv1 receptors) inhibited such effect and it was 
observed only in astrocytes adjacent to neurons but not in isolated astrocytes. Remarkably, 
no change in membrane resistance was observed in these cells, but neither in astrocytes from 
the olfactory cortex that also responded to Glu [72, 73]. However, few years later, it was dem-
onstrated that neuron-free cultured astrocytes from newborn rat hemispheres responded to 
Glu treatment (100 μM-1 mM) in a Na+-dependent manner. These groups also demonstrated 
that NMDAR was not involved in Glu response of astrocytes, since NMDA treatment alone 
(100 μM-1 mM) did not generate membrane depolarization [74, 75]. Instead, Glu was found to 
open Na+/K+ channels in cultured rat astrocytes that shared many properties with neuronal kain-
ate/quisqualate receptor [76]. This finding was confirmed by Pearce et al. [77] that measured Ca2+ 
efflux and breakdown of inositol phospholipids in cultured rat cortical astrocytes and found 
no response with 100 μM NMDA. Usowicz et al. [78] showed that type-2 cerebellar astrocytes 
also depolarized in response to Glu, and consistently with previous findings, these cells did not 
respond to NMDA application (30–100 μM). Consistently, Backus et al. [79] observed that cul-
tured rat cerebral astrocytes had no change in membrane potential with NMDA, even with the 
coagonist Gly or in Mg2+-free solution, conditions that would favor neuronal NMDAR response. 
These studies, most of them electrophysiological, the traditional approach to study neuronal 
NMDAR, set the basis to establish that astrocytes do not express NMDA-type Glu receptors.

3.2. Rethinking the idea: the 1990s

In the seminal study by Cornell-Bell et al. [80], who described for the first time Ca2+ waves in 
cultured rat astrocytes in response to Glu, establishing the possibility that this kind of signal-
ing could be relevant for CNS function, small inconsistencies regarding the expression of 
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NMDAR in astrocytes were observed. Using the IC Ca2+ (iCa2+) probe Fluo-3, they found that 
cultured astrocytes did not respond to NMDA (100 μM) and Gly, although a small decrease 
of iCa2+ is observable in their published recordings. Nevertheless, these authors noted that 
APV “attenuated” the Glu response, because peak frequency and the amount of iCa2+ between 
peak responses were reduced, although maximal amplitude was maintained. Indeed, APV 
depleted a Glu-dependent gradual increase of iCa2+ masked between peak responses. Despite 
these findings suggesting that NMDAR could somehow be functional in these cells, it was 
concluded that astrocytes did not express NMDAR, consistently with previous reports. 
Simultaneously, Jensen and Chiu [81] also reported a lack of iCa2+ response measured with 
fura-2 in cultured rat cortical astrocytes to NMDA with or without Mg2+. The same year, the 
Cornell-Bell group reported in a different work that Glu induced the formation of filopodia in 
astrocytes of mixed hippocampal cultures; however, this effect was not achieved with NMDA 
alone (100 μM) [82].

After Ca2+ waves’ discovery in cultured astrocytes, Dani et al. [83] demonstrated the existence 
of Ca2+ waves in fluo-3 labeled astrocytes from organotypically cultured slices of rat hippo-
campus. These waves were elicited by neuronal electrical stimulation or bath application of 
NMDA (20 μM). However, since these waves were secondary to Ca2+ rise in neurons, these 
authors inferred that they were indirectly elicited, resulting from neurotransmitter released 
from NMDA-stimulated neurons and not from a direct stimulation of NMDAR in astrocytes.

Later, Holzwarth et al. [84] also found no iCa2+ response measured with Fura-2 to NMDA 
in cultured rat cortical astrocytes, whereas Seifert and Steinhauser [85] did the same obser-
vation in acute isolated mice hippocampal astroglial cells by patch clamp. These results 
reinforced the notion that astrocytes lacked functional NMDAR. However, in parallel and 
contradiction with this conception, two different groups suggested astrocyte activity evoked 
by NMDAR. Steinhauser et al. [86] reported that in postnatal (9–12 days) mice hippocampal 
brain slices, in a small group of glial cells termed passive (34% of them glial fibrillary acidic 
protein + [GFAP+] and characterized by time-independent currents) NMDA (1 or 5 mM) elic-
ited currents detected by patch clamp. However, these responses varied: 41% presented an 
inward current, 32% a small outward current, and 27% did not respond. Nevertheless, these 
authors did not unequivocally identify astrocytic NMDAR as the responsible receptor. The 
second work by Porter and McCarthy [87] was made in rat hippocampal slices from young 
animals (9–13 days) labeled with Fura Red AM or Calcium Green-1 and recorded with confocal 
microscopy. In this work, it was reported that 75% of recorded astrocytes, identified by GFAP, 
presented iCa2+ rise in response to NMDA (50 μM), blocked by APV, although only 45% of 
these responses persisted in the presence of tetrodotoxin (TTX) that blocks neuronal activity. 
These observations suggested that astrocytes have functional NMDAR, although authors con-
sidered that Glu release mediated by presynaptic NMDAR, even with TTX, offered an alterna-
tive explanation for their observations. On the other hand, the other 55% of cells confirmed 
that neuronal activity could also elicit astrocyte responses, as inferred by Dani et al. [83].

In the meanwhile, different groups looked for the expression of NMDAR with histological 
techniques. Conti et al. [88] initially suggested that in the cerebral cortex of adult rats, virtu-
ally all (95.7%) GFAP+ cells did not express the mRNA for GluN1 (NMDAR1 or NR1) as 
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evidenced by in situ hybridization and electron microscopy (EM). Nevertheless, Gracy and 
Pickel [89] found by immunohistochemistry (IHC) combined with EM that in the basolateral 
amygdala 20% of staining with anti-GluN1 antibodies (Abs) corresponded to distal tips of 
astrocytic processes. Moreover, in a second work from Conti [90], it was found by IHC-EM, 
that in the cortex of adult rats, some distal processes and rare cell bodies of astrocytes were 
positive for GluN1 and GluN2A/B, although this was not evident by light microscopy. 
Similarly, Petralia et al. [91] found by IHC-EM and light microscopy in the dorsal cochlear 
nucleus some glial processes and wrappings of the synapses, and therefore possibly astro-
cytes, labeled with Abs against GluN1 and GluN2A/B. Likewise, Bockstaele and Colago [92] 
found in the nucleus coeruleus by IHC-EM the presence of GluN1 in astrocytic processes. 
Also, Farb et al. [93] reported that in the basal nuclei of the amygdala, glial processes were 
labeled by GluN1 Abs, detected by IHC-EM. Therefore, despite initial observations that sup-
ported the notion of astrocytes lacking NMDAR, several studies found evidences supporting 
its expression in tissue astrocytes of different brain regions.

Later, Pasti et al. [94] obtained further evidence with brain slices indicating that iCa2+ increase 
in cortical or hippocampal astrocytes in response to NMDA (100 μM) or neuronal electrical 
stimulation was a secondary effect of neuronal activity, not a direct action on putative astro-
cytic NMDAR. Consistently, Cai and Kimelberg [95] found no response to NMDA (100 μM) 
in GFAP+ acute isolated astrocytes from rat hippocampus. Notably, Gottlieb and Matute [96] 
in the same year found by IHC the expression of GluN2A and GluN2B subunits in rat hip-
pocampus reactive astrocytes after transient ischemia. The expression of these subunits was 
maximal after 28 days of ischemia. This study constituted the first evidence suggesting that 
astrocytic NMDAR could play a role in the development of reactive astrocytes and therefore 
in pathology.

Two years after, Nishizaki et al. [97] detected currents by patch clamp elicited by NMDA (1 mM)  
in human cultured astrocytes obtained from the white matter surrounding a tumor. These 
currents were potentiated by Gly, sensitive to Mg2+, independent of Glu transporters, but curi-
ously were not sensitive to APV. Instead, they were partially sensitive to a G-protein inhibitor 
and increased when iCa2+ was depleted by inhibiting the sarcoendoplasmic reticulum Ca2+/
ATPase (SERCA), suggesting that currents were the result of store-operated Ca2+ entry (SOCE). 
In addition, it was observed with fura-2/AM that iCa2+ increased in response to NMDA, but 
this response was only partially inhibited by extracellular Ca2+ depletion and was also APV 
insensitive. With these findings, the authors suggested that NMDA elicited a response through 
a receptor distinct from NMDAR, perhaps through the activation of G-protein–coupled recep-
tors (GPCR) that released Ca2+ from IC stores. However, Shelton and McCarthy [98] found no 
“clear” iCa2+ response to NMDA (100–400 μM) in rat astrocytes labeled with Calcium Green-1 
AM from hippocampal slices obtained from 30 to 38 day animals, in Mg2+-free solution with 
Gly and TTX. This contrasted with their previous observation in younger animals (9–13 days) 
[87] and led the authors to suggest that NMDAR expression could change during develop-
ment. Simultaneously, Conti, et al. [99] reported that in human cortex, distal astrocyte projec-
tions had GluN1, GluN2A, and GluN2B labeling detected by IHC-EM, whereas astrocyte cell 
bodies were only occasionally labeled. Some of the labeled distal projections of astrocytes sur-
rounded the axon terminal but others were present in areas not related with synapses.
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NMDAR in astrocytes were observed. Using the IC Ca2+ (iCa2+) probe Fluo-3, they found that 
cultured astrocytes did not respond to NMDA (100 μM) and Gly, although a small decrease 
of iCa2+ is observable in their published recordings. Nevertheless, these authors noted that 
APV “attenuated” the Glu response, because peak frequency and the amount of iCa2+ between 
peak responses were reduced, although maximal amplitude was maintained. Indeed, APV 
depleted a Glu-dependent gradual increase of iCa2+ masked between peak responses. Despite 
these findings suggesting that NMDAR could somehow be functional in these cells, it was 
concluded that astrocytes did not express NMDAR, consistently with previous reports. 
Simultaneously, Jensen and Chiu [81] also reported a lack of iCa2+ response measured with 
fura-2 in cultured rat cortical astrocytes to NMDA with or without Mg2+. The same year, the 
Cornell-Bell group reported in a different work that Glu induced the formation of filopodia in 
astrocytes of mixed hippocampal cultures; however, this effect was not achieved with NMDA 
alone (100 μM) [82].

After Ca2+ waves’ discovery in cultured astrocytes, Dani et al. [83] demonstrated the existence 
of Ca2+ waves in fluo-3 labeled astrocytes from organotypically cultured slices of rat hippo-
campus. These waves were elicited by neuronal electrical stimulation or bath application of 
NMDA (20 μM). However, since these waves were secondary to Ca2+ rise in neurons, these 
authors inferred that they were indirectly elicited, resulting from neurotransmitter released 
from NMDA-stimulated neurons and not from a direct stimulation of NMDAR in astrocytes.

Later, Holzwarth et al. [84] also found no iCa2+ response measured with Fura-2 to NMDA 
in cultured rat cortical astrocytes, whereas Seifert and Steinhauser [85] did the same obser-
vation in acute isolated mice hippocampal astroglial cells by patch clamp. These results 
reinforced the notion that astrocytes lacked functional NMDAR. However, in parallel and 
contradiction with this conception, two different groups suggested astrocyte activity evoked 
by NMDAR. Steinhauser et al. [86] reported that in postnatal (9–12 days) mice hippocampal 
brain slices, in a small group of glial cells termed passive (34% of them glial fibrillary acidic 
protein + [GFAP+] and characterized by time-independent currents) NMDA (1 or 5 mM) elic-
ited currents detected by patch clamp. However, these responses varied: 41% presented an 
inward current, 32% a small outward current, and 27% did not respond. Nevertheless, these 
authors did not unequivocally identify astrocytic NMDAR as the responsible receptor. The 
second work by Porter and McCarthy [87] was made in rat hippocampal slices from young 
animals (9–13 days) labeled with Fura Red AM or Calcium Green-1 and recorded with confocal 
microscopy. In this work, it was reported that 75% of recorded astrocytes, identified by GFAP, 
presented iCa2+ rise in response to NMDA (50 μM), blocked by APV, although only 45% of 
these responses persisted in the presence of tetrodotoxin (TTX) that blocks neuronal activity. 
These observations suggested that astrocytes have functional NMDAR, although authors con-
sidered that Glu release mediated by presynaptic NMDAR, even with TTX, offered an alterna-
tive explanation for their observations. On the other hand, the other 55% of cells confirmed 
that neuronal activity could also elicit astrocyte responses, as inferred by Dani et al. [83].

In the meanwhile, different groups looked for the expression of NMDAR with histological 
techniques. Conti et al. [88] initially suggested that in the cerebral cortex of adult rats, virtu-
ally all (95.7%) GFAP+ cells did not express the mRNA for GluN1 (NMDAR1 or NR1) as 
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evidenced by in situ hybridization and electron microscopy (EM). Nevertheless, Gracy and 
Pickel [89] found by immunohistochemistry (IHC) combined with EM that in the basolateral 
amygdala 20% of staining with anti-GluN1 antibodies (Abs) corresponded to distal tips of 
astrocytic processes. Moreover, in a second work from Conti [90], it was found by IHC-EM, 
that in the cortex of adult rats, some distal processes and rare cell bodies of astrocytes were 
positive for GluN1 and GluN2A/B, although this was not evident by light microscopy. 
Similarly, Petralia et al. [91] found by IHC-EM and light microscopy in the dorsal cochlear 
nucleus some glial processes and wrappings of the synapses, and therefore possibly astro-
cytes, labeled with Abs against GluN1 and GluN2A/B. Likewise, Bockstaele and Colago [92] 
found in the nucleus coeruleus by IHC-EM the presence of GluN1 in astrocytic processes. 
Also, Farb et al. [93] reported that in the basal nuclei of the amygdala, glial processes were 
labeled by GluN1 Abs, detected by IHC-EM. Therefore, despite initial observations that sup-
ported the notion of astrocytes lacking NMDAR, several studies found evidences supporting 
its expression in tissue astrocytes of different brain regions.

Later, Pasti et al. [94] obtained further evidence with brain slices indicating that iCa2+ increase 
in cortical or hippocampal astrocytes in response to NMDA (100 μM) or neuronal electrical 
stimulation was a secondary effect of neuronal activity, not a direct action on putative astro-
cytic NMDAR. Consistently, Cai and Kimelberg [95] found no response to NMDA (100 μM) 
in GFAP+ acute isolated astrocytes from rat hippocampus. Notably, Gottlieb and Matute [96] 
in the same year found by IHC the expression of GluN2A and GluN2B subunits in rat hip-
pocampus reactive astrocytes after transient ischemia. The expression of these subunits was 
maximal after 28 days of ischemia. This study constituted the first evidence suggesting that 
astrocytic NMDAR could play a role in the development of reactive astrocytes and therefore 
in pathology.

Two years after, Nishizaki et al. [97] detected currents by patch clamp elicited by NMDA (1 mM)  
in human cultured astrocytes obtained from the white matter surrounding a tumor. These 
currents were potentiated by Gly, sensitive to Mg2+, independent of Glu transporters, but curi-
ously were not sensitive to APV. Instead, they were partially sensitive to a G-protein inhibitor 
and increased when iCa2+ was depleted by inhibiting the sarcoendoplasmic reticulum Ca2+/
ATPase (SERCA), suggesting that currents were the result of store-operated Ca2+ entry (SOCE). 
In addition, it was observed with fura-2/AM that iCa2+ increased in response to NMDA, but 
this response was only partially inhibited by extracellular Ca2+ depletion and was also APV 
insensitive. With these findings, the authors suggested that NMDA elicited a response through 
a receptor distinct from NMDAR, perhaps through the activation of G-protein–coupled recep-
tors (GPCR) that released Ca2+ from IC stores. However, Shelton and McCarthy [98] found no 
“clear” iCa2+ response to NMDA (100–400 μM) in rat astrocytes labeled with Calcium Green-1 
AM from hippocampal slices obtained from 30 to 38 day animals, in Mg2+-free solution with 
Gly and TTX. This contrasted with their previous observation in younger animals (9–13 days) 
[87] and led the authors to suggest that NMDAR expression could change during develop-
ment. Simultaneously, Conti, et al. [99] reported that in human cortex, distal astrocyte projec-
tions had GluN1, GluN2A, and GluN2B labeling detected by IHC-EM, whereas astrocyte cell 
bodies were only occasionally labeled. Some of the labeled distal projections of astrocytes sur-
rounded the axon terminal but others were present in areas not related with synapses.
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3.3. It is there and it works: the 2000s

In 2001, Schipke et al. [100] identified functional NMDAR in cortical astrocytes of wild-
type mice and transgenic mice with enhanced green fluorescent protein (EGFP) under con-
trol of GFAP promoter (EGFP-GFAP mouse). These authors isolated EGFP+ cells to obtain 
mRNA, perform RT-PCR, and test NMDAR subunit expression. In these experiments, GluN1, 
GluN2B, and GluN2C were expressed in astrocytes, whereas GluN2A, GluN2D, and GluN3 
were not found. In addition, efforts were made to identify NMDAR subunits by western blot, 
but they were unsuccessful due to low cell yields. Patch clamp experiments in brain slices 
from 7 to 28 day animals showed that NMDA (100 μM) elicited currents in most (72%) of 
EGFP+ cells, but also in astrocytes from wild-type animals. Although the main component of 
these currents was found to be indirectly mediated by neuronal activity as previously identi-
fied, there was also a component related solely to direct NMDAR function in astrocytes. This 
response was blocked by MK-801 and Mg2+ suggesting that NMDAR was similar to neuro-
nal NMDAR. Consistently, using Ca2+ indicators, it was found that NMDA increased iCa2+ 
observed mainly in distal projections, but also in the cell soma, consistently with previous 
ultrastructural observations that identified NMDAR mainly in distal projections.

This same year, Kondoh et al. [101] studied again NMDA (1 mM) responses by patch clamp in 
human astrocytes from the white matter surrounding a tumor. Essentially, the results reported 
were the same and consistent with their previous findings [97], but they also discarded that 
the cultured cells were from tumoral origin. Oddly, NMDA-elicited currents were potenti-
ated by kynurenic acid (KYNA), a nonselective ionotropic Glu receptor antagonist. Also, the 
receptor mediating the response to NMDA was found to be less permeable to Ca2+. With these 
observations, the authors suggested that astrocytes express a novel form of NMDAR, regu-
lated by GPCR, as suggested by their sensitivity to a G-protein inhibitor, perhaps through the 
assembly of particular nondescribed subunits expressed in these cells.

Then, the group by Krebs et al. [102] reported that in rat hippocampus, NMDAR subunits 
GluN1 and GluN2B were observed in GFAP+ cells by IHC 3 days after transient ischemia, 
peaking at 28 days, and declining by 56 days, but were not detected in cells from intact ani-
mals. These observations were consistent with those made by Gottlieb and Matute [96]. In 
addition, GluN1 and GluN2B subunit expression was confirmed in astrocytes from postnatal 
(2–4 days) hippocampal neuron-glia cocultures subject to anoxia, where no neurons survived 
by day 3. In contrast, GluN2B was not found in pure cultured hippocampal astrocytes after 
anoxia. Functionally, NMDA (0.5–1 mM) elicited iCa2+ responses in astrocytes obtained from 
neuron-glia cocultures subject to anoxia or astrocytes acutely isolated from ischemic hippo-
campi. These responses were APV sensitive, and in acute isolated astrocytes, they were par-
tially blocked by ifenprodil. These authors suggested that NMDAR function in astrocytes 
could provide the basis for new therapies to ameliorate the effects of stroke.

The same year, Zhang et al. [103] published a study reporting NMDAR participation in iCa2+ 
responses to Glu in cultured rat cortical astrocytes (87% of cells as described in their follow-
ing publication) using APV. This is to our knowledge the first report that found response to 
NMDA in nonhypoxic cultured rat cortical astrocytes. A year after, the same group published 
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these results but also found that NMDA (50–100 μM) elicited iCa2+ response that was sensitive 
to APV in a large proportion (72%) of cultured rat cortical astrocytes [104]. Interestingly, APV 
inhibition was reverted only after a 30-min incubation in APV-free solution.

Two years later, strong evidence was provided by the group of Verkhratsky indicating that 
NMDAR mediated currents in acute isolated and tissue mouse cortical astrocytes (17–22 days) 
[105]. Profiting the advantages of the EGFP-GFAP mouse model for the identification of astro-
cytes, these authors found three different components of currents elicited by Glu application in 
acute isolated astrocytes using AMPA/kainate receptor, NMDAR, and Glu transporter inhibi-
tors (NBQX, APV, and L-TBOA, respectively). In particular, APV blocked the sustained compo-
nent of the Glu-induced current. They also demonstrated that NMDA elicited robust currents 
potentiated by Gly in 87% of acute isolated astrocytes at −40 or −80 mV membrane potential, 
indicating their insensitivity to Mg2+, in contrast with NMDAR-mediated currents in neurons 
and previous work with hippocampal astrocytes [100]. Robust currents required 10–100 μM 
NMDA but were observable with 30 nM NMDA, they were blocked by MK-801, and ifenprodil 
only partially reduced currents in 43% of cells. Importantly, electrical stimulation of neurons 
in brain slices from 17 to 22 day animals also evoked Mg2+-insensitive cortical astrocyte cur-
rents of which the fast component was blocked by MK-801, suggesting NMDAR involvement. 
Glu transporters also mediated these currents, but in contrast with observations in isolated 
astrocytes, AMPA/kainate receptors were poorly involved, although preventing their desensi-
tization increased current amplitude. Interestingly, miniature spontaneous currents were also 
observed in tissue astrocytes that were independent of TTX, partially blocked by APV (32%) 
but fully blocked by APV and NBQX combination. All in all, this work demonstrated that 
astrocytes express functional NMDAR that mediate neuron-astrocyte communication.

Contrary to these findings, the same year different groups reported that NMDAR is not 
involved in iCa2+ response of astrocytes. Wang et al. [106] investigated astrocyte Ca2+ activity in 
the barrel cortex of adult mouse (6–8 weeks) in response to whisker stimulation. In this work, 
it was found that iCa2+ activity in astrocytes was consistently triggered by whisker stimulation. 
However, iontophoretic application of APV did not modify astrocytic iCa2+ activity although 
postsynaptic currents were suppressed, suggesting that astrocytic NMDAR is not involved 
in their response. In addition, Serrano et al. [107] studied glial involvement in heterosynaptic 
depression in rat (14–21 days) hippocampal slices. Although these authors found that NMDA 
elicited iCa2+ responses in astrocytes that were blocked by APV, these responses were delayed 
minutes after NMDA application. Indeed, TTX revealed that these glial responses were indi-
rect and mediated by neuronal activity, as previous works had reported. Likewise, Kato, et al. 
[108] found in cultured cortical astrocytes from newborn mouse that NMDAR antagonists 
MK-801, ifenprodil, or Ro25-6981 did not block iCa2+ rise in response to Glu, as it was observed 
in cultured neurons. Notably, Glu induced astrocytes’ activation (measured by morphological 
changes and GFAP expression) in neuron/astrocyte cocultures or cultured astrocytes, but this 
effect was blocked by MK-801 or ifenprodil only in neuron/astrocyte cocultures. This supported 
that neuronal NMDAR mediated neuron-glia signaling mediated astrocyte activation, resem-
bling previous observations made in tissue astrocytes. In addition, Edling et al. [109] found 
that c-fos induction by Glu in newborn rat cultured astrocytes was not blocked by MK-801.
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3.3. It is there and it works: the 2000s

In 2001, Schipke et al. [100] identified functional NMDAR in cortical astrocytes of wild-
type mice and transgenic mice with enhanced green fluorescent protein (EGFP) under con-
trol of GFAP promoter (EGFP-GFAP mouse). These authors isolated EGFP+ cells to obtain 
mRNA, perform RT-PCR, and test NMDAR subunit expression. In these experiments, GluN1, 
GluN2B, and GluN2C were expressed in astrocytes, whereas GluN2A, GluN2D, and GluN3 
were not found. In addition, efforts were made to identify NMDAR subunits by western blot, 
but they were unsuccessful due to low cell yields. Patch clamp experiments in brain slices 
from 7 to 28 day animals showed that NMDA (100 μM) elicited currents in most (72%) of 
EGFP+ cells, but also in astrocytes from wild-type animals. Although the main component of 
these currents was found to be indirectly mediated by neuronal activity as previously identi-
fied, there was also a component related solely to direct NMDAR function in astrocytes. This 
response was blocked by MK-801 and Mg2+ suggesting that NMDAR was similar to neuro-
nal NMDAR. Consistently, using Ca2+ indicators, it was found that NMDA increased iCa2+ 
observed mainly in distal projections, but also in the cell soma, consistently with previous 
ultrastructural observations that identified NMDAR mainly in distal projections.

This same year, Kondoh et al. [101] studied again NMDA (1 mM) responses by patch clamp in 
human astrocytes from the white matter surrounding a tumor. Essentially, the results reported 
were the same and consistent with their previous findings [97], but they also discarded that 
the cultured cells were from tumoral origin. Oddly, NMDA-elicited currents were potenti-
ated by kynurenic acid (KYNA), a nonselective ionotropic Glu receptor antagonist. Also, the 
receptor mediating the response to NMDA was found to be less permeable to Ca2+. With these 
observations, the authors suggested that astrocytes express a novel form of NMDAR, regu-
lated by GPCR, as suggested by their sensitivity to a G-protein inhibitor, perhaps through the 
assembly of particular nondescribed subunits expressed in these cells.

Then, the group by Krebs et al. [102] reported that in rat hippocampus, NMDAR subunits 
GluN1 and GluN2B were observed in GFAP+ cells by IHC 3 days after transient ischemia, 
peaking at 28 days, and declining by 56 days, but were not detected in cells from intact ani-
mals. These observations were consistent with those made by Gottlieb and Matute [96]. In 
addition, GluN1 and GluN2B subunit expression was confirmed in astrocytes from postnatal 
(2–4 days) hippocampal neuron-glia cocultures subject to anoxia, where no neurons survived 
by day 3. In contrast, GluN2B was not found in pure cultured hippocampal astrocytes after 
anoxia. Functionally, NMDA (0.5–1 mM) elicited iCa2+ responses in astrocytes obtained from 
neuron-glia cocultures subject to anoxia or astrocytes acutely isolated from ischemic hippo-
campi. These responses were APV sensitive, and in acute isolated astrocytes, they were par-
tially blocked by ifenprodil. These authors suggested that NMDAR function in astrocytes 
could provide the basis for new therapies to ameliorate the effects of stroke.

The same year, Zhang et al. [103] published a study reporting NMDAR participation in iCa2+ 
responses to Glu in cultured rat cortical astrocytes (87% of cells as described in their follow-
ing publication) using APV. This is to our knowledge the first report that found response to 
NMDA in nonhypoxic cultured rat cortical astrocytes. A year after, the same group published 
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these results but also found that NMDA (50–100 μM) elicited iCa2+ response that was sensitive 
to APV in a large proportion (72%) of cultured rat cortical astrocytes [104]. Interestingly, APV 
inhibition was reverted only after a 30-min incubation in APV-free solution.

Two years later, strong evidence was provided by the group of Verkhratsky indicating that 
NMDAR mediated currents in acute isolated and tissue mouse cortical astrocytes (17–22 days) 
[105]. Profiting the advantages of the EGFP-GFAP mouse model for the identification of astro-
cytes, these authors found three different components of currents elicited by Glu application in 
acute isolated astrocytes using AMPA/kainate receptor, NMDAR, and Glu transporter inhibi-
tors (NBQX, APV, and L-TBOA, respectively). In particular, APV blocked the sustained compo-
nent of the Glu-induced current. They also demonstrated that NMDA elicited robust currents 
potentiated by Gly in 87% of acute isolated astrocytes at −40 or −80 mV membrane potential, 
indicating their insensitivity to Mg2+, in contrast with NMDAR-mediated currents in neurons 
and previous work with hippocampal astrocytes [100]. Robust currents required 10–100 μM 
NMDA but were observable with 30 nM NMDA, they were blocked by MK-801, and ifenprodil 
only partially reduced currents in 43% of cells. Importantly, electrical stimulation of neurons 
in brain slices from 17 to 22 day animals also evoked Mg2+-insensitive cortical astrocyte cur-
rents of which the fast component was blocked by MK-801, suggesting NMDAR involvement. 
Glu transporters also mediated these currents, but in contrast with observations in isolated 
astrocytes, AMPA/kainate receptors were poorly involved, although preventing their desensi-
tization increased current amplitude. Interestingly, miniature spontaneous currents were also 
observed in tissue astrocytes that were independent of TTX, partially blocked by APV (32%) 
but fully blocked by APV and NBQX combination. All in all, this work demonstrated that 
astrocytes express functional NMDAR that mediate neuron-astrocyte communication.

Contrary to these findings, the same year different groups reported that NMDAR is not 
involved in iCa2+ response of astrocytes. Wang et al. [106] investigated astrocyte Ca2+ activity in 
the barrel cortex of adult mouse (6–8 weeks) in response to whisker stimulation. In this work, 
it was found that iCa2+ activity in astrocytes was consistently triggered by whisker stimulation. 
However, iontophoretic application of APV did not modify astrocytic iCa2+ activity although 
postsynaptic currents were suppressed, suggesting that astrocytic NMDAR is not involved 
in their response. In addition, Serrano et al. [107] studied glial involvement in heterosynaptic 
depression in rat (14–21 days) hippocampal slices. Although these authors found that NMDA 
elicited iCa2+ responses in astrocytes that were blocked by APV, these responses were delayed 
minutes after NMDA application. Indeed, TTX revealed that these glial responses were indi-
rect and mediated by neuronal activity, as previous works had reported. Likewise, Kato, et al. 
[108] found in cultured cortical astrocytes from newborn mouse that NMDAR antagonists 
MK-801, ifenprodil, or Ro25-6981 did not block iCa2+ rise in response to Glu, as it was observed 
in cultured neurons. Notably, Glu induced astrocytes’ activation (measured by morphological 
changes and GFAP expression) in neuron/astrocyte cocultures or cultured astrocytes, but this 
effect was blocked by MK-801 or ifenprodil only in neuron/astrocyte cocultures. This supported 
that neuronal NMDAR mediated neuron-glia signaling mediated astrocyte activation, resem-
bling previous observations made in tissue astrocytes. In addition, Edling et al. [109] found 
that c-fos induction by Glu in newborn rat cultured astrocytes was not blocked by MK-801.
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In 2008, a transcriptome database for three cell types of the CNS (neuron, astrocyte, and 
oligodendrocyte) from mouse forebrain was published, describing developmental changes 
between postnatal days 1 and 30 [110]. In this work, astrocytes were isolated by fluorescence-
activated cell sorter (FACS) from a transgenic mouse expressing EGFP under control of 
S100β promoter, an astrocyte marker. Results showed that in vivo but also cultured astro-
cytes express NMDAR subunits GluN1, GluN2C, and GluN3A, the subunits included in the 
arrays. In particular, GluN2C was enriched in mature astrocytes. Importantly, after expres-
sion profile analysis, the authors observed that cultured astrocytes expressed many of the 
genes expressed by in vivo astrocytes and did not express the enriched genes in neurons or 
oligodendrocytes. However, they concluded that cultured astrocytes do not represent the 
same cell type as in vivo astrocytes, but instead an immature stage of the astrocyte lineage or 
a reactive astrocyte phenotype.

Simultaneously, Serrano et al. [111] found evidence suggesting astrocytic NMDAR function in 
the hippocampus, in contrast to their previous findings. These authors first distinguished two 
populations of cells in hippocampal slices from the EGFAP-GFAP mouse (10–18 day). These 
cells had different current/voltage curves, GFP levels, and cell-coupling and therefore were 
designated linear and outward rectifying glial cells (probably NG2+ cells). NMDA (25 μM)  
depolarized both types of cells, but in linear glial cells, TTX blocked partially (43%) the depo-
larization, while in outward rectifying cells, TTX had no effect. These observations suggested 
the direct involvement of astrocytic NMDAR beyond an indirect role mediated by neuronal 
activity as suggested by their own work and other previous reports. These authors further 
suggested that diversity of glial cells in the hippocampus could underpin distinct observa-
tions regarding NMDAR function in hippocampal astrocytes.

3.4. NMDAR composition, peculiar function, and therapy window: the 2010s

Palygin et al. [112] reported again that acute isolated astrocytes from EGFP-GFAP mouse 
(3 months) elicited currents in response to NMDA (30 μM). These currents presented slow 
desensitization kinetics, were blocked by APV, and were insensitive to Mg2+ as previously 
reported by the same group [105]. In addition, NMDA (30 μM) also elicited iCa2+ responses in 
acute isolated astrocytes measured with Fura-2 that were 43% of that elicited with Glu. iCa2+ 
responses were also evoked in astrocytes from cortical slices by neuronal electrical stimulation 
and were proportional to stimulus intensity. The iCa2+ response was blocked by TTX (100%) 
or decreased by APV (34%) or UBP141 (29%; antagonist of GluN2C/D containing NMDAR). 
With these results, the authors confirmed that astrocytic NMDAR participated in neuron-glia 
signaling and suggested that they should be assembled with GluN2C/D subunits and GluN3 
that could provide lack of Mg2+ block and low Ca2+ permeability.

The same year, Lee et al. [113] reported that human astrocytes also expressed functional 
NMDAR. In this work, all seven NMDAR subunits were detected by RT-PCR in cultured 
astrocytes from fetal brains or adult brains and by immunofluorescence in human cultured 
fetal astrocytes. They found iCa2+ responses measured with Fura-2 to Glu (20 μM- 2.5 mM) or 
quinolinic acid (QUIN; agonist of NMDAR; 40 nM- 5 μM) that were blocked by MK-801 or 
memantine (NMDAR antagonist). However, three aspects were atypical in these  experiments: 
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(a) responses to Glu and QUIN were not transient but sustained even after 30 s of agonist 
removal; (b) disparate concentrations of Glu (500 μM) and QUIN (1 μM) were required to 
elicit a similar iCa2+ response; and (c) these experiments were made with a fluorometer despite 
employing live microscopy. On the other hand, cytotoxicity levels induced by Glu or QUIN 
were prevented by MK-801 or memantine, but again Glu and QUIN concentrations to achieve 
the same response were disparate (500 μM vs. 500 nM, respectively).

After, Jiang et al. [114] reported that in cultured rat cortical astrocytes the NO donor sodium 
nitroprusside (SNP) or NMDA (10 μM for 18 hrs) induced Carboxyl-terminal PDZ ligand of 
nNOS (CAPON) translocation form cytoplasm to cell nucleus. The authors assumed NMDAR 
function since SNP effect was prevented by MK-801. Extraordinarily, they observed that SNP 
induced GluN2B localization in the cell nucleus, supporting previous findings suggesting 
putative NMDAR nuclear translocation [115, 116]. On the other hand, Zhou et al. [117] char-
acterized NMDAR subunit expression in mouse cultured astrocytes at different times and in 
a model of ischemia. They found GluN1, GluN2A, and GluN2B expression by RT-PCR and 
immunofluorescence (only GluN1 and GluN2B). The expression of GluN1 decreased with 
time (4 weeks), GluN2A was increased, and GluN2B was slightly increased. Ischemia, actu-
ally an incubation in medium without serum, glucose, and equilibrated with 85% N2 and 0% 
O2, caused a bell-shaped response in GluN1, GluN2A, and GluN2B gene expression.

The following year, a study by Palygin et al. [118] characterized pharmacologically the 
NMDAR in acute isolated cortical astrocytes from the EGFP-GFAP mouse (4–8 weeks). In 
these cells, NMDA (50 μM) evoked inward currents in all astrocytes tested that were inhib-
ited by UBP141 (62%) and were Mg2+ independent, whereas in neurons, only a slight inhibi-
tion was observed (9%) and they were Mg2+ dependent. Ifenprodil did not block astrocyte 
responses (3%), whereas it had a marked effect on neurons (58%). Memantine at low concen-
tration blocked mainly astrocyte responses (39%) but not neuronal responses (7%), whereas 
at high concentration, it blocked both responses by 72% in astrocytes and 46% in neurons. In 
addition, using cortical brain slices, astrocyte and neuronal synaptic responses to NMDA or 
afferent stimulation were recorded. Astrocyte currents were dependent (TTX blocked them) 
and proportional to neuronal activity, therefore termed glial synaptic currents (GSC), but had 
slower rise and decay times compared with neuronal responses. In these experiments, simi-
lar results were observed to those observed in acute isolated cells with UBP141, ifenprodil, 
and memantine. When MK-801 was applied to astrocytes intracellularly, their response was 
decreased and no further effect was achieved with UBP141 or APV, although Glu transporter 
inhibitors almost fully abolished astrocytic response. In addition, measuring simultaneously 
iCa2+ with Fluo-3 and currents in astrocytes, it was found that NMDAR contributes impor-
tantly (89%) to current response, whereas it mediated approximately half of iCa2+ response 
(50–55%). The Ca2+ permeability (PaCa/PNa) of astrocytic NMDAR was calculated and found 
lower than that of neurons (3.4 astrocytes vs. 7.5 neurons), as suggested previously. This 
value is similar to that of NMDAR containing GluN3 subunits and together with Mg2+ inde-
pendence suggested that GluN3 subunits are assembled into NMDAR of astrocytes. These 
authors also obtained evidences suggesting that diheteromeric (GluN1/GluN3) NMDAR is 
present in astrocytes. Together, these findings indicated that NMDAR in cortical astrocytes is 
assembled with GluN1, GluN2C or D, and GluN3 subunits.
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In 2008, a transcriptome database for three cell types of the CNS (neuron, astrocyte, and 
oligodendrocyte) from mouse forebrain was published, describing developmental changes 
between postnatal days 1 and 30 [110]. In this work, astrocytes were isolated by fluorescence-
activated cell sorter (FACS) from a transgenic mouse expressing EGFP under control of 
S100β promoter, an astrocyte marker. Results showed that in vivo but also cultured astro-
cytes express NMDAR subunits GluN1, GluN2C, and GluN3A, the subunits included in the 
arrays. In particular, GluN2C was enriched in mature astrocytes. Importantly, after expres-
sion profile analysis, the authors observed that cultured astrocytes expressed many of the 
genes expressed by in vivo astrocytes and did not express the enriched genes in neurons or 
oligodendrocytes. However, they concluded that cultured astrocytes do not represent the 
same cell type as in vivo astrocytes, but instead an immature stage of the astrocyte lineage or 
a reactive astrocyte phenotype.

Simultaneously, Serrano et al. [111] found evidence suggesting astrocytic NMDAR function in 
the hippocampus, in contrast to their previous findings. These authors first distinguished two 
populations of cells in hippocampal slices from the EGFAP-GFAP mouse (10–18 day). These 
cells had different current/voltage curves, GFP levels, and cell-coupling and therefore were 
designated linear and outward rectifying glial cells (probably NG2+ cells). NMDA (25 μM)  
depolarized both types of cells, but in linear glial cells, TTX blocked partially (43%) the depo-
larization, while in outward rectifying cells, TTX had no effect. These observations suggested 
the direct involvement of astrocytic NMDAR beyond an indirect role mediated by neuronal 
activity as suggested by their own work and other previous reports. These authors further 
suggested that diversity of glial cells in the hippocampus could underpin distinct observa-
tions regarding NMDAR function in hippocampal astrocytes.

3.4. NMDAR composition, peculiar function, and therapy window: the 2010s

Palygin et al. [112] reported again that acute isolated astrocytes from EGFP-GFAP mouse 
(3 months) elicited currents in response to NMDA (30 μM). These currents presented slow 
desensitization kinetics, were blocked by APV, and were insensitive to Mg2+ as previously 
reported by the same group [105]. In addition, NMDA (30 μM) also elicited iCa2+ responses in 
acute isolated astrocytes measured with Fura-2 that were 43% of that elicited with Glu. iCa2+ 
responses were also evoked in astrocytes from cortical slices by neuronal electrical stimulation 
and were proportional to stimulus intensity. The iCa2+ response was blocked by TTX (100%) 
or decreased by APV (34%) or UBP141 (29%; antagonist of GluN2C/D containing NMDAR). 
With these results, the authors confirmed that astrocytic NMDAR participated in neuron-glia 
signaling and suggested that they should be assembled with GluN2C/D subunits and GluN3 
that could provide lack of Mg2+ block and low Ca2+ permeability.

The same year, Lee et al. [113] reported that human astrocytes also expressed functional 
NMDAR. In this work, all seven NMDAR subunits were detected by RT-PCR in cultured 
astrocytes from fetal brains or adult brains and by immunofluorescence in human cultured 
fetal astrocytes. They found iCa2+ responses measured with Fura-2 to Glu (20 μM- 2.5 mM) or 
quinolinic acid (QUIN; agonist of NMDAR; 40 nM- 5 μM) that were blocked by MK-801 or 
memantine (NMDAR antagonist). However, three aspects were atypical in these  experiments: 
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(a) responses to Glu and QUIN were not transient but sustained even after 30 s of agonist 
removal; (b) disparate concentrations of Glu (500 μM) and QUIN (1 μM) were required to 
elicit a similar iCa2+ response; and (c) these experiments were made with a fluorometer despite 
employing live microscopy. On the other hand, cytotoxicity levels induced by Glu or QUIN 
were prevented by MK-801 or memantine, but again Glu and QUIN concentrations to achieve 
the same response were disparate (500 μM vs. 500 nM, respectively).

After, Jiang et al. [114] reported that in cultured rat cortical astrocytes the NO donor sodium 
nitroprusside (SNP) or NMDA (10 μM for 18 hrs) induced Carboxyl-terminal PDZ ligand of 
nNOS (CAPON) translocation form cytoplasm to cell nucleus. The authors assumed NMDAR 
function since SNP effect was prevented by MK-801. Extraordinarily, they observed that SNP 
induced GluN2B localization in the cell nucleus, supporting previous findings suggesting 
putative NMDAR nuclear translocation [115, 116]. On the other hand, Zhou et al. [117] char-
acterized NMDAR subunit expression in mouse cultured astrocytes at different times and in 
a model of ischemia. They found GluN1, GluN2A, and GluN2B expression by RT-PCR and 
immunofluorescence (only GluN1 and GluN2B). The expression of GluN1 decreased with 
time (4 weeks), GluN2A was increased, and GluN2B was slightly increased. Ischemia, actu-
ally an incubation in medium without serum, glucose, and equilibrated with 85% N2 and 0% 
O2, caused a bell-shaped response in GluN1, GluN2A, and GluN2B gene expression.

The following year, a study by Palygin et al. [118] characterized pharmacologically the 
NMDAR in acute isolated cortical astrocytes from the EGFP-GFAP mouse (4–8 weeks). In 
these cells, NMDA (50 μM) evoked inward currents in all astrocytes tested that were inhib-
ited by UBP141 (62%) and were Mg2+ independent, whereas in neurons, only a slight inhibi-
tion was observed (9%) and they were Mg2+ dependent. Ifenprodil did not block astrocyte 
responses (3%), whereas it had a marked effect on neurons (58%). Memantine at low concen-
tration blocked mainly astrocyte responses (39%) but not neuronal responses (7%), whereas 
at high concentration, it blocked both responses by 72% in astrocytes and 46% in neurons. In 
addition, using cortical brain slices, astrocyte and neuronal synaptic responses to NMDA or 
afferent stimulation were recorded. Astrocyte currents were dependent (TTX blocked them) 
and proportional to neuronal activity, therefore termed glial synaptic currents (GSC), but had 
slower rise and decay times compared with neuronal responses. In these experiments, simi-
lar results were observed to those observed in acute isolated cells with UBP141, ifenprodil, 
and memantine. When MK-801 was applied to astrocytes intracellularly, their response was 
decreased and no further effect was achieved with UBP141 or APV, although Glu transporter 
inhibitors almost fully abolished astrocytic response. In addition, measuring simultaneously 
iCa2+ with Fluo-3 and currents in astrocytes, it was found that NMDAR contributes impor-
tantly (89%) to current response, whereas it mediated approximately half of iCa2+ response 
(50–55%). The Ca2+ permeability (PaCa/PNa) of astrocytic NMDAR was calculated and found 
lower than that of neurons (3.4 astrocytes vs. 7.5 neurons), as suggested previously. This 
value is similar to that of NMDAR containing GluN3 subunits and together with Mg2+ inde-
pendence suggested that GluN3 subunits are assembled into NMDAR of astrocytes. These 
authors also obtained evidences suggesting that diheteromeric (GluN1/GluN3) NMDAR is 
present in astrocytes. Together, these findings indicated that NMDAR in cortical astrocytes is 
assembled with GluN1, GluN2C or D, and GluN3 subunits.
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Later the same year, the same group reported the participation of NMDAR, AMPA, and P2X 
receptors and Glu transporters in astrocyte responses to synaptic activity using the same 
model [119]. Their results showed that the participation of these molecules change in time. In 
particular, NMDAR increases its participation in both evoked and spontaneous GSC from the 
young (1 month) to adult (6 months) animals, declining in old animals (18–21 months). The 
same behavior was observed for membrane current density and iCa2+.

Also in 2011, Martins de Souza et al. [120] published a proteome analysis of cultured astro-
cytes (cell line 1321 N1) treated with MK-801 or clozapine, performed with 2D gel electropho-
resis followed by MALDI-TOF/TOF mass spectrometry. MK-801 treatment (8–72 h) regulated 
the expression of different proteins that belong to the energy pathway, cell communication, 
or cell growth, among others.

One year later, Gerard and Hansson [121] published a paper in which they described that rat 
cortical astrocytes cocultured (9–11 days) with endothelial cells presented iCa2+ responses to 
NMDA (100 nM-100 μM) measured with Fura-2. These responses were fully blocked by APV 
or ifenprodil, indicating that NMDAR with GluN2B subunit mediated these responses, sub-
unit that was detected by immunofluorescence. Interestingly, the amplitude of these responses 
was blocked only partially (50%) in Ca2+-free solution or with Cd2+. Moreover, Ca2+ depletion 
from IC stores with caffeine and thapsigargin almost fully blocked (90%) response amplitude, 
whereas a combination of IC Ca2+ depletion and extracellular Ca2+-free solution fully blocked the 
response. These results indicated that the source of Ca2+ was mainly the IC pools. Consistently, 
xestospongin C (XesC; inhibitor of inositol tris-phosphate [IP3] receptors) importantly (80%) 
diminished iCa2+ response amplitude and in combination with Ca2+-free extracellular solution 
reached more than 90% inhibition. These authors also found that lipopolysaccharide (LPS) 
treatment increased NMDA iCa2+ response or IL-1β secretion, effects blocked by APV or ifen-
prodil. These results constituted the first suggestion that in cultured astrocytes the NMDAR 
could elicit a metabotropic-like flux-independent response beyond its ionotropic function, 
although these authors did not rule out the possibility that this response was actually a Ca2+-
induced Ca2+ release (CICR). Few groups had previously reported that some neuronal func-
tions were mediated by a metabotropic-like, Ca2+ flux–independent NMDAR [12].

In 2013, a new expression profile analysis for young (2.5 months) and old (15–18 months) 
mouse astrocytes and microglia was published [122]. In this work, astrocytes were isolated 
from mouse brain through FACS using Glu transporter-1 (GLT-1) labeling. The mRNA of 
these cells was obtained, and cDNA was synthesized and then hybridized in an expression 
array. Consistent with the work by Cahoy et al. [110], astrocytes were enriched with GluN2C 
subunit expression in young and old astrocytes. Similar to the previous transcriptome analy-
sis, these authors also found glutamate ionotropic receptor NMDA-type subunit-associated 
protein 1 (Grina) high expression. In addition, young astrocytes expressed higher levels of 
GluN3A in comparison to old astrocytes. Unfortunately, when this review was written, the list 
of genes in the arrays used were not publicly available and therefore it could not be confirmed 
which other subunits of the NMDAR were included in this array. Certainly, the expression 
of GluN2 and GluN3 subunits without GluN1 would not result in NMDAR assembly in the 
ER and transport to the plasma membrane, given the current paradigm and therefore GluN1 
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subunit expression is inferred. Rusnakova et al. [123] also published a study in which expres-
sion of NMDAR subunits was confirmed by single cell quantitative RT-PCR in acute isolated 
astrocytes from postnatal EGFP-GFAP mouse brains at days 10, 20, 30, and 50. In this work, 
NMDAR subunits GluN1, GluN2A, GluN2B, GluN2C, GluN2D, and GluN3A were expressed 
with different levels by these cells. In addition, this study also confirmed the expression of 
these NMDAR subunits at 3, 7, and 14 days after ischemia.

A new transcriptome database was published later by the Barres group based on RNA library 
sequencing [124]. This database included several brain cell types: neurons, astrocytes, myelina-
ting, new and precursor oligodendrocytes, microglia, endothelium, and pericytes. In particu-
lar, cortical astrocytes were isolated from a transgenic mouse expressing EGFP under control of 
aldehyde dehydrogenase (Aldh 1 l1) promoter. In the open database at the Stanford University 
site, astrocytes are reported to express all NMDAR subunits with different levels (https://
web.stanford.edu/group/barres_lab/brain_rnaseq.html). These expression levels in astrocytes 
are paired with expression levels in neurons for comparison and were reported in fragments 
per kilobase of transcript sequence per million mapped fragments (FPKM) as follows: GluN1 
(Grin1) astrocytes ≈3 vs. >60 neurons; GluN2A (Grin2a) ≈ 0.1 vs. ≈ 0.8; GluN2B (Grin2b) ≈ 0.6 vs. 
≈ 3; GluN2C (Grin2c) >25 vs. <1; GluN2D (Grin2d) <0.5 vs. ≈ 1.4; GluN3A (Grin3a) ≈ 5 vs. ≈ 6; 
GluN3B (Grin3b) ≈ 0.2 vs. ≈ 0.3. Thus, this study confirmed previous findings in other expres-
sion databases [110, 122] indicating GluN1, GluN2C, and GluN3A expression in tissue astro-
cytes but also found low expression levels of the other NMDAR subunits.

Later, Haustein et al. [125] studied spontaneous Ca2+ transients in mouse hippocampal astro-
cytes infected with an adenovirus containing the genetically encoded Ca2+ indicator (GECI) 
GCaMP. In this work, APV application did not significantly modify soma or projection spon-
taneous Ca2+ transient peak responses, amplitude, or kinetics. However, if traces of these 
experiments in the work by Haustein et al. [125] are conscientiously analyzed, some subtle 
differences are observed that perhaps could not be detected due to the statistical analysis 
or the population of peaks analyzed. However, if this could be true, the effect of APV was 
contrary to that described by Lalo et al. [105], because in this case, it appears as if NMDAR 
blockade increased spontaneous iCa2+ transients.

The following year, one of us published a work in which serendipitously a metabotropic-like 
Ca2+ flux–independent NMDAR was found in cultured rat cortical astrocytes [15]. In these cells, 
the expression of the seven NMDAR subunits was found at the mRNA and protein level by 
immunofluorescence and of GluN1 by WB. Interestingly, it was found that acid-NMDA (1 mM; 
pH 6.0) elicited iCa2+ responses in Fluo-4 labeled astrocytes that were not blocked by MK-801 
nor by Ca2+-free extracellular solution, but they were blocked by APV, KYNA, XesC, ryano-
dine (inhibitor of ryanodine receptors), or GluN1 knockdown by siRNA. Later, we found that 
iCa2+ response was elicited by the NMDAR but in response to acid pH that regulates NMDAR 
canonic function [2], rather than to NMDA itself. Also, acid-NMDA treatment depleted mito-
chondrial membrane potential (mΔψ). These results strongly suggested that cultured astro-
cytes express an NMDAR than generates Ca2+ release from IC pools, mediated by IP3R and 
ryanodine receptors as suggested earlier by Gerard and Hansson [121]. However, in contrast 
to their work, we ruled out that CICR was involved since MK-801 and extracellular Ca2+-free 
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Later the same year, the same group reported the participation of NMDAR, AMPA, and P2X 
receptors and Glu transporters in astrocyte responses to synaptic activity using the same 
model [119]. Their results showed that the participation of these molecules change in time. In 
particular, NMDAR increases its participation in both evoked and spontaneous GSC from the 
young (1 month) to adult (6 months) animals, declining in old animals (18–21 months). The 
same behavior was observed for membrane current density and iCa2+.

Also in 2011, Martins de Souza et al. [120] published a proteome analysis of cultured astro-
cytes (cell line 1321 N1) treated with MK-801 or clozapine, performed with 2D gel electropho-
resis followed by MALDI-TOF/TOF mass spectrometry. MK-801 treatment (8–72 h) regulated 
the expression of different proteins that belong to the energy pathway, cell communication, 
or cell growth, among others.

One year later, Gerard and Hansson [121] published a paper in which they described that rat 
cortical astrocytes cocultured (9–11 days) with endothelial cells presented iCa2+ responses to 
NMDA (100 nM-100 μM) measured with Fura-2. These responses were fully blocked by APV 
or ifenprodil, indicating that NMDAR with GluN2B subunit mediated these responses, sub-
unit that was detected by immunofluorescence. Interestingly, the amplitude of these responses 
was blocked only partially (50%) in Ca2+-free solution or with Cd2+. Moreover, Ca2+ depletion 
from IC stores with caffeine and thapsigargin almost fully blocked (90%) response amplitude, 
whereas a combination of IC Ca2+ depletion and extracellular Ca2+-free solution fully blocked the 
response. These results indicated that the source of Ca2+ was mainly the IC pools. Consistently, 
xestospongin C (XesC; inhibitor of inositol tris-phosphate [IP3] receptors) importantly (80%) 
diminished iCa2+ response amplitude and in combination with Ca2+-free extracellular solution 
reached more than 90% inhibition. These authors also found that lipopolysaccharide (LPS) 
treatment increased NMDA iCa2+ response or IL-1β secretion, effects blocked by APV or ifen-
prodil. These results constituted the first suggestion that in cultured astrocytes the NMDAR 
could elicit a metabotropic-like flux-independent response beyond its ionotropic function, 
although these authors did not rule out the possibility that this response was actually a Ca2+-
induced Ca2+ release (CICR). Few groups had previously reported that some neuronal func-
tions were mediated by a metabotropic-like, Ca2+ flux–independent NMDAR [12].

In 2013, a new expression profile analysis for young (2.5 months) and old (15–18 months) 
mouse astrocytes and microglia was published [122]. In this work, astrocytes were isolated 
from mouse brain through FACS using Glu transporter-1 (GLT-1) labeling. The mRNA of 
these cells was obtained, and cDNA was synthesized and then hybridized in an expression 
array. Consistent with the work by Cahoy et al. [110], astrocytes were enriched with GluN2C 
subunit expression in young and old astrocytes. Similar to the previous transcriptome analy-
sis, these authors also found glutamate ionotropic receptor NMDA-type subunit-associated 
protein 1 (Grina) high expression. In addition, young astrocytes expressed higher levels of 
GluN3A in comparison to old astrocytes. Unfortunately, when this review was written, the list 
of genes in the arrays used were not publicly available and therefore it could not be confirmed 
which other subunits of the NMDAR were included in this array. Certainly, the expression 
of GluN2 and GluN3 subunits without GluN1 would not result in NMDAR assembly in the 
ER and transport to the plasma membrane, given the current paradigm and therefore GluN1 
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subunit expression is inferred. Rusnakova et al. [123] also published a study in which expres-
sion of NMDAR subunits was confirmed by single cell quantitative RT-PCR in acute isolated 
astrocytes from postnatal EGFP-GFAP mouse brains at days 10, 20, 30, and 50. In this work, 
NMDAR subunits GluN1, GluN2A, GluN2B, GluN2C, GluN2D, and GluN3A were expressed 
with different levels by these cells. In addition, this study also confirmed the expression of 
these NMDAR subunits at 3, 7, and 14 days after ischemia.

A new transcriptome database was published later by the Barres group based on RNA library 
sequencing [124]. This database included several brain cell types: neurons, astrocytes, myelina-
ting, new and precursor oligodendrocytes, microglia, endothelium, and pericytes. In particu-
lar, cortical astrocytes were isolated from a transgenic mouse expressing EGFP under control of 
aldehyde dehydrogenase (Aldh 1 l1) promoter. In the open database at the Stanford University 
site, astrocytes are reported to express all NMDAR subunits with different levels (https://
web.stanford.edu/group/barres_lab/brain_rnaseq.html). These expression levels in astrocytes 
are paired with expression levels in neurons for comparison and were reported in fragments 
per kilobase of transcript sequence per million mapped fragments (FPKM) as follows: GluN1 
(Grin1) astrocytes ≈3 vs. >60 neurons; GluN2A (Grin2a) ≈ 0.1 vs. ≈ 0.8; GluN2B (Grin2b) ≈ 0.6 vs. 
≈ 3; GluN2C (Grin2c) >25 vs. <1; GluN2D (Grin2d) <0.5 vs. ≈ 1.4; GluN3A (Grin3a) ≈ 5 vs. ≈ 6; 
GluN3B (Grin3b) ≈ 0.2 vs. ≈ 0.3. Thus, this study confirmed previous findings in other expres-
sion databases [110, 122] indicating GluN1, GluN2C, and GluN3A expression in tissue astro-
cytes but also found low expression levels of the other NMDAR subunits.

Later, Haustein et al. [125] studied spontaneous Ca2+ transients in mouse hippocampal astro-
cytes infected with an adenovirus containing the genetically encoded Ca2+ indicator (GECI) 
GCaMP. In this work, APV application did not significantly modify soma or projection spon-
taneous Ca2+ transient peak responses, amplitude, or kinetics. However, if traces of these 
experiments in the work by Haustein et al. [125] are conscientiously analyzed, some subtle 
differences are observed that perhaps could not be detected due to the statistical analysis 
or the population of peaks analyzed. However, if this could be true, the effect of APV was 
contrary to that described by Lalo et al. [105], because in this case, it appears as if NMDAR 
blockade increased spontaneous iCa2+ transients.

The following year, one of us published a work in which serendipitously a metabotropic-like 
Ca2+ flux–independent NMDAR was found in cultured rat cortical astrocytes [15]. In these cells, 
the expression of the seven NMDAR subunits was found at the mRNA and protein level by 
immunofluorescence and of GluN1 by WB. Interestingly, it was found that acid-NMDA (1 mM; 
pH 6.0) elicited iCa2+ responses in Fluo-4 labeled astrocytes that were not blocked by MK-801 
nor by Ca2+-free extracellular solution, but they were blocked by APV, KYNA, XesC, ryano-
dine (inhibitor of ryanodine receptors), or GluN1 knockdown by siRNA. Later, we found that 
iCa2+ response was elicited by the NMDAR but in response to acid pH that regulates NMDAR 
canonic function [2], rather than to NMDA itself. Also, acid-NMDA treatment depleted mito-
chondrial membrane potential (mΔψ). These results strongly suggested that cultured astro-
cytes express an NMDAR than generates Ca2+ release from IC pools, mediated by IP3R and 
ryanodine receptors as suggested earlier by Gerard and Hansson [121]. However, in contrast 
to their work, we ruled out that CICR was involved since MK-801 and extracellular Ca2+-free 
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solution did not block this response. These observations COULD help to explain the initial find-
ings in cultured astrocytes that reported no electrophysiological response to NMDA or no iCa2+ 
response to low concentrations of NMDA. Nevertheless, the molecular mechanisms that enable 
this noncanonical function of the NMDAR still remain to be investigated.

The same year, Jimenez-Blasco et al. [126] reported that in cultured rat cortical astrocytes they 
observed iCa2+ rise measured with Fura-2 elicited by NMDA (1–100 μM). Curiously, NMDA 
effect was delayed by 500–1000 s after its application, presumably due to the low permeabil-
ity of NMDAR in astrocytes. NMDA effect was partially sensitive to extracellular Ca2+-free 
solution, suggesting NMDAR canonical ionotropic function, but it was fully blocked by Ca2+-
free solution in combination with SERCA inhibition by thapsigargin, evidencing also Ca2+ 
release from IC pools, although CICR was not ruled out. Moreover, iCa2+ rise was sensitive to 
U73122, inhibitor of phospholipase C (PLC), suggesting that IP3 synthesis could be involved 
in this effect, in agreement with our results. In addition, long-term NMDA treatment (20 μM, 
8 h) promoted the activation of the PLC/protein kinase C (PKC)/p35/cyclin-dependent kinase 
(Cdk5) pathway that leads to nuclear factor erythroid 2-related factor 2 (Nrf2) activation and 
its nuclear accumulation, effect blocked by MK-801. Consistently, NMDA treatment activated 
the transcription of Nrf2-target genes.

Long-term effects of NMDA on astrocytes were reported also by Obara-Michlewska et al. 
[127], who tested the expression of inwardly rectifying K+ channels (Kir4.1). In these experi-
ments, the treatment of cultured rat astrocytes with NMDA (100 μM, 72 h) decreased the 
expression of Kir4.1 at the mRNA and protein level, effect reverted by MK-801 or APV. In 
addition, in a rat model of acute liver failure, memantine attenuated the decrease of Kir4.1 
mRNA in the rat cortex.

On the other hand, Morquette et al. [128] described a role of astrocytes in the rat central pattern 
generator of the dorsal part of the trigeminal main sensory nucleus. In this study, it was found 
that astrocytes in this nucleus presented membrane currents or iCa2+ rise elicited by electric 
stimulation or NMDA treatment (1–2 mM), while neuronal activity turned from tonic to burst-
ing and was also accompanied by iCa2+ rise. NMDA-elicited depolarizations in astrocytes were 
insensitive to TTX, whereas an inhibitory cocktail (CNQX, TTX, Cd2+, and L-trans-pyrollidine-
2,4-dicarboxylic acid [PCD] inhibitor of Glu uptake) blocked 53% of astrocyte response but 
almost fully blocked neuronal response, suggesting that astrocytic NMDAR was involved. Also, 
MK-801 diffused intracellularly in astrocytes blocked NMDA-elicited response in these cells. 
Together, these results strongly suggested that these astrocytes expressed functional NMDAR.

However, Otsu et al. [129] studied with the Ca2+ sensor Rhod-2 iCa2+ responses in glomerular 
astrocytes in the juvenile (14–21 day old) mouse olfactory bulb. In this work, it was found that 
electrical stimulation of odor sensory neurons elicited iCa2+ responses in glomerular astro-
cytes and neurons. Astrocyte responses were delayed and elicited only with high stimulus 
intensities in contrast to neuronal ones that were elicited even with single pulse stimulation. 
Astrocyte and neuronal responses were blocked by a combination of APV and CNQX, similar 
to the observations made by Lalo et al. [105] in cortical astrocytes. Nevertheless, considering 
the delay between both responses, these authors suggested that in astrocytes, responses were 
mediated by postsynaptic activity (dendrite Glu release), instead of a direct stimulation of 
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astrocytic NMDAR or AMPAR. It must be noted that these observations were made measur-
ing somatic Ca2+ dynamics, but the NMDAR role was not tested when a GECI mouse model 
was used. This could be relevant because it has been shown that somatic and projection iCa2+ 
responses have different molecular players [125, 130, 131].

In this year also, Dzamba et al. [132] analyzed the expression of NMDAR subunits in cortical 
astrocytes from the EGFP-GFAP mouse before and after ischemia by single cell quantitative 
RT-PCR. In these experiments, all NMDAR subunits were expressed by astrocytes of uninjured 
mouse with the exception of GluN3B that presented in very low levels, consistently with their 
previous work [123]. The expression of these genes was increased 7 and 14 days after ischemia, 
with the exception of GluN2C that was the highest expressed subunit in control conditions and 
GluN3B that did not increase nor was detected. In contrast, immunofluorescence experiments 
in brain slices showed only GluN3A expression in control animals, but after ischemia, NMDAR 
subunits GluN1 and GluN2B-D were also observed. iCa2+ responses were elicited in tissue 
astrocytes by NMDA (4–100 mM), were not blocked by TTX, but were sensitive to APV and 
memantine. In contrast to previous findings, ischemia reduced iCa2+ responses to NMDA. Also, 
cortical cultured astrocyte iCa2+ responses were elicited, but with higher NMDA concentration 
(500 μM), these responses were also reduced in astrocytes isolated from ischemic mice.

An additional study [133] tested the effect of MK-801 in GFAP expression in tissue hippocam-
pal and cultured astrocytes from rat. In these experiments, MK-801 (6 days) increased GFAP 
expression in the hippocampus as measured by immunofluorescence and WB. Consistently, 
MK-801 (24 h) increased GFAP, BDNF, TrkB, and p75 expression at the mRNA and protein 
level in hippocampal cultured astrocytes. These results suggested that NMDAR activity 
mediates these effects in astrocytes. Moreover, with these results, the authors proposed that 
hippocampal astrocytes may participate in NMDAR hypofunction associated to the patho-
physiology of schizophrenia.

In 2016, one study by Pinacho et al. [134] showed that MK-801 upregulated the expression of 
glycogen phosphorylase (PYGM) and RAC-1 when administered in mice but also in cultured 
rat cortical astrocytes (72 h).

Recently, Mehina et al. [135] studied astrocytes in mouse cortical slices and found that neu-
ronal theta burst stimulation generated transient iCa2+ increase in astrocyte soma and projec-
tions, followed by a long-lasting decrease of cytoplasmic Ca2+ basal levels, perhaps related 
with observations made by Cornell-Bell et al. [80] with NMDA. Although the transient iCa2+ 
response in astrocytes was blunted by APV, this was not statistically significant; however, 
it did block the long-lasting decrease of cytoplasmic Ca2+ basal levels. Importantly, MK-801 
applied intracellularly by the patch pipette also blocked the long-lasting decrease of basal Ca2+, 
indicating that it was mediated by astrocytic NMDAR. Consistent with the role of NMDAR, it 
was also found that a NOS inhibitor mediated the decrease of basal Ca2+, probably through its 
regulation of SERCA. These authors also showed that basal Ca2+ levels in astrocytes regulate 
long-lasting vascular tone, effect blocked by APV.

All in all, these studies have substantiated that astrocytes do express NMDAR at the mRNA, 
protein, and functional level. However, the reach of this conclusion has not been easy because 
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solution did not block this response. These observations COULD help to explain the initial find-
ings in cultured astrocytes that reported no electrophysiological response to NMDA or no iCa2+ 
response to low concentrations of NMDA. Nevertheless, the molecular mechanisms that enable 
this noncanonical function of the NMDAR still remain to be investigated.

The same year, Jimenez-Blasco et al. [126] reported that in cultured rat cortical astrocytes they 
observed iCa2+ rise measured with Fura-2 elicited by NMDA (1–100 μM). Curiously, NMDA 
effect was delayed by 500–1000 s after its application, presumably due to the low permeabil-
ity of NMDAR in astrocytes. NMDA effect was partially sensitive to extracellular Ca2+-free 
solution, suggesting NMDAR canonical ionotropic function, but it was fully blocked by Ca2+-
free solution in combination with SERCA inhibition by thapsigargin, evidencing also Ca2+ 
release from IC pools, although CICR was not ruled out. Moreover, iCa2+ rise was sensitive to 
U73122, inhibitor of phospholipase C (PLC), suggesting that IP3 synthesis could be involved 
in this effect, in agreement with our results. In addition, long-term NMDA treatment (20 μM, 
8 h) promoted the activation of the PLC/protein kinase C (PKC)/p35/cyclin-dependent kinase 
(Cdk5) pathway that leads to nuclear factor erythroid 2-related factor 2 (Nrf2) activation and 
its nuclear accumulation, effect blocked by MK-801. Consistently, NMDA treatment activated 
the transcription of Nrf2-target genes.

Long-term effects of NMDA on astrocytes were reported also by Obara-Michlewska et al. 
[127], who tested the expression of inwardly rectifying K+ channels (Kir4.1). In these experi-
ments, the treatment of cultured rat astrocytes with NMDA (100 μM, 72 h) decreased the 
expression of Kir4.1 at the mRNA and protein level, effect reverted by MK-801 or APV. In 
addition, in a rat model of acute liver failure, memantine attenuated the decrease of Kir4.1 
mRNA in the rat cortex.

On the other hand, Morquette et al. [128] described a role of astrocytes in the rat central pattern 
generator of the dorsal part of the trigeminal main sensory nucleus. In this study, it was found 
that astrocytes in this nucleus presented membrane currents or iCa2+ rise elicited by electric 
stimulation or NMDA treatment (1–2 mM), while neuronal activity turned from tonic to burst-
ing and was also accompanied by iCa2+ rise. NMDA-elicited depolarizations in astrocytes were 
insensitive to TTX, whereas an inhibitory cocktail (CNQX, TTX, Cd2+, and L-trans-pyrollidine-
2,4-dicarboxylic acid [PCD] inhibitor of Glu uptake) blocked 53% of astrocyte response but 
almost fully blocked neuronal response, suggesting that astrocytic NMDAR was involved. Also, 
MK-801 diffused intracellularly in astrocytes blocked NMDA-elicited response in these cells. 
Together, these results strongly suggested that these astrocytes expressed functional NMDAR.

However, Otsu et al. [129] studied with the Ca2+ sensor Rhod-2 iCa2+ responses in glomerular 
astrocytes in the juvenile (14–21 day old) mouse olfactory bulb. In this work, it was found that 
electrical stimulation of odor sensory neurons elicited iCa2+ responses in glomerular astro-
cytes and neurons. Astrocyte responses were delayed and elicited only with high stimulus 
intensities in contrast to neuronal ones that were elicited even with single pulse stimulation. 
Astrocyte and neuronal responses were blocked by a combination of APV and CNQX, similar 
to the observations made by Lalo et al. [105] in cortical astrocytes. Nevertheless, considering 
the delay between both responses, these authors suggested that in astrocytes, responses were 
mediated by postsynaptic activity (dendrite Glu release), instead of a direct stimulation of 
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astrocytic NMDAR or AMPAR. It must be noted that these observations were made measur-
ing somatic Ca2+ dynamics, but the NMDAR role was not tested when a GECI mouse model 
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apparent contradictory findings or controversies have been often reported. A critical issue 
through this achievement has been the distinction between neuronal and astrocytic NMDAR, 
considering their location at or near the synapse, but also presynaptic membranes, very close 
to the perisynaptic astrocyte projection (PAP), where the NMDAR may mediate astrocytic 
Ca2+ responses relevant for information handling in the brain. Nevertheless, other sites of 
NMDAR actions besides the PAP should not be discarded.

An additional source of controversy has been the selection of the experimental approach and 
model to test NMDAR in astrocytes. It seems clear now that canonical ionotropic NMDAR 
function is not conserved in cultured cells compared with tissue astrocytes. Classical electro-
physiological experiments initially set the basis to conceive the lack of NMDAR in cultured 
astrocytes. However, the same approaches applied to tissue or acute isolated astrocytes sug-
gested NMDAR function. In this regard, it is very interesting why and how the NMDAR 
becomes a different functional molecule when astrocytes are cultured and what may be the 
physiological relevance (if any) at the cellular and tissular level (see below).

An important source of controversy has been the a priori expectations that NMDAR in astrocytes 
should have similar biophysical and functional properties as its well-studied neuronal synap-
tic counterpart. Pharmacological studies have already demonstrated that NMDAR in astrocytes 
may be assembled by different subunits that confer particular functional properties. Its multisub-
unit nature, diversity of subunits, and multiple posttranslational and posttranscriptional modi-
fications suggest that NMDAR function is more complex as it goes beyond synaptic function. 
Interestingly, in line with this conception, some reports have already documented a noncanonical 
metabotropic-like, flux-independent NMDAR function in astrocytes but also in neurons [10–12, 
15]. Intriguingly, phosphatidylinositol metabolism was found associated with NMDAR-mediated 
Ca2+ flux in Muller and Bergman cells [136, 137]. As a matter of fact, metabotropic-like, flux- 
independent function is not necessarily new for ionotropic Glu receptors. It has been reviewed 
elsewhere that this kind of mechanisms occurs for kainate receptors, some of them described 
almost 2 decades ago [138]. However, the cellular and molecular mechanisms that make this pos-
sible are poorly studied and become very relevant considering NMDAR function in other cells 
and tissues and flux-independent function observed in neuronal-mediated mechanisms.

Some of the methodological and experimental sources of controversy that precluded the 
acknowledgment of NMDAR expression and function in astrocytes are shared with those 
that precluded the acceptance of astrocyte iCa2+ dynamic responses in CNS handling of infor-
mation and function. Please refer to the review by Khakh and McCarthy [139] who deeply 
discussed these aspects.

4. Insights regarding astrocytic NMDAR

Given the relevance of NMDAR in CNS, the expression of NMDAR in astrocytes, and its role 
in information handling in CNS, the intuitive conclusion is that NMDAR in astrocytes is impli-
cated in this function, as some electrophysiological works have already demonstrated, detect-
ing iCa2+ signals in response to synaptic activity. However, electrical activity in astrocytes may 
have a secondary role in comparison to other cellular activities such as for instance synctitial 
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 communication, in contrast with their neuronal counterparts. Therefore, it is convenient to 
take into account the diversity of Ca2+-dependent metabotropic IC signals elicited by NMDAR 
activation, outlined above, that could shape astrocyte activities. Since GluN2C is preferentially 
assembled into astrocytic NMDAR, then it is possible that IC pathways differ from GluN2A/B 
NMDAR, as some initial works have demonstrated. This is even more relevant when it is consid-
ered that astrocytes are involved not only in information handling, but also in energy adminis-
tration, immune response to infection or tissue damage, development, or synaptogenesis, among 
other functions [17, 140]. In this regard, the IC pathways activated by Ca2+ entry through the 
NMDAR must be critical for the long-term effects that could occur not only to the astrocyte but 
also to its syncytium. Indeed, as described above, some groups have already started to study 
these long-term effects in astrocytes after chronic exposure to NMDA, and as history has dem-
onstrated, cell culture is a useful tool to study these aspects. In addition, NMDAR has been 
shown to mediate IC signaling in astrocytes, function critically involved in neuronal survival. 
Furthermore, since astrocytes are also involved in the immune response and some evidences 
point to enhanced NMDAR activity in these cells after ischemia, thus it is possible to conceive 
that NMDAR in astrocytes is involved in immune function of these cells, as has been observed 
previously in lymphocytes [8]. Also, recent work has suggested that NMDAR of astrocytes could 
be involved in the hypofunction of NMDAR that has been proposed as an alternative hypothesis 
to understand schizophrenia [133]. More work is needed to investigate how NMDAR in astro-
cytes is related to other pathologies that have been related to astrocyte functions [141].

On the other hand, Ca2+ flux–independent metabotropic signaling by NMDAR in cultured astro-
cytes provides the grounds for a new framework of NMDAR activity, although more research 
is required to further confirm its occurrence in tissue astrocytes. Nevertheless, it must be noted 
that multifunctionality of cell membrane molecules is now well documented, and most of these 
mechanisms were initially described in cultured cells ([136]; and references therein). Indeed, it 
is possible that the effect observed by Nishizaki et al. [97] and Kondoh et al. [101] in cultured 
human astrocytes with a G-protein inhibitor could be related to NMDAR signaling inhibition 
itself instead of NMDA activation of an unknown receptor that elicited G-protein activation, or 
NMDAR regulation by a GPCR, as it was suggested. If true, this report could be the first hint-
ing Ca2+ flux–independent metabotropic signaling by NMDAR. Therefore, this kind of signal-
ing should not be discarded a priori, also considering that this Ca2+ flux–independent NMDAR 
function has also been observed in neuronal-mediated responses, and the number of works 
documenting this function is increasing [12, 142]. Moreover, flux-independent metabotropic 
signaling by other ionotropic Glu receptors have been known for almost 2 decades [138].

The experimental evidence indicates that in cultured astrocytes Ca2+ flux–independent 
metabotropic NMDAR signaling is dominant over its ionotropic function, that could be exac-
erbated by culture conditions, such as Glu concentration or the extracellular proteins present 
in fetal bovine serum. However, it is not possible to rule out that in tissue astrocytes some 
NMDAR, probably distributed at specific cellular locations, may elicit this kind of signaling. 
The currents observed in acute isolated astrocytes, the conservation of some classical iono-
tropic NMDAR function in astrocytes cocultured with endothelial cells, and its absence in 
pure cultured astrocytes support this notion [15, 105, 121], because cellular interactions may 
be involved in the conservation of canonical NMDAR function. Moreover, these observations 
may reflect a gradual conversion of NMDAR function due to some unknown mechanism that 
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may be related to membrane dynamics. In addition, our observations suggest that there is 
some sort of segregation of Ca2+ flux–dependent and –independent functions of NMDAR in 
cultured astrocytes [143, 144]. Consistent with these putative Ca2+ flux–dependent and –inde-
pendent functions of NMDAR, long-term effects in cultured astrocytes and even iCa2+ rise in 
human cultured astrocytes have been blocked by MK-801 or memantine, thus substantiating a 
canonical ionotropic function. This somehow contradicts the fact that most electrophysiologi-
cal recordings in cultured astrocytes have never found NMDAR-mediated currents, with the 
exception of the work with human astrocytes from the white matter that intriguingly were not 
sensitive to APV. These apparent contradictions may have their source in the experimental 
settings employed, as described above. For instance, the cell model employed may cooperate 
in this variability given the diversity of astrocytes [145, 146]. Also, the intracellular crosstalk 
among Glu ionotropic and metabotropic receptors and their regulation in the experimental 
models employed may interplay and result in the apparent contradictions observed. In addi-
tion, it is of note that most experiments studying NMDAR in cultured astrocytes have used 
high agonist concentrations that are within the Glu concentration reached in the synaptic cleft 
after neurotransmission [147]. Also, it is interesting that different physiological solutions have 
been used with cultured astrocytes that could be related to the observations made. Notably, 
experiments with human astrocytes have shown unique behaviors of NMDAR suggesting per-
haps that in human cells NMDAR may have specific molecular features that are still unknown.

However, the fact that cultured rat astrocytes present Ca2+ flux–independent metabotropic 
NMDAR signaling indicates at least the existence of a cellular and/or molecular mechanism 
that enables this function, although it could be overrepresented in cultured astrocytes due to 
culture conditions. This mechanism may be related to the expression of genes that let some 
authors conclude that cultured astrocytes represent an undifferentiated or activated pheno-
type of astrocytes. Nonetheless, since NMDAR is also expressed by endothelial cells, leuko-
cytes, osteoblasts, platelets, or melanocytes, among other cells but also in a diversity of tissues 
including stomach, testis, thymus, ovaries, skin, pancreas, lung, kidney, or heart [3], it is likely 
that NMDAR function may encompass other mechanisms of action and regulation, beyond 
those described for synaptic or extrasynaptic NMDAR. For instance, leukocytes or endothelial 
cells are in contact with 40 times higher Glu (40 μM) in the blood than cells of CNS bathed by 
the cerebrospinal fluid (1 μM) [148]. Therefore, NMDAR in these cells must require particu-
lar cellular or molecular mechanisms to avoid its activation and the resulting entry of large 
quantities of Ca2 that could activate them or even be cytotoxic. Also, Mg2+ blockade should 
not work in these cells since Glu concentrations are constant, unless it is regulated differently 
to neuronal NMDAR. One alternative for this Ca2+ flux–independent metabotropic-like func-
tion is that in cell culture, the NMDAR associates with molecular partners that enable this 
function. Interestingly, it has been reported that NMDAR has been found to associate with 
metabotropic dopamine receptors [149]. There is also a possibility that Ca2+ flux– independent 
metabotropic-like NMDAR function could be the result of proteolytic cleavage, as that already 
reported for NMDAR subunit GluN1 [150], that occurs to other membrane molecules [151]. In 
addition, GluN2C subunit–mediated IC signaling, found highly expressed in most transcrip-
tome analysis of astrocytes, but that has been poorly studied, could be involved.

Of particular interest is the fact that, according to our results, higher H+ concentration seems 
responsible to elicit NMDAR Ca2+ flux–independent metabotropic-like function. This is because 
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three main points are relevant for CNS: (a) It is well known that presynaptic Glu release causes 
an increase of H+ concentration in the synaptic cleft [152]. (b) Under certain processes such as 
inflammation, hypoxia/ischemia, or hypercapnia, among others, very low pH levels may be 
reached in the brain [153]. (c) The NMDAR is well known to be regulated negatively by acidic 
pH, and the amino acid sequences that mediate this effect have been identified [2]. Then, Ca2+ 
flux–independent metabotropic-like function of NMDAR in astrocytes presents singularities, 
or even antagonic features when compared with canonical NMDAR that could be relevant for 
astrocyte function and therefore for the maintenance of brain homeostasis. Thus, the study of 
the molecular mechanisms that make possible Ca2+ flux–independent function of the NMDAR 
may open new possibilities to modulate NMDAR function in certain pathologies.

On the other hand, which advantage presents the Ca2+ flux–independent metabotropic-like 
NMDAR in astrocytes? Perhaps the easiest answer is that some sort of NMDAR signaling could 
be initiated without extracellular Ca2+ entry that could pose a menace for cellular homeostasis. 
This could be more advantageous if it is considered that in our experiments we found that Ca2+ 
flux–independent metabotropic-like NMDAR is dependent on H+ levels above physiological 
normal levels [15]. However, the nature of the IC pathways initiated by this Ca2+ flux–indepen-
dent metabotropic-like NMDAR still remains to be investigated, because the PLC/PKC/p35/
Cdk5/Nrf2 pathway activation was sensitive to MK-801 similar to CAPON nuclear translocation 
that may lead to MAPK activation through NOS. Thus, it seems that activation of these path-
ways by long-term treatment with NMDA requires Ca2+ flux. To further analyze this question, 
it is then necessary to define whether this metabotropic-like function is mediated by a channel 
NMDAR with posttranslational modifications that is also capable to initiate signal transduc-
tion as has been observed in neuronal NMDAR [12, 142] or by a nonchannel NMDAR. In the 
first case then, some specific mechanism of channel blockade must act to avoid fast measurable 
Ca2+ flux through NMDAR. In the second case, perhaps other molecular mechanisms could 
result in a nonchannel NMDAR, as described above. However, this question requires further 
research to fully understand the mechanism that enables Ca2+ flux– independent metabotropic-
like NMDAR in astrocytes and perhaps in neurons or other cell types.

All the above-described effects mediated by NMDAR in astrocytes must occur when it is 
located in (a) the astrocyte synaptic membrane (AsSm) of the PAP that directly contacts the 
synapse, analog to the postsynaptic membrane, and/or in (b) PAP extrasynaptic sites that 
could even include the soma. However, IHC-EM experiments have indicated that NMDAR 
in astrocytes is preferentially located in their projections. In addition, Lalo et al. [105] have 
already described the GSC, suggesting that Glu sensing takes place at the PAP or near it, 
thus somatic NMDAR function seems unlikely, although this needs to be tested. The PAP is 
a dynamic structure that surrounds the synaptic bouton (Figure 3) extending and retracting 
as a function of synaptic activity. The more neuronal activity, the more neurotransmitter and 
the more PAP coverage [125, 154, 155]. But, is the NMDAR present in the AsSm of PAPs? Or is 
NMDAR located in extrasynaptic sites in the PAP where it would only be activated by some 
Glu spillover? If it is located in AsSm, then NMDAR could be sensing tiny amounts of Glu, 
whereas if it is in extrasynaptic sites, then only high synaptic activity would lead to its activa-
tion. This is in fact a common feature of iCa2+ signaling in astrocytes, and it is observed with 
high synaptic activity, as described by different groups [105, 125]. However, this observation 
could be the result of the integration of synaptic activity carried out by astrocytes and thus 
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the more PAP coverage [125, 154, 155]. But, is the NMDAR present in the AsSm of PAPs? Or is 
NMDAR located in extrasynaptic sites in the PAP where it would only be activated by some 
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tion. This is in fact a common feature of iCa2+ signaling in astrocytes, and it is observed with 
high synaptic activity, as described by different groups [105, 125]. However, this observation 
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does not necessarily rule out the presence of NMDAR in front of the synapse. Instead, it is pos-
sible that not enough receptors located at the AsSm are activated when low synaptic activity is 
elicited and thus the whole cell currents are not recorded. Therefore, at this point, it is not clear 
the exact location of astrocytic NMDAR; however, in this context, the density and organiza-
tion of receptors at cell membrane in either location are relevant for the final result (Figure 3).

At this point, it is convenient to recall that Glu has been suggested to exert only metabotropic 
signaling (through mGluR, although the putative Ca2+ flux–independent function of NMDAR 
could participate) in extrasynaptic sites of the PAP, in view of the location of IC Ca2+ stores ≈1 μm  
far from the AsSm [156]. However, according to our biophysical modeling work, Ca2+ and IP3 
diffusion coefficients (10X larger for IP3), together with mGluR location, support that synaptic 
astrocyte Glu metabotropic signaling may occur and reach IC Ca2+ stores within millisecond time 
scales depending upon PLC activity and number [157]. Moreover, PAP leaf-like morphology  
would optimize IP3 straightforward diffusion to IC Ca2+ stores. In contrast, although Glu has 
a ≈ 1.5 faster diffusion coefficient than IP3, the need to escape from the synaptic cleft and over-
ride the PAP enwrapping in the EC space and Glu multidirectional diffusion would perhaps 
make this alternative more difficult to occur, although not impossible when very high Glu 
secretion is reached (Figure 3).

Considering the ambivalent nature of NMDAR signaling described above (synaptic vs. 
extrasynaptic), an additional immediate question that comes up is which kind of signaling 
(prosurvival or prodeath) results from astrocytic NMDAR? Since astrocytes are resistant to 

Figure 3. Astrocytic NMDAR putative locations. NMDAR may be located in the astrocyte synaptic membrane (AsSm) 
and/or astrocytic extrasynaptic membranes. IC signaling (a or b) in both places could be specific, b requiring Glu spillover. 
In a and/or b, the Ca2+ flux–independent metabotropic-like NMDAR could be involved, reaching IC Ca2+ pools such as 
the ER in the PAP. As, astrocyte; PreSynN, presynaptic neuron; PosSynN, postsynaptic neuron (see text for details).
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different insults including high levels of Glu, then intuitively the answer should be prosur-
vival signaling. In fact, this has been confirmed by different works, but with some differences 
in comparison with synaptic NMDAR signaling described above. Activation of PLC/PKC/
p35/Cdk5/Nrf2, a prosurvival pathway, and CAPON nuclear translocation were described in 
cultured astrocytes in response to NMDAR [114, 126]. On the other hand, MK-801 treatment 
of cultured astrocytes upregulated glycogen phosphorylase and regulated the expression of 
growth and metabolic genes [134]. Together, these observations indicate that NMDAR in cul-
tured astrocytes provide signaling that help to maintain homeostasis. In line with this idea, 
ischemia increases NMDAR subunits, perhaps providing better tools for cell survival.

5. Conclusions

Research regarding NMDAR expression and function in astrocytes has been full of apparent 
contradictions and controversies and some of them still remain puzzling. Nevertheless, it now 
seems clear that tissue astrocytes do express NMDAR subunits that are assembled into func-
tional receptors that mediate membrane currents, but are different from the well-studied neu-
ronal NMDAR. On the other hand, cultured astrocytes also express NMDAR subunits, but it is 
well documented that NMDAR ligands do not elicit recordable membrane currents. However, 
few groups have found that NMDAR in cultured astrocytes evoke Ca2+ flux–independent 
metabotropic-like signaling, with the exception of human cultured astrocytes in which cur-
rents present certain singularities. Intriguingly, some reports have documented that long-term 
effects of NMDAR agonists in cultured astrocytes are prevented by the pore blocker MK-801. 
Thus, more research is needed to elucidate NMDAR function and its consequences in cultured 
astrocytes. Although NMDAR function in cultured astrocytes may represent a rare phenom-
ena that result from culture conditions, it cannot be discarded a priori that it may occur in tissue 
astrocytes. This possibility is supported by NMDAR wide expression in non-CNS cells that 
could also be relevant for NMDAR Ca2+ flux–independent effects also observed in neurons.

Moreover, the apparent contradictions and controversies found in the last decades in the study 
of NMDAR in astrocytes together with its wide expression in cells and tissues let us realize that 
the biology of NMDAR is much more complex than that described for synaptic NMDAR. This 
seems to be true even within the synapse, where presynaptic NMDAR has casted new com-
plexities in its synaptic function. Also, the NMDAR subunit phylogenetic conservation rein-
forces this idea. However, the understanding of NMDAR function in astrocytes and other cells 
and tissues may lead to envision new therapeutic strategies as has been suggested previously.
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Abstract

Astrocytes are the major cell population in the central nervous system (CNS) and play piv-
otal role in CNS homeostasis and functionality. Malfunction of astrocytes were implicated 
in multiple neurodegenerative diseases and disorders, including amyotrophic lateral scle-
rosis (ALS), spinal cord injury (SCI), brain stroke, Parkinson’s disease (PD), and Alzheimer 
disease (AD). These new insights led to the rationale that transplantation of healthy and 
functional human astrocytes could support survival of neurons and be of therapeutic value 
in treating neurodegenerative diseases. Here, we will mainly focus on the role of astrocytes 
in ALS disease, the major cell sources for generation of human astrocytes, or astrocyte like 
cells and show how multiple preclinical studies demonstrate the efficacy of these cells in 
animal models. In addition, we will cover immerging early stage clinical trials that are cur-
rently being conducted using human astrocytes or human astrocyte like cell population.

Keywords: astrocytes, amyotrophic lateral sclerosis (ALS), hSOD1G93A, neurodegenerative 
diseases, mesenchymal stem cells (MSCs), glial cells

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disease that 
affects upper and lower motor neurons (MN) in the brain and spinal cord, respectively, this 
leads to paralysis and eventually death, mainly due to respiratory failure [1, 2]. The disease is 
incurable and fatal within 3–5 years of first symptoms. About 90% of ALS cases are sporadic, 
and about 10% of ALS cases are familial (with genetic background). Around 45% of familial 
ALS cases are caused by hexanucleotide expansion in the C9orf72 gene [3], while approxi-
mately 20% of the cases are associated with mutations in the Cu/Zu superoxide dismutase 
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(SOD1) gene [4]. Other mutations consist of RNA/DNA binding proteins FUS, TAR DNA 
binding protein-43 [5, 6]. hSOD1G93A high copy number transgenic rats and mice recapitulate 
the disease phenotype and serve as an animal model for ALS [7, 8].

In ALS, the motor neuron degeneration process is accompanied by signs of oxidative stress and 
mitochondrial dysfunction, inclusion bodies, impairment of RNA processing, neurofilament 
aggregation, loss of axonal transport, disruption of the neuromuscular junction, and axon demy-
elination [9]. In the extracellular environment, there are signs of toxicity, resulting from gluta-
mate accumulation, neuroinflammation, and blood barrier disruption. Astrocytes are the most 
abundant cells in the central nervous system (CNS) and are necessary for the protection and 
regeneration of neurons, as they promote axonal growth, deliver essential neurotrophic factors, 
and control blood-brain barrier integrity. Through their surface receptors and transporters, they 
control neurotransmitter levels at the synaptic cleft and regulate synapse formation [10, 11]. Thus, 
astrocytes regulate glutamate homeostasis by two major CNS glutamate transporters, GLT-1/
EAAT2 and GLAST/EAAT1, which are expressed almost exclusively by astrocytes in adult mam-
mals. In addition, astrocyte dysfunction may be the reason for the observed decrease in neuro-
trophic factors [12, 13], as well as for the oxidative stress [14] and neuroinflammation [15].

These observations led many academic groups and biotech companies, including Kadimastem 
to the rationale that ALS could be treated by implantation of normal astrocytes or cells with 
similar astrocytic characteristics from an external source, to support or replace dysfunctional 
ALS astrocytes [16]. Following encouraging preclinical proof-of-concept studies with various 
cell-based therapies in ALS rodent models, some of the cell therapies were next evaluated in 
clinical trials in ALS patients.

2. Pathophysiology of astrocytes in amyotrophic lateral sclerosis 
disease

The pathological mechanisms for ALS are still not well understood and the proposed mecha-
nisms include inflammation, oxidative stress, cytotoxicity by glutamate, and protein aggre-
gation. Though MNs are the main affected cells in the disease, growing body of evidence 
suggests the involvement of astrocytes in the pathology of ALS in a noncell autonomous path-
way. The contribution of astrocytes to the pathology of ALS is probably a combination of loss 
of homeostatic functions and/or gain of toxic functions.

2.1. Toxicity of astrocytes from ALS patients

Astrocytes that were isolated from sporadic and familial postmortem ALS patients and astro-
cytes derived from iPSC of ALS patients have been shown to be toxic to healthy (WT) motor 
neurons [17, 18]. Similar results were obtained by primary astrocytes isolated from hSOD1G93A 
mouse model [19, 20]. The toxic effect of astrocytes on MNs was demonstrated also by addi-
tion of astrocyte condition medium [21, 22]. This lead to the notion that astrocytes of ALS 
patients secrete toxic/mutated proteins that cause specific death of MNs. This hypothesis is 
supported by data from in vivo studies in ALS models. Intraspinal transplantation in WT rats 
of mutated SOD1 astrocytes, but not WT astrocytes, led to deterioration of MNs. MN death 
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was suggested to be mediated by microglia activation since no activation of microglia was 
observed with WT astrocyte injection [23]. In addition, in ALS mouse models where SOD1 
transgene was deleted specifically in astrocytes, the animals exhibited a delay in disease 
onset and slower progression [24–26]. Another study demonstrated that selective expression 
of mutant Tar DNA-binding protein 43 (TDP-43, found in ALS) in astrocytes causes a pro-
gressive loss of motor neurons and the denervation atrophy of skeletal muscles, resulting in 
progressive paralysis [27]. In addition, spinal cord astrocytes were found to degenerate in the 
microenvironment of motor neurons in hSOD1G93A mouse model [28] and ubiquitin-positive 
inclusions were shown in MN microenvironment close to disease onset [29].

2.2. Failure in supporting MNs

Excessive stimulation of glutamate receptors causes excitotoxicity to neurons [30]. Reduction 
of functional astrocytic glutamate transporters is suggested to contribute to glutamate excito-
toxicity found in ALS patients [31]. GLT-1, a glutamate transporter (a.k.a EAAT2) was found 
impaired in ALS patients [32, 33]. In vivo studies have demonstrated that focal loss of GLT-1 in 
the ventral horn of the spinal cord precedes disease onset in transgenic rat model for ALS over-
expressing Cu(+2)/Zn(+2) superoxide dismutase 1 (SOD1) [34]. Transplantation of SOD1G93A 
(glial-restricted precursor cells-glial progenitors that are capable to differentiate into astrocytes) 
in the cervical spinal cord of WT rats induced host MN ubiquitination and death, forelimb 
motor and respiratory dysfunction, reactive astrocytosis, as well as reduced GLT-1 transporter 
expression [23]. Mutating the caspase-3 cleavage consensus site in the GLT-1 sequence (D504N), 
inhibits caspase-3 deactivation of GLT-1. GLT-1D504N mutation in SOD1-G93A mice slowed down 
disease progression time, delayed the development of hindlimb and forelimb muscle weak-
ness, and significantly increased the lifespan of the diseased mice [35]. Activation of mGlu3 
metabotropic glutamate receptors in hSOD1G93A mice enhances GLT-1 formation as well as 
secretion of glial-derived growth factor (GDNF) in the spinal cord and rescues motor neurons 
[36]. Several lines of evidence indicate that strategies designed to increase GLT-1 expression 
have a potential to prevent excitotoxicity; for example, the pyridazine derivative LDN/OSU-
0212320 promotes GLT-1 translation [37], ceftriaxone increases GLT-1 expression by triggering 
NF-kB activity [38], and immunophilin ligand GPI-1046 also increases expression of GLT-1 
[39]; all have been found to delay disease development and death of SOD1G93A mice. However, 
a clinical trial evaluating ceftriaxone in ALS has been prematurely stopped because of lack of 
efficacy [40]. Nevertheless, Riluzole the first FDA-approved drug for ALS was found to increase 
glutamate uptake by C6 astroglial cells [41] shedding light on its therapeutic mechanism.

2.3. Cytotoxic cytokines

Inflammation-mediated neuronal injury is also recognized as a major factor to promote ALS 
disease progression and amplifies MN death-inducing processes. The neuroimmune activation 
is not only a physiological reaction to cell-autonomous death, but also an active component of 
nonautonomous cell death. Astrocytes participate in the cellular response to damage and dan-
ger signals by releasing inflammation-related molecules like NO, IL-6, INF-γ, prostaglandin D2, 
TGF-β, and TNF-α that can induce the apoptosis of neurons observed in ALS disease [21, 42–46]. 
INF-γ, for instance, was found to be expressed in GFAP-positive cells in the CNS [47] that pos-
sess a neurotoxic activity [48]. INF-γ was shown to induce selective death of motor neurons 
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through activation of lymphotoxin-β receptor via LIGHT. The ablation of LIGHT was shown to 
slow down disease progression and prolonged animals’ life span [49, 50]. Cerebrospinal fluid-
targeted delivery of neutralizing anti-IFNγ antibody delays motor decline in an ALS mouse 
model [51]. Other example of a key proinflammatory mediator is prostaglandin E2 (PGE2). 
High levels of PGE2 were found in postmortem brain tissue, cerebrospinal fluid, and serum 
from patients with sporadic ALS [52, 53]. PGE2 levels were also elevated in both the cerebral cor-
tex and spinal cord of SOD1G93A mice [54]. Moreover, the expression of cyclooxygenase (COX)-2, 
a key enzyme in the synthesis of prostaglandins, is higher in the spinal cord of ALS patients 
and model mice [55]. In addition, the level of microsomal PGE synthase-1 (mPGES-1), the final 
regulatory enzyme for PGE2 production, is up-regulated in the motor neurons of G93A mice 
[56]. Recently, it was found that PGE2 induced an upregulation of the EP2 receptor in motor 
neuron-like NSC-34 cells and lumbar motor neurons of ALS model mice [57].

2.4. Necroptosis

Astrocytes from both ALS patients and animal models were also found to induce MN death 
by activation of necroptosis [58]. Necroptosis is a form of programmed necrosis that is inde-
pendent from the activation of caspases and involves loss of the plasma membrane integ-
rity. The receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and mixed lineage 
kinase domain-like (MLKL) have been identified as effector proteins of necroptosis. In vitro 
inhibition of the necroptosis pathway by the RIPK1 antagonist necrostatin-1 (Nec-1) or by 
direct silencing of RIPK1 via a short hairpin RNA (shRNA) has been reported to protect MNs 
from astrocyte-induced toxicity [59, 60]. Necrosulfonamide that inhibits MLKL was shown to 
almost completely rescue MNs from astroglial toxicity. The mechanism by which astrocytes 
induce necroptosis is still not understood. However, the factors TNF-α, TRAIL, and FasL 
were suggested to play a role in induction of necroptosis.

2.5. Mitochondrial alterations

Mitochondrial alterations have been observed in both neuronal and glial cells of ALS patients 
as well as in ALS animal models [61–63]. As mitochondria are both the main producers and 
target of reactive oxygen species (ROS), increased mitochondrial ROS production in ALS may 
lead to mitochondrial dysfunction and cell death. Mitochondrial dysfunction in SOD1G93A-
bearing astrocytes resulted in enhanced generation of reactive oxygen species (ROS) that 
promoted motor neuron degeneration [64, 65]. Mitochondria from rat SOD1G93A-bearing 
astrocytes are defective in respiratory function and show an elevation in superoxide radical 
formation [64]. Thus, restoring mitochondrial dysfunction or reducing oxidative stress is an 
attractive therapeutic approach to treat ALS. For example, blocking the interaction of mutant 
SOD1 with one of its mitochondrial targets, Bcl-2, restores mitochondrial function in ALS 
mice [66]. In addition, Edaravone (a.k.a Radicava) that was recently approved by the FDA for 
the treatment of ALS possess a broad free radical scavenging activity and protects neurons, 
glia, and vascular endothelial cells against oxidative stress [67].

2.6. Neurotrophic factors

In both physiological and pathological conditions, astrocytes secrete a wide range of factors with 
multiple influences on their cellular neighbors. A well-known factor that is secreted by astrocytes is 
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the glial cell line-derived neurotrophic factor (GDNF), one of the most potent protective agents for 
motor neurons. Disruption of the astrocytic TNFR1-GDNF axis accelerates motor neuron degen-
eration and disease progression [68]. Astrocytes in ALS rat model acquire an accelerated senescent 
phenotype and show a reduced support in motor neurons, which can be partially reversed by glial 
cell line-derived neurotrophic factor (GDNF) [69]. Another factor that plays a role in ALS pathol-
ogy is vascular endothelial growth factor (VEGF), originally described as a factor with a regulatory 
role in vascular growth and development, but which also directly affects neuronal cells [70, 71]. 
Transgenic mice expressing reduced levels of VEGF develop late-onset MN pathology, similar to 
that of ALS [72]. VEGF is secreted by astrocytes and has been shown to protect MNs from exci-
totoxic death, which occurs in ALS [72]. VEGF delays MN degeneration and increases survival 
in animal models of ALS [73, 74]. In line with these results, low levels of VEGF and GDNF were 
reported in the CSF of ALS patients [75]. VEGF exerts its antiexcitotoxic effects on MNs through 
mechanisms involving VEGF receptor-2 and activation of the PI3-K/Akt signaling pathway [72].

Thus, astrocytes play a pivotal role in the pathology of ALS and contribute to MN loss. A ther-
apeutic approach would therefore be a replacement, or support, malfunctioning astrocytes in 
ALS with wild-type healthy astrocytes or modified cells with astrocytic characteristics. Such 
cells can mitigate the toxic CNS environment, modulate neuroinflammation, secrete neuro-
protective factors, and foster MN repair process.

3. Cell sources for derivation of astrocytes

3.1. Glial restricted progenitors (GRP)-derived astrocytes

Glial restricted progenitors (GRP) are early cell population of the CNS that can self-renew and 
give rise to astrocytes and oligodendrocytes [76, 77]. Isolation of GRPs from human fetal tissues 
(i.e., 20-week-old fetal cadaveric brain tissue) [78] was described. In vitro studies demonstrated 
the capacity of these cells to differentiate toward astrocytes by using platelet-derived growth 
factor (PDGF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), T3 thy-
roid hormone, and ciliary growth factors (CNTF) as well as bone morphogenic proteins (BMPs) 
[78–81]. Yet, in vitro, only a subset of GRPs give rise to mature astrocytes [82]. In vivo trans-
plantation of human GRPs into the spinal cord-injured animals demonstrated survival and 
differentiation toward astrocytes [83]. Moreover, intraspinal transplantation of GRPs overex-
pressing GLT-1 into ventral horn following cervical hemicontusion (injured spinal cord) signifi-
cantly increased GLT1 protein expression and functional glutamate uptake following astrocyte 
differentiation. Transplantation into C4 hemicontusion compared to sham-injected animals 
demonstrated the paradigm that transplantation of GRPs might be a promising approach in 
cell therapy [79]. Yet, investigating human astrocyte maturation using a primary brain tissue 
obtained from cadaveric donors is challenging. Sample availability is limited, particularly for 
critical developmental time periods such as late gestation or early postnatal stages. In addition, 
derivation of homogenous astrocyte populations from GRPs is still a great challenge.

3.2. Derivation of astrocytes from embryonic stem cells or induced pluripotent stem cells

Two main pluripotent stem cells (PSC) sources for derivation of human astrocytes are embryonic 
stem cells and induced pluripotent stem cells (iPSCs), which are generated from adult human 
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through activation of lymphotoxin-β receptor via LIGHT. The ablation of LIGHT was shown to 
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somatic cells that are reprogrammed into pluripotent stem cells using multiple technologies 
[84]. Both cell sources possess astonishing capacity to undergo unlimited self-renewal and to dif-
ferentiate into all cell types present in the adult body. These sources potentially provide unlim-
ited supply of cells for cell-based therapy and drug screening platforms. Methods for producing 
neural precursor cells from PSC and their further differentiation toward glial lineage were dem-
onstrated in pioneering studies in animal models of neurodevelopment [85–92]. In these studies, 
the key steps in neural commitment in vivo were identified and were recapitulated in a stepwise 
process of neural commitment in vitro that results in specific commitment of pluripotent stem 
cells toward neural and glial lineage. The differentiation process is usually done by exposing 
iPSC as well as hESC to different morphogens and mitogens [93] and specifying the different 
subtypes of neural and glial cells. Examples for such mitogens include sonic hedgehog (SHH) 
[94], which was found to be secreted in vivo from the notochord and neural tube, and WNT pro-
teins [95] and bone morphogenetic protein (BMP) [96] that are secreted from the dorsal regions. 
This allowed specifying different subtypes of neural and glial cells. Other key factors, which are 
often used for the differentiation into neural progenitor fate, include fibroblast growth factors 
(FGFs), epidermal growth factors (EGFs), and retinoic acid (RA) [97, 98].

Recently, formation of organoids, a simplified version of an organ produced in vitro in 
three dimensions (3D), is being used as an alternative method for deriving glial cells from 
hPSC. This 3D structure allows spontaneous recapitulation of morphogenic and mitogenic 
features that occurs during neurodevelopment [99, 100]. This platform allows to study neural 
development and model various neurodegenerative diseases.

3.3. Direct conversion of somatic cells into astrocytes (iAstrocytes) or astrocyte-like cells

Direct cell-reprogramming principle that was applied for derivation of iPSC (i.e., by transduc-
tion of specified transcription factors or by using a defined chemical cocktail [84] are now 
being applied for a direct conversion of somatic cells into neural cells and astrocytes. Although 
rapid progress has been made in converting somatic cells into neural stem cells, neurons, 
and oligodendrocytes, direct reprogramming of somatic cells into astrocytes remains largely 
behind. Recently, Caiazzo et al. described for the first time conversion of mouse fibroblast into 
astrocytes (iAstrocytes), comparable to endogenous brain astrocytes. This was carried out by 
transducing the transcription factors NFIA, NFIB, and SOX9, and these factors were found 
to be involved in astroglial commitment and enabled direct conversion into astrocytes [101]. 
Another approach for direct conversion or reprogramming of mammalian fibroblasts into 
astrocytes is culturing the cells in the presence of a small molecules cocktail that includes his-
tone deacetylase inhibitor VPA and GSK3β inhibitor CHIR99021, among other factors. TGFβ 
Inhibitor was found to be the critical factor in this cocktail [102].

3.4. Mesenchymal stem cells

Mesenchymal stem cells (MSC) are adult multipotent precursors derived from various adult tis-
sues and differentiate in vivo or in vitro into osteocytes, chondrocytes, fibroblasts, and adipo-
cytes [103]. Recently, it was reported by several groups that MSC can also adopt a neural fate in 
appropriate in vivo or in vitro experimental conditions [104]. Recently, several laboratories have 
managed to differentiate MSC into astrocytes-like cells; for example, addition of cAMP-elevating 
agents, forskolin and 3-isobutyl-1-methylxanthine (IBMX), resulted in the expression of neural 
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markers including β-tubulin III (Tuj-1), neuron-specific enolase (NSE), microtubule-associated 
protein-2 (MAP-2), nestin, and glial fibrillary acidic protein (GFAP) [105]. Another study showed 
that by using subsonic vibration (SSV) on MSC promoted their differentiation into neural-like cells 
in vitro [106]. Other studies developed protocols that induce adult human bone marrow-derived 
mesenchymal stem cells (MSCs) into becoming neurotrophic factor secreting astrocyte-like cells 
and attenuated clinical symptoms in animal model of multiple sclerosis and ALS [107–109].

4. Preclinical studies using cell-based therapies in ALS rodent 
models

4.1. Transgenic rodents overexpressing the mutant gene hSOD1G93A as a model for 
ALS

Several mutated genes have been identified as ALS causing mutations including C9ORF72, 
Cu/Zn superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43 (TDP-43), UBQLN2, 
p62, VCP, Profilin1, and Matrin 3 [110]. Mutated SOD1 is the second most abundant ALS 
causing gene after gene encoding C9ORF72 and found in about 15% of the familial ALS cases 
[4, 111]. Several genetic mouse models expressing various ALS mutant genes were devel-
oped in order to mimic the human disease [7, 34, 112–115]; however, overexpression of the 
mutant SOD1 gene was shown to best recapitulate the pathology of the human disease [116]. 
Among SOD1 mutations, transgenic mice and rats overexpressing the human mutated gene 
SOD1G93A is the most used model of ALS in preclinical in vivo studies toward clinical trials 
[116]. Transgenic hSOD1G93A mice and rats exhibit histopathological hallmarks similar to those 
associated with ALS in humans with a massive degradation of motor neurons [7, 34]. The 
transgenic rodents show a clear disease pathology, including selective death of spinal cord 
motor neurons and muscle atrophy in both hind and forelimbs, early astrogliosis and micro-
gliosis, glutamate-mediated excitotoxicity, protein aggregation, mitochondrial dysfunction, 
and impaired axonal transport [116–118]. Upon disease onset, hSOD1G93A mice progressively 
develop symptoms that include hyperreflexia and shaking of the limbs, decrease in locomotor 
activity, impairment in walking patterns, decreased grip strength, and impaired coordination. 
In the late stage of the disease, the mice develop a severe paralysis [7, 34].

4.2. Preclinical studies using human neural stem cells

Neural stem cells (NSC) are derived from CNS tissue at various developmental stages of 
embryogenesis, fetal and in adults. NSCs can potentially form all neural types of cells of the 
CNS including astrocytes, neurons, and oligodendrocytes [119]. The differentiation capacity 
of NSCs depends on the developmental stage from which the cells are isolated and might be 
wider when cells are isolated at early stage [120]. The NSC features of multipotency, homing, 
neurotrophism, immunomodulation, and neuroprotection make them a promising therapeutic 
candidate for ALS [121–126]. Several studies reported a beneficial effect on disease progression 
and survival of ALS rodent models following a direct injection of NSCs into the spinal cord 
parenchyma. Fetal spinal cord NSCs that were injected into the lumbar spinal cord of SOD1 G93A 
rats completed their differentiation and secreted neurotrophic factors to the proximate areas. 
The transplanted cells also formed synaptic contacts with host motor neurons. Transplantation 
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of the cells delayed the disease onset, attenuated the progression, and moderately expanded 
life expectancy of the diseased rats by 10 days [127]. In order to support more muscle groups 
in SOD G93A rats, including muscles of hind- and forelimbs and respiratory, NSCs were injected 
into the ventral horn of both the lumbar and cervical spinal segments of presymptomatic ani-
mals. The dual treatment extended the survival of the rats by 17 days and delayed disease onset 
by 10 days compared to control animals, demonstrating the advantage of multiple injections 
[128]. A different study involving injection of NSCs to the lumbar ventral horn of presymptom-
atic SOD1 G93A rats did not demonstrate similar improvement in survival. However, the study 
still showed a limited and transient protection of motor function in the experimental animals 
[129]. The study has also demonstrated that the graft provided a neuroprotective effect, which 
was limited to the motor neurons of the lumbar segment. The grafted cells expressed markers 
of early mitotic neurons, including human neuron-specific enolase and doublecortin. In addi-
tion, the hNSCs reduced astrogliosis and numbers of activated microglia at the site of injection. 
Knippenberg et al. showed that intraspinal transplantation of human spinal cord-derived neural 
progenitor cells into the lumbar spinal cord of hSOD1G93A mice delayed accumulation of motor 
deficiencies in a narrow time window during disease progression and moderately increased the 
life span by 5 days. Interestingly, female mice responded slightly better to the cell treatment, 
as observed in other studies in transgenic mutant hSOD1 mice [130, 131]. Characterization of 
the graft 6 weeks post-transplantation revealed that the cells were positive for the early neural 
marker nestin and rarely expressed the glial marker GFAP. Elevation of endogenous neuro-
trophic factors, but not human-derived factors, was measured in the spinal cord parenchyma 
[132]. A meta-analysis of intraspinal NSC transplantations in SOD1G93A transgenic mice of 11 
independent studies, performed by a consortium of ALS investigators, suggests that transplan-
tation of NSCs from either human or mouse source delays disease onset, slows down symptom 
progression and prolongs survival of the mutated mice (e.g., the more than 1 year life extension 
in 25% of the mice that were injected at 4 sites). The authors proposed several mechanisms by 
which NSCs exert their therapeutic effects, including production of neurotrophic factors, pres-
ervation of motor function, and attenuation of inflammation and astrogliosis processes [133].

4.3. Preclinical studies using human mesenchymal stem cells

Mesenchymal stem cells (MSC) can be isolated from the placenta and from adult bone mar-
row and adipose tissues [134]. Although MSCs are of mesoderm origin, they maintain the 
potential to differentiate to cells types other than mesoderm derivatives including neurons-
like cells and glial-like cells [135, 136].

MSC availability, well-established methods for harvesting and expansion, immunomodulatory 
features, ability to release neurotrophic factors, and lack of ethical issues make them attractive can-
didates for cell therapy applications [137, 138]. Several studies explored the therapeutic potential 
of MSCs in ALS models. These studies delivered MSCs to diseased animal through various routes, 
local and systemic, including intraspinal, intrathecal, intramuscular, and intravenous [137–140].

Transplantation of hMSCs into the lumbar spinal cord of asymptomatic SOD1G93A mice 
reduced astrogliosis microglial reactivity and improved motor neuron counts. However, 
changes were gender dependent and observed only in female mice. On the other hand, 
behavioral tests demonstrated that the improvement in motor performance was restricted 
to transplanted males [141]. Boucherie et al. reported an alternative delivery approach of 
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rat MSCs by intrathecal injection to the cerebrospinal fluid of symptomatic hSOD1G93A rats 
[142]. The transplantation led to infiltration of the injected cells into the CNS parenchyma 
including to the ventral horn. Transplantation of MSCs partially rescued motor neurons in 
the ventral horn, prolonged animal survival and improved motor performance over sham-
injected rats [142].

A systemic administration of murine adipose-derived MSCs to hSOD1G93A mice by intrave-
nous injection upon onset of disease symptom showed that a restricted number of labeled cells 
were able to reach the parenchyma of the spinal cord, with no evidence of neural differentia-
tion. Upon transplantation, an increase in GDNF and bFGF levels was measured in the spinal 
cord. Researchers reported a better MN survival and a reduced reactive astrogliosis in the spi-
nal cord in addition to amelioration of the course of disease progression [143]. A different study 
using an intravenous delivery of murine MSCs to SOD1G93A mice also prolonged survival and 
increased motor functions, in addition to improvement in histological pathology traits [144].

Another promising approach to rescue motor neurons in ALS is secretion of neurotrophic fac-
tors at the site of the damage by grafted cells. Human MSCs overexpressing the neurotrophic 
factor GDNF were injected into three muscle groups of presymptomatic SOD1G93A rats. The 
cells survived in the muscle and helped to preserve neuromuscular junction innervations. 
While engineered-MSC injection did not affect disease onset, it delayed disease progression 
and profoundly increased overall lifespan by up to 2 weeks [145]. Additional study demon-
strated the advantage of combined delivery of hMSCs expressing both GDNF and VEGF. The 
NTF combination synergistically prolonged survival and attenuated disease progression in 
SOD1G93A rats [146].

4.4. Preclinical studies using human glial-restricted cells derived aborted human 
fetuses

Glial-restricted precursors (GRP) can be isolated from embryonic CNS tissue. These cells 
maintain a limited differentiation capacity to form only glial cells including astrocytes and oli-
godendrocytes [147, 148]. Endogenous glial cells in ALS experimental models and in patients 
were shown to be malfunctioning and even toxic to motor neurons, contributing to disease 
progression. Thus, introduction of healthy functional astrocytes to damaged areas in the CNS 
can potentially compensate for diseased astrocytes. Transplantation of rat GRPs into the cer-
vical spinal cord of SOD1G93A rats was found to maintain respiratory motor function. In this 
study, the cells robustly survived, migrated within the cervical spinal cord, and specifically 
localized in the ventral horn. At the time of transplantation, most of GRPs were nestin+, but 
they efficiently completed their differentiation into GFAP+ astrocytes by end-stage disease 
(87% GFAP+ astrocytes). At this stage, approximately only 10% of the cells remained as undif-
ferentiated nestin + cells. During the course of disease, the transplanted astrocytes developed 
mature astrocyte morphologies and spatially interacted with host MNs in the spinal cord. 
GRP transplants slowed cervical spinal cord motor neuron loss and reduced microgliosis in 
the cervical segment. Overall, the cell transplantation extended animals’ survival and attenu-
ated declines in motor performance [149]. The authors tried to reproduce these results by the 
injection of human GRP to SOD1G93A mouse model. However, although the cells could survive 
in the cervical spinal cord under intensive immune suppression regimen and differentiate 
into GFAP+ astrocytes, the graft did not protect motor neuron loss or motor function and did 
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of the cells delayed the disease onset, attenuated the progression, and moderately expanded 
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into the ventral horn of both the lumbar and cervical spinal segments of presymptomatic ani-
mals. The dual treatment extended the survival of the rats by 17 days and delayed disease onset 
by 10 days compared to control animals, demonstrating the advantage of multiple injections 
[128]. A different study involving injection of NSCs to the lumbar ventral horn of presymptom-
atic SOD1 G93A rats did not demonstrate similar improvement in survival. However, the study 
still showed a limited and transient protection of motor function in the experimental animals 
[129]. The study has also demonstrated that the graft provided a neuroprotective effect, which 
was limited to the motor neurons of the lumbar segment. The grafted cells expressed markers 
of early mitotic neurons, including human neuron-specific enolase and doublecortin. In addi-
tion, the hNSCs reduced astrogliosis and numbers of activated microglia at the site of injection. 
Knippenberg et al. showed that intraspinal transplantation of human spinal cord-derived neural 
progenitor cells into the lumbar spinal cord of hSOD1G93A mice delayed accumulation of motor 
deficiencies in a narrow time window during disease progression and moderately increased the 
life span by 5 days. Interestingly, female mice responded slightly better to the cell treatment, 
as observed in other studies in transgenic mutant hSOD1 mice [130, 131]. Characterization of 
the graft 6 weeks post-transplantation revealed that the cells were positive for the early neural 
marker nestin and rarely expressed the glial marker GFAP. Elevation of endogenous neuro-
trophic factors, but not human-derived factors, was measured in the spinal cord parenchyma 
[132]. A meta-analysis of intraspinal NSC transplantations in SOD1G93A transgenic mice of 11 
independent studies, performed by a consortium of ALS investigators, suggests that transplan-
tation of NSCs from either human or mouse source delays disease onset, slows down symptom 
progression and prolongs survival of the mutated mice (e.g., the more than 1 year life extension 
in 25% of the mice that were injected at 4 sites). The authors proposed several mechanisms by 
which NSCs exert their therapeutic effects, including production of neurotrophic factors, pres-
ervation of motor function, and attenuation of inflammation and astrogliosis processes [133].

4.3. Preclinical studies using human mesenchymal stem cells

Mesenchymal stem cells (MSC) can be isolated from the placenta and from adult bone mar-
row and adipose tissues [134]. Although MSCs are of mesoderm origin, they maintain the 
potential to differentiate to cells types other than mesoderm derivatives including neurons-
like cells and glial-like cells [135, 136].

MSC availability, well-established methods for harvesting and expansion, immunomodulatory 
features, ability to release neurotrophic factors, and lack of ethical issues make them attractive can-
didates for cell therapy applications [137, 138]. Several studies explored the therapeutic potential 
of MSCs in ALS models. These studies delivered MSCs to diseased animal through various routes, 
local and systemic, including intraspinal, intrathecal, intramuscular, and intravenous [137–140].

Transplantation of hMSCs into the lumbar spinal cord of asymptomatic SOD1G93A mice 
reduced astrogliosis microglial reactivity and improved motor neuron counts. However, 
changes were gender dependent and observed only in female mice. On the other hand, 
behavioral tests demonstrated that the improvement in motor performance was restricted 
to transplanted males [141]. Boucherie et al. reported an alternative delivery approach of 
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rat MSCs by intrathecal injection to the cerebrospinal fluid of symptomatic hSOD1G93A rats 
[142]. The transplantation led to infiltration of the injected cells into the CNS parenchyma 
including to the ventral horn. Transplantation of MSCs partially rescued motor neurons in 
the ventral horn, prolonged animal survival and improved motor performance over sham-
injected rats [142].

A systemic administration of murine adipose-derived MSCs to hSOD1G93A mice by intrave-
nous injection upon onset of disease symptom showed that a restricted number of labeled cells 
were able to reach the parenchyma of the spinal cord, with no evidence of neural differentia-
tion. Upon transplantation, an increase in GDNF and bFGF levels was measured in the spinal 
cord. Researchers reported a better MN survival and a reduced reactive astrogliosis in the spi-
nal cord in addition to amelioration of the course of disease progression [143]. A different study 
using an intravenous delivery of murine MSCs to SOD1G93A mice also prolonged survival and 
increased motor functions, in addition to improvement in histological pathology traits [144].

Another promising approach to rescue motor neurons in ALS is secretion of neurotrophic fac-
tors at the site of the damage by grafted cells. Human MSCs overexpressing the neurotrophic 
factor GDNF were injected into three muscle groups of presymptomatic SOD1G93A rats. The 
cells survived in the muscle and helped to preserve neuromuscular junction innervations. 
While engineered-MSC injection did not affect disease onset, it delayed disease progression 
and profoundly increased overall lifespan by up to 2 weeks [145]. Additional study demon-
strated the advantage of combined delivery of hMSCs expressing both GDNF and VEGF. The 
NTF combination synergistically prolonged survival and attenuated disease progression in 
SOD1G93A rats [146].

4.4. Preclinical studies using human glial-restricted cells derived aborted human 
fetuses

Glial-restricted precursors (GRP) can be isolated from embryonic CNS tissue. These cells 
maintain a limited differentiation capacity to form only glial cells including astrocytes and oli-
godendrocytes [147, 148]. Endogenous glial cells in ALS experimental models and in patients 
were shown to be malfunctioning and even toxic to motor neurons, contributing to disease 
progression. Thus, introduction of healthy functional astrocytes to damaged areas in the CNS 
can potentially compensate for diseased astrocytes. Transplantation of rat GRPs into the cer-
vical spinal cord of SOD1G93A rats was found to maintain respiratory motor function. In this 
study, the cells robustly survived, migrated within the cervical spinal cord, and specifically 
localized in the ventral horn. At the time of transplantation, most of GRPs were nestin+, but 
they efficiently completed their differentiation into GFAP+ astrocytes by end-stage disease 
(87% GFAP+ astrocytes). At this stage, approximately only 10% of the cells remained as undif-
ferentiated nestin + cells. During the course of disease, the transplanted astrocytes developed 
mature astrocyte morphologies and spatially interacted with host MNs in the spinal cord. 
GRP transplants slowed cervical spinal cord motor neuron loss and reduced microgliosis in 
the cervical segment. Overall, the cell transplantation extended animals’ survival and attenu-
ated declines in motor performance [149]. The authors tried to reproduce these results by the 
injection of human GRP to SOD1G93A mouse model. However, although the cells could survive 
in the cervical spinal cord under intensive immune suppression regimen and differentiate 
into GFAP+ astrocytes, the graft did not protect motor neuron loss or motor function and did 
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not extent life expectancy. The difference between the outcomes of the two studies might be 
attributed to the different rodent models, cell dose, and number of injection sites [80].

4.5. Preclinical studies using human glial progenitors derived from ESCs and IPSCs

Embryonic stem cells are isolated from the inner-cell mass of a blastocyst and can be expanded 
in culture without losing their self-renewal capacity [150]. The cells can give rise to any cell 
type of the body. Induced pluripotent stem cells (iPSCs) are derived from somatic cells, 
mostly fibroblasts, which acquire an ESC-like pluripotent state after reprograming by induc-
tion of specific transcription factors. iPSCs can be generated from the patient’s own cells. 
Transplantation of cells derived from such autologous iPSCs reduces the risk of immune 
rejection without the need of immunosuppression [151]. Kondo et al. differentiated human 
iPSCs into glial-rich neural progenitors (hiPSC-GRNP), highly enriched with GFAP+ cells. 
hiPSC-GRNPs were injected bilaterally into the lumbar spinal cord of transgenic SOD1G93A 
mice after disease onset. Treated mice showed an improvement in motor function and a pro-
longed survival of 12 days over sham-injected group. Transplanted cells survived in the spi-
nal cord and differentiated mainly into GFAP+, ALDH1L1+, and GLT-1+ astrocytes. Analysis of 
NTFs expression at the lumbar spinal cord reveled upregulation in mouse-originated VEFF, 
NT3, and GDNF [152].

We developed a protocol to produce large quantities of highly enriched astrocyte progeni-
tors (APC; >90% GFAP+ cells) from human embryonic stem cells (hESC) according to GMP 
standards (unpublished data by the authors). In vitro, these cells express astrocyte markers 
including GFAP, S100β, GLAST, GLT-1, and Aquaporin- 4, and possess the activities of func-
tional healthy astrocytes upon differentiation into mature astrocytes. These astrocytes are 
shown in vitro to have multiple activities including (1) protection of spinal cord motor neu-
rons from oxidative stress produced by H2O2, (2) efficient glutamate uptake, which is in part 
due to GLT-1 (as shown by GLT-1 inhibitors), (3) stimulation of axonal growth in neurons 
seen in co-cultures with hES-AS, and (4) secretion of many factors with neuron protecting and 
stimulating activities. Intrathecal transplantation of hESC-derived APCs to the cerebrospinal 
fluid (CSF) of SOD1G93A transgenic rats and mice showed that the cells distribute along the 
neural axis and attach to the spinal cord and brain meninges, mainly to pia mater. In these 
studies, intrathecal transplantation of hESC-derived APCs significantly delayed disease onset 
and improved motor performance compared to sham-injected animals. The cells were shown 
to be safe and express markers of mature astrocytes including GFAP, GLAST, GLT-1, and 
Aquaporinn-4 in vivo. The cells did not express pluripotent markers and did not form terato-
mas or other tumors after a follow-up duration of 9 months. These cells are now the basis for 
a planned clinical trial.

5. Translation into the clinic

Following encouraging preclinical proof-of-concept studies with various cell-based therapies 
in ALS rodent models, demonstrating the safety and efficacy of the treatments, some of the 
cell therapies were already evaluated in clinical trials in ALS patients.
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5.1. Route of cell administration

Several aspects of route of administration of cell therapies to ALS patients should be considered 
to ensure long-term survival, homing, and functionality of the cells in the target organ after 
transplantation. Cells for ALS treatment can be delivered by several routes, local or systemic, 
including intraspinal, intrathecal, intraventricular, intramuscular, and intravenous injections. 
Among these routes, intraspinal and intrathecal cell delivery routes were mostly used in ALS 
clinical studies [153, 154]. Intraspinal injection allows delivery of cells to the region of ventral 
horn in close proximity of motor neurons. However, migration of cells distal to injection site 
along the spinal cord is limited [80, 155] and therefore, only neural projections at the vicinity of 
the injected site are expected to be affected. Although intraspinal injection of cell was demon-
strated to be a relatively safe procedure in animal models and in humans [156, 157], it is still a 
very challenging invasive procedure that requires an expertise and unique surgery instruments 
[158]. In addition, in order to support several groups of muscles in the patient’s body, mul-
tiple independent injections along the spinal cord are required, increasing the complexity of 
the surgical procedure [159]. An alternative delivery of cells to the CNS is intrathecal injection 
to the subarachnoid space. Intrathecal injection is a routine procedure performed in humans 
by lumbar puncture. The intrathecal delivery is considered as a safe and simple method and 
does not require high level of expertise or instruments. IT injection allows the cell to distribute 
along the neuroaxis, distal from the injection site (unpublished data by the authors). Studies 
in animal models demonstrated a limited infiltration of engrafted cells from the CSF into the 
neural parenchyma [107, 160, 161]. Nevertheless, secreted factors such as NTFs, and anti-
inflammatory/immunomodulatory cytokines circulate with the CSF and can diffuse into the 
parenchyma. In addition, the transplanted cells can remove from CSF circulating toxic factors 
such as excess glutamate and ROS. Therefore, the biodistribution of the cells in the CSF by IT 
injection is expected to exert systemic effect in the CNS, affecting both upper and lower MNs.

5.2. Clinical trials using cell-based therapies for the treatment of ALS

Cell therapy for ALS is considered as an innovative approach and many of the trials tested 
the cell therapy for the first time in humans. The primary endpoint of most studies was safety 
and the secondary endpoint included efficacy measurements. However, due to the small size 
studies and lack of placebo groups, the interpretation of the efficacy outcomes is difficult. Two, 
phase I and phase II, clinical trials (NCT01348451 and NCT 01730716) in ALS patients were con-
ducted by Neuralstem Inc. [157, 162, 163]. The source of the human NSCs was a stem cell line 
generated from cervico-thoracic segments of spinal cord of a single 8-week-old aborted fetus. 
The cells were transplanted by an intraparenchymal injection procedure, performed using a 
spinal-mounted stabilization surgical device following laminectomy. Various concentrations 
of 0.5–16 × 106 cells were delivered to the lumbar and/or cervical vertebral levels. The primary 
endpoint of the two studies was safety. Adverse events were associated mainly with transient 
pain from the surgery procedure and to side effects of the immunosuppressive drugs. The effi-
cacy of the treatment was evaluated by measuring ALSFRS-R, %, predicated forced vital capac-
ity (FVC) and grip strength. Since the study did not include a randomized placebo group, the 
efficacy outcomes were compared to historical data. Although the efficacy data did not show an 
advantage of the treatment over historical controls, the small size groups, lack of placebo arms  

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

103



not extent life expectancy. The difference between the outcomes of the two studies might be 
attributed to the different rodent models, cell dose, and number of injection sites [80].

4.5. Preclinical studies using human glial progenitors derived from ESCs and IPSCs

Embryonic stem cells are isolated from the inner-cell mass of a blastocyst and can be expanded 
in culture without losing their self-renewal capacity [150]. The cells can give rise to any cell 
type of the body. Induced pluripotent stem cells (iPSCs) are derived from somatic cells, 
mostly fibroblasts, which acquire an ESC-like pluripotent state after reprograming by induc-
tion of specific transcription factors. iPSCs can be generated from the patient’s own cells. 
Transplantation of cells derived from such autologous iPSCs reduces the risk of immune 
rejection without the need of immunosuppression [151]. Kondo et al. differentiated human 
iPSCs into glial-rich neural progenitors (hiPSC-GRNP), highly enriched with GFAP+ cells. 
hiPSC-GRNPs were injected bilaterally into the lumbar spinal cord of transgenic SOD1G93A 
mice after disease onset. Treated mice showed an improvement in motor function and a pro-
longed survival of 12 days over sham-injected group. Transplanted cells survived in the spi-
nal cord and differentiated mainly into GFAP+, ALDH1L1+, and GLT-1+ astrocytes. Analysis of 
NTFs expression at the lumbar spinal cord reveled upregulation in mouse-originated VEFF, 
NT3, and GDNF [152].

We developed a protocol to produce large quantities of highly enriched astrocyte progeni-
tors (APC; >90% GFAP+ cells) from human embryonic stem cells (hESC) according to GMP 
standards (unpublished data by the authors). In vitro, these cells express astrocyte markers 
including GFAP, S100β, GLAST, GLT-1, and Aquaporin- 4, and possess the activities of func-
tional healthy astrocytes upon differentiation into mature astrocytes. These astrocytes are 
shown in vitro to have multiple activities including (1) protection of spinal cord motor neu-
rons from oxidative stress produced by H2O2, (2) efficient glutamate uptake, which is in part 
due to GLT-1 (as shown by GLT-1 inhibitors), (3) stimulation of axonal growth in neurons 
seen in co-cultures with hES-AS, and (4) secretion of many factors with neuron protecting and 
stimulating activities. Intrathecal transplantation of hESC-derived APCs to the cerebrospinal 
fluid (CSF) of SOD1G93A transgenic rats and mice showed that the cells distribute along the 
neural axis and attach to the spinal cord and brain meninges, mainly to pia mater. In these 
studies, intrathecal transplantation of hESC-derived APCs significantly delayed disease onset 
and improved motor performance compared to sham-injected animals. The cells were shown 
to be safe and express markers of mature astrocytes including GFAP, GLAST, GLT-1, and 
Aquaporinn-4 in vivo. The cells did not express pluripotent markers and did not form terato-
mas or other tumors after a follow-up duration of 9 months. These cells are now the basis for 
a planned clinical trial.

5. Translation into the clinic

Following encouraging preclinical proof-of-concept studies with various cell-based therapies 
in ALS rodent models, demonstrating the safety and efficacy of the treatments, some of the 
cell therapies were already evaluated in clinical trials in ALS patients.
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and variability in disease progression between participants, make it difficult to draw a conclu-
sion about the therapeutic benefits of the treatment. Graft survival was analyzed in six autopsy 
cases. Transplanted cells were identified in all cases by qPCR at the injection site in all cases, up 
to 2.5 years after cell injection. The presence of donor cells represented 0.67–5.4% of total tissue 
DNA. In one female patient, the injected cells, which were of male origin, were identified in histo-
logical sections 196 days post-transplantation by FISH targeting the Y chromosome. Some cells in 
the graft of this female patient completed their neural differentiation and expressed the neuronal 
marker NeuN, while other remained positive to the neural progenitor marker SOX2. However, 
many of the XY donor cells were negative to both markers with an unknown identity. These 
results demonstrate the survival of the graft in the patient under immune suppression. Yet, the 
interaction of the cells with the surrounding tissue and their effect of MNs in the spinal cord were 
not explored [164]. Another clinical trial using hNSCs for the treatment of ALS was conducted 
by Mazzini et al.. Under this trial, hNSCs were injected into the thoracic spinal cord segment of 
ALS patients (EudraCT:2009–014484-39). The NSCs were isolated from the forebrain of aborted 
fetuses and expanded in culture under GMP conditions. Upon laminectomy, 2.25–5.5 × 106 cells 
were injected unilaterally or bilaterally into the T8-T11 ventral horn of six ALS patients. No severe 
adverse events were related to the treatment, and the most common reported adverse event was 
transient postsurgical pain. Patients were monitored for 1 year on a monthly basis and then for 
every 3 months. Clinical assessments up to 18 months after transplantation showed no accelera-
tion in the disease progression that could be related to the treatment. A transitory improvement 
of the ambulation abilities was reported in two patients and one patient demonstrated a transient 
improvement in muscle power of lower limbs [156].

The safety and efficacy of MSC transplantation for treating ALS was conducted by Mazzini 
et al. In total, 10 ALS patients were injected intraspinally at T4-T6 with 11–120 × 106 autolo-
gous MSCs (Italian registration number: 16,454-pre21–823). The cells were isolated from bone 
marrow and expanded ex vivo under GMP conditions. The patients have been monitored 
for at least a 24-month follow-up period after transplantation. No serious treatment-related 
adverse events were reported. Overall, the procedure was demonstrated to be safe with only 
transient adverse events that were associated with the surgery procedure. Yet, no significant 
changes in the progression of the disease were reported in the follow-up period [165]. In 
separate long-term consecutive phase I studies, 19 patients were followed for up to 9 years 
after intraspinal transplantation of autologous MSCs. The procedure was demonstrated to 
be safe and did not accelerate the progression of the disease. MRI analysis showed no struc-
tural changes from baseline and lack of tumor formation. However, no clinical benefits were 
observed in the patients during the follow-up phase [153, 166].

In order to improve the potential of MSCs to support motor neurons, Brainstorm cell thera-
peutics Inc. developed an in vitro procedure to expand autologous MSCs and induced them 
to secrete neurotrophic factors including GDNF, BDNF, VEGF and HGF. These NTF secreting 
cells were delivered to the cerebrospinal fluid by intrathecal administration and/or to motor 
end-plates by intramuscular (IM) administration [167].

The company conducted Phase I/II clinical trials in 26 ALS patients (NCT01051882 and 
NCT01777646). One million cells/sites at 24–48 separate sites were injected to the biceps and 
triceps, and 1–2 × 106 cells/kg were injected intrathecally. Overall, the treatment was found 
to be safe and tolerable by patients with only transient and mild adverse events appearing 
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after the administration of cells. The authors also reported an improvement in the decline of 
ALSFRS-R within 6 month of follow-up period compared to the run-in period, from −1.2 to 
0.6 points/month, and also a decline from −5.1% to −1.2%/month in the predicted forced vital 
capacity [168]. The safety and efficacy of MSC-NTF cells were further tested in a randomized, 
double-blinded phase IIb clinical trial in 48 ALS patients, divided in a ratio of 3:1 between 
treatment and placebo arms, respectively (NCT02017912). According to the sponsor’s web-
site, the cells were injected both intramuscularly (48 × 106 cells at 24 sites) and intrathecally 
(125 × 106 cells), and patients were monitored for 24 weeks. Treatment was shown to be safe 
and well tolerated. A responder in the analysis of the trial was defined as a subject that who 
improved post-treatment compared with pretreatment run-in period. Data analysis demon-
strated higher percentage of responders in the treatment arm subjects over placebo in most 
time points of the analysis. The responder analysis also revealed a subgroup of more rap-
idly progressing patients that were more likely to benefit from the treatment. The sponsor 
reported that the concentration of neurotrophic factors in the CSF including VEGF, HGF, and 
LIF elevated in the cell-treated arm after transplantation, but not in the placebo arm. These 
results were observed in parallel with a reduction in inflammatory markers in the CSF of 
cell-treated patients. According to the company’s announcement, the efficacy of the therapy 
will be evaluated under a prospective placebo-controlled, multidose phase III trial in approxi-
mately 200 rapidly progressing ALS patients (NCT03280056).

Administration of autologous bone-marrow-derived MSCs by intrathecal injection to ALS 
patients was conducted by Corestem Inc., in a two-stage phase I/II clinical trial (NCT01363401). 
In the first stage of the study, cultured MSC expressing the markers CD29, CD44, CD73, and 
CD105 were administrated to the seven patients by two repeated LP injections (1 × 106 cells/kg),  
one monte apart. The patients were monitored for a period of 12 months. During the follow-
up period, the treatment was shown to be tolerable and generally safe. Although the first 
stage of the study did not include a control group and was not powered to detect meaning-
ful efficacy changes, the study showed encouraging results of stabilization of the ALSFRS-R 
score in all patients over a period of 6 months after first cell injection. In addition, levels of 
the immune response cytokines IL-10, TGF-β, and IL-6 were increased in the CSF after MSC 
injection, suggesting that of the effect of MSC injection on ALS patients is mediated, at least 
partially, by an immune response [169].

6. Conclusion

ALS is a multifactorial disease involving both genetic mutations and dysregulation of molec-
ular pathways. Several mechanisms were identified in the pathophysiology of the disease, 
among them, glutamate excitoxicity, accumulation of free radicals, protein aggregation, mito-
chondrial dysfunction and impaired axonal transport and inflammation. In addition, during 
the last few years, growing evidence shows that astrocytes of both ALS animal models and ALS 
patients are malfunctional and even toxic. These astrocytes cannot support MNs and therefore 
contribute to the progression of the disease. Transplantation of healthy functional cells that can 
replace diseased astrocytes is, therefore, a promising strategy to treat ALS. Although different 
types of cells were proposed as a therapy for ALS, they all share mechanisms of action includ-
ing, anti-inflammation/immunomodulation, clearing of toxic environment, and secretion of 
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and variability in disease progression between participants, make it difficult to draw a conclu-
sion about the therapeutic benefits of the treatment. Graft survival was analyzed in six autopsy 
cases. Transplanted cells were identified in all cases by qPCR at the injection site in all cases, up 
to 2.5 years after cell injection. The presence of donor cells represented 0.67–5.4% of total tissue 
DNA. In one female patient, the injected cells, which were of male origin, were identified in histo-
logical sections 196 days post-transplantation by FISH targeting the Y chromosome. Some cells in 
the graft of this female patient completed their neural differentiation and expressed the neuronal 
marker NeuN, while other remained positive to the neural progenitor marker SOX2. However, 
many of the XY donor cells were negative to both markers with an unknown identity. These 
results demonstrate the survival of the graft in the patient under immune suppression. Yet, the 
interaction of the cells with the surrounding tissue and their effect of MNs in the spinal cord were 
not explored [164]. Another clinical trial using hNSCs for the treatment of ALS was conducted 
by Mazzini et al.. Under this trial, hNSCs were injected into the thoracic spinal cord segment of 
ALS patients (EudraCT:2009–014484-39). The NSCs were isolated from the forebrain of aborted 
fetuses and expanded in culture under GMP conditions. Upon laminectomy, 2.25–5.5 × 106 cells 
were injected unilaterally or bilaterally into the T8-T11 ventral horn of six ALS patients. No severe 
adverse events were related to the treatment, and the most common reported adverse event was 
transient postsurgical pain. Patients were monitored for 1 year on a monthly basis and then for 
every 3 months. Clinical assessments up to 18 months after transplantation showed no accelera-
tion in the disease progression that could be related to the treatment. A transitory improvement 
of the ambulation abilities was reported in two patients and one patient demonstrated a transient 
improvement in muscle power of lower limbs [156].

The safety and efficacy of MSC transplantation for treating ALS was conducted by Mazzini 
et al. In total, 10 ALS patients were injected intraspinally at T4-T6 with 11–120 × 106 autolo-
gous MSCs (Italian registration number: 16,454-pre21–823). The cells were isolated from bone 
marrow and expanded ex vivo under GMP conditions. The patients have been monitored 
for at least a 24-month follow-up period after transplantation. No serious treatment-related 
adverse events were reported. Overall, the procedure was demonstrated to be safe with only 
transient adverse events that were associated with the surgery procedure. Yet, no significant 
changes in the progression of the disease were reported in the follow-up period [165]. In 
separate long-term consecutive phase I studies, 19 patients were followed for up to 9 years 
after intraspinal transplantation of autologous MSCs. The procedure was demonstrated to 
be safe and did not accelerate the progression of the disease. MRI analysis showed no struc-
tural changes from baseline and lack of tumor formation. However, no clinical benefits were 
observed in the patients during the follow-up phase [153, 166].

In order to improve the potential of MSCs to support motor neurons, Brainstorm cell thera-
peutics Inc. developed an in vitro procedure to expand autologous MSCs and induced them 
to secrete neurotrophic factors including GDNF, BDNF, VEGF and HGF. These NTF secreting 
cells were delivered to the cerebrospinal fluid by intrathecal administration and/or to motor 
end-plates by intramuscular (IM) administration [167].

The company conducted Phase I/II clinical trials in 26 ALS patients (NCT01051882 and 
NCT01777646). One million cells/sites at 24–48 separate sites were injected to the biceps and 
triceps, and 1–2 × 106 cells/kg were injected intrathecally. Overall, the treatment was found 
to be safe and tolerable by patients with only transient and mild adverse events appearing 
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after the administration of cells. The authors also reported an improvement in the decline of 
ALSFRS-R within 6 month of follow-up period compared to the run-in period, from −1.2 to 
0.6 points/month, and also a decline from −5.1% to −1.2%/month in the predicted forced vital 
capacity [168]. The safety and efficacy of MSC-NTF cells were further tested in a randomized, 
double-blinded phase IIb clinical trial in 48 ALS patients, divided in a ratio of 3:1 between 
treatment and placebo arms, respectively (NCT02017912). According to the sponsor’s web-
site, the cells were injected both intramuscularly (48 × 106 cells at 24 sites) and intrathecally 
(125 × 106 cells), and patients were monitored for 24 weeks. Treatment was shown to be safe 
and well tolerated. A responder in the analysis of the trial was defined as a subject that who 
improved post-treatment compared with pretreatment run-in period. Data analysis demon-
strated higher percentage of responders in the treatment arm subjects over placebo in most 
time points of the analysis. The responder analysis also revealed a subgroup of more rap-
idly progressing patients that were more likely to benefit from the treatment. The sponsor 
reported that the concentration of neurotrophic factors in the CSF including VEGF, HGF, and 
LIF elevated in the cell-treated arm after transplantation, but not in the placebo arm. These 
results were observed in parallel with a reduction in inflammatory markers in the CSF of 
cell-treated patients. According to the company’s announcement, the efficacy of the therapy 
will be evaluated under a prospective placebo-controlled, multidose phase III trial in approxi-
mately 200 rapidly progressing ALS patients (NCT03280056).

Administration of autologous bone-marrow-derived MSCs by intrathecal injection to ALS 
patients was conducted by Corestem Inc., in a two-stage phase I/II clinical trial (NCT01363401). 
In the first stage of the study, cultured MSC expressing the markers CD29, CD44, CD73, and 
CD105 were administrated to the seven patients by two repeated LP injections (1 × 106 cells/kg),  
one monte apart. The patients were monitored for a period of 12 months. During the follow-
up period, the treatment was shown to be tolerable and generally safe. Although the first 
stage of the study did not include a control group and was not powered to detect meaning-
ful efficacy changes, the study showed encouraging results of stabilization of the ALSFRS-R 
score in all patients over a period of 6 months after first cell injection. In addition, levels of 
the immune response cytokines IL-10, TGF-β, and IL-6 were increased in the CSF after MSC 
injection, suggesting that of the effect of MSC injection on ALS patients is mediated, at least 
partially, by an immune response [169].

6. Conclusion

ALS is a multifactorial disease involving both genetic mutations and dysregulation of molec-
ular pathways. Several mechanisms were identified in the pathophysiology of the disease, 
among them, glutamate excitoxicity, accumulation of free radicals, protein aggregation, mito-
chondrial dysfunction and impaired axonal transport and inflammation. In addition, during 
the last few years, growing evidence shows that astrocytes of both ALS animal models and ALS 
patients are malfunctional and even toxic. These astrocytes cannot support MNs and therefore 
contribute to the progression of the disease. Transplantation of healthy functional cells that can 
replace diseased astrocytes is, therefore, a promising strategy to treat ALS. Although different 
types of cells were proposed as a therapy for ALS, they all share mechanisms of action includ-
ing, anti-inflammation/immunomodulation, clearing of toxic environment, and secretion of 
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neurotrophic factors. The combined mechanism of action provided by cell transplantation is 
postulated to better cope with the multifactorial nature of the disease compared to a single 
pathway-based drug. Preclinical studies in ALS animal models showed the high safety profile 
of cell-based treatments in addition to their benefits in delaying disease onset, slowing down 
clinical symptoms and in many cases also to extend survival. Besides behavioral measure-
ments, many of the studies also demonstrated graft survival, decline in inflammation, and 
improvement in histopathological attributes of the disease. Translation of the preclinical stud-
ies into clinical trials confirmed the safety of the procedures. Efficacy in most of these trials was 
a secondary endpoint, and some studies showed moderate and/or transient beneficial effects. 
Yet, since most of the clinical trials were at early stage, with small-size groups without a con-
trol arm, it is difficult to evaluate the efficacy of the treatments. Late-stage, placebo-controlled 
clinical studies with greater number of patients will prove whether any of the cell-based thera-
pies indeed change the course of the disease.
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neurotrophic factors. The combined mechanism of action provided by cell transplantation is 
postulated to better cope with the multifactorial nature of the disease compared to a single 
pathway-based drug. Preclinical studies in ALS animal models showed the high safety profile 
of cell-based treatments in addition to their benefits in delaying disease onset, slowing down 
clinical symptoms and in many cases also to extend survival. Besides behavioral measure-
ments, many of the studies also demonstrated graft survival, decline in inflammation, and 
improvement in histopathological attributes of the disease. Translation of the preclinical stud-
ies into clinical trials confirmed the safety of the procedures. Efficacy in most of these trials was 
a secondary endpoint, and some studies showed moderate and/or transient beneficial effects. 
Yet, since most of the clinical trials were at early stage, with small-size groups without a con-
trol arm, it is difficult to evaluate the efficacy of the treatments. Late-stage, placebo-controlled 
clinical studies with greater number of patients will prove whether any of the cell-based thera-
pies indeed change the course of the disease.

Author details

Izrael  Michal1*, Slutsky Shalom Guy1, Joseph Itskovitz-Eldor1 and Revel Michel1,2

*Address all correspondence to: m.izrael@kadimastem.com

1 Neurodegenerative Diseases Department at Kadimastem Ltd., Nes-Ziona, Israel

2 Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel

References

[1] Hardiman O, van den Berg LH, Kiernan MC. Clinical diagnosis and management of 
amyotrophic lateral sclerosis. Nature Reviews Neurology. 2011;7(11):639-649

[2] Kiernan MC, Vucic S, Cheah BC, et al. Amyotrophic lateral sclerosis. Lancet. 2011; 
377(9769):942-955

[3] Renton AE, Majounie E, Waite A, et al. A hexanucleotide repeat expansion in C9ORF72 is 
the cause of chromosome 9p21-linked ALS-FTD. Neuron. 2011;72(2):257-268

[4] Rosen DR. Mutations in cu/Zn superoxide dismutase gene are associated with familial 
amyotrophic lateral sclerosis. Nature. 1993;364(6435):362

[5] Lagier-Tourenne C, Polymenidou M, Hutt KR, et al. Divergent roles of ALS-linked 
proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. Nature Neuro-
science. 2012;15(11):1488-1497

[6] Guerrero EN, Wang H, Mitra J, et al. TDP-43/FUS in motor neuron disease: Complexity 
and challenges. Progress in Neurobiology. 2016;145-146:78-97

[7] Gurney ME, Pu H, Chiu AY, et al. Motor neuron degeneration in mice that express a 
human cu,Zn superoxide dismutase mutation. Science. 1994;264(5166):1772-1775

Astrocyte - Physiology and Pathology106

[8] Nagai M, Aoki M, Miyoshi I, et al. Rats expressing human cytosolic copper-zinc super-
oxide dismutase transgenes with amyotrophic lateral sclerosis: Associated mutations 
develop motor neuron disease. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience. 2001;21(23):9246-9254

[9] Robberecht W, Philips T. The changing scene of amyotrophic lateral sclerosis. Nature 
Reviews Neuroscience. 2013;14(4):248-264

[10] Haim LB, Rowitch DH. Functional diversity of astrocytes in neural circuit regulation. 
Nature Reviews Neuroscience. 2017;18(1):31-41

[11] Liddelow S, Barres B. SnapShot: Astrocytes in health and disease. Cell. 2015;162(5):1170-11e1

[12] Deepa P, Shahani N, Alladi PA, et al. Down regulation of trophic factors in neonatal rat 
spinal cord after administration of cerebrospinal fluid from sporadic amyotrophic lat-
eral sclerosis patients. Journal of Neural Transmission. 2011;118(4):531-538

[13] Devos D, Moreau C, Lassalle P, et al. Low levels of the vascular endothelial growth fac-
tor in CSF from early ALS patients. Neurology. 2004;62(11):2127-2129

[14] Lee J, Hyeon SJ, Im H, Ryu H, Kim Y, Ryu H. Astrocytes and microglia as non-cell autono-
mous players in the pathogenesis of ALS. Experimental neurobiology. 2016;25(5):233-240

[15] Gimsa U, Mitchison NA, Brunner-Weinzierl MC. Immune privilege as an intrinsic 
CNS property: Astrocytes protect the CNS against T-cell-mediated neuroinflammation. 
Mediators of Inflammation. 2013;2013:320519

[16] Nicaise C, Mitrecic D, Falnikar A, Lepore AC. Transplantation of stem cell-derived astro-
cytes for the treatment of amyotrophic lateral sclerosis and spinal cord injury. World J 
Stem Cells. 2015;7(2):380-398

[17] Haidet-Phillips AM, Hester ME, Miranda CJ, et al. Astrocytes from familial and sporadic 
ALS patients are toxic to motor neurons. Nature Biotechnology. 2011;29(9):824-828

[18] Meyer K, Ferraiuolo L, Miranda CJ, et al. Direct conversion of patient fibroblasts dem-
onstrates non-cell autonomous toxicity of astrocytes to motor neurons in familial and 
sporadic ALS. Proceedings of the National Academy of Sciences of the United States of 
America. 2014;111(2):829-832

[19] Di Giorgio FP, Carrasco MA, Siao MC, Maniatis T, Eggan K. Non-cell autonomous 
effect of glia on motor neurons in an embryonic stem cell-based ALS model. Nature 
Neuroscience. 2007;10(5):608-614

[20] Nagai M, Re DB, Nagata T, et al. Astrocytes expressing ALS-linked mutated SOD1 release 
factors selectively toxic to motor neurons. Nature Neuroscience. 2007;10(5):615-622

[21] Di Giorgio FP, Boulting GL, Bobrowicz S, Eggan KC. Human embryonic stem cell-
derived motor neurons are sensitive to the toxic effect of glial cells carrying an ALS-
causing mutation. Cell Stem Cell. 2008;3(6):637-648

[22] Marchetto MC, Muotri AR, Mu Y, Smith AM, Cezar GG, Gage FH. Non-cell-autonomous 
effect of human SOD1 G37R astrocytes on motor neurons derived from human embry-
onic stem cells. Cell Stem Cell. 2008;3(6):649-657

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

107



[23] Papadeas ST, Kraig SE, O'Banion C, Lepore AC, Maragakis NJ. Astrocytes carrying the 
superoxide dismutase 1 (SOD1G93A) mutation induce wild-type motor neuron degen-
eration in vivo. Proceedings of the National Academy of Sciences of the United States of 
America. 2011;108(43):17803-17808

[24] Yamanaka K, Boillee S, Roberts EA, et al. Mutant SOD1 in cell types other than motor neu-
rons and oligodendrocytes accelerates onset of disease in ALS mice. Proceedings of the 
National Academy of Sciences of the United States of America. 2008;105(21):7594-7599

[25] Yamanaka K, Chun SJ, Boillee S, et al. Astrocytes as determinants of disease progression 
in inherited amyotrophic lateral sclerosis. Nature Neuroscience. 2008;11(3):251-253

[26] Wang R, Yang B, Zhang D. Activation of interferon signaling pathways in spinal cord 
astrocytes from an ALS mouse model. Glia. 2011;59(6):946-958

[27] Tong J, Huang C, Bi F, et al. Expression of ALS-linked TDP-43 mutant in astrocytes 
causes non-cell-autonomous motor neuron death in rats. The EMBO Journal. 2013; 
32(13):1917-1926

[28] Martorana F, Brambilla L, Valori CF, et al. The BH4 domain of Bcl-X(L) rescues astrocyte 
degeneration in amyotrophic lateral sclerosis by modulating intracellular calcium sig-
nals. Human Molecular Genetics. 2012;21(4):826-840

[29] Rossi D, Brambilla L, Valori CF, et al. Focal degeneration of astrocytes in amyotrophic 
lateral sclerosis. Cell Death and Differentiation. 2008;15(11):1691-1700

[30] Zou J, Wang YX, Dou FF, et al. Glutamine synthetase down-regulation reduces astrocyte 
protection against glutamate excitotoxicity to neurons. Neurochemistry International. 
2010;56(4):577-584

[31] Foran E, Trotti D. Glutamate transporters and the excitotoxic path to motor neu-
ron degeneration in amyotrophic lateral sclerosis. Antioxidants & Redox Signaling. 
2009;11(7):1587-1602

[32] Rothstein JD, Van Kammen M, Levey AI, Martin LJ, Kuncl RW. Selective loss of glial 
glutamate transporter GLT-1 in amyotrophic lateral sclerosis. Annals of Neurology. 
1995;38(1):73-84

[33] Lin CL, Bristol LA, Jin L, et al. Aberrant RNA processing in a neurodegenerative disease: 
The cause for absent EAAT2, a glutamate transporter, in amyotrophic lateral sclerosis. 
Neuron. 1998;20(3):589-602

[34] Howland DS, Liu J, She Y, et al. Focal loss of the glutamate transporter EAAT2 in a 
transgenic rat model of SOD1 mutant-mediated amyotrophic lateral sclerosis (ALS). 
Proceedings of the National Academy of Sciences of the United States of America. 
2002;99(3):1604-1609

[35] Rosenblum LT, Shamamandri-Markandaiah S, Ghosh B, et al. Mutation of the caspase-3 
cleavage site in the astroglial glutamate transporter EAAT2 delays disease progression 
and extends lifespan in the SOD1-G93A mouse model of ALS. Experimental Neurology. 
2017;292:145-153

Astrocyte - Physiology and Pathology108

[36] Battaglia G, Riozzi B, Bucci D, et al. Activation of mGlu3 metabotropic glutamate recep-
tors enhances GDNF and GLT-1 formation in the spinal cord and rescues motor neurons 
in the SOD-1 mouse model of amyotrophic lateral sclerosis. Neurobiology of Disease. 
2015;74:126-136

[37] Kong Q, Chang LC, Takahashi K, et al. Small-molecule activator of glutamate transporter 
EAAT2 translation provides neuroprotection. The Journal of Clinical Investigation. 2014; 
124(3):1255-1267

[38] Rothstein JD, Patel S, Regan MR, et al. Beta-lactam antibiotics offer neuroprotection by 
increasing glutamate transporter expression. Nature. 2005;433(7021):73-77

[39] Ganel R, Ho T, Maragakis NJ, Jackson M, Steiner JP, Rothstein JD. Selective up-regula-
tion of the glial Na+−dependent glutamate transporter GLT1 by a neuroimmunophilin 
ligand results in neuroprotection. Neurobiology of Disease. 2006;21(3):556-567

[40] Berry JD, Shefner JM, Conwit R, et al. Design and initial results of a multi-phase random-
ized trial of ceftriaxone in amyotrophic lateral sclerosis. PLoS One. 2013;8(4):e61177

[41] Dall’igna OP, Bobermin LD, Souza DO, Quincozes-Santos A. Riluzole increases gluta-
mate uptake by cultured C6 astroglial cells. Int J Dev Neurosci. 2013;31(7):482-486

[42] Raoul C, Estevez AG, Nishimune H, et al. Motoneuron death triggered by a specific path-
way downstream of Fas. Potentiation by ALS-linked SOD1 mutations. Neuron. 2002; 
35(6):1067-1083

[43] Barbeito LH, Pehar M, Cassina P, et al. A role for astrocytes in motor neuron loss in amy-
otrophic lateral sclerosis. Brain Research. Brain Research Reviews. 2004;47(1-3):263-274

[44] Endo F, Komine O, Fujimori-Tonou N, et al. Astrocyte-derived TGF-beta1 accelerates 
disease progression in ALS mice by interfering with the neuroprotective functions of 
microglia and T cells. Cell Reports. 2015;11(4):592-604

[45] Tripathi P, Rodriguez-Muela N, Klim JR, et al. Reactive astrocytes promote ALS-like 
degeneration and intracellular protein aggregation in human motor neurons by disrupt-
ing autophagy through TGF-beta1. Stem Cell Reports. 2017;9(2):667-680

[46] Phatnani HP, Guarnieri P, Friedman BA, et al. Intricate interplay between astrocytes and 
motor neurons in ALS. Proceedings of the National Academy of Sciences of the United 
States of America. 2013;110(8):E756-E765

[47] Hashioka S, Klegeris A, Schwab C, Yu S, McGeer PL. Differential expression of interferon-
gamma receptor on human glial cells in vivo and in vitro. Journal of Neuroimmunology. 
2010;225(1-2):91-99

[48] Hashioka S, Klegeris A, McGeer PL. Proton pump inhibitors exert anti-inflamma-
tory effects and decrease human microglial and monocytic THP-1 cell neurotoxicity. 
Experimental Neurology. 2009;217(1):177-183

[49] Aebischer J, Cassina P, Otsmane B, et al. IFNgamma triggers a LIGHT-dependent selec-
tive death of motoneurons contributing to the non-cell-autonomous effects of mutant 
SOD1. Cell Death and Differentiation. 2011;18(5):754-768

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

109



[23] Papadeas ST, Kraig SE, O'Banion C, Lepore AC, Maragakis NJ. Astrocytes carrying the 
superoxide dismutase 1 (SOD1G93A) mutation induce wild-type motor neuron degen-
eration in vivo. Proceedings of the National Academy of Sciences of the United States of 
America. 2011;108(43):17803-17808

[24] Yamanaka K, Boillee S, Roberts EA, et al. Mutant SOD1 in cell types other than motor neu-
rons and oligodendrocytes accelerates onset of disease in ALS mice. Proceedings of the 
National Academy of Sciences of the United States of America. 2008;105(21):7594-7599

[25] Yamanaka K, Chun SJ, Boillee S, et al. Astrocytes as determinants of disease progression 
in inherited amyotrophic lateral sclerosis. Nature Neuroscience. 2008;11(3):251-253

[26] Wang R, Yang B, Zhang D. Activation of interferon signaling pathways in spinal cord 
astrocytes from an ALS mouse model. Glia. 2011;59(6):946-958

[27] Tong J, Huang C, Bi F, et al. Expression of ALS-linked TDP-43 mutant in astrocytes 
causes non-cell-autonomous motor neuron death in rats. The EMBO Journal. 2013; 
32(13):1917-1926

[28] Martorana F, Brambilla L, Valori CF, et al. The BH4 domain of Bcl-X(L) rescues astrocyte 
degeneration in amyotrophic lateral sclerosis by modulating intracellular calcium sig-
nals. Human Molecular Genetics. 2012;21(4):826-840

[29] Rossi D, Brambilla L, Valori CF, et al. Focal degeneration of astrocytes in amyotrophic 
lateral sclerosis. Cell Death and Differentiation. 2008;15(11):1691-1700

[30] Zou J, Wang YX, Dou FF, et al. Glutamine synthetase down-regulation reduces astrocyte 
protection against glutamate excitotoxicity to neurons. Neurochemistry International. 
2010;56(4):577-584

[31] Foran E, Trotti D. Glutamate transporters and the excitotoxic path to motor neu-
ron degeneration in amyotrophic lateral sclerosis. Antioxidants & Redox Signaling. 
2009;11(7):1587-1602

[32] Rothstein JD, Van Kammen M, Levey AI, Martin LJ, Kuncl RW. Selective loss of glial 
glutamate transporter GLT-1 in amyotrophic lateral sclerosis. Annals of Neurology. 
1995;38(1):73-84

[33] Lin CL, Bristol LA, Jin L, et al. Aberrant RNA processing in a neurodegenerative disease: 
The cause for absent EAAT2, a glutamate transporter, in amyotrophic lateral sclerosis. 
Neuron. 1998;20(3):589-602

[34] Howland DS, Liu J, She Y, et al. Focal loss of the glutamate transporter EAAT2 in a 
transgenic rat model of SOD1 mutant-mediated amyotrophic lateral sclerosis (ALS). 
Proceedings of the National Academy of Sciences of the United States of America. 
2002;99(3):1604-1609

[35] Rosenblum LT, Shamamandri-Markandaiah S, Ghosh B, et al. Mutation of the caspase-3 
cleavage site in the astroglial glutamate transporter EAAT2 delays disease progression 
and extends lifespan in the SOD1-G93A mouse model of ALS. Experimental Neurology. 
2017;292:145-153

Astrocyte - Physiology and Pathology108

[36] Battaglia G, Riozzi B, Bucci D, et al. Activation of mGlu3 metabotropic glutamate recep-
tors enhances GDNF and GLT-1 formation in the spinal cord and rescues motor neurons 
in the SOD-1 mouse model of amyotrophic lateral sclerosis. Neurobiology of Disease. 
2015;74:126-136

[37] Kong Q, Chang LC, Takahashi K, et al. Small-molecule activator of glutamate transporter 
EAAT2 translation provides neuroprotection. The Journal of Clinical Investigation. 2014; 
124(3):1255-1267

[38] Rothstein JD, Patel S, Regan MR, et al. Beta-lactam antibiotics offer neuroprotection by 
increasing glutamate transporter expression. Nature. 2005;433(7021):73-77

[39] Ganel R, Ho T, Maragakis NJ, Jackson M, Steiner JP, Rothstein JD. Selective up-regula-
tion of the glial Na+−dependent glutamate transporter GLT1 by a neuroimmunophilin 
ligand results in neuroprotection. Neurobiology of Disease. 2006;21(3):556-567

[40] Berry JD, Shefner JM, Conwit R, et al. Design and initial results of a multi-phase random-
ized trial of ceftriaxone in amyotrophic lateral sclerosis. PLoS One. 2013;8(4):e61177

[41] Dall’igna OP, Bobermin LD, Souza DO, Quincozes-Santos A. Riluzole increases gluta-
mate uptake by cultured C6 astroglial cells. Int J Dev Neurosci. 2013;31(7):482-486

[42] Raoul C, Estevez AG, Nishimune H, et al. Motoneuron death triggered by a specific path-
way downstream of Fas. Potentiation by ALS-linked SOD1 mutations. Neuron. 2002; 
35(6):1067-1083

[43] Barbeito LH, Pehar M, Cassina P, et al. A role for astrocytes in motor neuron loss in amy-
otrophic lateral sclerosis. Brain Research. Brain Research Reviews. 2004;47(1-3):263-274

[44] Endo F, Komine O, Fujimori-Tonou N, et al. Astrocyte-derived TGF-beta1 accelerates 
disease progression in ALS mice by interfering with the neuroprotective functions of 
microglia and T cells. Cell Reports. 2015;11(4):592-604

[45] Tripathi P, Rodriguez-Muela N, Klim JR, et al. Reactive astrocytes promote ALS-like 
degeneration and intracellular protein aggregation in human motor neurons by disrupt-
ing autophagy through TGF-beta1. Stem Cell Reports. 2017;9(2):667-680

[46] Phatnani HP, Guarnieri P, Friedman BA, et al. Intricate interplay between astrocytes and 
motor neurons in ALS. Proceedings of the National Academy of Sciences of the United 
States of America. 2013;110(8):E756-E765

[47] Hashioka S, Klegeris A, Schwab C, Yu S, McGeer PL. Differential expression of interferon-
gamma receptor on human glial cells in vivo and in vitro. Journal of Neuroimmunology. 
2010;225(1-2):91-99

[48] Hashioka S, Klegeris A, McGeer PL. Proton pump inhibitors exert anti-inflamma-
tory effects and decrease human microglial and monocytic THP-1 cell neurotoxicity. 
Experimental Neurology. 2009;217(1):177-183

[49] Aebischer J, Cassina P, Otsmane B, et al. IFNgamma triggers a LIGHT-dependent selec-
tive death of motoneurons contributing to the non-cell-autonomous effects of mutant 
SOD1. Cell Death and Differentiation. 2011;18(5):754-768

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

109



[50] Otsmane B, Moumen A, Aebischer J, et al. Somatic and axonal LIGHT signaling elicit 
degenerative and regenerative responses in motoneurons, respectively. EMBO Reports. 
2014;15(5):540-547

[51] Otsmane B, Aebischer J, Moumen A, Raoul C. Cerebrospinal fluid-targeted delivery of 
neutralizing anti-IFNgamma antibody delays motor decline in an ALS mouse model. 
Neuroreport. 2014;25(1):49-54

[52] Ilzecka J. Prostaglandin E2 is increased in amyotrophic lateral sclerosis patients. Acta 
Neurologica Scandinavica. 2003;108(2):125-129

[53] Almer G, Teismann P, Stevic Z, et al. Increased levels of the pro-inflammatory prosta-
glandin PGE2 in CSF from ALS patients. Neurology. 2002;58(8):1277-1279

[54] Miyagishi H, Kosuge Y, Takano A, et al. Increased expression of 15-Hydroxyprostaglandin 
dehydrogenase in spinal astrocytes during disease progression in a model of amyo-
trophic lateral sclerosis. Cellular and Molecular Neurobiology. 2017;37(3):445-452

[55] Almer G, Guegan C, Teismann P, et al. Increased expression of the pro-inflammatory 
enzyme cyclooxygenase-2 in amyotrophic lateral sclerosis. Annals of Neurology. 2001; 
49(2):176-185

[56] Miyagishi H, Kosuge Y, Ishige K, Ito Y. Expression of microsomal prostaglandin E syn-
thase-1 in the spinal cord in a transgenic mouse model of amyotrophic lateral sclerosis. 
Journal of Pharmacological Sciences. 2012;118(2):225-236

[57] Kosuge Y, Miyagishi H, Yoneoka Y, et al. Pathophysiological role of prostaglandin 
E2-induced up-regulation of the EP2 receptor in motor neuron-like NSC-34 cells and 
lumbar motor neurons in ALS model mice. Neurochemistry International. 2017

[58] Re DB, Le Verche V, Yu C, et al. Necroptosis drives motor neuron death in models of 
both sporadic and familial ALS. Neuron. 2014;81(5):1001-1008

[59] Degterev A, Hitomi J, Germscheid M, et al. Identification of RIP1 kinase as a specific cel-
lular target of necrostatins. Nature Chemical Biology. 2008;4(5):313-321

[60] Hitomi J, Christofferson DE, Ng A, et al. Identification of a molecular signaling network 
that regulates a cellular necrotic cell death pathway. Cell. 2008;135(7):1311-1323

[61] Wiedemann FR, Manfredi G, Mawrin C, Beal MF, Schon EA. Mitochondrial DNA and 
respiratory chain function in spinal cords of ALS patients. Journal of Neurochemistry. 
2002;80(4):616-625

[62] Hirano A, Nakano I, Kurland LT, Mulder DW, Holley PW, Saccomanno G. Fine struc-
tural study of neurofibrillary changes in a family with amyotrophic lateral sclerosis. 
Journal of Neuropathology and Experimental Neurology. 1984;43(5):471-480

[63] Sasaki S, Horie Y, Iwata M. Mitochondrial alterations in dorsal root ganglion cells in 
sporadic amyotrophic lateral sclerosis. Acta Neuropathologica. 2007;114(6):633-639

[64] Cassina P, Cassina A, Pehar M, et al. Mitochondrial dysfunction in SOD1G93A-bearing 
astrocytes promotes motor neuron degeneration: Prevention by mitochondrial-targeted 

Astrocyte - Physiology and Pathology110

antioxidants. The Journal of Neuroscience: The Official Journal of the Society for Neuro-
science. 2008;28(16):4115-4122

[65] Vargas MR, Johnson DA, Johnson JA. Decreased glutathione accelerates neurological 
deficit and mitochondrial pathology in familial ALS-linked hSOD1(G93A) mice model. 
Neurobiology of Disease. 2011;43(3):543-551

[66] Tan W, Naniche N, Bogush A, Pedrini S, Trotti D, Pasinelli P. Small peptides against 
the mutant SOD1/Bcl-2 toxic mitochondrial complex restore mitochondrial function and 
cell viability in mutant SOD1-mediated ALS. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 2013;33(28):11588-11598

[67] Takei K, Watanabe K, Yuki S, Akimoto M, Sakata T, Palumbo J. Edaravone and its clini-
cal development for amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis & 
Frontotemporal Degeneration. 2017;18(sup1):5-10

[68] Brambilla L, Guidotti G, Martorana F, et al. Disruption of the astrocytic TNFR1-GDNF 
axis accelerates motor neuron degeneration and disease progression in amyotrophic lat-
eral sclerosis. Human Molecular Genetics. 2016;25(14):3080-3095

[69] Das MM, Svendsen CN. Astrocytes show reduced support of motor neurons with aging 
that is accelerated in a rodent model of ALS. Neurobiology of Aging. 2015;36(2):1130-1139

[70] Oosthuyse B, Moons L, Storkebaum E, et al. Deletion of the hypoxia-response element 
in the vascular endothelial growth factor promoter causes motor neuron degeneration. 
Nature Genetics. 2001;28(2):131-138

[71] Van Den Bosch L, Storkebaum E, Vleminckx V, et al. Effects of vascular endothelial growth 
factor (VEGF) on motor neuron degeneration. Neurobiology of Disease. 2004;17(1):21-28

[72] Llado J, Tolosa L, Olmos G. Cellular and molecular mechanisms involved in the neu-
roprotective effects of VEGF on motoneurons. Frontiers in Cellular Neuroscience. 
2013;7:181

[73] Bogaert E, Van Damme P, Poesen K, et al. VEGF protects motor neurons against excito-
toxicity by upregulation of GluR2. Neurobiology of Aging. 2010;31(12):2185-2191

[74] Gros-Louis F, Laurent S, Lopes AA, et al. Absence of mutations in the hypoxia response 
element of VEGF in ALS. Muscle & Nerve. 2003;28(6):774-775

[75] Mishra PS, Dhull DK, Nalini A, et al. Astroglia acquires a toxic neuroinflammatory 
role in response to the cerebrospinal fluid from amyotrophic lateral sclerosis patients. 
Journal of Neuroinflammation. 2016;13(1):212

[76] Wu YY, Mujtaba T, Han SS, Fischer I, Rao MS. Isolation of a glial-restricted tripotential 
cell line from embryonic spinal cord cultures. Glia. 2002;38(1):65-79

[77] Dietrich J, Noble M, Mayer-Proschel M. Characterization of A2B5+ glial precursor cells 
from cryopreserved human fetal brain progenitor cells. Glia. 2002;40(1):65-77

[78] Haas C, Fischer I. Human astrocytes derived from glial restricted progenitors support 
regeneration of the injured spinal cord. Journal of Neurotrauma. 2013;30(12):1035-1052

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

111



[50] Otsmane B, Moumen A, Aebischer J, et al. Somatic and axonal LIGHT signaling elicit 
degenerative and regenerative responses in motoneurons, respectively. EMBO Reports. 
2014;15(5):540-547

[51] Otsmane B, Aebischer J, Moumen A, Raoul C. Cerebrospinal fluid-targeted delivery of 
neutralizing anti-IFNgamma antibody delays motor decline in an ALS mouse model. 
Neuroreport. 2014;25(1):49-54

[52] Ilzecka J. Prostaglandin E2 is increased in amyotrophic lateral sclerosis patients. Acta 
Neurologica Scandinavica. 2003;108(2):125-129

[53] Almer G, Teismann P, Stevic Z, et al. Increased levels of the pro-inflammatory prosta-
glandin PGE2 in CSF from ALS patients. Neurology. 2002;58(8):1277-1279

[54] Miyagishi H, Kosuge Y, Takano A, et al. Increased expression of 15-Hydroxyprostaglandin 
dehydrogenase in spinal astrocytes during disease progression in a model of amyo-
trophic lateral sclerosis. Cellular and Molecular Neurobiology. 2017;37(3):445-452

[55] Almer G, Guegan C, Teismann P, et al. Increased expression of the pro-inflammatory 
enzyme cyclooxygenase-2 in amyotrophic lateral sclerosis. Annals of Neurology. 2001; 
49(2):176-185

[56] Miyagishi H, Kosuge Y, Ishige K, Ito Y. Expression of microsomal prostaglandin E syn-
thase-1 in the spinal cord in a transgenic mouse model of amyotrophic lateral sclerosis. 
Journal of Pharmacological Sciences. 2012;118(2):225-236

[57] Kosuge Y, Miyagishi H, Yoneoka Y, et al. Pathophysiological role of prostaglandin 
E2-induced up-regulation of the EP2 receptor in motor neuron-like NSC-34 cells and 
lumbar motor neurons in ALS model mice. Neurochemistry International. 2017

[58] Re DB, Le Verche V, Yu C, et al. Necroptosis drives motor neuron death in models of 
both sporadic and familial ALS. Neuron. 2014;81(5):1001-1008

[59] Degterev A, Hitomi J, Germscheid M, et al. Identification of RIP1 kinase as a specific cel-
lular target of necrostatins. Nature Chemical Biology. 2008;4(5):313-321

[60] Hitomi J, Christofferson DE, Ng A, et al. Identification of a molecular signaling network 
that regulates a cellular necrotic cell death pathway. Cell. 2008;135(7):1311-1323

[61] Wiedemann FR, Manfredi G, Mawrin C, Beal MF, Schon EA. Mitochondrial DNA and 
respiratory chain function in spinal cords of ALS patients. Journal of Neurochemistry. 
2002;80(4):616-625

[62] Hirano A, Nakano I, Kurland LT, Mulder DW, Holley PW, Saccomanno G. Fine struc-
tural study of neurofibrillary changes in a family with amyotrophic lateral sclerosis. 
Journal of Neuropathology and Experimental Neurology. 1984;43(5):471-480

[63] Sasaki S, Horie Y, Iwata M. Mitochondrial alterations in dorsal root ganglion cells in 
sporadic amyotrophic lateral sclerosis. Acta Neuropathologica. 2007;114(6):633-639

[64] Cassina P, Cassina A, Pehar M, et al. Mitochondrial dysfunction in SOD1G93A-bearing 
astrocytes promotes motor neuron degeneration: Prevention by mitochondrial-targeted 

Astrocyte - Physiology and Pathology110

antioxidants. The Journal of Neuroscience: The Official Journal of the Society for Neuro-
science. 2008;28(16):4115-4122

[65] Vargas MR, Johnson DA, Johnson JA. Decreased glutathione accelerates neurological 
deficit and mitochondrial pathology in familial ALS-linked hSOD1(G93A) mice model. 
Neurobiology of Disease. 2011;43(3):543-551

[66] Tan W, Naniche N, Bogush A, Pedrini S, Trotti D, Pasinelli P. Small peptides against 
the mutant SOD1/Bcl-2 toxic mitochondrial complex restore mitochondrial function and 
cell viability in mutant SOD1-mediated ALS. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 2013;33(28):11588-11598

[67] Takei K, Watanabe K, Yuki S, Akimoto M, Sakata T, Palumbo J. Edaravone and its clini-
cal development for amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis & 
Frontotemporal Degeneration. 2017;18(sup1):5-10

[68] Brambilla L, Guidotti G, Martorana F, et al. Disruption of the astrocytic TNFR1-GDNF 
axis accelerates motor neuron degeneration and disease progression in amyotrophic lat-
eral sclerosis. Human Molecular Genetics. 2016;25(14):3080-3095

[69] Das MM, Svendsen CN. Astrocytes show reduced support of motor neurons with aging 
that is accelerated in a rodent model of ALS. Neurobiology of Aging. 2015;36(2):1130-1139

[70] Oosthuyse B, Moons L, Storkebaum E, et al. Deletion of the hypoxia-response element 
in the vascular endothelial growth factor promoter causes motor neuron degeneration. 
Nature Genetics. 2001;28(2):131-138

[71] Van Den Bosch L, Storkebaum E, Vleminckx V, et al. Effects of vascular endothelial growth 
factor (VEGF) on motor neuron degeneration. Neurobiology of Disease. 2004;17(1):21-28

[72] Llado J, Tolosa L, Olmos G. Cellular and molecular mechanisms involved in the neu-
roprotective effects of VEGF on motoneurons. Frontiers in Cellular Neuroscience. 
2013;7:181

[73] Bogaert E, Van Damme P, Poesen K, et al. VEGF protects motor neurons against excito-
toxicity by upregulation of GluR2. Neurobiology of Aging. 2010;31(12):2185-2191

[74] Gros-Louis F, Laurent S, Lopes AA, et al. Absence of mutations in the hypoxia response 
element of VEGF in ALS. Muscle & Nerve. 2003;28(6):774-775

[75] Mishra PS, Dhull DK, Nalini A, et al. Astroglia acquires a toxic neuroinflammatory 
role in response to the cerebrospinal fluid from amyotrophic lateral sclerosis patients. 
Journal of Neuroinflammation. 2016;13(1):212

[76] Wu YY, Mujtaba T, Han SS, Fischer I, Rao MS. Isolation of a glial-restricted tripotential 
cell line from embryonic spinal cord cultures. Glia. 2002;38(1):65-79

[77] Dietrich J, Noble M, Mayer-Proschel M. Characterization of A2B5+ glial precursor cells 
from cryopreserved human fetal brain progenitor cells. Glia. 2002;40(1):65-77

[78] Haas C, Fischer I. Human astrocytes derived from glial restricted progenitors support 
regeneration of the injured spinal cord. Journal of Neurotrauma. 2013;30(12):1035-1052

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

111



[79] Li K, Javed E, Hala TJ, et al. Transplantation of glial progenitors that overexpress gluta-
mate transporter GLT1 preserves diaphragm function following cervical SCI. Molecular 
therapy: The journal of the American Society of Gene Therapy. 2015;23(3):533-548

[80] Lepore AC, O'Donnell J, Kim AS, et al. Human glial-restricted progenitor transplantation 
into cervical spinal cord of the SOD1 mouse model of ALS. PLoS One. 2011;6(10):e25968

[81] Sandrock RW, Wheatley W, Levinthal C, et al. Isolation, characterization and preclini-
cal development of human glial-restricted progenitor cells for treatment of neurological 
disorders. Regenerative Medicine. 2010;5(3):381-394

[82] Davies SJ, Shih CH, Noble M, Mayer-Proschel M, Davies JE, Proschel C. Transplantation 
of specific human astrocytes promotes functional recovery after spinal cord injury. PLoS 
One. 2011;6(3):e17328

[83] Jin Y, Neuhuber B, Singh A, et al. Transplantation of human glial restricted progen-
itors and derived astrocytes into a contusion model of spinal cord injury. Journal of 
Neurotrauma. 2011;28(4):579-594

[84] Chhabra A. Derivation of human induced pluripotent stem cell (iPSC) lines and mechanism 
of pluripotency: Historical perspective and recent advances. Stem Cell Reviews. 2017;13(6): 
757-773

[85] Haidet-Phillips AM, Roybon L, Gross SK, et al. Gene profiling of human induced plurip-
otent stem cell-derived astrocyte progenitors following spinal cord engraftment. Stem 
Cells Translational Medicine. 2014;3(5):575-585

[86] Krencik R, Weick JP, Liu Y, Zhang ZJ, Zhang SC. Specification of transplantable astroglial 
subtypes from human pluripotent stem cells. Nature Biotechnology. 2011;29(6):528-534

[87] Krencik R, Zhang SC. Directed differentiation of functional astroglial subtypes from 
human pluripotent stem cells. Nature Protocols. 2011;6(11):1710-1717

[88] Izrael M, Zhang P, Kaufman R, et al. Human oligodendrocytes derived from embryonic 
stem cells: Effect of noggin on phenotypic differentiation in vitro and on myelination 
in vivo. Molecular and Cellular Neurosciences. 2007;34(3):310-323

[89] Zhang PW, Haidet-Phillips AM, Pham JT, et al. Generation of GFAP::GFP astrocyte 
reporter lines from human adult fibroblast-derived iPS cells using zinc-finger nuclease 
technology. Glia. 2016;64(1):63-75

[90] Gorris R, Fischer J, Erwes KL, et al. Pluripotent stem cell-derived radial glia-like cells 
as stable intermediate for efficient generation of human oligodendrocytes. Glia. 2015; 
63(12):2152-2167

[91] Tcw J, Wang M, Pimenova AA, et al. An efficient platform for astrocyte differentiation 
from human induced pluripotent stem cells. Stem Cell Reports. 2017;9(2):600-614

[92] Fasano CA, Chambers SM, Lee G, Tomishima MJ, Studer L. Efficient derivation of 
functional floor plate tissue from human embryonic stem cells. Cell Stem Cell. 2010; 
6(4):336-347

Astrocyte - Physiology and Pathology112

[93] Peljto M, Wichterle H. Programming embryonic stem cells to neuronal subtypes. 
Current Opinion in Neurobiology. 2011;21(1):43-51

[94] Fuccillo M, Joyner AL, Fishell G. Morphogen to mitogen: The multiple roles of hedge-
hog signalling in vertebrate neural development. Nature Reviews Neuroscience. 2006; 
7(10):772-783

[95] Ciani L, Salinas PCWNT. In the vertebrate nervous system: From patterning to neuro-
nal connectivity. Nature Reviews Neuroscience. 2005;6(5):351-362

[96] Liu A, Niswander LA. Bone morphogenetic protein signalling and vertebrate nervous 
system development. Nature Reviews Neuroscience. 2005;6(12):945-954

[97] Maden M. Retinoic acid in the development, regeneration and maintenance of the ner-
vous system. Nature Reviews Neuroscience. 2007;8(10):755-765

[98] Mason I. Initiation to end point: The multiple roles of fibroblast growth factors in neu-
ral development. Nature Reviews Neuroscience. 2007;8(8):583-596

[99] Sloan SA, Darmanis S, Huber N, et al. Human astrocyte maturation captured in 3D cere-
bral cortical spheroids derived from pluripotent stem cells. Neuron. 2017;95(4):779-790 e6

[100] Pasca AM, Sloan SA, Clarke LE, et al. Functional cortical neurons and astrocytes from 
human pluripotent stem cells in 3D culture. Nature Methods. 2015;12(7):671-678

[101] Caiazzo M, Giannelli S, Valente P, et al. Direct conversion of fibroblasts into functional 
astrocytes by defined transcription factors. Stem Cell Reports. 2015;4(1):25-36

[102] Tian E, Sun G, Sun G, et al. Small-molecule-based lineage reprogramming creates func-
tional astrocytes. Cell Reports. 2016;16(3):781-792

[103] Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mes-
enchymal stem cells. Science. 1999;284(5411):143-147

[104] Wislet-Gendebien S, Wautier F, Leprince P, Rogister B. Astrocytic and neuronal fate of 
mesenchymal stem cells expressing nestin. Brain Research Bulletin. 2005;68(1-2):95-102

[105] Shahbazi A, Safa M, Alikarami F, et al. Rapid induction of neural differentiation in 
human umbilical cord matrix Mesenchymal stem cells by cAMP-elevating agents. 
International Journal of Molecular and Cellular Medicine. 2016;5(3):167-177

[106] Choi YK, Cho H, Seo YK, Yoon HH, Park JK. Stimulation of sub-sonic vibration pro-
motes the differentiation of adipose tissue-derived mesenchymal stem cells into neural 
cells. Life Sciences. 2012;91(9-10):329-337

[107] Kim H, Kim HY, Choi MR, et al. Dose-dependent efficacy of ALS-human mesenchymal 
stem cells transplantation into cisterna magna in SOD1-G93A ALS mice. Neuroscience 
Letters. 2010;468(3):190-194

[108] Sadan O, Melamed E, Offen D. Intrastriatal transplantation of neurotrophic factor-
secreting human mesenchymal stem cells improves motor function and extends 
survival in R6/2 transgenic mouse model for Huntington's disease. PLoS currents. 
2012;4:e4f7f6dc013d4e

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

113



[79] Li K, Javed E, Hala TJ, et al. Transplantation of glial progenitors that overexpress gluta-
mate transporter GLT1 preserves diaphragm function following cervical SCI. Molecular 
therapy: The journal of the American Society of Gene Therapy. 2015;23(3):533-548

[80] Lepore AC, O'Donnell J, Kim AS, et al. Human glial-restricted progenitor transplantation 
into cervical spinal cord of the SOD1 mouse model of ALS. PLoS One. 2011;6(10):e25968

[81] Sandrock RW, Wheatley W, Levinthal C, et al. Isolation, characterization and preclini-
cal development of human glial-restricted progenitor cells for treatment of neurological 
disorders. Regenerative Medicine. 2010;5(3):381-394

[82] Davies SJ, Shih CH, Noble M, Mayer-Proschel M, Davies JE, Proschel C. Transplantation 
of specific human astrocytes promotes functional recovery after spinal cord injury. PLoS 
One. 2011;6(3):e17328

[83] Jin Y, Neuhuber B, Singh A, et al. Transplantation of human glial restricted progen-
itors and derived astrocytes into a contusion model of spinal cord injury. Journal of 
Neurotrauma. 2011;28(4):579-594

[84] Chhabra A. Derivation of human induced pluripotent stem cell (iPSC) lines and mechanism 
of pluripotency: Historical perspective and recent advances. Stem Cell Reviews. 2017;13(6): 
757-773

[85] Haidet-Phillips AM, Roybon L, Gross SK, et al. Gene profiling of human induced plurip-
otent stem cell-derived astrocyte progenitors following spinal cord engraftment. Stem 
Cells Translational Medicine. 2014;3(5):575-585

[86] Krencik R, Weick JP, Liu Y, Zhang ZJ, Zhang SC. Specification of transplantable astroglial 
subtypes from human pluripotent stem cells. Nature Biotechnology. 2011;29(6):528-534

[87] Krencik R, Zhang SC. Directed differentiation of functional astroglial subtypes from 
human pluripotent stem cells. Nature Protocols. 2011;6(11):1710-1717

[88] Izrael M, Zhang P, Kaufman R, et al. Human oligodendrocytes derived from embryonic 
stem cells: Effect of noggin on phenotypic differentiation in vitro and on myelination 
in vivo. Molecular and Cellular Neurosciences. 2007;34(3):310-323

[89] Zhang PW, Haidet-Phillips AM, Pham JT, et al. Generation of GFAP::GFP astrocyte 
reporter lines from human adult fibroblast-derived iPS cells using zinc-finger nuclease 
technology. Glia. 2016;64(1):63-75

[90] Gorris R, Fischer J, Erwes KL, et al. Pluripotent stem cell-derived radial glia-like cells 
as stable intermediate for efficient generation of human oligodendrocytes. Glia. 2015; 
63(12):2152-2167

[91] Tcw J, Wang M, Pimenova AA, et al. An efficient platform for astrocyte differentiation 
from human induced pluripotent stem cells. Stem Cell Reports. 2017;9(2):600-614

[92] Fasano CA, Chambers SM, Lee G, Tomishima MJ, Studer L. Efficient derivation of 
functional floor plate tissue from human embryonic stem cells. Cell Stem Cell. 2010; 
6(4):336-347

Astrocyte - Physiology and Pathology112

[93] Peljto M, Wichterle H. Programming embryonic stem cells to neuronal subtypes. 
Current Opinion in Neurobiology. 2011;21(1):43-51

[94] Fuccillo M, Joyner AL, Fishell G. Morphogen to mitogen: The multiple roles of hedge-
hog signalling in vertebrate neural development. Nature Reviews Neuroscience. 2006; 
7(10):772-783

[95] Ciani L, Salinas PCWNT. In the vertebrate nervous system: From patterning to neuro-
nal connectivity. Nature Reviews Neuroscience. 2005;6(5):351-362

[96] Liu A, Niswander LA. Bone morphogenetic protein signalling and vertebrate nervous 
system development. Nature Reviews Neuroscience. 2005;6(12):945-954

[97] Maden M. Retinoic acid in the development, regeneration and maintenance of the ner-
vous system. Nature Reviews Neuroscience. 2007;8(10):755-765

[98] Mason I. Initiation to end point: The multiple roles of fibroblast growth factors in neu-
ral development. Nature Reviews Neuroscience. 2007;8(8):583-596

[99] Sloan SA, Darmanis S, Huber N, et al. Human astrocyte maturation captured in 3D cere-
bral cortical spheroids derived from pluripotent stem cells. Neuron. 2017;95(4):779-790 e6

[100] Pasca AM, Sloan SA, Clarke LE, et al. Functional cortical neurons and astrocytes from 
human pluripotent stem cells in 3D culture. Nature Methods. 2015;12(7):671-678

[101] Caiazzo M, Giannelli S, Valente P, et al. Direct conversion of fibroblasts into functional 
astrocytes by defined transcription factors. Stem Cell Reports. 2015;4(1):25-36

[102] Tian E, Sun G, Sun G, et al. Small-molecule-based lineage reprogramming creates func-
tional astrocytes. Cell Reports. 2016;16(3):781-792

[103] Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mes-
enchymal stem cells. Science. 1999;284(5411):143-147

[104] Wislet-Gendebien S, Wautier F, Leprince P, Rogister B. Astrocytic and neuronal fate of 
mesenchymal stem cells expressing nestin. Brain Research Bulletin. 2005;68(1-2):95-102

[105] Shahbazi A, Safa M, Alikarami F, et al. Rapid induction of neural differentiation in 
human umbilical cord matrix Mesenchymal stem cells by cAMP-elevating agents. 
International Journal of Molecular and Cellular Medicine. 2016;5(3):167-177

[106] Choi YK, Cho H, Seo YK, Yoon HH, Park JK. Stimulation of sub-sonic vibration pro-
motes the differentiation of adipose tissue-derived mesenchymal stem cells into neural 
cells. Life Sciences. 2012;91(9-10):329-337

[107] Kim H, Kim HY, Choi MR, et al. Dose-dependent efficacy of ALS-human mesenchymal 
stem cells transplantation into cisterna magna in SOD1-G93A ALS mice. Neuroscience 
Letters. 2010;468(3):190-194

[108] Sadan O, Melamed E, Offen D. Intrastriatal transplantation of neurotrophic factor-
secreting human mesenchymal stem cells improves motor function and extends 
survival in R6/2 transgenic mouse model for Huntington's disease. PLoS currents. 
2012;4:e4f7f6dc013d4e

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

113



[109] Barhum Y, Gai-Castro S, Bahat-Stromza M, Barzilay R, Melamed E, Offen D. Intracere-
broventricular transplantation of human mesenchymal stem cells induced to secrete 
neurotrophic factors attenuates clinical symptoms in a mouse model of multiple sclero-
sis. Journal of Molecular Neuroscience: MN. 2010;41(1):129-137

[110] Boylan K. Familial amyotrophic lateral sclerosis. Neurologic Clinics. 2015;33(4):807-830

[111] DeJesus-Hernandez M, Mackenzie IR, Boeve BF, et al. Expanded GGGGCC hexanucle-
otide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and 
ALS. Neuron. 2011;72(2):245-256

[112] Neumann M, Sampathu DM, Kwong LK, et al. Ubiquitinated TDP-43 in frontotemporal 
lobar degeneration and amyotrophic lateral sclerosis. Science. 2006;314(5796):130-133

[113] Joyce PI, Fratta P, Fisher EM, Acevedo-Arozena A. SOD1 and TDP-43 animal mod-
els of amyotrophic lateral sclerosis: recent advances in understanding disease toward 
the development of clinical treatments. Mammalian Genome: Official Journal of The 
International Mammalian Genome Society. 2011;22(7-8):420-448

[114] Koppers M, Blokhuis AM, Westeneng HJ, et al. C9orf72 ablation in mice does not cause 
motor neuron degeneration or motor deficits. Annals of Neurology. 2015;78(3):426-438

[115] Fil D, DeLoach A, Yadav S, et al. Mutant Profilin1 transgenic mice recapitulate cardinal 
features of motor neuron disease. Human Molecular Genetics. 2017;26(4):686-701

[116] Philips T, Rothstein JD. Rodent Models of Amyotrophic Lateral Sclerosis. Current 
Protocols In Pharmacology. 2015;69:5 67 1-5 21

[117] Boillee S, Vande Velde C, Cleveland DWALS. A disease of motor neurons and their non-
neuronal neighbors. Neuron. 2006;52(1):39-59

[118] Nardo G, Trolese MC, Tortarolo M, et al. New insights on the mechanisms of disease 
course variability in ALS from mutant SOD1 mouse models. Brain Pathology. 2016; 
26(2):237-247

[119] Temple S, Alvarez-Buylla A. Stem cells in the adult mammalian central nervous system. 
Current Opinion in Neurobiology. 1999;9(1):135-141

[120] Gage FH, Ray J, Fisher LJ. Isolation, characterization, and use of stem cells from the 
CNS. Annual Review of Neuroscience. 1995;18:159-192

[121] Gincberg G, Arien-Zakay H, Lazarovici P, Lelkes PI. Neural stem cells: Therapeutic 
potential for neurodegenerative diseases. British Medical Bulletin. 2012;104:7-19

[122] Wei P, Liu J, Zhou HL, et al. Effects of engrafted neural stem cells derived from GFP 
transgenic mice in Parkinson's diseases rats. Neuroscience Letters. 2007;419(1):49-54

[123] Lu P, Jones LL, Snyder EY, Tuszynski MH. Neural stem cells constitutively secrete neu-
rotrophic factors and promote extensive host axonal growth after spinal cord injury. 
Experimental Neurology. 2003;181(2):115-129

Astrocyte - Physiology and Pathology114

[124] Aharonowiz M, Einstein O, Fainstein N, Lassmann H, Reubinoff B, Ben-Hur T. 
Neuroprotective effect of transplanted human embryonic stem cell-derived neural pre-
cursors in an animal model of multiple sclerosis. PLoS One. 2008;3(9):e3145

[125] Ben-Hur T. Immunomodulation by neural stem cells. Journal of the Neurological 
Sciences. 2008;265(1-2):102-104

[126] Barnabe-Heider F, Miller FD. Endogenously produced neurotrophins regulate survival 
and differentiation of cortical progenitors via distinct signaling pathways. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience. 2003;23(12):5149-5160

[127] Xu L, Yan J, Chen D, et al. Human neural stem cell grafts ameliorate motor neuron dis-
ease in SOD-1 transgenic rats. Transplantation. 2006;82(7):865-875

[128] Xu L, Shen P, Hazel T, Johe K, Koliatsos VE. Dual transplantation of human neural stem 
cells into cervical and lumbar cord ameliorates motor neuron disease in SOD1 trans-
genic rats. Neuroscience Letters. 2011;494(3):222-226

[129] Hefferan MP, Galik J, Kakinohana O, et al. Human neural stem cell replacement therapy 
for amyotrophic lateral sclerosis by spinal transplantation. PLoS One. 2012;7(8):e42614

[130] Habisch HJ, Janowski M, Binder D, et al. Intrathecal application of neuroectodermally con-
verted stem cells into a mouse model of ALS: Limited intraparenchymal migration and sur-
vival narrows therapeutic effects. Journal of Neural Transmission. 2007;114(11):1395-1406

[131] Morita E, Watanabe Y, Ishimoto M, et al. A novel cell transplantation protocol and its 
application to an ALS mouse model. Experimental Neurology. 2008;213(2):431-438

[132] Knippenberg S, Rath KJ, Boselt S, et al. Intraspinal administration of human spinal cord-
derived neural progenitor cells in the G93A-SOD1 mouse model of ALS delays symptom 
progression, prolongs survival and increases expression of endogenous neurotrophic 
factors. Journal of Tissue Engineering and Regenerative Medicine. 2017;11(3):751-764

[133] Teng YD, Benn SC, Kalkanis SN, et al. Multimodal actions of neural stem cells in a mouse 
model of ALS: a meta-analysis. Science Translational Medicine. 2012;4(165):165ra4

[134] Beyer Nardi N, da Silva Meirelles L. Mesenchymal stem cells: Isolation, in vitro expan-
sion and characterization. Handbook of Experimental Pharmacology. 2006;(174):249-282

[135] Mareschi K, Novara M, Rustichelli D, et al. Neural differentiation of human mesenchy-
mal stem cells: Evidence for expression of neural markers and eag K+ channel types. 
Experimental Hematology. 2006;34(11):1563-1572

[136] Bahat-Stroomza M, Barhum Y, Levy YS, et al. Induction of adult human bone marrow mes-
enchymal stromal cells into functional astrocyte-like cells: Potential for restorative treat-
ment in Parkinson's disease. Journal of Molecular Neuroscience: MN. 2009;39(1-2):199-210

[137] de Girolamo L, Lucarelli E, Alessandri G, et al. Mesenchymal stem/stromal cells: A 
new “cells as drugs” paradigm. Efficacy and critical aspects in cell therapy. Current 
Pharmaceutical Design. 2013;19(13):2459-2473

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

115



[109] Barhum Y, Gai-Castro S, Bahat-Stromza M, Barzilay R, Melamed E, Offen D. Intracere-
broventricular transplantation of human mesenchymal stem cells induced to secrete 
neurotrophic factors attenuates clinical symptoms in a mouse model of multiple sclero-
sis. Journal of Molecular Neuroscience: MN. 2010;41(1):129-137

[110] Boylan K. Familial amyotrophic lateral sclerosis. Neurologic Clinics. 2015;33(4):807-830

[111] DeJesus-Hernandez M, Mackenzie IR, Boeve BF, et al. Expanded GGGGCC hexanucle-
otide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and 
ALS. Neuron. 2011;72(2):245-256

[112] Neumann M, Sampathu DM, Kwong LK, et al. Ubiquitinated TDP-43 in frontotemporal 
lobar degeneration and amyotrophic lateral sclerosis. Science. 2006;314(5796):130-133

[113] Joyce PI, Fratta P, Fisher EM, Acevedo-Arozena A. SOD1 and TDP-43 animal mod-
els of amyotrophic lateral sclerosis: recent advances in understanding disease toward 
the development of clinical treatments. Mammalian Genome: Official Journal of The 
International Mammalian Genome Society. 2011;22(7-8):420-448

[114] Koppers M, Blokhuis AM, Westeneng HJ, et al. C9orf72 ablation in mice does not cause 
motor neuron degeneration or motor deficits. Annals of Neurology. 2015;78(3):426-438

[115] Fil D, DeLoach A, Yadav S, et al. Mutant Profilin1 transgenic mice recapitulate cardinal 
features of motor neuron disease. Human Molecular Genetics. 2017;26(4):686-701

[116] Philips T, Rothstein JD. Rodent Models of Amyotrophic Lateral Sclerosis. Current 
Protocols In Pharmacology. 2015;69:5 67 1-5 21

[117] Boillee S, Vande Velde C, Cleveland DWALS. A disease of motor neurons and their non-
neuronal neighbors. Neuron. 2006;52(1):39-59

[118] Nardo G, Trolese MC, Tortarolo M, et al. New insights on the mechanisms of disease 
course variability in ALS from mutant SOD1 mouse models. Brain Pathology. 2016; 
26(2):237-247

[119] Temple S, Alvarez-Buylla A. Stem cells in the adult mammalian central nervous system. 
Current Opinion in Neurobiology. 1999;9(1):135-141

[120] Gage FH, Ray J, Fisher LJ. Isolation, characterization, and use of stem cells from the 
CNS. Annual Review of Neuroscience. 1995;18:159-192

[121] Gincberg G, Arien-Zakay H, Lazarovici P, Lelkes PI. Neural stem cells: Therapeutic 
potential for neurodegenerative diseases. British Medical Bulletin. 2012;104:7-19

[122] Wei P, Liu J, Zhou HL, et al. Effects of engrafted neural stem cells derived from GFP 
transgenic mice in Parkinson's diseases rats. Neuroscience Letters. 2007;419(1):49-54

[123] Lu P, Jones LL, Snyder EY, Tuszynski MH. Neural stem cells constitutively secrete neu-
rotrophic factors and promote extensive host axonal growth after spinal cord injury. 
Experimental Neurology. 2003;181(2):115-129

Astrocyte - Physiology and Pathology114

[124] Aharonowiz M, Einstein O, Fainstein N, Lassmann H, Reubinoff B, Ben-Hur T. 
Neuroprotective effect of transplanted human embryonic stem cell-derived neural pre-
cursors in an animal model of multiple sclerosis. PLoS One. 2008;3(9):e3145

[125] Ben-Hur T. Immunomodulation by neural stem cells. Journal of the Neurological 
Sciences. 2008;265(1-2):102-104

[126] Barnabe-Heider F, Miller FD. Endogenously produced neurotrophins regulate survival 
and differentiation of cortical progenitors via distinct signaling pathways. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience. 2003;23(12):5149-5160

[127] Xu L, Yan J, Chen D, et al. Human neural stem cell grafts ameliorate motor neuron dis-
ease in SOD-1 transgenic rats. Transplantation. 2006;82(7):865-875

[128] Xu L, Shen P, Hazel T, Johe K, Koliatsos VE. Dual transplantation of human neural stem 
cells into cervical and lumbar cord ameliorates motor neuron disease in SOD1 trans-
genic rats. Neuroscience Letters. 2011;494(3):222-226

[129] Hefferan MP, Galik J, Kakinohana O, et al. Human neural stem cell replacement therapy 
for amyotrophic lateral sclerosis by spinal transplantation. PLoS One. 2012;7(8):e42614

[130] Habisch HJ, Janowski M, Binder D, et al. Intrathecal application of neuroectodermally con-
verted stem cells into a mouse model of ALS: Limited intraparenchymal migration and sur-
vival narrows therapeutic effects. Journal of Neural Transmission. 2007;114(11):1395-1406

[131] Morita E, Watanabe Y, Ishimoto M, et al. A novel cell transplantation protocol and its 
application to an ALS mouse model. Experimental Neurology. 2008;213(2):431-438

[132] Knippenberg S, Rath KJ, Boselt S, et al. Intraspinal administration of human spinal cord-
derived neural progenitor cells in the G93A-SOD1 mouse model of ALS delays symptom 
progression, prolongs survival and increases expression of endogenous neurotrophic 
factors. Journal of Tissue Engineering and Regenerative Medicine. 2017;11(3):751-764

[133] Teng YD, Benn SC, Kalkanis SN, et al. Multimodal actions of neural stem cells in a mouse 
model of ALS: a meta-analysis. Science Translational Medicine. 2012;4(165):165ra4

[134] Beyer Nardi N, da Silva Meirelles L. Mesenchymal stem cells: Isolation, in vitro expan-
sion and characterization. Handbook of Experimental Pharmacology. 2006;(174):249-282

[135] Mareschi K, Novara M, Rustichelli D, et al. Neural differentiation of human mesenchy-
mal stem cells: Evidence for expression of neural markers and eag K+ channel types. 
Experimental Hematology. 2006;34(11):1563-1572

[136] Bahat-Stroomza M, Barhum Y, Levy YS, et al. Induction of adult human bone marrow mes-
enchymal stromal cells into functional astrocyte-like cells: Potential for restorative treat-
ment in Parkinson's disease. Journal of Molecular Neuroscience: MN. 2009;39(1-2):199-210

[137] de Girolamo L, Lucarelli E, Alessandri G, et al. Mesenchymal stem/stromal cells: A 
new “cells as drugs” paradigm. Efficacy and critical aspects in cell therapy. Current 
Pharmaceutical Design. 2013;19(13):2459-2473

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

115



[138] Laroni A, Novi G, Kerlero de Rosbo N, Uccelli A. Towards clinical application of mes-
enchymal stem cells for treatment of neurological diseases of the central nervous sys-
tem. Journal of Neuroimmune Pharmacology: The Official Journal of The Society on 
NeuroImmune Pharmacology. 2013;8(5):1062-1076

[139] Tang BL. The use of mesenchymal stem cells (MSCs) for amyotrophic lateral sclerosis 
(ALS) therapy - a perspective on cell biological mechanisms. Reviews in the Neurosciences. 
2017;28(7):725-738

[140] Hajivalili M, Pourgholi F, Kafil HS, Jadidi-Niaragh F, Yousefi M. Mesenchymal stem 
cells in the treatment of amyotrophic lateral sclerosis. Current Stem Cell Research & 
Therapy. 2016;11(1):41-50

[141] Vercelli A, Mereuta OM, Garbossa D, et al. Human mesenchymal stem cell transplanta-
tion extends survival, improves motor performance and decreases neuroinflammation in 
mouse model of amyotrophic lateral sclerosis. Neurobiology of Disease. 2008;31(3):395-405

[142] Boucherie C, Schafer S. Lavand'homme P, Maloteaux JM, Hermans E. Chimerization 
of astroglial population in the lumbar spinal cord after mesenchymal stem cell trans-
plantation prolongs survival in a rat model of amyotrophic lateral sclerosis. Journal of 
Neuroscience Research. 2009;87(9):2034-2046

[143] Marconi S, Bonaconsa M, Scambi I, et al. Systemic treatment with adipose-derived mes-
enchymal stem cells ameliorates clinical and pathological features in the amyotrophic 
lateral sclerosis murine model. Neuroscience. 2013;248:333-343

[144] Uccelli A, Milanese M, Principato MC, et al. Intravenous mesenchymal stem cells 
improve survival and motor function in experimental amyotrophic lateral sclerosis. 
Molecular Medicine. 2012;18:794-804

[145] Suzuki M, McHugh J, Tork C, et al. Direct muscle delivery of GDNF with human mes-
enchymal stem cells improves motor neuron survival and function in a rat model of 
familial ALS. Molecular therapy: The Journal of the American Society of Gene Therapy. 
2008;16(12):2002-2010

[146] Krakora D, Mulcrone P, Meyer M, et al. Synergistic effects of GDNF and VEGF on 
lifespan and disease progression in a familial ALS rat model. Molecular therapy: The 
journal of the American Society of Gene Therapy. 2013

[147] Rao MS, Noble M, Mayer-Proschel MA. Tripotential glial precursor cell is present in the 
developing spinal cord. Proceedings of the National Academy of Sciences of the United 
States of America. 1998;95(7):3996-4001

[148] Kruminis-Kaszkiel E, Wojtkiewicz J, Maksymowicz W. Glial-restricted precur-
sors as potential candidates for ALS cell-replacement therapy. Acta Neurobiologiae 
Experimentalis. 2014;74(3):233-241

[149] Lepore AC, Rauck B, Dejea C, et al. Focal transplantation-based astrocyte replace-
ment is neuroprotective in a model of motor neuron disease. Nature Neuroscience. 
2008;11(11):1294-1301

Astrocyte - Physiology and Pathology116

[150] Mountford JC. Human embryonic stem cells: Origins, characteristics and potential for 
regenerative therapy. Transfusion Medicine. 2008;18(1):1-12

[151] Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines derived 
from human somatic cells. Science. 2007;318(5858):1917-1920

[152] Kondo T, Funayama M, Tsukita K, et al. Focal transplantation of human iPSC-derived 
glial-rich neural progenitors improves lifespan of ALS mice. Stem Cell Reports. 2014; 
3(2):242-249

[153] Thomsen GM, Gowing G, Svendsen S, Svendsen CN. The past, present and future of 
stem cell clinical trials for ALS. Experimental Neurology. 2014;262 Pt B:127-137

[154] Atassi N, Beghi E, Blanquer M, et al. Intraspinal stem cell transplantation for amyotrophic 
lateral sclerosis: Ready for efficacy clinical trials? Cytotherapy. 2016;18(12):1471-1475

[155] Suzuki M, McHugh J, Tork C, et al. GDNF secreting human neural progenitor cells pro-
tect dying motor neurons, but not their projection to muscle, in a rat model of familial 
ALS. PLoS One. 2007;2(8):e689

[156] Mazzini L, Gelati M, Profico DC, et al. Human neural stem cell transplantation in ALS: 
Initial results from a phase I trial. Journal of Translational Medicine. 2015;13:17

[157] Glass JD, Hertzberg VS, Boulis NM, et al. Transplantation of spinal cord-derived neural 
stem cells for ALS: Analysis of phase 1 and 2 trials. Neurology. 2016;87(4):392-400

[158] Riley JP, Raore B, Taub JS, Federici T, Boulis NM. Platform and cannula design 
improvements for spinal cord therapeutics delivery. Neurosurgery. 2011;69(2 Suppl 
Operative):ons147-154; discussion ons55

[159] Raore B, Federici T, Taub J, et al. Cervical multilevel intraspinal stem cell therapy: 
Assessment of surgical risks in Gottingen minipigs. Spine. 2011;36(3):E164-E171

[160] Park S, Kim HT, Yun S, et al. Growth factor-expressing human neural progenitor cell 
grafts protect motor neurons but do not ameliorate motor performance and survival in 
ALS mice. Experimental & Molecular Medicine. 2009;41(7):487-500

[161] Hwang DH, Lee HJ, Park IH, et al. Intrathecal transplantation of human neural stem 
cells overexpressing VEGF provide behavioral improvement, disease onset delay and 
survival extension in transgenic ALS mice. Gene Therapy. 2009;16(10):1234-1244

[162] McGinley LM, Sims E, Lunn JS, et al. Human cortical neural stem cells expressing insu-
lin-like growth factor-I: A novel cellular therapy for Alzheimer's disease. Stem Cells 
Translational Medicine. 2016;5(3):379-391

[163] Riley J, Glass J, Feldman EL, et al. Intraspinal stem cell transplantation in amyotrophic 
lateral sclerosis: A phase I trial, cervical microinjection, and final surgical safety out-
comes. Neurosurgery. 2014;74(1):77-87

[164] Tadesse T, Gearing M, Senitzer D, et al. Analysis of graft survival in a trial of stem cell 
transplant in ALS. Annals of Clinical and Translational Neurology. 2014;1(11):900-908

[165] Mazzini L, Ferrero I, Luparello V, et al. Mesenchymal stem cell transplantation in amyo-
trophic lateral sclerosis: A phase I clinical trial. Experimental Neurology. 2010;223(1):229-237

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

117



[138] Laroni A, Novi G, Kerlero de Rosbo N, Uccelli A. Towards clinical application of mes-
enchymal stem cells for treatment of neurological diseases of the central nervous sys-
tem. Journal of Neuroimmune Pharmacology: The Official Journal of The Society on 
NeuroImmune Pharmacology. 2013;8(5):1062-1076

[139] Tang BL. The use of mesenchymal stem cells (MSCs) for amyotrophic lateral sclerosis 
(ALS) therapy - a perspective on cell biological mechanisms. Reviews in the Neurosciences. 
2017;28(7):725-738

[140] Hajivalili M, Pourgholi F, Kafil HS, Jadidi-Niaragh F, Yousefi M. Mesenchymal stem 
cells in the treatment of amyotrophic lateral sclerosis. Current Stem Cell Research & 
Therapy. 2016;11(1):41-50

[141] Vercelli A, Mereuta OM, Garbossa D, et al. Human mesenchymal stem cell transplanta-
tion extends survival, improves motor performance and decreases neuroinflammation in 
mouse model of amyotrophic lateral sclerosis. Neurobiology of Disease. 2008;31(3):395-405

[142] Boucherie C, Schafer S. Lavand'homme P, Maloteaux JM, Hermans E. Chimerization 
of astroglial population in the lumbar spinal cord after mesenchymal stem cell trans-
plantation prolongs survival in a rat model of amyotrophic lateral sclerosis. Journal of 
Neuroscience Research. 2009;87(9):2034-2046

[143] Marconi S, Bonaconsa M, Scambi I, et al. Systemic treatment with adipose-derived mes-
enchymal stem cells ameliorates clinical and pathological features in the amyotrophic 
lateral sclerosis murine model. Neuroscience. 2013;248:333-343

[144] Uccelli A, Milanese M, Principato MC, et al. Intravenous mesenchymal stem cells 
improve survival and motor function in experimental amyotrophic lateral sclerosis. 
Molecular Medicine. 2012;18:794-804

[145] Suzuki M, McHugh J, Tork C, et al. Direct muscle delivery of GDNF with human mes-
enchymal stem cells improves motor neuron survival and function in a rat model of 
familial ALS. Molecular therapy: The Journal of the American Society of Gene Therapy. 
2008;16(12):2002-2010

[146] Krakora D, Mulcrone P, Meyer M, et al. Synergistic effects of GDNF and VEGF on 
lifespan and disease progression in a familial ALS rat model. Molecular therapy: The 
journal of the American Society of Gene Therapy. 2013

[147] Rao MS, Noble M, Mayer-Proschel MA. Tripotential glial precursor cell is present in the 
developing spinal cord. Proceedings of the National Academy of Sciences of the United 
States of America. 1998;95(7):3996-4001

[148] Kruminis-Kaszkiel E, Wojtkiewicz J, Maksymowicz W. Glial-restricted precur-
sors as potential candidates for ALS cell-replacement therapy. Acta Neurobiologiae 
Experimentalis. 2014;74(3):233-241

[149] Lepore AC, Rauck B, Dejea C, et al. Focal transplantation-based astrocyte replace-
ment is neuroprotective in a model of motor neuron disease. Nature Neuroscience. 
2008;11(11):1294-1301

Astrocyte - Physiology and Pathology116

[150] Mountford JC. Human embryonic stem cells: Origins, characteristics and potential for 
regenerative therapy. Transfusion Medicine. 2008;18(1):1-12

[151] Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines derived 
from human somatic cells. Science. 2007;318(5858):1917-1920

[152] Kondo T, Funayama M, Tsukita K, et al. Focal transplantation of human iPSC-derived 
glial-rich neural progenitors improves lifespan of ALS mice. Stem Cell Reports. 2014; 
3(2):242-249

[153] Thomsen GM, Gowing G, Svendsen S, Svendsen CN. The past, present and future of 
stem cell clinical trials for ALS. Experimental Neurology. 2014;262 Pt B:127-137

[154] Atassi N, Beghi E, Blanquer M, et al. Intraspinal stem cell transplantation for amyotrophic 
lateral sclerosis: Ready for efficacy clinical trials? Cytotherapy. 2016;18(12):1471-1475

[155] Suzuki M, McHugh J, Tork C, et al. GDNF secreting human neural progenitor cells pro-
tect dying motor neurons, but not their projection to muscle, in a rat model of familial 
ALS. PLoS One. 2007;2(8):e689

[156] Mazzini L, Gelati M, Profico DC, et al. Human neural stem cell transplantation in ALS: 
Initial results from a phase I trial. Journal of Translational Medicine. 2015;13:17

[157] Glass JD, Hertzberg VS, Boulis NM, et al. Transplantation of spinal cord-derived neural 
stem cells for ALS: Analysis of phase 1 and 2 trials. Neurology. 2016;87(4):392-400

[158] Riley JP, Raore B, Taub JS, Federici T, Boulis NM. Platform and cannula design 
improvements for spinal cord therapeutics delivery. Neurosurgery. 2011;69(2 Suppl 
Operative):ons147-154; discussion ons55

[159] Raore B, Federici T, Taub J, et al. Cervical multilevel intraspinal stem cell therapy: 
Assessment of surgical risks in Gottingen minipigs. Spine. 2011;36(3):E164-E171

[160] Park S, Kim HT, Yun S, et al. Growth factor-expressing human neural progenitor cell 
grafts protect motor neurons but do not ameliorate motor performance and survival in 
ALS mice. Experimental & Molecular Medicine. 2009;41(7):487-500

[161] Hwang DH, Lee HJ, Park IH, et al. Intrathecal transplantation of human neural stem 
cells overexpressing VEGF provide behavioral improvement, disease onset delay and 
survival extension in transgenic ALS mice. Gene Therapy. 2009;16(10):1234-1244

[162] McGinley LM, Sims E, Lunn JS, et al. Human cortical neural stem cells expressing insu-
lin-like growth factor-I: A novel cellular therapy for Alzheimer's disease. Stem Cells 
Translational Medicine. 2016;5(3):379-391

[163] Riley J, Glass J, Feldman EL, et al. Intraspinal stem cell transplantation in amyotrophic 
lateral sclerosis: A phase I trial, cervical microinjection, and final surgical safety out-
comes. Neurosurgery. 2014;74(1):77-87

[164] Tadesse T, Gearing M, Senitzer D, et al. Analysis of graft survival in a trial of stem cell 
transplant in ALS. Annals of Clinical and Translational Neurology. 2014;1(11):900-908

[165] Mazzini L, Ferrero I, Luparello V, et al. Mesenchymal stem cell transplantation in amyo-
trophic lateral sclerosis: A phase I clinical trial. Experimental Neurology. 2010;223(1):229-237

Astrocytes in Pathogenesis of ALS Disease and Potential Translation into Clinic
http://dx.doi.org/10.5772/intechopen.72862

117



[166] Mazzini L, Mareschi K, Ferrero I, et al. Mesenchymal stromal cell transplantation in 
amyotrophic lateral sclerosis: A long-term safety study. Cytotherapy. 2012;14(1):56-60

[167] Gothelf Y, Abramov N, Harel A, Offen D. Safety of repeated transplantations of neuro-
trophic factors-secreting human mesenchymal stromal stem cells. Clinical and Trans-
lational Medicine. 2014;3:21

[168] Petrou P, Gothelf Y, Argov Z, et al. Safety and clinical effects of mesenchymal stem cells 
secreting neurotrophic factor transplantation in patients with amyotrophic lateral scle-
rosis: Results of phase 1/2 and 2a clinical trials. JAMA Neurology. 2016;73(3):337-344

[169] Ki-Wook O, Chanil M, Hyun YK, et al. Phase I trial of repeated intrathecal autologous 
bone marrow-derived mesenchymal stromal cells in amyotrophic lateral sclerosis. Stem 
Cells Translational Medicine. 2015;4(6):590-597

Astrocyte - Physiology and Pathology118

Chapter 6

Astrocytes’ Role in Alzheimer’s Disease
Neurodegeneration

Ilaria Dal Prà, Ubaldo Armato and Anna Chiarini

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72974

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.72974

Astrocytes’ Role in Alzheimer’s Disease 
Neurodegeneration

Ilaria Dal Prà, Ubaldo Armato and Anna Chiarini

Additional information is available at the end of the chapter

Abstract

Central nervous system (CNS) astrocytes are glial cells performing crucial tasks encom-
passing energy metabolism, neurotransmission, ion and water stable levels, and immune 
defense and control local blood flow/oxygen levels. Arising from neural stem cells, astro-
cytes differentiate into subtypes that vary according to animal species. Human cerebral cor-
tex astrocytes are sturdier and cytologically and functionally more complex, control wider 
domains, and spread calcium signals more quickly than their rodents’ counterparts. They 
actively partake in CNS homeostasis maintenance and functioning by teaming up with 
their client neurons, other glial cell types, and cerebrovascular cells. Alterations of astro-
cytes’ activities deeply impact on age-related chronic ailments like Alzheimer’s disease 
(AD), the commonest senile dementia; AD involves the growing accumulation of amyloid-β 
peptides (Aβs) and hyperphosphorylated Tau proteins the astrocytes, and neurons supply 
following the interaction of their calcium-sensing receptors (CaSRs) with exogenous Aβs. 
The activated Aβ∙CaSR signaling triggers a self-propagating mechanism that spreads the 
neuropathology among adjacent and far away astrocytes and their neuronal clients caus-
ing neurons’ death. CaSR antagonists or calcilytics suppress these noxious effects in vitro. 
Hence, calcilytics are potential therapeutics that could halt the spread of AD neuropathol-
ogy and safeguard the patients’ neuronal viability, cognition, memory, and ultimately life.

Keywords: human, astrocyte, Alzheimer’s disease, amyloid-β, tau protein, calcium-
sensing receptor, calcilytics

1. Introduction

Between the 16th and 18th week of intrauterine life, a pool of stem cells of the neural plate gener-
ates every neural cell type, excepting microglia, in humans. Once differentiated, the astrocytes 
undergo a complex maturing process through which they acquire their specific morpho-functional 
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domains, and spread calcium signals more quickly than their rodents’ counterparts. They 
actively partake in CNS homeostasis maintenance and functioning by teaming up with 
their client neurons, other glial cell types, and cerebrovascular cells. Alterations of astro-
cytes’ activities deeply impact on age-related chronic ailments like Alzheimer’s disease 
(AD), the commonest senile dementia; AD involves the growing accumulation of amyloid-β 
peptides (Aβs) and hyperphosphorylated Tau proteins the astrocytes, and neurons supply 
following the interaction of their calcium-sensing receptors (CaSRs) with exogenous Aβs. 
The activated Aβ∙CaSR signaling triggers a self-propagating mechanism that spreads the 
neuropathology among adjacent and far away astrocytes and their neuronal clients caus-
ing neurons’ death. CaSR antagonists or calcilytics suppress these noxious effects in vitro. 
Hence, calcilytics are potential therapeutics that could halt the spread of AD neuropathol-
ogy and safeguard the patients’ neuronal viability, cognition, memory, and ultimately life.

Keywords: human, astrocyte, Alzheimer’s disease, amyloid-β, tau protein, calcium-
sensing receptor, calcilytics

1. Introduction

Between the 16th and 18th week of intrauterine life, a pool of stem cells of the neural plate gener-
ates every neural cell type, excepting microglia, in humans. Once differentiated, the astrocytes 
undergo a complex maturing process through which they acquire their specific morpho-functional 
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characteristics. When these processes achieve completion, human astrocytes account for up to 50%, 
if not more, of the entire CNS cell population. These cells are larger in size and endowed with more 
numerous branches than their much less abundant (<20% of all CNS cells) rodents’ counterparts 
[1]. Being so plentiful, astrocytes have a relevant role in brain environment homeostasis mainte-
nance [2, 3]. They metabolically sustain neurons, recycle neurotransmitters, affect synapse activity, 
control local blood flow, and partake in blood-brain barrier functional integrity (see for details 
[2–4] and below). Aging and CNS diseases, neurodegenerative ones included, can induce an acti-
vated or inflammatory or reactive condition in the astrocytes [5, 6].

2. Human astrocytes’ varieties

As their designation indicates, astrocytes have a typical star-shaped morphology as they emit 
different numbers of cytoplasmic branches according to their subtype. Astrocytes of several 
subtypes dwell in the human CNS. Some of them display locational predilections, e.g., fibrous 
astrocytes for the white matter and protoplasmic astrocytes for the gray matter. More recently, 
it has been realized that the classical protoplasmic and fibrous astrocytes can be differentiated 
into several subtypes, some of which proper only of the human cerebral cortex. Such subtypes 
share a specific marker, the glial fibrillary acidic protein (GFAP), which is an intermediate 
filaments’ constituent expressed by all the astrocytes cultured in vitro. However, in vivo only 
the fibrous astrocytes express GFAP in the white matter (see for Ref. [7]). Recent studies have 
singled out a novel marker expressed by both protoplasmic and fibrous astrocytes, the alde-
hyde dehydrogenase-1 family member L-1 (Aldh1L1) [1, 8, 9].

2.1. Radial astrocytes

Radial astrocytes are the first ones to appear in the course of embryogenesis. At that point in 
time, they aid neurons’ migration by acting as scaffolds [10]. Later, they differentiate becom-
ing stellate astrocytes. However, after birth, radial astrocytes persist as such in the cerebellum 
(Bergmann glia) and the retina (Müller glia).

2.2. Fibrous astrocytes

These white-matter-located astrocytes present very long and thin processes which mostly do 
not emit branches. The processes’ terminal end-feet envelope the axonal nodes of Ranvier and 
also gets in touch with the walls of cerebral vessels. Most notably, fibrous astrocytes partake 
in the repair of injured brain tissue, especially at the spinal cord level [11].

2.3. Protoplasmic astrocytes

They are the most abundant astrocytic type. Their somata give out numerous (up to 200) 
long branches, which end up with leafy feet or end-feet in part touching the blood vessels’ 
walls and in part enwrapping several thousands of synapses [1, 8]. Near the pia mater’s inner 
surface, the astrocytes’ end-feet cluster together forms the CNS limiting peripheral membrane. 
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The astrocytes’ end-feet in contact with the outer wall of cerebral arteries and veins make up 
the glia limitans, a space in which the glymphatic drainage allows the influx and efflux of the 
brain interstitial fluid (lymph). Such fluxes are crucially assisted by the astrocytes’ water-
transporting aquaporin-4 channels. Via these paravascular pathways, nutrients reach the 
neurons and glial cells, while toxic metabolites and soluble amyloid-β peptides (sAβs) are 
removed from the CNS tissue [12]. In addition, the early connection between the endothelial 
cells of the brain’s nascent blood vessels and the astrocytes derived from radial glia results 
in a tight interaction between the end-feet of mature astrocytes and the capillary endothelial 
cells which presides over the normal function of the blood-brain barrier (BBB) [13].

It is worth recalling here that both Golgi silver staining and GFAP immunolabeling of brain 
tissue sections make the astrocytes appear as star-like cells. However, the astrocytes are 
the possessors of a certain number of cytoplasmic branches these methods do not stain. 
Therefore, such methods do not reveal the astrocytes’ true morphology as visible under the 
light and/or fluorescence microscope. Another concept of old is that during development the 
astrocytes’ branches form an interdigitated scaffold permitting the organization of the neu-
rons. Recently, it has become clear that independent and distinct astrocytic domains develop 
with no connection with similar neighboring domains within the hippocampus [14]. As 
abovementioned, the morpho-functional features of human protoplasmic and fibrous astro-
cytes differ from rodents’ ones. For instance, the diameters of gray matter-located human 
protoplasmic astrocytes are 2.6-fold longer, and their GFAP-positive processes are 10-fold 
more abundant. A single protoplasmic astrocyte can control from 270,000 to 2.0 million syn-
apses placed inside its spatial domain. Most important, the branches of a single astrocyte 
touch, envelop, and regulate not only a huge number of synapses but also the capillary ves-
sels controlling the blood flow going to those same synapses. This organized structure has 
been interpreted as the indication of a control of synaptic activity by the astrocytes indepen-
dently of neuronal activity. Although unable to transmit neural impulses, human astrocytes 
propagate calcium ion [Ca2+] waves at speeds of up to 36 μm/s, i.e., 4–10-fold faster than 
rodents’ astrocytes do [15–17].

2.4. Additional astrocytes’ subtypes

Besides the above-described canonical kinds, several other astrocyte subtypes have been 
recognized. Emsley and Macklis [17] have used a combined approach consisting of S100β 
immunostaining, GFAP expression, and human GFAP promoter-prodded enhanced green 
fluorescent protein (eGFP) expression in transgenic mice, to identify within several subtypes 
of CNS astrocytes. The latter incorporate radial glia, protoplasmic astrocytes, fibrous astro-
cytes, ependymal glia, tanycytes, Bergmann glia, and velate glia. The cytoarchitectonics and 
functional requirements of their local placements mainly determine the morphological fea-
tures, growth rates, and relative densities of these subtypes [17]. NG2 cells are an additional 
CNS glial cell type likely possessed of stem cell features and hence capable of giving raise to 
astrocytes, neurons, and oligodendrocytes (OLGs) during both intra- and extrauterine life. 
NG2 glial cells functionally interact with neurons at the level of synapses. Studies are under 
way to clarify the heterogeneity of NG2 glia [18].
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2.5. Human cortex-specific astrocytic subtypes

At variance with other mammalian species, humans have developed two novel cerebral cor-
tical astroglia subtypes: the astrocytes with varicose projections and the interlaminar astrocytes. 
The latter are plentiful in the cortical layer 1, whereas the former inhabit cortical layers 5 and 
6. The somata of both subtypes give out prominent cytoplasmic branches. In the case of the 
astrocytes with varicose projections, such branches are up to 1 mm long and terminate on the 
cerebral vessels walls or in the neuropil. After twisting courses, the also lengthy branches of 
the interlaminar astrocytes end up like varicose projections in contact with vascular walls or 
in the neuropil. Hitherto, the specific roles of such recently identified cerebral cortical astro-
cytic subtypes are not understood. Anyhow, the lengthy processes of the human interlaminar 
astrocytes can propagate Ca2+ waves [15–17].

3. Astrocytes’ physiology

In the past and still now, some scientists have been holding astrocytes as neuron-supporting 
and at the same time debris-scavenging cells protectively regulating the homeostasis of a 
microenvironment from which neurons derive the necessary nutrients [12, 19]. Astrocytes 
also control the workings of “tripartite synapses” by enveloping them with their branches, 
thus barring the diffusion of released neurotransmitters and preventing the firing activity 
of one neuron from altering that of adjacent neurons [20]. In addition, astrocytes’ synaptic 
regulation does not influence only the tripartite synapses their branches envelop but also far 
away synapses via astrocytes’ signals, a process named lateral astrocyte synaptic regulation [21]. 
Astrocytes can do this and also communicate with neighboring neurons, with which they 
form astrocyte-neuron gangs with a ratio of one “master” astrocyte and 20–30 “client” neu-
rons [22] and adjust local blood flow by secreting various compounds called gliotransmitters 
[23]. Surges in intracellular Ca2+ levels drive the release of several gliotransmitters, compris-
ing adenosine, ATP, D-serine, eicosanoids, glutamate, and TNF-α, which would adjust the 
activities of the astrocytes themselves, the far away synapses, and the surrounding cells [24].

Since astrocytes cannot be electrically excited, their plasma membranes do not propagate 
action potentials as instead neurons do. The membrane potential of astrocytes at rest has very 
low values, ranging from −85 to −90 mV. This is due to their intense expression of TREK-1 and 
TWIK-1 potassium ion [K+] channels [25]. As recent lines of evidence show, astrocytes resid-
ing in separate brain areas express dissimilar types and levels of ion channels and hence are 
equipped with distinctive electrophysiological characteristics. The huge group of ion channels 
implicated is also differently expressed during astrocytes’ developmental stages [26].

In addition, astrocytes express various kinds of metabotropic receptors, which are coupled to a 
number of intracellular second messenger systems. For example, astroglia are known to adjust 
neuronal excitability and synaptic transmission through the metabotropic glutamatergic receptor 
subtype 5 (mGluR5). The results of experiments using brain slices showed that in response to an 
assortment of neurotransmitters, comprising acetylcholine, adenosine, ATP, endocannabinoids, 
GABA, glutamate, norepinephrine, and prostaglandins, metabotropic receptors could raise the 
intracellular Ca2+ levels ([Ca2+]i) via phospholipase C (PLC)- and inositol (1,4,5)-triphosphate 
(IP3)-dependent activities [27].
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4. Astrocytes and AD neuropathology

An aberrant reactivity of astrocytes is a telltale sign of chronic neurodegenerative ailments 
like AD and Parkinson’s disease [1, 3, 5]. While AD advances an astrogliosis emerges as a 
sign of astrocytes’ dysfunction. However, astrogliosis is a common event in all kinds of CNS 
injury or ailment and is marked by persistent scar-like structures made by proliferating and 
migrating reactive astrocytes [5, 11]. Two types of reactive astrocytes, the A1 and the A2, have 
been latterly identified, whose specific activities could result advantageous or detrimental 
according to the type of neuropathology considered. In fact, reactive astrocytes of the A2 type 
advance healing of ischemic injuries (e.g., stroke). Conversely, reactive astrocytes of the A1 
type could either stop their physiological activities and next degenerate or become involved 
in detrimental activities [28]. Reportedly, astrocytes mediate Aβ neurotoxicity and Tau phos-
phorylation in primary cocultures with rat embryo neurons [29].

AD hits nearly 2% of the people of the Western world particularly after 60 years of age [30]. 
AD’s clinical course can be dissected into (a) a quite protracted (~20–40 years) asymptom-
atic phase, the early diagnosis of which is hard to make because of the present lack of spe-
cific markers, (b) an amnestic minor cognitive impairment phase (aMCI; ~3–6 years) in which 
amnesia’s severity progressively grows, and (c) a full-blown symptomatic phase (~6–8 years) 
typified by escalating losses of memory and cognitive abilities and ending up with patients’ 
obit [31, 32]. Controversies still rage about the pathophysiological mechanisms promoting 
the opening and unforgiving progression of the sporadic or late-onset AD (SAD or LOAD) 
[33]. The neuropathology unhurriedly yet progressively destroys the neuronal networks. As 
shown by high-resolution fMRI studies, LOAD starts in the lateral entorhinal cortex of the 
hippocampus, the brain’s memory-recording place, and next spreads along the extended pro-
jection circuits connecting the hippocampus with cognition-crucial wider and wider cogni-
tion-crucial areas of the upper cerebral cortex [34].

In the healthy brain, neurons produce and release at their synapses tiny amounts of non-
toxic Aβ42 monomers, the intra- and extracellular amounts of which remain at low (i.e., pM), 
physiological values owing to a set of removing mechanisms operated by several proteases, 
phagocytosis by microglia and astrocytes, and disposal into the blood circulation [35]. In aged 
brains, the ability to clear the Aβs from the CNS increasingly plummets likely because of local 
microcirculation problems. Consequently, as the amyloid cascade hypothesis posits, the accu-
mulating Aβ42 monomers start forming agglomerates first of toxic soluble oligomers (Aβ42-os) 
and protofibrils [35] and next of insoluble, fibrils, and senile plaques, thereby driving the neu-
ropathology progression [33, 36]. According to this Aβs first hypothesis, the hyperphosphory-
lated Tau (p-Tau) protein, the second main driver of AD, enters the stage some time later.

Conversely, as the brainstem-Tau first hypothesis posits, AD starts within a brainstem nucleus, 
the locus coeruleus, and its surroundings. There, presumably mutated accumulating p-Taues 
group into neurotoxic oligomers (p-Tau-os) which next steadily spread out across the cerebral 
cortex along lengthy and circuitous neural pathways that also reach the hippocampus, leaving 
as their aftermaths intra-neuronal neurofibrillary tangles (NFTs) [37–40]. Later, p-Tau-os can 
also prompt the production of Aβ42 surpluses which too diffuse and accumulate intracerebrally  
[37, 39, 41]. A colocalization of Aβs and NFTs within the cytoplasm of human astrocytes can 
also occur [42]. Whatever is the temporal order of manifestation of the two main AD drivers [on 
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this topic, see also below], their joined toxic activities do speed up the occurrence of synapses 
loss, neuroinflammation, mitochondrial damage and dysfunction, oxidative stress, astrocytes’ 
and microglia’s reactivation, senile plaques’ deposition, cerebral amyloid angiopathy (CAA), 
NFTs, and progressive oligodendroglia and neurons death—all hallmarks of AD’s neuropa-
thology—and therefore accelerate the clinical course of AD [37, 39].

Moreover, Aβ42-os and Aβ42 fibrillar aggregates bind various plasma membrane receptors, 
comprising the calcium-sensing receptors (CaSRs) and the receptors for advanced glycation 
end products (RAGEs) which can activate the astrocytes (see for further details [3, 11, 43, 
44]). Such multiple receptor interactions with Aβs stir up astrocytes’ JAK2 and MEK1/MEK2/
ERK-1/ERK-2 signaling pathways stimulate the direct binding of STAT1 and HIF-1α/HIF-1β 
complexes to the BACE1 and VEGF-A gene promoters and activate the microglia triggering 
synthesis and secretion of proinflammatory cytokines like IL-1β, TNF-α and INF-γ [37, 43, 
44]. Such cytokines critically advance the formation of Aβ-os and fibrils [45, 46].

5. The CaSR

A highly conserved gene, the CASR is a member of family C of the G-protein-coupled recep-
tors (GPCRs). Family C GPCRs do not share any DNA sequence homology with the members 
of other GPCR families. However, the CaSR exhibits topological and sequence homology 
to the metabotropic glutamate receptors (mGluRs) [47]. The CaSR protein has seven trans-
membrane α-helices (TM1–TM7) linked by extra- and intracellular loops altogether making 
the 7TM region. The CaSR protein has a massive (612 amino acids) extracellular N-terminal 
domain, the so-called Venus flytrap (VFT), and a much tinier intracellular C-terminal tail, 
which makes up the G-protein-binding domain [22, 48]. In their membrane-bound form, 
CaSRs form homodimers (CaSR/CaSR) or heterodimers (e.g., CaSR/mGluR) [22, 48]. CaSR 
dimers are put together at the endoplasmic reticulum (ER) and next are conveyed and fitted 
into the plasma membrane [49]. Once there, the CaSR senses minute changes in extracellu-
lar Ca2+ concentration ([Ca2+]e). However, the CaSR is not a ligand-discriminating receptor. 
Rather, it may be better described without changing its acronym as a cation-sensing receptor. 
In point of fact, its ligands can be distinguished in (a) VFT-binding CaSR-activating ortho-
steric ligands, comprising Ca2, several di- and trivalent cations, aminoglycoside antibiotics, 
and the polyamine spermine, and (b) allosteric ligands which bind different sections of the 
7TM domain, including aromatic L-α-amino acids, extracellular Na+, and pharmacological 
agonists and antagonists (see below) [22]. The activation of CaSR encompasses a complex set 
of interactions among amino acids, Ca2+ and conceivably anions like PO4

3− ions. Recently, 
Geng et al. [50] demonstrated that the CaSR can display an inactive state both in the absence 
and in the presence of Ca2+ ions and adopts the active state only when one L-amino acid, 
and one or more Ca2+ ions are bound to it. L-amino acids like L-Trp and Ca2+ ions are co-
agonists of the CaSR, operating together to elicit the receptor’s activation. Finally, it should 
be mentioned that in human adult astrocytes, CaSR expression increases in proliferatively 
quiescent cells with respect to actively growing ones, but is not affected by high or low 
levels of [Ca2+]e [51].
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Notably, being positively charged, both soluble or fibrillar Aβs specifically form complexes with 
the plasma membrane CaSRs. Subsequently, the Aβs∙CaSR complexes coalesce into patches 
which are rapidly endocytosed and can be detected within EEA1-positive early endosomes in the 
cytoplasm (Figure 1) [54, 55]. However, it has not been ascertained whether Aβs’ binding site[s] is 
[are] of the orthosteric or allosteric kind or both [22, 44].

Various species of G-proteins mediate CaSR’s intracellular signaling by (a) activating a set of 
enzymes such as protein kinases (e.g., AKT, JNK, PKCs, and MAPKs like MEK/ERK) and lipid 
kinases (e.g., phospholipase A2, C, D), (b) triggering gene expression through transcription 
factors, (c) inhibiting adenylyl cyclase, and (d) inducing Ca2+ influx via TCPC6-encoded chan-
nels [56]. The relevant consequences are modifications to enzyme activities (e.g., proteases), 
cell proliferation, cell secretion, and/or cell death. In addition, CaSR-expressing neurons and 
all types of glial cells expressing the CaSR are liable to be harmed by the cytotoxic effects of 
CaSR-binding and CaSR-activating soluble Aβ oligomers [sAβ-os] and/or insoluble fibrillar Aβ 
(fAβ) aggregates [22, 44].

CaSR’s expression occurs in every portion of the rat and human brain. By using the in situ 
hybridization method, Yano et al. [57] demonstrated that the CaSR is intensely expressed 
in several areas of the adult rat CNS. In relation to AD, we recall here that CaSR’s expres-
sion abounds in the hippocampus especially at the level of the somata and axon terminals of 
the pyramidal neurons, suggesting the functional modulation of such cells by CaSR’s signal-
ing [47, 58]. Notably, the N-methyl-D-aspartate receptor (NMDAR) brain location is super-
imposable on the CaSR’s. Both NMDARs and CaSRs play crucial roles in the induction of 

Figure 1. Cultured untransformed adult human astrocytes CaSRs bind Aβ25–35 and internalize the Aβ25–35∙CaSR complexes 
within in EEA1-positive cytoplasmic early endosomes. Cells were incubated for 15 min at 37°C with Aβ25–35 [5.0 μM] and 
next fixed and permeabilized using the in situ proximity ligation assay (PLA) (see for details [52, 53]), it is possible to 
specifically reveal the Aβ25–35∙CaSR complexes as red dots. Using an antibody against the EEA1 antigen marker, early 
endosomes [54] can be seen as green dots. The yellow fluorescence reveals the discrete colocalization of the Aβ25–35∙CaSR 
complexes with the EEA1-positive early endosomes. Top panel magnification, 600×. The other two panels are zoomed 
from the middle (middle panel) and left (bottom panel) rectangles in the top panels.
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this topic, see also below], their joined toxic activities do speed up the occurrence of synapses 
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and the polyamine spermine, and (b) allosteric ligands which bind different sections of the 
7TM domain, including aromatic L-α-amino acids, extracellular Na+, and pharmacological 
agonists and antagonists (see below) [22]. The activation of CaSR encompasses a complex set 
of interactions among amino acids, Ca2+ and conceivably anions like PO4
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agonists of the CaSR, operating together to elicit the receptor’s activation. Finally, it should 
be mentioned that in human adult astrocytes, CaSR expression increases in proliferatively 
quiescent cells with respect to actively growing ones, but is not affected by high or low 
levels of [Ca2+]e [51].
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kinases (e.g., phospholipase A2, C, D), (b) triggering gene expression through transcription 
factors, (c) inhibiting adenylyl cyclase, and (d) inducing Ca2+ influx via TCPC6-encoded chan-
nels [56]. The relevant consequences are modifications to enzyme activities (e.g., proteases), 
cell proliferation, cell secretion, and/or cell death. In addition, CaSR-expressing neurons and 
all types of glial cells expressing the CaSR are liable to be harmed by the cytotoxic effects of 
CaSR-binding and CaSR-activating soluble Aβ oligomers [sAβ-os] and/or insoluble fibrillar Aβ 
(fAβ) aggregates [22, 44].

CaSR’s expression occurs in every portion of the rat and human brain. By using the in situ 
hybridization method, Yano et al. [57] demonstrated that the CaSR is intensely expressed 
in several areas of the adult rat CNS. In relation to AD, we recall here that CaSR’s expres-
sion abounds in the hippocampus especially at the level of the somata and axon terminals of 
the pyramidal neurons, suggesting the functional modulation of such cells by CaSR’s signal-
ing [47, 58]. Notably, the N-methyl-D-aspartate receptor (NMDAR) brain location is super-
imposable on the CaSR’s. Both NMDARs and CaSRs play crucial roles in the induction of 
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within in EEA1-positive cytoplasmic early endosomes. Cells were incubated for 15 min at 37°C with Aβ25–35 [5.0 μM] and 
next fixed and permeabilized using the in situ proximity ligation assay (PLA) (see for details [52, 53]), it is possible to 
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long-term potentiation (LTP) [59]. Typically, CaSR’s expression occurs not only in neurons 
but also in human primary astrocytes, astrocytoma cell lines, oligodendroglia, and microg-
lial cells [57]. Interestingly, total CaSR protein levels increase significantly though transiently 
in Aβ-exposed NAHAs [44]. Furthermore, the intensity of CaSR’s immunoreactivity signifi-
cantly increases with age in the hippocampus of 3xTg AD-model mice [60], particularly where 
Aβs and p-Taues also accumulate, a clear indication of the involvement of this receptor in AD 
pathophysiology in vivo (see also below).

The intracellular Ca2+ concentration ([Ca2+]i) can vary widely under both normal and pathologi-
cal conditions. The Ca2+ influx into cultured astrocytes is linear and normally increases only up 
to 1.8 mM, suggesting that CaSR signaling controls it [61, 62]. In the past, aberrations of cell sur-
face and intracellular Ca2+-controlling mechanisms were posited to happen in various neurode-
generative ailments, AD included [61–65]. Reportedly, exogenous Aβ42 and its well-established 
proxy, Aβ25–35, trigger [Ca2+]i surges and oscillations which persist for hours in the neurons and 
astrocytes too and concur with the loss of the inner mitochondrial membrane potential. This in 
turn promotes the release of reactive oxygen species (ROS) and oxidative stress in both neurons 
and astrocytes. Coculturing such reactive astrocytes with neurons caused the neurons’ death 
within 24 h unless the Aβ-elicited [Ca2+]i surges were forestalled [61].

Recent findings from our laboratory lend credence to the view that the CaSR, one of the recep-
tors astrocytes express, drives the pathogenic mechanisms of AD [48, 66–69].

6. Human cortical astrocytes, CaSRs, and AD promotion

It is time for us to zoom in on our preclinical model of cortical untransformed phenotypically 
stable, i.e., normal adult human astrocytes (NAHAs) obtained from temporal cortex surgical 
leftovers of motorbike accident victims with perforating skull trauma. After culturing and 
expanding the numbers of the NAHAs in vitro and next inducing them into proliferative qui-
escence, we have been investigating their metabolic responses to added exogenous Aβ-os or Aβ 
fibrils either in the presence or absence of a microglial cytokine mixture (i.e. IL-1β, TNF-α, and 
INF-γ) [44, 55, 70, 71].

As we recalled above, CaSR’s expression takes place with dissimilar intensities, in every CNS 
cell type, astrocytes included [44, 57]. Recent studies have brought to light some of the physi-
ological roles the CaSR plays in the human CNS, like modulation of neurons’ dendrites and 
axons growth and of OLGs development [57, 72]. Using the NAHAs as our experimental sys-
tem, we first demonstrated that exogenous Aβ25–35—instigated CaSR signaling elicits the con-
current expression of nitric oxide synthase-2 (NOS-2) and of GTP cyclohydrolase-1 (GCH-1). 
GCH-1 makes the BH4 [tetrahydrobiopterin] cofactor that dimerizes and activates the NOS-2 
moieties, thus allowing the synthesis of nitric oxide (NO) to occur [44, 73, 74]. Exogenous fibrillar 
Aβs also induce via direct CaSR signaling activation the cytoplasmic stabilization and nuclear 
translocation of the hypoxia-inducible HIF-1α•HIF-1β transcription complex in NAHAs. This 
elicits the vascular endothelial growth factor-A (VEGF-A) gene expression and the de novo 
synthesis of three splice protein variants (i.e., VEGF-A121, VEGF-A165, and VEGF-A189) and the 
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secretion mainly of the VEGF-A165 variant [55, 70]. A typical feature of AD is an overproduc-
tion and release of VEGF-A from neurons, glial cells, and cerebrovascular endothelium. Such 
VEGF-A surpluses are toxic for neurons, astrocytes, and endothelial cells, the constituents of 
the neurovascular units, and result in BBB’s functional impairment (see for Refs. [75–78]). In 
vivo, an Aβ∙CaSR-mediated VEGF-A165 oversecretion from the human astrocytes’ end-feet of 
their blood-vessel contacting processes could drive local surges of the blood flow in the hippo-
campus of aMCI stage patients [79, 80]. This event could be revealed as unexpected intensified 
blood oxygen level-dependent (BOLD) signals by means of high-resolution functional magnetic 
resonance imaging [fMRI] analysis [81, 82]. Hence, such BOLD signal is not due, as would be 
wrongly expected, to a presumptive hyperactivity of overtasked neurons in shrunken dentate 
gyrus/CA3 Aβ-damaged hippocampal areas of aMCI patients [80–82]. The increased VEGF-A 
release elicits a greater local vascular density via neoangiogenesis which augments blood oxy-
gen delivery and BOLD signal intensity of these hippocampal areas once they are functionally 
activated. Yet, the progression of AD neuropathology destroys the overgrown local vessels, 
thus reducing the blood flow to the point that the fMRI-intensified BOLD signal vanishes. At 
any rate, this boosted BOLD signal at the hippocampal level of aMCI subjects is a harbinger of 
the impending symptomatic stage of AD [79].

However, the most exciting discoveries were subsequently made possible by the advent of very 
sensitive ELISA kits assaying Aβs. In untreated NAHAs, the metabolic processing of amyloid 
precursor holoprotein (APP) takes place along the nonamyloidogenic pathway [NAP] being 
mediated by the activity of the α-secretases (mainly ADAM10) and extracellularly sheds all the 
soluble sAPPα it produces. Notably, sAPPα is a neurotrophic and neuroprotective compound 
positively affecting neurons’ functions and viability. Moreover, sAPPα synthesis precludes any 
Aβ40/42 production from APP as it is cut from the middle amino acid sequence of Aβ40/42. Therefore, 
NAP largely prevails over APP’s amyloidogenic processing [AP] in the untreated astrocytes, 
which secrete only very low basal Aβ40/42 amounts [71]. Conversely, adding fibrillar Aβ25–35 by 
itself and hence stirring off Aβ25–35∙CaSR signaling remarkably reduces sAPPα’s extracellular 
shedding while driving an overproduction and oversecretion of neurotoxic Aβ42/Aβ42-os owing 
to concurrent raises in the sequential activities of BACE-1 and γ-secretase. The further addition 
of a microglial cytokine mixture only accelerates but not increases the total amount of Aβ42/
Aβ42-os secretion by the NAHAs despite a concurring APP overexpression [44, 71]. Thus, these 
events could start of self-sustaining vicious cycle of Aβ42/Aβ42-os spreading within the brain [37, 
44]. The same Aβ∙CaSR-induced signaling mechanism stimulates the secretion of neurotoxic 
Aβ42/Aβ42-os from human cortical postnatal HCN-1A neurons [44]. Thereafter, the neurons start 
dying slowly like they do in vivo [44]. Most important, we also gained preliminary evidence 
indicating that Tau and hyperphosphorylated (p)-Tau are both expressed by untreated NAHAs 
in culture and that their exposure to the usual Aβ42 proxy, Aβ25–35, significantly increases via 
Aβ∙CaSR-induced signaling the activity of GSK-3β [83], the main Tau protein kinase [84, 85]. 
The upshot is an increased production of p-Tau/p-Tau-os which both accumulate inside the 
cells and are extracellularly released inside exosomes [83]. Novel lines of evidence suggest that 
extracellular vesicles, which comprise exosomes, play important physiological and pathologi-
cal roles in the CNS [86]. The above mechanism could promote the concurrent diffusion of both 
p-Tau/p-Tau-os and Aβ42-os, the two main AD drivers, within the brain, though the tauopathy’s 
noxious effects will take longer to manifest [37, 83].
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p-Tau/p-Tau-os and Aβ42-os, the two main AD drivers, within the brain, though the tauopathy’s 
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Figure 2. Cartoon depicting the calcilytic-suppressible differences between healthy and AD brain tissue brought about 
by Aβ-os∙CaSR signaling. (A) Under healthy conditions, human astrocytes and neurons of the astrocyte-neuron gangs 
mutually interact to upkeep the environment’s homeostasis. Via the prevailing nonamyloidogenic processing of APP 
the astrocytes release the neurotrophic and neuroprotective sAPPα, the synthesis of which obliterates any excess 
production and release of toxic Aβ-os and hence of Aβ fibrillar polymers. In parallel, multiple fully working clearance 
systems help keep the nontoxic but trophic Aβ42 monomers at very low levels (not shown). The astrocytes release 
exosomes which enclose minimal amounts of p-Tau (not shown). No accumulation of Aβ-os or p-Tau-os occurs within 
the neurons and astrocytes. (B) Ongoing AD neuropathology involves several changes brought about by Aβ-os∙CaSR 
signaling in the activated human astrocytes and neurons. The now prevailing amyloidogenic processing of APP leads 
to the overproduction of Aβ42-os in both cell types at the expense of the NAP which severely curtails the extracellular 
shedding and beneficial activities of sAPPα. Thus Aβ42-os both accumulate inside the cells and are oversecreted: this 
allows Aβ42-os diffusion and interaction with the CaSRs of adjacent and far off neurons and astrocytes. This mechanism 
spreads the neuropathology promoting the progression of AD. Fibrillar polymers of oversecreted Aβ42 also accumulate 
extracellularly giving raise to either diffuse or mature Aβ plaques, which can also release Aβ-os. Moreover, Aβ-os∙CaSR 
signaling increases Tau protein phosphorylation by GSK-3β and the accumulation of p-Tau inside the astrocytes (and 
likely neurons). In the neurons, toxic p-Tau accumulates as NFTs, which cause severe dysfunctions. Moreover, the 
astrocytes release significantly increased amounts of p-Tau enclosed within membrane-bound exosomes, an activity 
which can aid a later emergence of the tauopathy. The Aβ-os∙CaSR signaling also increases the production and release 
of NO and VEGF-A surpluses from the astrocytes [not shown]. Remarkably, administering a calcilytic-like NPS 2143 
upkeeps the physiological condition shown in (A), thus disclosing its anti-AD therapeutic potential.
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Given the relevance of the roles that the several upshots of the Aβ∙CaSR-elicited signaling 
could have on the promotion of AD, we were enticed to test whether an allosteric highly spe-
cific CaSR antagonist [short-termed as calcilytic] could have any anti-AD therapeutic poten-
tial. Thus, we demonstrated that calcilytic NPS 2143 [87, 88] can persistently downregulate 
CaSR protein expression thus not only antagonizing but also curbing Aβ∙CaSR signaling [44]. 
And the calcilytic enhances the proteolysis of endogenously amassing Aβ42 by enhancing the 
20S chymotrypsin-like activity of the proteasome. Moreover, NPS 2143 keeps down the Golgi/
trans-Golgi network transport of endogenous Aβ42/Aβ42-os and, consequently, fully suppresses 
any oversecretion of the latter driven by the Aβ∙CaSR signaling both in the case of NAHAs 
and of cortical human neurons [37, 44]. In addition, calcilytic NPS 2143 also wholly curbs the 
concurrent Aβ∙CaSR signaling-elicited surplus production and secretion of NO and VEGF-A165 
from the NAHAs [37, 44, 55]. Conversely, the CaSR allosteric agonist or calcimimetic NPS R-568 
enhances the surplus release of Aβ42/Aβ42-os, NO, and VEGF-A from the NAHAs confirming 
the positive involvement of the CaSR in these metabolic changes [44]. Also, NPS 2143 promotes 
APP and ADAM10 α-secretase translocation to the NAHAs plasma membrane, thereby restor-
ing the extracellular shedding of neurotrophic and neuroprotective sAPPα to nearly normal 
(i.e., untreated) levels. Yet, NPS 2143 does not change the concurrent APP’s increased expres-
sion suggesting its promotion via mechanisms involving Aβs and other receptors but not the 
Aβ∙CaSR signaling [76]. Notably, NPS 2143 remains beneficially effective even when a mix-
ture of microglial proinflammatory cytokines is added to the Aβs treatment, indicating that 
a calcilytic could keep its beneficial effects even under AD-typical neuroinflammatory condi-
tions [71]. Most important, NPS 2143 also fully suppresses the Aβ∙CaSR-induced concurrent 
increase in GSK-3β activity and, consequently, the surges in both intracellular p-Tau/p-Tau-os 
levels and exosomal p-Tau/p-Tau-os release [83]. Extracellular vesicles, including exosomes, 
are likely to play both physiological and pathological roles in the CNS [86]. And, last but not 
least, adding NPS 2143 keeps the human cortical neurons alive and kicking notwithstanding 
the simultaneous presence of otherwise toxic levels of exogenous Aβs [44].

We wish to stress that these results could be gained by using untransformed human cortical 
adult astrocytes and postnatal neurons, arguably the preclinical experimental models which at 
present are the closest one to human AD patients. Our findings show that calcilytics terminate 
both stimulatory effects of pathological Aβ∙CaSR signaling on Aβ42 and p-Tau, the two AD’s 
main drivers, surplus production and extracellular diffusion. On these grounds, we posit that 
such highly selective CaSR antagonists could effectively halt AD’s progressive spread and 
preserve patients’ cognition and life quality even when a neuroinflammation has already 
been ignited (Figure 2).

7. Conclusions and future perspectives

Mounting lines of evidence lend credence to the view that the human astrocytes—the charac-
teristics of which remarkably differ from those of their rodent counterparts—play manifold 
roles in the molecular mechanisms associated with AD’s pathophysiology. A growing accu-
mulation of Aβs, p-Taues, NO, and VEGF-A hinges upon the signaling of Aβs∙CaSR com-
plexes. This initiates a self-spreading cascade of events which culminate in neuronal synaptic 
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Figure 2. Cartoon depicting the calcilytic-suppressible differences between healthy and AD brain tissue brought about 
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both stimulatory effects of pathological Aβ∙CaSR signaling on Aβ42 and p-Tau, the two AD’s 
main drivers, surplus production and extracellular diffusion. On these grounds, we posit that 
such highly selective CaSR antagonists could effectively halt AD’s progressive spread and 
preserve patients’ cognition and life quality even when a neuroinflammation has already 
been ignited (Figure 2).
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Mounting lines of evidence lend credence to the view that the human astrocytes—the charac-
teristics of which remarkably differ from those of their rodent counterparts—play manifold 
roles in the molecular mechanisms associated with AD’s pathophysiology. A growing accu-
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disconnection, dysfunction, and death coupled with the oligodendrocyte dysfunction, axonal 
myelin sheaths damage and death, the activation of the microglia, the alteration of BBB perme-
ability, and the expression of all the other neuropathological hallmarks of AD. The upshot is 
a concurrent degeneration of the gray and white matters. Thus, the CNS will keep shrinking; 
AD clinical symptoms will emerge and increase in intensity until the patients having lost their 
memories and cognitive abilities die. It is obvious that given their mounting numbers, the 
care of LOAD patients does heavily impact on their relatives and, for the huge costs of their 
assistance, on their National Health Services. In this disheartening scenario, the repurposing 
of highly specific CaSR antagonists or calcilytics as anti-AD therapeutics has the potential for 
shining a ray of hope.
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Abstract

The brain is one of the most energy-requiring organs in the human body. Mitochondria 
not only generate this energy, but are centrally involved critical cellular functions includ-
ing maintenance of calcium homeostasis, synthesis of biomolecules, and cell signaling. 
Even though neurons and astrocytes preferentially use different energy substrates and 
metabolic pathways, these two cell types are intricately linked in their energy metabo-
lism. Recently it has become clear that astrocytes have a key role in the regulation and 
support of the neuronal mitochondrial quality control, yet several questions remain 
unanswered to fully understand the mechanisms of mitochondrial function, transport, 
turnover and degradation in astrocytes. Alzheimer’s disease is the most common neuro-
degenerative disorder, the exact mechanisms of which remain incompletely understood. 
The fact that astrocytic mitochondrial dysfunction is an early event in the pathogenesis of 
Alzheimer’s disease suggests that more research on mitochondrial function and impair-
ment is required in the hopes of disease alleviation in the future.
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1. Introduction

This chapter summarizes the importance of proper mitochondrial functioning in the central 
nervous system, with a special focus on astrocytic mitochondria and their quality control. 
Mitochondrial function is next discussed in the context of Alzheimer’s disease (AD), before 
finally casting a look at potential future therapeutic approaches to modulate these events in 
astrocytes.
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2. Energy metabolism in the brain

The brain is one of the most energy-requiring organs in the human body, yet it contains rela-
tively few energy reserves. The daily energy consumption of the brain is 20 times higher than 
that of skeletal muscle [1]. Related to its mass, the brain utilizes a large proportion of all the 
oxygen and glucose available in the body. Despite the fact that the mass of the human brain 
corresponds only to 2% of the total body weight, the brain utilizes around 20% of the all 
energy received from glucose [2]. In mammals, glucose is considered to be the main energy 
source for the brain and especially for the neuronal cells with a high-energy demand, it is con-
verted to adenosine triphosphate (ATP) in the cell’s mitochondria [2]. In neurons, the require-
ment for energy is highest in the synaptic regions where the signal transmission between two 
neurons takes place [3].

The brain is fuelled mainly by blood-derived glucose, but during some conditions, such as 
starvation or physical activity, ketone and lactate from blood flow are also used for energy 
[4, 5]. Glucose and lactate enter the brain through specific glucose transporters (GLUTs) and 
monocarboxylate transporter (MCTs) for further metabolic processing. There are three main 
glucose metabolic pathways: aerobic and anaerobic glycolysis (generates pyruvate and lac-
tate, respectively), pentose phosphate pathway (generates NADPH and pentose), and glyco-
genesis (generates glycogen) [6, 7].

Neurons are highly energy demanding in comparison to other brain cell types [8]. Even 
though neurons and astrocytes preferentially use different energy substrates and metabolic 
pathways, these two cell types are intricately linked in their energy metabolism. Astrocytes 
are responsible for energy production, storage and delivery in the brain, and are considered 
as the main energy supplier for neurons [7]. For example, astrocyte-derived lactate has been 
shown to play a crucial role in long-term memory formation and neuronal activity control [6, 
9]. Astrocytes are critical for brain energy cooperation and in addition to carrying out meta-
bolic pathways such as aerobic glycolysis and glycogenesis, they release lactate and regulate 
glutamate homeostasis [7, 8].

Astrocytes uptake glucose from capillaries through GLUT1 transporters. Through glycolysis 
glucose is converted to pyruvate and then to lactate, which is released into the extracellular 
space [10]. Astrocytes are the main cellular reservoir of lactate, which is mainly produced 
from glycogen [9, 11, 12]. Through the so-called astrocyte–neuron lactate shuttle, lactate 
enters neuronal cells from the extracellular space through MCTs to be used in the tricarbox-
ylic acid (TCA) cycle for generation of ATP – the major player in intracellular energy transfer 
[10]. Despite the fact that astrocytes and neurons both consume glucose and lactate, these two 
types of cells have very different metabolic profiles. Under normal physiological conditions 
astrocytes take up more than 80% of glucose, whereas neurons utilize limited amounts of 
glucose [7]. Astrocytes also have a higher glycolysis rate than neurons [6]. The specific activ-
ity of 6-phosphofructo-1-kinase (PFK1), a master regulator of glycolysis, is fourfold higher in 
astrocytes than in neurons [13].
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Glutamate, most well known for being the main excitatory neurotransmitter in the brain, is 
also a key player in energy metabolism. Astrocytes take up glutamate from the synaptic cleft 
via glutamate transporters, and either transform it into glutamine, or utilize it in the TCA 
cycle [10]. Interestingly, glutamate uptake also increases glucose utilization and promotes 
astrocytic lactate production to provide energy sources for neurons [5, 14, 15].

3. Mitochondrial function in the brain

In the human body the fatty acids and carbohydrates acquired from the diet form a base 
material for a chain of oxidative reactions where the energy is stored in small energy rich 
molecules such as ATP. Mitochondria are called the small powerhouses of the cell, which 
in oxidative conditions take the major responsibility for ATP production. Based on an endo-
symbiosis theory, the mitochondria originate from an aerobic proteobacteria engulfed by a 
prokaryotic cell. Nowadays they are important organelles of the eukaryotic cell, with various 
tasks critical for cellular health and well-being [16].

In addition to being the key organelles for energy production, mitochondria also take care 
of other critical cellular functions including maintenance of calcium homeostasis, syn-
thesis of biomolecules, and cell signaling [17]. Related to calcium homeostasis, the mito-
chondria function as Ca2+ storage reservoirs in cells. Calcium is an important signaling 
molecule, the release of which from the mitochondria to the cytosol is tightly controlled [18]. 
Depolarization of the mitochondrial membrane potential releases Ca2+ to the cytosol, which 
can induce cell apoptosis [19]. Induction of apoptosis leads to cytochrome c release, which 
activates pro-apoptotic caspases when released to cell cytoplasm from the inner membrane 
of the mitochondria.

In comparison to astrocytes, neurons express or have less active enzymes for protection 
against oxidative stress [20]. Because of this, neurons are dependent on the nearby astro-
cytes in their strategies to cope with reactive oxygen species (ROS). The ROS have in tightly 
controlled amounts an important function as signaling molecules in the cell. However, in 
situations of uncontrolled high concentrations of ROS, the cell may face a harmful cascade 
leading to disruption of cell structures, apoptosis and senescence. In the brain the ROS can 
originate from either exogenous or endogenous sources. Exogenous sources for ROS include 
for example ultraviolet (UV) radiation and toxins, chemicals or drugs that produce ROS as 
their by-products in the body [21]. Importantly, mitochondria are considered as a significant 
endogenous source for ROS [22, 23]. It has also been reported that exogenous ROS may also 
induce the release of endogenous ROS from the mitochondria [24]. In summary, mitochon-
drial ROS are important signaling molecules, controlling the balance of which is important to 
limit the harmful effects of ROS overload in the brain.

In addition to their various important roles, mitochondria have also been reported to affect 
cognitive function and memory in the brain. Recently it was observed that the amount and 
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morphology of the presynaptic mitochondria in specific brain regions affects memory and 
synaptic health in non-human primates [25]. The study shows that estrogen treatment, which 
has been considered to enhance working memory, prevents working memory impairment in 
aged ovariectomized monkeys. The monkeys treated with cyclic estradiol had a higher num-
ber in total and less morphologically malformed donut-shaped mitochondria in their presyn-
aptic regions compared to controls. This observation sets as of yet unanswered questions of 
even wider functions of mitochondria in the mammalian brain.

4. Mitochondrial function in astrocytes

According to recent calculations, the human brain is estimated to contain glial cells and neu-
rons in a ratio of 1:1 [26]. The major glial cells are classified as oligodendrocytes, microglia 
and astrocytes. The astrocytes play a central role in maintaining of CNS homeostasis, expres-
sion of neurotransmitters and neuroprotection [27]. The astrocytes co-operate closely with 
the neurons, being critical components of important processes such as synapse formation, 
maintenance of synaptic plasticity, maintenance of blood brain barrier integrity and removal 
of excessive neurotransmitters from the synaptic cleft [28]. The morphology of astrocytes is 
ideal for their various functions. Each astrocyte has its own territory in the brain, with mini-
mal overlapping with other cells [29]. The astrocytes can communicate with neurons and 
reach the synaptic regions with their fine shaped processes, and reach the brain vasculature 
with larger protrusions (endfeet). Notably, the astrocytic endfeet is potent at regulating the 
cerebral blood flow [30].

Mitochondrial dynamics of astrocytes is less studied than that of neurons. Enzymes metabo-
lizing glycogen are highly expressed in astrocytes and thus astrocytes in the human brain 
are usually considered more glycolytic in their energy metabolism compared to highly oxy-
gen dependent neurons. However, besides glycolytic metabolism, there is also evidence of 
a strong aerobic metabolism in astrocytes [31]. Glycolysis in astrocytes is directly linked to 
the energy metabolism in neurons via the astrocyte–neuron lactate shuttle. There the lactate, 
produced in astrocytes, can be transferred to neurons as a supplement for their TCA cycle in 
mitochondria [32]. Therefore, neurons and astrocytes are intricately linked in their energy 
metabolism, and in mitochondrial function.

Following signal transmission between two neurons, astrocytes surrounding the synapse 
clear the neurotransmitter glutamate from the synaptic cleft via specific glutamate transport-
ers expressed in their cell membrane. The glutamate taken up by astrocytes is then converted 
either to glutamine and released back to neurons, or used as fuel in the TCA cycle in the mito-
chondria in the form of α-ketoglutarate. The enzymes required for this glutamate metabolism 
are expressed in astrocytes at high levels [31]. The neuronal activity and following glutamate 
uptake by astrocytes has also been reported to affect mitochondrial movement inside the 
astrocytes. The astrocytes are endowed with the ability to pause or move mitochondria in cell 
compartments with highest activity [33, 34].
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5. Mitochondrial quality control

Due to the significance of mitochondria to the well-being of cells, the mitochondrial qual-
ity is hierarchically regulated and controlled, aiming to maintain a healthy population of 
mitochondria. The quality control system regulates mitochondrial biogenesis, dynamics, and 
degradation, and through influencing mitochondrial health, has major potential to improve 
health and lifespan [17]. In order to maintain this population of fully functional and mor-
phologically optimally shaped mitochondria, the mitochondria constantly take part in a 
cycle of fusion and fission events [35]. However, the cell also requires another strategy to 
degrade severely damaged or surplus mitochondria. Due to the fact that compromised mito-
chondria release potentially harmful substances such as cytochrome c and calcium [36], it is 
very important that defective mitochondria are eliminated quickly and efficiently. Efficient 
degradation of damaged mitochondria is particularly important for neurons because their 
survival and activity depends on mitochondrial homeostasis [37, 38]. In general, macroau-
tophagy is a process through which organelles and cytosolic components are engulfed in 
membrane-bound vesicles and degraded upon fusion with lysosomes. It serves housekeep-
ing function essential for homeostasis and survival of the cells. The specific process through 
which severely damaged or surplus mitochondria are degraded through an autophagic pro-
cess is called mitophagy [39, 40]. Mitophagy is a crucial mechanism for mitochondrial quality 
control [41]. The fact that the majority of mature lysosomes are concentrated close to the cell 
soma [42] brings yet another challenge for neuronal mitophagy: axonal transport of damaged 
mitochondria to the soma takes time although rapid degradation is required to prevent the 
release of toxic substances.

Until very recently, it was presumed that each cell in the central nervous system degrades 
its own cell organelles. This notion was revoked by a study showing that the majority of 
neuronal mitochondria in axons are internalized and degraded by adjacent astrocytes with 
high phagocytic activity under normal physiological conditions in vivo [43]. This process 
of transcellular mitochondrial degradation is known as transmitophagy (TM). Using a tan-
dem fluorophore protein reporter of acidified mitochondria, the study showed that acidified 
axonal mitochondria are associated with astrocytic lysosomes in the optic nerve head. After 
this phenomenon was found there have emerged also other studies stating that the transfer 
of mitochondria between neurons and astrocytes occurs the other way around as well. For 
example, astrocytic mitochondria transferred in extracellular particles have been shown to 
be functional in neurons. The transfer of mitochondria is suggested to be mediated via CD38 
signaling, an important enzyme for calcium signaling in the cell [44]. However, it should be 
noted that the results presented by Hayakawa et al. [44] have also received commentaries 
about proof of the actual internalization and functionality of the astrocytic mitochondria in 
neurons [45].

Previous studies show that the fine astrocytic processes contacting the synaptic regions con-
tain plenty of mitochondria [31]. In addition, the mitochondria in astrocytic fine processes are 
smaller in size and less elongated than those located in the major branches around the cell 
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soma [46]. These results awake further interest of whether TM or the transfer of mitochondria 
between brain cells are universal phenomena critical for the proper functioning of mitochon-
dria in the healthy and diseased brain.

6. Astrocytes in Alzheimer’s disease

AD causes an enormous socio-economic burden on societies as it impacts millions of people. 
It is the most common chronic neurodegenerative disorder that is associated with cogni-
tive decline and progressive memory loss [47]. AD pathology is characterized by accumula-
tion of misfolded amyloid beta (Aβ) proteins in extracellular amyloid plaques, deposition 
of modified tau proteins in intraneural neurofibrillary tangles, and sustained neuroinflam-
mation and oxidative stress [48]. There are two types of AD: familial (FAD) and sporadic. 
Familial AD affects a small minority of patients and is associated with mutations in genes 
encoding amyloid precursor protein (APP) or the presenilins (PSEN1 and PSEN2) [49, 50]. 
Approximately 95% cases of AD are sporadic and are associated with age-related increase 
in free-radical production, oxidative stress, impaired mitochondrial energy metabolism and 
mitochondrial dysfunction [51]. There is a great deal of research that has contributed to our 
understanding of the etiological and pathological features of AD, but the cause and underly-
ing mechanisms of this disease remains incompletely understood. Because of this, there is no 
effective cure for AD.

To study AD mechanisms and test new therapeutic approaches preclinically, a large num-
ber of animal models have been developed. For example, in the non-transgenic AD model, 
Aβ or tau proteins are injected into the rodent brain. In transgenic AD animals, single or 
multiple mutations in genes associated with AD (such as APP, PSEN1/2, tau) are intro-
duced to model familial AD. Transgenic AD models can be divided into two different 
groups depending on plaque deposition – early plaque AD models such as APPswePS1dE9, 
3xTG-AD, 5xFAD, and late plaque AD models such as TG2576, PDAPP-J20 [52]. In addi-
tion to rodent models, recent advances in stem cell technologies have promoted the use of 
human-based cell models for AD research. For example, it is now possible to model AD 
in vitro by using induced pluripotent stem cells (iPSCs) and cells derived from these by 
differentiation [53–55].

A full understanding of the importance of astrocytes in AD has become evident only 
recently. For a long time it has been known that astrocytes have numerous functions that 
act at maintaining of CNS homeostasis and the blood brain barrier, expression of neu-
rotransmitters and neuroprotection, supplying neurons with energy and antioxidants [27, 
28]. Even though Alois Alzheimer first observed pathological astrocyte modifications in 
the AD brain over a century ago [56], it is only now becoming clear that the dysfunction of 
astrocytes is an essential and even early component of many neurodegenerative diseases, 
including AD [27, 57].

Researchers have utilized several AD animal models for studying astrocyte alterations asso-
ciated with AD. For example, in the 5xFAD mouse model, expressing five FAD mutations 
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in genes encoding APP and PSEN1 [58], impairment in energy metabolism and activation 
status in neonatal astrocytes of transgenic mice was very recently discovered [59]. In addi-
tion, an impairment in Aβ uptake and neuronal support was demonstrated in old 5xFAD 
astrocytes [60]. In another mouse model of AD, the 3xTG-AD mice (with three FAD mutations 
in genes encoding APP, PSEN1 and tau) atrophy of astrocytes was described to start early, 
at the age of 3 months [61, 62]. The double transgenic APPswePS1dE9 AD mouse model has 
revealed a decline in normal functioning of old astrocytes leading to diminution of neuronal 
support [63]. At the same time, astrocytic pathology associated with AD is also found in late 
plaque AD models. In [64] authors shown the involvement of astrocytes in the degradation 
of amyloid plaques and autophagic processes in PDAPP-J20 mouse model of AD. In contrast, 
results in the TG2576 mouse model demonstrated that reactive astrocytes become Aβ produc-
ers through expression of BACE1, which catalyzes the first step in the formation of the Aβ 
peptide from APP [65].

It is important to note that rodent astrocytes are different from human astrocytes. For exam-
ple, human astrocytes are larger and more complex in morphology and they have faster cal-
cium responses and more robust responses to glutamate [66]. Very recently, AD-associated 
astrocyte dysfunction has also been described in human iPSC-derived cell models. Using this 
model, atrophy of astrocytes and abnormal expression of astrocytic markers were demon-
strated in iPSC-derived astrocytes from patients with familial and sporadic forms of AD [54]. 
We have also shown that iPSC-derived AD astrocytes are compromised in neuronal support-
ive function, and display increased β-amyloid production and oxidative stress, altered cyto-
kine release, and dysregulated Ca2+ homeostasis [67]. In addition to cellular models, human 
post-mortem brain from AD patients also can be used for the study astrocytic pathology at 
the disease end stage. In recent studies, astrocytic atrophy also was found in FAD human 
post-mortem brain [57].

Recently it has become realized that there are two types of reactive astrocytes: A1 astrocytes, 
which are harmful and induced by neuroinflammation, and A2 astrocytes, which are help-
ful and induced by acute brain injury [68, 69]. The A2 astrocytes have a protective role and 
promoting neuronal survival, whereas A1 astrocytes are destructive for neurons and have 
neurotoxic properties [70]. In human AD, harmful A1 astrocytes constitute the majority of all 
astrocytes in CNS and can play a crucial role in induction and progression of AD [70].

Astrocyte dysfunction, so called “reactive astrogliosis,” is associated with all neurode-
generative diseases including AD, and characterized with various complex molecular and 
functional changes in the cells [71]. Both in the human and in rodent AD brain, reactive 
astrocytes are characterized by hypertrophy and overexpression of intermediate filaments 
like glial fibrillary acidic protein (GFAP) [69, 72]. Alterations in astrocytes lead to changes in 
synaptic activity and neuronal survival [73]. It is interesting to note that in the CA1 subfields 
of the hippocampus, reactive astrocytes, proximal to Aβ plaques, have significantly higher 
GFAP expression than astrocytes distal to amyloid plaques [62, 71]. Moreover, these distal 
astrocytes display atrophy [62], which is thought to occur before plaque formation, suggest-
ing that astrocytes may be associated with early changes occurring during the development 
of AD [32].
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soma [46]. These results awake further interest of whether TM or the transfer of mitochondria 
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multiple mutations in genes associated with AD (such as APP, PSEN1/2, tau) are intro-
duced to model familial AD. Transgenic AD models can be divided into two different 
groups depending on plaque deposition – early plaque AD models such as APPswePS1dE9, 
3xTG-AD, 5xFAD, and late plaque AD models such as TG2576, PDAPP-J20 [52]. In addi-
tion to rodent models, recent advances in stem cell technologies have promoted the use of 
human-based cell models for AD research. For example, it is now possible to model AD 
in vitro by using induced pluripotent stem cells (iPSCs) and cells derived from these by 
differentiation [53–55].

A full understanding of the importance of astrocytes in AD has become evident only 
recently. For a long time it has been known that astrocytes have numerous functions that 
act at maintaining of CNS homeostasis and the blood brain barrier, expression of neu-
rotransmitters and neuroprotection, supplying neurons with energy and antioxidants [27, 
28]. Even though Alois Alzheimer first observed pathological astrocyte modifications in 
the AD brain over a century ago [56], it is only now becoming clear that the dysfunction of 
astrocytes is an essential and even early component of many neurodegenerative diseases, 
including AD [27, 57].

Researchers have utilized several AD animal models for studying astrocyte alterations asso-
ciated with AD. For example, in the 5xFAD mouse model, expressing five FAD mutations 
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support [63]. At the same time, astrocytic pathology associated with AD is also found in late 
plaque AD models. In [64] authors shown the involvement of astrocytes in the degradation 
of amyloid plaques and autophagic processes in PDAPP-J20 mouse model of AD. In contrast, 
results in the TG2576 mouse model demonstrated that reactive astrocytes become Aβ produc-
ers through expression of BACE1, which catalyzes the first step in the formation of the Aβ 
peptide from APP [65].

It is important to note that rodent astrocytes are different from human astrocytes. For exam-
ple, human astrocytes are larger and more complex in morphology and they have faster cal-
cium responses and more robust responses to glutamate [66]. Very recently, AD-associated 
astrocyte dysfunction has also been described in human iPSC-derived cell models. Using this 
model, atrophy of astrocytes and abnormal expression of astrocytic markers were demon-
strated in iPSC-derived astrocytes from patients with familial and sporadic forms of AD [54]. 
We have also shown that iPSC-derived AD astrocytes are compromised in neuronal support-
ive function, and display increased β-amyloid production and oxidative stress, altered cyto-
kine release, and dysregulated Ca2+ homeostasis [67]. In addition to cellular models, human 
post-mortem brain from AD patients also can be used for the study astrocytic pathology at 
the disease end stage. In recent studies, astrocytic atrophy also was found in FAD human 
post-mortem brain [57].

Recently it has become realized that there are two types of reactive astrocytes: A1 astrocytes, 
which are harmful and induced by neuroinflammation, and A2 astrocytes, which are help-
ful and induced by acute brain injury [68, 69]. The A2 astrocytes have a protective role and 
promoting neuronal survival, whereas A1 astrocytes are destructive for neurons and have 
neurotoxic properties [70]. In human AD, harmful A1 astrocytes constitute the majority of all 
astrocytes in CNS and can play a crucial role in induction and progression of AD [70].

Astrocyte dysfunction, so called “reactive astrogliosis,” is associated with all neurode-
generative diseases including AD, and characterized with various complex molecular and 
functional changes in the cells [71]. Both in the human and in rodent AD brain, reactive 
astrocytes are characterized by hypertrophy and overexpression of intermediate filaments 
like glial fibrillary acidic protein (GFAP) [69, 72]. Alterations in astrocytes lead to changes in 
synaptic activity and neuronal survival [73]. It is interesting to note that in the CA1 subfields 
of the hippocampus, reactive astrocytes, proximal to Aβ plaques, have significantly higher 
GFAP expression than astrocytes distal to amyloid plaques [62, 71]. Moreover, these distal 
astrocytes display atrophy [62], which is thought to occur before plaque formation, suggest-
ing that astrocytes may be associated with early changes occurring during the development 
of AD [32].
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AD astrocytes are also characterized by a number of molecular alterations. Dysregulation in 
the release of chemical neurotransmitters including glutamate, D-serine, GABA, as well as 
calcium in astrocytes leads to a disturbance in the normal communication between neurons 
and astrocytes and eventually impairs synaptic plasticity [32, 71]. Moreover, the majority of 
hippocampal astrocytes (86%) in the AD brain express heme oxygenase (HO-1), while nor-
mal astrocytes almost do not express HO-1 at all (6–7%). This is indicative of oxidative stress 
occurring in the astrocytes during AD [74].

In the AD brain, reactive astrogliosis is associated with a reduction of normal astrocyte gly-
colytic activity in response to Aβ [75]. As mentioned above, astrocytic glycolysis has a central 
role in supplying neurons with lactate, which is crucial for long-term memory formation [6, 
9, 76]. Reduction of lactate released from astrocytes has been demonstrated in arctic Aβ mice 
[77]. Moreover, correlation of memory impairment with reduced level of hippocampal lactate 
has been reported to occur in response to Aβ in rats [78].

7. Impaired mitochondrial function in Alzheimer’s disease: focus on 
astrocytes

In the last years, research on neurodegenerative diseases has begun to change its focus from 
neurons to the neighboring supportive cells. For example, it is now known that astrocytes 
have a key role in the regulation and support of the neuronal mitochondrial quality control 
[79, 80]. Furthermore, recent studies in the AD field have shifted attention from the “amyloid 
hypothesis” to the “neuroenergetic hypothesis” [81], thereby focusing on the importance of 
the cellular bioenergetic interplay in disease conditions. In this part of the chapter we sum-
marize what is thus far known about the impairment of astrocytic mitochondria in AD.

Impairments in mitochondria of brain cells lead to cerebral hypometabolism - specifically 
neurons are very sensitive to alterations in basal energy levels since they need a fine ener-
getic homeostasis to employee their function (Figure 1). As the mitochondria are the princi-
pal source of ATP as well as of ROS, they retain a critical role at the centre of a complex web 
of processes leading to cellular and organismal aging and neurodegeneration [82]. Studies 
on mitochondrial function specifically in astrocytes have shed some light on the pathologi-
cal features of AD. Already almoust 10 years ago Kaminsky and Kosenko [83] investigated 
the effects of Aβ peptides on mitochondrial and non-mitochondrial sources of ROS and 
antioxidant enzymes in rat brain in vivo: the authors demonstrated that the continuous 
infusion of  Aβ for up to 14 days stimulated the generation of hydrogen peroxide in iso-
lated neocortical mitochondria through an alteration of the antioxidant enzymes activity. 
Abramov et al. [84] demonstrated that Aβ peptides induce a loss of mitochondrial potential 
(Δψm) in astrocytes but not in neurons, with a remarkable augmentation of intracellular 
calcium concentrations [85]. Calcium overload is considered the main biochemical feature 
of Aβ excitotoxic stress and it causes free radical accumulation in neurons and the forma-
tion of the mitochondrial permeability transition pore (mPTP) [86]. The formation of the 
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mPTP leads to a phenomenon known as mitochondrial swelling, which occurs along with 
several  mitochondrial  perturbations described in “the mitochondrial cascade hypothesis in 
AD” [87]. Mitochondrial impairment precedes AD-associated synaptic damage, neuronal 
cell death and deficits in learning and memory [88]. Importantly, mitochondrial dysfunction 
is a key cellular feature of both sporadic and genetic AD and observed also in apolipoprotein 
E-4 (ApoE4) carriers [89]. This suggests that mitochondrial dysfunction is a key pathological 
feature of AD [90].

The central nervous system presents a high rate of production of oxidative molecules and 
relative low levels of antioxidant agents. It is particularly sensitive to oxidative damage 
because of the high consumption of oxygen, the presence of membrane polyunsaturated 
fatty acids susceptible to free radical attack, and the low ratio between ROS and antioxidant 
enzymes [91]. Astrocytes support neurons in the fight against oxidative damage by produc-
tion of glutathione (GSH), the main antioxidant of the brain. Already some 25 years ago 

Figure 1. Alzheimer’s disease pathology alters astrocytic neurosupportive functions.
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AD astrocytes are also characterized by a number of molecular alterations. Dysregulation in 
the release of chemical neurotransmitters including glutamate, D-serine, GABA, as well as 
calcium in astrocytes leads to a disturbance in the normal communication between neurons 
and astrocytes and eventually impairs synaptic plasticity [32, 71]. Moreover, the majority of 
hippocampal astrocytes (86%) in the AD brain express heme oxygenase (HO-1), while nor-
mal astrocytes almost do not express HO-1 at all (6–7%). This is indicative of oxidative stress 
occurring in the astrocytes during AD [74].

In the AD brain, reactive astrogliosis is associated with a reduction of normal astrocyte gly-
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role in supplying neurons with lactate, which is crucial for long-term memory formation [6, 
9, 76]. Reduction of lactate released from astrocytes has been demonstrated in arctic Aβ mice 
[77]. Moreover, correlation of memory impairment with reduced level of hippocampal lactate 
has been reported to occur in response to Aβ in rats [78].

7. Impaired mitochondrial function in Alzheimer’s disease: focus on 
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In the last years, research on neurodegenerative diseases has begun to change its focus from 
neurons to the neighboring supportive cells. For example, it is now known that astrocytes 
have a key role in the regulation and support of the neuronal mitochondrial quality control 
[79, 80]. Furthermore, recent studies in the AD field have shifted attention from the “amyloid 
hypothesis” to the “neuroenergetic hypothesis” [81], thereby focusing on the importance of 
the cellular bioenergetic interplay in disease conditions. In this part of the chapter we sum-
marize what is thus far known about the impairment of astrocytic mitochondria in AD.

Impairments in mitochondria of brain cells lead to cerebral hypometabolism - specifically 
neurons are very sensitive to alterations in basal energy levels since they need a fine ener-
getic homeostasis to employee their function (Figure 1). As the mitochondria are the princi-
pal source of ATP as well as of ROS, they retain a critical role at the centre of a complex web 
of processes leading to cellular and organismal aging and neurodegeneration [82]. Studies 
on mitochondrial function specifically in astrocytes have shed some light on the pathologi-
cal features of AD. Already almoust 10 years ago Kaminsky and Kosenko [83] investigated 
the effects of Aβ peptides on mitochondrial and non-mitochondrial sources of ROS and 
antioxidant enzymes in rat brain in vivo: the authors demonstrated that the continuous 
infusion of  Aβ for up to 14 days stimulated the generation of hydrogen peroxide in iso-
lated neocortical mitochondria through an alteration of the antioxidant enzymes activity. 
Abramov et al. [84] demonstrated that Aβ peptides induce a loss of mitochondrial potential 
(Δψm) in astrocytes but not in neurons, with a remarkable augmentation of intracellular 
calcium concentrations [85]. Calcium overload is considered the main biochemical feature 
of Aβ excitotoxic stress and it causes free radical accumulation in neurons and the forma-
tion of the mitochondrial permeability transition pore (mPTP) [86]. The formation of the 
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mPTP leads to a phenomenon known as mitochondrial swelling, which occurs along with 
several  mitochondrial  perturbations described in “the mitochondrial cascade hypothesis in 
AD” [87]. Mitochondrial impairment precedes AD-associated synaptic damage, neuronal 
cell death and deficits in learning and memory [88]. Importantly, mitochondrial dysfunction 
is a key cellular feature of both sporadic and genetic AD and observed also in apolipoprotein 
E-4 (ApoE4) carriers [89]. This suggests that mitochondrial dysfunction is a key pathological 
feature of AD [90].

The central nervous system presents a high rate of production of oxidative molecules and 
relative low levels of antioxidant agents. It is particularly sensitive to oxidative damage 
because of the high consumption of oxygen, the presence of membrane polyunsaturated 
fatty acids susceptible to free radical attack, and the low ratio between ROS and antioxidant 
enzymes [91]. Astrocytes support neurons in the fight against oxidative damage by produc-
tion of glutathione (GSH), the main antioxidant of the brain. Already some 25 years ago 
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it was reported that impairment of astrocytic antioxidant systems causes neuronal death: 
Sagara et al. [92] demonstrated that there is a relationship between the GSH decline in 
neurons exposed to Aβ1-42 neurotoxic peptide and the concomitant decrease of GSH levels 
and the increase of intracellular calcium influx in astrocytes. The reduction of GSH and 
the increase of oxidation of proteins related to energy metabolism could be a consequence 
of the altered regulation of the transcription factors controlling nuclear and mitochon-
drial oxidative phosphorylation (OXPHOS) genes in brain cells. Reduced levels of nuclear 
respiratory factor 2 (NRF2), peroxisome proliferator-activated receptor γ coactivator-1α 
(PGC-1α) and mitochondrial transcription factor A (TFAM) are reported in hippocampal 
tissues from AD brain [93]. These transcription factors regulate the mitochondrial quality 
control system through mitochondrial biogenesis, the fission-fusion cycle of mitochondria 
and mitophagy.

A defective mitochondrial dynamic induces a structural change of the organelles. Baloyannis 
[94] described morphological alterations of the mitochondrial cristae, accumulation of osmio-
philic material, and decrease of mitochondrial size to be associated with AD. The quantifica-
tion of mitochondrial DNA (mtDNA) revealed low levels in AD subjects in the cortical and 
hippocampal areas [95, 96], which may reflect a diminished number and mass of mitochondria 
in AD. However, a complex picture was presented by [97], where the authors demonstrated 
that by measuring the mtDNA present in phagosomes together with the mtDNA in healthy 
mitochondria the quantification resulted in higher levels in AD subjects than in controls. The 
observation of an augmented number of unhealthy mitochondria in AD is corroborated by a 
study showing an increased number of fragmented mitochondria in Aβ stimulated astrocytes 
[98]. In addition to having effects on mitochondrial fragmentation, Aβ results in increased 
glycolysis, augmented ATP levels and the maintenance of the mitochondrial potential (Δψm) 
in exposed astrocytes [99].

Mitochondrial trafficking through the astrocytes and the localization of these organelles 
along the fine processes (<600 nm of diameter) of reactive astrocytes may be disrupted due 
to loss of genes implicated in neurodegenerative diseases. For example, PARK-2 muta-
tions may alter the Parkin-mediated turnover of Mitochondrial Rho GTPase 1 (Miro1), 
a key regulator of mitochondrial trafficking. Miro1 is required to tether kinesin motor 
protein complexes to the outer mitochondrial membrane (OMM) and modulate the fis-
sion-fusion ratio, mitophagy and mitochondria-endoplasmic reticulum interaction [100]. 
Alterations to the trafficking of astrocyte mitochondria could disrupt the supportive func-
tions of astrocytes. For example, it is well-known that astrocytes deplete the glutamate 
present in the synaptic left through glutamate transporters, and this is fundamental for 
the functionality of neurotransmission [101]. Loss of astrocyte mitochondrial function 
is related to the inability of astrocytes to convert glutamate to glutamine and is known 
to precede neuronal glutamate excitotoxicity [102]. Genda et al. [103] demonstrated the 
co-localization of the glutamate transporter GLT-1 with the sites of high neuronal trans-
mission activity in hippocampal sections: furthermore, the authors observed the co-
compartmentalization of mitochondria in the areas of higher concentration of glutamate 
transporter GLT-1. Mitochondria are not-uniformly distributed along the astrocytes but 
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they are an  important source of energy in the contact areas with neurons to contribute 
to neuroprotective function against toxic insults. The mitochondria of astrocytes thereby 
play a direct role in glutamate-mediated synapsis homeostasis and in the hippocampal 
neuronal transmission: the organelles provide the ATP for the glutamate-glutamine shut-
tle to supply the energy demand in situ.

Very recently it was shown that human AD astrocytes have an altered display of mitochon-
drial encoding genes when compared to healthy controls [104]. The authors performed total 
RNA sequencing of the astrocytes to shed light on the molecular differences caused by the 
disease. PITRM1/PREP/MP1, localized in mitochondrial matrix and encoding an enzyme 
that degrades the Aβ peptide, was shown to be downregulated in AD. NDUFA4L2, encod-
ing a protein that inhibits Complex I activity, was upregulated in AD astrocytes. In addition, 
MTND1P22, most likely a long non-coding RNA involved in the regulation of NADH dehy-
drogenase 1, was also altered in the AD astrocytes. This evidence pointing to the importance 
of mitochondria specifically in AD astrocytes is supported by further studies on the effect of 
Aβ on the functions of astrocyte mitochondria. Aβ induces ATP synthase uncoupling in astro-
cytes [105], increased β-amyloid/APP lead to reduced expression of superoxide dismutase 
and results in increased age-related oxidative stress in astrocytes [106], and Aβ/APP localizes 
on the mitochondrial inner membrane of astrocytes and disrupts Complex IV (COX) activity 
and APP processing by β-secretase [107]. Taken together, these studies support the evidence 
that exogenous Aβ treatment is sufficient to induce mitochondria-mediated apoptosis and 
that a dysfunction in astrocytic mitochondrial quality control is a key part of the pathophysi-
ology associated with AD.

Astrocytes are an essential source of energy for neurons by providing the neurons lac-
tate. Astrocytes also participate in the clearance of glutamate from the synaptic cleft, take 
up neuronal mitochondria and are an important source of antioxidant enzymes, such as 
GSH. In AD, these normal astrocytic functions are altered leading to increases in astro-
cytic intracellular calcium, reductions in the levels of GSH and mitochondrial dysfunction. 
The normal intracellular degradation pathway for non-functional mitochondria, mitoph-
agy, is impaired, leading to accumulation of non-functional mitochondria. In summary, 
these events lead to impaired astrocytic bioenergetics and impaired glutamate uptake from 
the synaptic cleft, greatly influencing neuronal health and contributing to the pathology 
progression.

8. Therapeutic approaches targeted to modulation of mitochondrial 
function in Alzheimer’s disease

There are a huge number of therapeutic approaches that have been trialed in AD, yet the 
only approved treatments only delay the inevitable and no cure for this devastating disor-
der exists. A critical difficulty in neurodegenerative disorders such as AD is the relative late 
onset of the symptoms united to a progressive degeneration, and late disease  diagnosis. 
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it was reported that impairment of astrocytic antioxidant systems causes neuronal death: 
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in AD. However, a complex picture was presented by [97], where the authors demonstrated 
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observation of an augmented number of unhealthy mitochondria in AD is corroborated by a 
study showing an increased number of fragmented mitochondria in Aβ stimulated astrocytes 
[98]. In addition to having effects on mitochondrial fragmentation, Aβ results in increased 
glycolysis, augmented ATP levels and the maintenance of the mitochondrial potential (Δψm) 
in exposed astrocytes [99].

Mitochondrial trafficking through the astrocytes and the localization of these organelles 
along the fine processes (<600 nm of diameter) of reactive astrocytes may be disrupted due 
to loss of genes implicated in neurodegenerative diseases. For example, PARK-2 muta-
tions may alter the Parkin-mediated turnover of Mitochondrial Rho GTPase 1 (Miro1), 
a key regulator of mitochondrial trafficking. Miro1 is required to tether kinesin motor 
protein complexes to the outer mitochondrial membrane (OMM) and modulate the fis-
sion-fusion ratio, mitophagy and mitochondria-endoplasmic reticulum interaction [100]. 
Alterations to the trafficking of astrocyte mitochondria could disrupt the supportive func-
tions of astrocytes. For example, it is well-known that astrocytes deplete the glutamate 
present in the synaptic left through glutamate transporters, and this is fundamental for 
the functionality of neurotransmission [101]. Loss of astrocyte mitochondrial function 
is related to the inability of astrocytes to convert glutamate to glutamine and is known 
to precede neuronal glutamate excitotoxicity [102]. Genda et al. [103] demonstrated the 
co-localization of the glutamate transporter GLT-1 with the sites of high neuronal trans-
mission activity in hippocampal sections: furthermore, the authors observed the co-
compartmentalization of mitochondria in the areas of higher concentration of glutamate 
transporter GLT-1. Mitochondria are not-uniformly distributed along the astrocytes but 
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they are an  important source of energy in the contact areas with neurons to contribute 
to neuroprotective function against toxic insults. The mitochondria of astrocytes thereby 
play a direct role in glutamate-mediated synapsis homeostasis and in the hippocampal 
neuronal transmission: the organelles provide the ATP for the glutamate-glutamine shut-
tle to supply the energy demand in situ.

Very recently it was shown that human AD astrocytes have an altered display of mitochon-
drial encoding genes when compared to healthy controls [104]. The authors performed total 
RNA sequencing of the astrocytes to shed light on the molecular differences caused by the 
disease. PITRM1/PREP/MP1, localized in mitochondrial matrix and encoding an enzyme 
that degrades the Aβ peptide, was shown to be downregulated in AD. NDUFA4L2, encod-
ing a protein that inhibits Complex I activity, was upregulated in AD astrocytes. In addition, 
MTND1P22, most likely a long non-coding RNA involved in the regulation of NADH dehy-
drogenase 1, was also altered in the AD astrocytes. This evidence pointing to the importance 
of mitochondria specifically in AD astrocytes is supported by further studies on the effect of 
Aβ on the functions of astrocyte mitochondria. Aβ induces ATP synthase uncoupling in astro-
cytes [105], increased β-amyloid/APP lead to reduced expression of superoxide dismutase 
and results in increased age-related oxidative stress in astrocytes [106], and Aβ/APP localizes 
on the mitochondrial inner membrane of astrocytes and disrupts Complex IV (COX) activity 
and APP processing by β-secretase [107]. Taken together, these studies support the evidence 
that exogenous Aβ treatment is sufficient to induce mitochondria-mediated apoptosis and 
that a dysfunction in astrocytic mitochondrial quality control is a key part of the pathophysi-
ology associated with AD.

Astrocytes are an essential source of energy for neurons by providing the neurons lac-
tate. Astrocytes also participate in the clearance of glutamate from the synaptic cleft, take 
up neuronal mitochondria and are an important source of antioxidant enzymes, such as 
GSH. In AD, these normal astrocytic functions are altered leading to increases in astro-
cytic intracellular calcium, reductions in the levels of GSH and mitochondrial dysfunction. 
The normal intracellular degradation pathway for non-functional mitochondria, mitoph-
agy, is impaired, leading to accumulation of non-functional mitochondria. In summary, 
these events lead to impaired astrocytic bioenergetics and impaired glutamate uptake from 
the synaptic cleft, greatly influencing neuronal health and contributing to the pathology 
progression.

8. Therapeutic approaches targeted to modulation of mitochondrial 
function in Alzheimer’s disease

There are a huge number of therapeutic approaches that have been trialed in AD, yet the 
only approved treatments only delay the inevitable and no cure for this devastating disor-
der exists. A critical difficulty in neurodegenerative disorders such as AD is the relative late 
onset of the symptoms united to a progressive degeneration, and late disease  diagnosis. 
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At the time of diagnosis, neuronal impairment is often too far for effective intervention. 
Furthermore, the anatomical site affected in these disorders is often difficult to access by 
potential therapies.

Pharmaceutical companies have invested heavily in a variety of potential therapies to modu-
late AD: the well-known memantine, reducing the glutamate excitotoxicity, is considered 
one of the best available therapeutics for AD but still the possible long-term side effects are 
unknown [108]. In order for new approaches for a future therapeutic to be effective it is 
believed that early and better diagnosis methods are needed in order to prevent AD pro-
gression [109]. Mitochondria-targeting therapies are a novel approach that have potential 
to be used in the early onset of cognitive impairment. Mitochondrial oxidative damage is 
considered an early event of the disease process, which becomes more pronounced as AD 
progresses [110]. Mitochondrial dysfunction precedes Aβ plaque deposition [111] and is 
accompanied by a progressive reduction of the cerebral metabolic rates of glucose. Thus, 
several new therapeutic approaches have tested the efficacy of mitochondria-targeted mol-
ecules in delaying AD progression. For example, around ten clinical trials demonstrate that 
modulation of mitochondrial function rescue neuronal death and synaptic toxicity caused by 
Aβ exposure [112].

Mitochondrial medicine includes both life style intervention and pharmacological approaches. 
The Mediterranean diet [113], exercise [114] and caloric restriction [115, 116] have been 
shown to modulate AD risk factors including the mitochondrial healthy homeostasis. In 
combination with these, several preventive approaches have been studied in AD patients, 
for example the antioxidant N-acetyl cysteine (NAC) [117], α-lipoic acid (LA) [118] and cur-
cumin [119] have been tested. Some clinical studies in particular demonstrate that NAC 
reduces brain oxidative stress through increasing GSH-mediated protective activity against 
Aβ deposits and lipid peroxidation, and decreasing acetylcholine levels and choline acetyl-
transferase (ChAT) activity [120]. In addition, several clinical trials used well-known mole-
cules to limit oxidative damage: vitamin E (α-tocopherol) rescues cognitive impairment and 
oxidative stress in early phase of AD in pre-clinical studies [121] even though there are con-
troversial results in clinical trials in human AD subjects [122]; Donepezil enhances the mito-
chondrial resistance by inhibiting the mitochondrial permeability transition pore (mPTP) in 
a mouse model of AD [123]. Other pre-clinical studies demonstrating potent mitochondrial 
effects have not yet been assessed in clinical trials but show great promise. For example, 
conjugated Coenzyme Q with a lipophilic triphenylphosphonium (TPP+) form MitoQ that 
protect primary cortical neurons from Aβ toxicity, loss of mitochondrial membrane potential 
and ROS production [124]; Szeto-Shiller antioxidant peptides allow the localization of anti-
oxidant molecules in the mitochondrial matrix, the major source of ROS, and in particular 
SS31 shows a neuroprotective effect [125, 126]. Furthermore, endogenous compounds such 
as peroxiredoxine (Prdx) [127] and the natural molecules such as alkaloid caffeine [128], 
polyphenol resveratrol [129] and gypenoside XVII (GP-17) [130] have been used to modu-
late the bioenergetic homeostasis at different levels in AD mouse models. The antioxidant 
approach may have wide applications; however, it could also present some controversial 
effects on mitochondrial adaptation. For example, mitohormesis, an adaptive response that 
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improves overall oxidative stress resistance induced by caloric restriction and exercise, may 
be inhibited by antioxidants [131].

The hypothesis that impaired mitophagy in both neurons and astrocytes may lead to AD 
neurodegeneration and the potential of the mitophagy process as a therapeutic target needs 
further clarification. Pre-clinical studies introduce novel therapeutic molecules such as 
p62-mediated mitophagy inducer (PMI) and Mitochondrial division inhibitor 1 (Midvi-1) for 
this purpose. PMI is a recently described compound developed to upregulate p62 via stabi-
lization of the transcription factor Nrf2 and to promote mitophagy [132]. This molecule has 
not yet been tested against neurodegeneration. Midvi-1 is a small molecule non-competitive 
inhibitor of dynamin-related protein 1 (Drp1) GTPase activity, which attenuates Drp1 medi-
ated mitochondrial-fission and enhances the mitochondrial rescue through inactivation of 
PINK1 [133]. Recently, Manczak et al. [134] proposed a Drp1 based therapy in the context 
of AD: the authors demonstrated that the interaction of Drp1 with Aβ increases as AD pro-
gresses and that a partial reduction of Drp1 reduces Aβ deposition, reduces mitochondrial 
dysfunction and enhances mitochondrial biogenesis.

It is noteworthy that most of the therapies for AD applied target neurons as the main cell 
type involved in neurodegeneration. Given that several therapeutic approaches have been 
attempted that do not completely rescue AD progression suggests that we should once more 
consider the cellular target against which we focus. A step towards the right direction has 
been taken by the scientific community in beginning to consider microglia as a therapeutic 
target for neurodegeneration because of their involvement in neuroinflammation. For exam-
ple, the synthetic compound Midvi-1 attenuates mitochondrial-induced apoptosis in primary 
microglial cells in an Aβ-induced model of AD, thereby counteracting the neuroinflamma-
tion [135], and the endogenous compound melatonin has a protective role against cognitive 
decline and restores mitochondrial respiratory rate in microglial cells of the APPsw mouse 
model of AD [136].

The increasingly evident key role of astrocytes in supporting neurons against neurodegenera-
tion suggests that probing the unexplored field of mitochondrial-targeted therapies in astro-
cytes is needed. Currently, there is no relevant literature about astrocyte-targeted therapies, 
possibly because they are thought to be more involved in the late phases of AD progression. 
However, modulating early changes in these cells might prove to be more beneficial than 
targeting downstream pathways.

9. Future aspects

Several questions remain unanswered to fully understand the mechanisms of mitochon-
drial function, transport, turnover and degradation in astrocytes. Given the complexity 
of astrocyte sub-populations and region-specific phenotypes [137] several experimental 
approaches and models are needed to study mitochondrial function and possible impair-
ment in these cells.
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It is important to note that very little literature exists about AD-associated mitochondrial dys-
function specifically in astrocytes, although recent reports have highlighted the importance 
of this cell type in neurodegeneration. In the future, it will be critically important to carry out 
more studies that focus on alterations of astrocytic mitochondria in AD because of the aris-
ing role of these cells in the early onset of this disease. Furthermore, the utilization of human 
models in AD research is expected to provide valuable tools and detailed mechanistic insight 
into the role of astrocytes that is central in understanding the features of this devastating 
human disease.

As research steers towards an in depth understanding of the molecular basis of mitochondria 
and the mitochondrial quality control system it is possible that this might in the future pro-
vide both a diagnostic and a therapeutic tool for neurodegeneration.
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Abstract

Current research is continually implicating the importance of astrocytes as active partic-
ipants in neurological injury, disease, and tumor progression. This chapter will discuss
some of these emerging concepts, especially as they relate to tumor biology. Astrocytes
themselves can become tumorigenic, such as the case in gliomas, which often have
aberrant signaling in key regulating genes of astrocyte development. Astrocytes secrete
factors that maintain the tight junctions of the blood brain barrier (BBB), which in turn
regulates the success or failure of metastatic cells extravasating into the brain. This
astrocytic association with the brain vasculature also promotes brain tumor stem cell
characteristics, which are known to be necessary for tumor initiation. Tumor cells within
the brain make direct contacts with astrocytes through gap junctions, which subsequently
lead to increased chemoresistance of the tumor cells. Astrocytes have also been shown to
effect tumors cells via secretion of degradative enzymes, cytokines, chemokines, and
growth factors, all of which have been shown to promote tumor cell proliferation, sur-
vival, and invasion. Thus, research in astrocyte biology and the role of astrocytes in the
tumor microenvironment has and will likely continue to reveal novel targets for cancer
intervention.

Keywords: astrocytes, metastasis, blood-brain barrier, reactive astrogliosis, cancer

1. Introduction

The tumor microenvironment plays a critical role in tumor progression. Tumors within the
central nervous system (CNS) include primary brain tumors originating from a CNS resident
cell, or secondary tumors that came from extraneural origins. The brain microenvironment
consists of multiple cell types including the most abundant glial cell, astrocytes. Astrocytes
have very diverse and microenvironment-dependent morphologies; for a long time, this
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structural contribution was considered their main purpose. Present in gray matter, protoplas-
mic astrocytes are the most common types of astrocytes and are stellate in nature with
branching processes or “endfeet” [1]. These endfeet make important contacts with neurons
and other cells within the brain microenvironment. Importantly for this chapter, one of these
interfaces, which we will discuss further, is the astrocyte endfeet connections made with
endothelial cells and pericytes, commonly referred to as the blood brain barrier (BBB). This
barrier allows for select metabolites to enter and toxic waste to exit the brain.

Homeostasis in the brain is of utmost importance to maintain neural function and prevent
potentially detrimental immune responses from occurring. An invading tumor cell normally
encounters enormous barriers before it can colonize the brain. On entering the brain, it will
need to overcome brain defense mechanisms, which are partly mediated by astrocytes and
brain macrophage cells called microglia. These and other mechanisms are in place to thwart
tumor cell entrance, however, in some cases these mechanisms are either not adequate to
prevent tumor cell invasion, or exploited to aid in tumor cell extravasation into the brain. In
addition to regulating brain metastases, astrocytes, which develop from neural stem cells
(NSCs), can become transformed and undergo developmental dysregulation due to aberrant
gene activation, resulting in various types of brain tumors, including gliomas.

In this chapter, we will further discuss autocrine, paracrine, and juxtacrine mechanisms in
which astrocytes influence surrounding cells in the brain microenvironment and tumor pro-
gression within the CNS. We will discuss the underlying mechanisms that regulate these
processes, and provide examples of possible interventions that could eventually be translated
into successful clinical treatment for patients.

2. Primary tumors of astrocytic origin

We begin this chapter by understanding how astrocytes themselves may become transformed
and discuss the key features of these types of tumors. The cellular origin of many brain tumors
can be traced back to multipotent NSCs, which are able to self-renew and differentiate into all
subtypes of mature neurons and glial cells. However, many tumors with more distinct cellular
origins exist along the glial cell differentiation axis, and are traced back to more restricted and
differentiated astrocyte progeny [2]. During development of mature astrocytes, NSCs first
partially differentiate into neuronal precursor cells where, in the presence of specific growth
factors and their cognate receptors, they differentiate into various cellular lineages [3]. Early
astrocyte precursors are characterized by their expression of fibroblast growth factor receptor
(FGFR), nestin, and epidermal growth factor receptor (EGFR), while mature astrocytes express
markers such as glutamate aspartate transporter (GLAST), FGFR3, S100β and glial fibrillary
acidic protein (GFAP) [4–7]. These astrocyte precursor cells are perhaps most vulnerable to
transformation, and depending on the stage of these cells, fatal adult primary brain tumors
(gliomas) may arise. Because mature astrocytes maintain their ability to proliferate throughout
adulthood (an uncommon characteristic of many CNS cells), it is hypothesized that this is a
contributing reason for why astrocytic tumors are so common overall and most common in
adults [8, 9].
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The term “glial cells” describes a broader group of cells including astrocytes, ependymal cells
and oligodendrocytes, not all gliomas are specifically astrocytic in nature. Gliomas which are
thought to originate or histologically resemble astrocytes include astrocytomas, mixed gliomas
or oligoastrocytomas, diffuse intrinsic pontine gliomas [10], and high grade astrocytomas
called glioblastoma multiforme (GBM). There are also several types of mixed neuronal-glial
tumors. These tumors are extremely heterogeneous, differing in histology, location in the brain,
molecular biology, karyotype, age of onset, and survival prognosis of the patient. Gliomas
share many characteristics with astrocytes, particularly activated astrocytes, which will be
discussed in a later section of this chapter. Some of these include migration capabilities, growth
factor expression pattern, stem cell-like characteristics, and the ability for anchorage-independent
growth which is correlated with invasiveness of a tumor [11–13].

In general, cellular origins of the previously mentioned gliomas are astrocyte precursor cells.
However, the diversity in the distinct molecular/genetic alterations of the tumors suggests that
different stages or types of precursor cells have different sensitivities to specific genetic muta-
tions. One of the most notable genetic signatures of GBM is EGFR amplification and
overexpression which, as previously mentioned, is also involved in regulating astrocyte differ-
entiation [14–17]. There have been several mechanisms associating EGFR overexpression with
astrocyte tumor malignancy. Several known ligands of EGFR, including EGF and transforming
growth factor-α (TGF-α), promote proliferation of astrocytes and astrocyte precursor cells, thus
contributing to the malignancy of the tumors [14, 18, 19]. Additionally, cell cycle regulators such
as Rb, p53 and CDKN2A are commonly mutated and inactivated in low grade gliomas and
GBM, [15, 20–23]. Mutations in isocitrate dehydrogenase (IDH)-1 and -2 are also extremely
common, but only in certain gliomas; they are present in 70% of grade II and III astrocytomas
and oligodendrogliomas, as well as secondary GBMs, but are rare in primary GBMs [15, 24].

3. The role of astrocytes in tumor growth and progression

As will be discussed in more detail throughout this chapter, astrocytes are very heterogeneous in
regards to function and influence on tumors within the CNS. This fact, combined with the
heterogeneity that encompasses the transformation of cells results in unique tumor genotypes
and phenotypes, plus many other contextual factors, equates to interactions that are both tumor
promoting and tumor suppressive (Figure 1). Arguably, there is more evidence suggesting how
astrocytes can be tumor promoting, which will be covered in this section. Some functions of
astrocytes that are known within the literature to be tumor promoting to both primary and
metastatic brain tumors are summarized and illustrated (Figure 2).

3.1. Metastatic tumors: Interactions with astrocytes at the blood-brain barrier

One of the critical steps in the life time of tumor progression is tumor metastasis, especially
brain metastasis. This step results in catastrophic consequences from a patient perspective. The
metastases from extraneural tumors in the brain are actually the most common sources of
tumors in the CNS, as shown in Table 1 [25, 26].
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The process of metastasis, in brief, involves invasion of a tumor cell away from the tumor to a
blood vessel, entry into and survival in the blood circulation, extravasation from the blood
vessel into the secondary organ, and survival, engraftment, and proliferation into a secondary
tumor. Extravasating into the brain provides an added challenge: that of getting past the BBB.
The most functionally important component of the BBB are the tight junctions held between
brain microvascular endothelial cells. Thus, substances that get into the brain parenchyma are
tightly controlled. Both para-cellular and trans-cellular diffusion are low; most solutes that get
in and out through the BBB, such as glucose and other nutrients, do so through transporters
expressed on endothelial cells [27–29]. Despite this added barrier, many extraneural tumors
have a strong tendency to metastasize to the brain. To note, there are regions within the brain
that lack BBB, and could also be a potential avenue of metastasis [30]. The recent discovery of
brain lymphatics is also suggestive of an alternative route given the already known function of
lymphatics to carry tumor cells [31].

Breast cancer, melanoma, and lung cancer are three tumor types that show proclivity to go to the
brain. Themost common type of brainmetastases originate from lung cancer, accounting for up to
56% of brain metastases, followed by breast cancer metastases at 13–30% [32, 33]. Interestingly,
specific subtypes of these tumors have a much higher frequency of brain metastases, including
non-small cell lung cancer (NSLC), triple negative breast cancer cells that are estrogenic receptor
(ER), progesterone receptor (PR) and epidermal growth factor receptor-2 (HER2) (ER�, PR�,
HER2�), and HER2-enriched (HER2+) breast cancer cells [32–35]. One theory behind a specific
tumors’ proclivity to the brain is explained by Paget’s seed and soil hypothesis, which suggests
that for a seed (tumor cell) to take up in a soil (brain), it must adapt itself and make changes that
will favor the soil [26, 36]. In support of this idea, genes associatedwith breast cancer metastasis to
brain have been discovered and efforts continue to identify new targets for lung cancer cell
metastasis to the brain and for other cancers as well [37–40]. However, the question raised by the

Figure 1. Research shows astrocytes have functions that result in tumor supporting and tumor suppressing mechanisms,
and sometimes both. Like many physiological responses, this demonstrates the context dependent balancing act that
occurs when homeostasis is breached, and the many factors that play a role in tipping the balance one way or another.
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seed-soil hypothesis is whether the soil influences the seed, and if so, how it is accomplished. One
could argue that in the first place, the soil is influenced by the seed. Therefore, in this “circular
logic,” both seed and soil appear to contribute together, ultimately, for the growth of the tumor cell.

Astrocytes are vital to the development and maintenance of the BBB, therefore understanding
their role in this process is necessary to understand how they also may influence brain metastatic
tumor cells attempting to breach the BBB. The tight junctions between the endothelial cells of the
BBB are comprised of many junctional proteins, notably claudin-5 and occludin [41, 42]. Vascular
endothelial (VE)-cadherin is also of importance within adherens junctions which associate with
tight junctions, as well as cytoplasmic scaffolding proteins such as zonula occludens (ZO)-1 and
-2 [27, 43–45]. In normal conditions, the BBB homeostasis and junctional complexes are partially
supported at the structural and physiological functional levels by astrocytes. Astrocytes contact

Figure 2. Many signaling mechanisms have been identified that implicate astrocytes in tumor progression. Some of these
functions include secretion of factors that have been shown to increase invasiveness and malignancy of established brain
tumors, in addition to factors that enable brain metastasizing cells to enter the brain. Astrocytes have also been shown to
maintain the vascular niche in the brain which can promote stem-like characteristics in BTSCs. Astrocytes directly interact
with tumor cells and communicate via gap junctions, leading to increased intracellular calcium and resistance to treat-
ments. Indirect or paracrine communication with surrounding cells often occurs via secretion of exosomes known to carry
miRNAs to target key tumor suppressor genes in tumor cells and surrounding microenvironment. Lastly, astrocytes have
been shown to regulate CNS immune suppression, weakening the innate tumor killing response of the body.
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brain endothelial cells via their end feet processes. This contact was shown to maintain BBB
permeability characteristics. However, it was later found that secreted factors alone in astrocyte-
conditioned media also upheld the tight junction characteristics in endothelial cells, demonstrat-
ing the importance of both astrocyte contact and paracrine actions in BBB function [46–48]. For
example, Sonic hedgehog (Shh), an important developmental signaling protein, is known to be
secreted by astrocytes and bind its cognate receptor, Patched-1, expressed at the cell membrane
of brain endothelial cells. This induces a signaling cascade mediated by β-catenin that bolsters
tight junctions by increasing expression of occludin [49, 50]. Other proteins secreted by astrocytes
that regulate and maintain tight junctions of brain ECs (most often by increased gene expression
of junctional proteins) include angiotensin-1, FGF, TGF-β, glia derived neurotropic factor
(GDNF), and retinoic acid (RA) [51–55].

Just as astrocytes are important for maintaining the BBB in homeostatic conditions, astrocytes
also play key roles when the BBB is disrupted, which can occur during extravasation of tumor
cells metastasizing to the brain. Several groups utilized mouse models of melanoma, lung, and
breast cancer combined with histological and fluorescent imaging modalities to visualize very
early interactions with tumor cells and the BBB. This work demonstrates that tumor cells first
arrest in the brain capillaries, often at branch points [56, 57]. Lorger et al. (2010) show that very
early on, astrocytes become activated and associate around vasculature in the brain where breast
tumor cells are present, but in some cases have not yet extravasated or visibly altered the BBB
[56]. This suggests that signals secreted by tumor cells are reaching astrocytes either directly or
indirectly through the endothelial cells; a topic that requires further investigation. This associa-
tion of tumor cells with reactive astrocytes persists throughout metastases formation, character-
ized by increased astrocyte expression of GFAP, nestin, andmatrix metalloproteinase 9 (MMP-9),
all of which aid in tumor extravasation mechanisms that will be discussed in later sections.

CNS tumor type Incidence rate (per 100,000 persons) (all ages) References

All brain metastases 8.3/11.1/14.3 [195–197]

Lung cancer brain metastases ~ 3.2–8(estimation based on 39–56% of all brain
metastases)

[32]

Breast cancer brain metastases ~ 1.1–4.3 (estimation based on 13–30% of all brain
metastases)

[32]

Melanoma brain metastases ~ 0.5–1.6 (estimation based on 6–11% of all brain
metastases)

[32]

Primary malignant CNS tumors 7.2 [198]

GBM 3.2 [198]

Nerve sheath tumors 1.82 [198]

Other astrocytomas 1.2 [198]

CNS lymphoma 0.43 [198]

Embryonal tumors (medulloblastoma, ATRT, and
PNET)

0.62 (ages 0–19 only) [198]

Table 1. Primary and metastatic CNS tumors with their respective incidence rates per 100,000 persons. All tumors are
accounting for all ages, except embryonal tumors which only includes persons’ age 0–19 in the population study.

Astrocyte - Physiology and Pathology168

3.2. Astrocytes’ direct cell-cell interactions with tumor cells

Astrocytes have multiple primary and branching endfeet which expand and contract, allowing
them to dynamically contact both synapses and the microvasculature. Also, astrocytes regulate
communication between neuronal networks and glial-vascular coupling by forming independent
contact network [58–61]. Therefore, it has been widely accepted that astrocytes directly contact
and communicate with neurons to regulate neuronal function at the synaptic and network levels,
which provides a significant impact on physiological and pathological state of the CNS. Subse-
quently, direct interactions with astrocytes and tumor cells, often in the form of gap junctions, has
also been discovered to be significant for tumor progression and resistance to therapy.

As discussed, gliomas are the most lethal primary intracranial tumors. The proliferative dys-
function and invasion of gliomas are associated with changes in gap junction communication
[62, 63]. In metastatic brain tumors, reactive astrocytes protect melanoma cells from chemo-
therapy induced cell death by sequestering intracellular calcium through gap junctions [64]. In
the brain, metastases from breast and lung cancer show upregulation of many survival genes
which is dependent on the direct contact through gap junctions between the astrocytes and
tumor cells, which was found to be causal for developing resistance [65]. These data suggest
that reactive astrocytes participate in tumor progression and chemo-resistance by their direct
physical contacts and gap junctional communication with tumor cells in the brain.

Gap junctions are efficient tools for intercellular communication. In astrocytes, they are com-
posed of connexins 30 and 43 (Cx30, Cx43) [66]. Cx43 is widely expressed in adult astrocytes
and exhibits increased expression in reactive astrocytes induced by various brain pathologies
and intercellular calcium signaling [67–73]. Also, Cx43-mediated intercellular communication
between astrocytes plays an important role in the invasion of glioma cells in the brain [63].
A recent study has also revealed that breast and lung cancer cells express proto-cadherin 7
(PCDH7) to promote tumor-astrocyte gap junction formation by recruiting Cx43, which allows
the transfer of cGAMP from tumor cells to astrocytes to trigger the secretion of inflammatory
cytokines, which further promote tumor growth and chemo-resistance [74].

3.3. Astrocytes’ secretome and paracrine signaling mechanisms that influence tumor cells

3.3.1. Cytokines and growth factors

Astrocytes can synthesize a host of biologically interesting growth factors and cytokines.
Previous studies have shown that sphingosine-1-phosphate (S1P), which shows the highest
expression in the brain and is only expressed by astrocytes, induces cell motility in GBM cell
lines that express S1P receptor-1 and S1P receptor-3 [75, 76]. Other neurotrophic factors secreted
by astrocytes, such as TGF-α, C-X-C motif chemokine 12 (CXCL12), and GDNF, have also
revealed the potential to increase the invasive capacity of GBM cells [77, 78]. In brain metastatic
tumors, an early study found that metastatic MDA-MB-435 breast cancer cells, when cultured
with astrocyte conditioned media, exhibit better growth in response to the conditioned
medium. However, the growth-stimulatory effect was partially reversed by anti-IL-6, anti-
TGF-β, and anti-insulin like growth factor-1 (IGF-I) antibodies [79]. Another study showed that
reactive astrocytes expressed phosphorylated platelet-derived growth factor receptor β at
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therapy induced cell death by sequestering intracellular calcium through gap junctions [64]. In
the brain, metastases from breast and lung cancer show upregulation of many survival genes
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tumor cells, which was found to be causal for developing resistance [65]. These data suggest
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cytokines, which further promote tumor growth and chemo-resistance [74].
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3.3.1. Cytokines and growth factors

Astrocytes can synthesize a host of biologically interesting growth factors and cytokines.
Previous studies have shown that sphingosine-1-phosphate (S1P), which shows the highest
expression in the brain and is only expressed by astrocytes, induces cell motility in GBM cell
lines that express S1P receptor-1 and S1P receptor-3 [75, 76]. Other neurotrophic factors secreted
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revealed the potential to increase the invasive capacity of GBM cells [77, 78]. In brain metastatic
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medium. However, the growth-stimulatory effect was partially reversed by anti-IL-6, anti-
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tyrosine 751 (p751-PDGFRβ). Pazopanib, an inhibitor of PDGFRs, inhibited the activation of p-
PDGFR expressing astrocytes, and thus prevented brain metastasis formation in the HER2-
transfected MDA-MB-231 breast cancer cells [80]. Taken together, this work demonstrates that
paracrine signaling by astrocyte secreted cytokines and growth factors facilitates tumor metas-
tasis formation in the brain.

3.3.2. Extracellular matrix (ECM) proteins and degradative enzymes

ECM proteins are important participants in the tumorigenic process, as they are involved in
not only the physical adhesion and migration of tumors cells, but also the regulation of
intracellular signaling. The brain parenchyma is high in proteoglycans, glycoproteins, and
matricellular proteins, all of which astrocytes express and secrete [4]. Specifically, some astro-
cyte secreted matricellular proteins have been studied in regulation of various brain tumors,
including secreted protein acidic and rich in cysteine (SPARC) and CYR61/CTGF/NOV (CCN).
Both SPARC and CCN2 have been shown to be secreted by activated astrocytes proximal to
brain tumors or injuries [81, 82]. While increases in CCN2 secretion have been correlated with
negative glioblastoma outcomes, expression of SPARC and its effect on tumor cells is tumor
dependent. In gliomas and astrocytomas, tumor secretion of SPARC promotes invasion,
angiogenesis, and a negative prognosis [83, 84]; however medulloblastoma tumor cells have
increased loss of SPARC, which when rescued induces cell cycle arrest, neuronal differentia-
tion, and limits radioresistant DNA damage response [85–87].

Previously, we discussed MMP-related mechanisms in which astrocytes assist tumor cells in
extravasating the BBB. The secretion of these matrix degrading enzymes also supports brain
tumor progression by breaking down the barriers induced by the ECM. Heparanase degrades
the glycosaminoglycan side chains of heparan sulfate proteoglycans, which are essential and
ubiquitous macromolecules associated with the cell surface [88–90]. Reactive astrocytes have
been frequently found in areas surrounding melanoma-related lesions and produce nerve
growth factor (NGF), the prototypic neurotrophin [91]. Neurotrophins can stimulate heparanase
production in astrocytes and thus contribute to the brain colonization of melanoma cells [88].

MMP-2 and -9 have been observed in secretory vesicles in astrocytes [92]. Stimulation of astro-
cytes with lipopolysaccharide, IL1-α, IL1-β, or TNF-α induces MMP-2 and -9 secretion [93].
MMP-9 also promotes the growth of primary brain tumors by releasing vascular endothelial
growth factor (VEGF) sequestered in the surrounding matrix [94]. The expression of MMP-9 was
up-regulated in reactive astrocytes, which was involved in the brain metastases of MDA-MB-435
cells [56]. Moreover, both MMP-2 and -9 secreted by astrocytes contribute to breast cancer MDA-
MB-231 cell invasion and brain metastases [95]. In addition to secreting MMPs themselves,
astrocytes can also induce tumor cells to secrete MMPs, as shown byMendes et al. (2007), where
they found breast cancer cells to secrete significantly more MMP-2 in the presence of astrocyte
conditioned media, aiding metastasis to the brain [96].

3.3.3. Exosomes

The topic of exosomes, which are endosome-derived microvesicles between 50 and 100 nm in
size that carry specific protein and RNA cargo, has become a subject of intense interest in
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tumor biology. Exosomes are released from cells by fusion of multi-vesicular structures with
the plasma membrane through the process of exocytosis [97]. Exosomes are a general mode of
intercellular communication and can interact with neighboring cells, thus mediating signals
between astrocytes and other cells in the brain microenvironment [98, 99].

Among RNA cargo, microRNA (miRNA) transcripts, specifically miR-26a, is highly expressed
in astrocytes and is present in astrocyte-derived exosomes [100, 101]. MiR-26a targets mRNAs
that impact neuronal function and morphology, and was first implicated in many neuronal
disorders [102–104]. Moreover, miR-26a can be sorted to exosomes and transported by these
vesicles in the plasma, serum, whole blood, urine, or secreted in vitro by human umbilical vein
endothelial cells [105–109]. In addition, miR-26a autonomously regulates primary gliomas by
increasing de novo tumor formation and radiosensitivity through targeting of suppressor phos-
phatase and tensin homolog (PTEN) and ataxia-telangiectasia mutated (ATM), respectively
[110, 111]. Therefore, it is plausible that miR-26a in astrocyte-derived exosomes may function
to regulate the surrounding tumor environment. A recent study found that primary breast
tumor cells express tumor suppressor PTEN, however this expression of PTEN was lost
reversibly after tumor cells metastasized into the brain [112]. Astrocyte-derived exosomal
miR-19a reversibly mediated the downregulation of PTEN expression in cancer cells, thus
providing one mechanism for loss of PTEN in tumor cells that enter the brain. Further, miR-19a
also increased C-C motif chemokine ligand 2 (CCL2) secretion and recruitment of myeloid cells,
thus facilitating changes in the brain microenvironment to promote metastasis [112].

4. The role of astrocytes in brain tumor stem cell biology

An important attribute of brain tumor biology regarding tumor initiation and propagation is the
existence of brain tumor stem cells (BTSCs). These cells have been found to, in many ways,
resemble adult NSCs that exist in distinct regions of the brain, including the subventricular zone
(SVZ) and the subgranular zone (SGZ) [113, 114]. Many groups identified CD133, Nestin, and
sex determining region Y-box 2 (SOX2) as markers to isolate NSCs which maintain the essential
properties of stem cells (self-renewal and ability to differentiate into multiple progeny) [115–118].
Using the NSC neurosphere culturing method, CD133 and/or CD15 have also been found to be
expressed on BTSCs fromGBM, medulloblastoma, ependymoma, and astrocytoma tumors [118–
120]. Interestingly, Singh et al. (2003) found CD133+ cells to be tumor initiating, whereas CD133�

cells could not initiate a tumor or self-renew in a mouse xenograft model [118, 121]. The levels of
CD133+ BTSCs has since been correlated to negative prognoses in gliomas, and have been found
to be particularly enriched in recurrent tumors after radiation and chemotherapy [122–124].
These findings highlight the importance of stem cells in the overall initiation, malignancy, and
recurrence of brain tumors.

4.1. Astrocytes’ direct influence on cancer stem cells

It is clear that BTSCs play an important role in the progression of all brain tumors. Therefore,
cells in the microenvironment that influence BTSCs are of interest from a clinical therapy
perspective. Interestingly, astrocytes seem to affect normal NSCs and BTSCs quite differently.
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tumor biology. Exosomes are released from cells by fusion of multi-vesicular structures with
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intercellular communication and can interact with neighboring cells, thus mediating signals
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Among RNA cargo, microRNA (miRNA) transcripts, specifically miR-26a, is highly expressed
in astrocytes and is present in astrocyte-derived exosomes [100, 101]. MiR-26a targets mRNAs
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disorders [102–104]. Moreover, miR-26a can be sorted to exosomes and transported by these
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endothelial cells [105–109]. In addition, miR-26a autonomously regulates primary gliomas by
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(SVZ) and the subgranular zone (SGZ) [113, 114]. Many groups identified CD133, Nestin, and
sex determining region Y-box 2 (SOX2) as markers to isolate NSCs which maintain the essential
properties of stem cells (self-renewal and ability to differentiate into multiple progeny) [115–118].
Using the NSC neurosphere culturing method, CD133 and/or CD15 have also been found to be
expressed on BTSCs fromGBM, medulloblastoma, ependymoma, and astrocytoma tumors [118–
120]. Interestingly, Singh et al. (2003) found CD133+ cells to be tumor initiating, whereas CD133�

cells could not initiate a tumor or self-renew in a mouse xenograft model [118, 121]. The levels of
CD133+ BTSCs has since been correlated to negative prognoses in gliomas, and have been found
to be particularly enriched in recurrent tumors after radiation and chemotherapy [122–124].
These findings highlight the importance of stem cells in the overall initiation, malignancy, and
recurrence of brain tumors.

4.1. Astrocytes’ direct influence on cancer stem cells

It is clear that BTSCs play an important role in the progression of all brain tumors. Therefore,
cells in the microenvironment that influence BTSCs are of interest from a clinical therapy
perspective. Interestingly, astrocytes seem to affect normal NSCs and BTSCs quite differently.

The Role of Astrocytes in Tumor Growth and Progression
http://dx.doi.org/10.5772/intechopen.72720

171



While astrocyte secreted factors have been shown to promote neurogenesis of normal adult
NSCs, astrocytes within the microenvironment of brain tumors have also been shown to
promote stem-like characteristics in BTSCs and enrich the stem cell population, thus worsen-
ing the malignancy of such brain tumors [125–128]. GBM CD133+ stem cells co-cultured both
directly and indirectly with astrocytes show gene expression signatures known to be involved
in GBM invasion and metastasis, such as a disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10), hyaluronan synthase 2 (HAS2), and vascular cell adhesion
molecule-1 (VCAM1). Interestingly, although there were many overlapping genes in conditions
where astrocytes and tumor cells were and were not in direct contact, even the distinct gene
expression changes in each condition were still related to tumor cell invasion. This emphasizes
the role of astrocytes in GBM invasion, which is one of the most challenging traits of GBM
[127]. Indeed, CD133+ GBM cells were found to be more invasive, whereas CD133� GBM cells
did not have the same gene expression and invasion changes [127]. Later, it was shown that
indirect co-culture with CD133+ GBM cells and astrocytes resulted in cytokine release from
astrocytes that reduced radiosensitivity of the GBM cells; again, this same phenotype and
crosstalk with astrocytes was absent in CD133� GBM cells [128]. Some of the astrocyte secreted
cytokines that induced radioresistance include CXCL1, IL-4, IL-6, and CCL7 [128]. These
differences suggest that cancer stem (or stem-like) cells signal differently with astrocytes
compared to tumor cells lacking stem characteristics. The reverse effect, which is tumor stem
cells influencing astrocytes has also been observed in GBM. GBM stem cells provide signals
that block the expression of p53 in surrounding astrocytes [129]. P53 is a tumor suppressor
often found mutated in many tumors [130], and is classically known for its function in DNA
damage response. However, recently p53 has been shown to have non-autonomous cellular
functions, particularly in the tumor microenvironment, by influencing secretion of proteins,
including ECM proteins [129, 131, 132]. Thus, the interaction between astrocytes and BTSCs
are bi-directional and influence each other’s development.

In addition to primary brain tumors, cancer stem cells of brain metastatic tumors are also
influenced by astrocytes. It has been shown that cyclooxygenase 2 (COX2) is highly
expressed in breast cancer brain metastatic cells, which autonomously induces expression
of MMP-1 and prostaglandins [133]. While MMP-1 allows for BBB tight junction and base-
ment membrane degradation to aid brain metastasis, prostaglandins are able to activate
astrocytes and subsequently increase astrocyte expression of CCL7, which was shown to
significantly increase self-renewal and survival of breast cancer stem cells through increased
expression of Nanog, a key stem cell regulator [133, 134]. This study provides evidence that
astrocytes enrich breast cancer stem cells in brain metastases and aid in their ability to
extravasate the BBB.

4.2. Astrocytes as a part of the perivascular niche

Normal NSCs in the SVZ and SGZ are maintained by specialized vascular regions called the
perivascular niche (PVN) [135]. The PVN consists of the endothelial cells lining the vascula-
ture, as well as astrocytes, pericytes, macrophages, microglia, fibroblasts, and vascular smooth
muscle cells. These cells function and signal together to maintain structure and provide signals
to NSCs. Evidence exists which demonstrates the vital role endothelial cells play inmaintaining
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and regulating NSC/BTSCs’ survival and differentiation status [136–139]. Astrocytes also play
a vital role within the PVN. First and foremost, they play an indirect but obvious role in the
structural and chemical maintenance of endothelial cell-BBB phenotypes, as discussed earlier.
Studies have shown that BTSCs maintain close proximity to angiogenic regions of the tumor
microenvironment, providing evidence that these regions phenocopy the PVNwithin the SVZ/
SGZ to provide enrichment signals to BTSCs [140].

5. Astrocytes as an immune regulator in the tumor microenvironment

The immune system within the CNS is tightly controlled. In addition to the BBB, there are other
barriers that maintain the CNS as an immune-privileged system, including the blood-meningeal
barriers and the blood-cerebrospinal fluid (CSF) barriers [141, 142]. During homeostasis, these
barriers do not allow entry of pathogens or blood-borne immune cells. Only upon CNS injury do
some of these cellular barriers become fenestrated to allow for immune cell entrance. Although
microglia are thought to be the main regulator of immune responses within the brain, astrocytes
(and other cells) also play key roles in this function [143]. A vast amount of work investigating
the astrocyte function in either normal or activated state is often related to the regulation of the
immune environment in the CNS, as shown in functional studies and astrocyte secretome
studies, summarized well by Sofroniew et al. [144–147]. As suggested by Yang et al. (2013), the
presence of classical immunological surface molecules, such as major histocompatibility (MHC)
antigen and intercellular adhesion molecule-1 (ICAM-1) on astrocytes underlines their impor-
tance in CNS immune function [11, 148, 149]. We will discuss next how astrocytes control
immune responses to invading tumor cells, and the immune-related concepts associated with
this process.

5.1. Immune responses to tumor cell presence

As mentioned in the discussion of astrocytes and tumor cell interactions at the BBB, there have
been a few key studies observing the cellular events that take place when metastatic cells
extravasate into the brain parenchyma [56, 57]. From these studies, it is known that astrocytes
are the first to respond to extravasating metastatic tumor cells entering the brain, followed by
microglia [56]. Regardless of whether a CNS tumor is primary or metastatic, microglia and
astrocytes control the immune response; therefore, it is upon their activation that other
immune cells, such as macrophages or lymphocytes, may infiltrate [144–146, 150]. Activated
astrocytes secrete pro-inflammatory molecules such as CXCL12, CCI2, Il15, CCL8, and CXCL1,
all of which are known to regulate recruitment, activation and proliferation of T-cells, B-cells,
or natural killer (NK) cells [144–146].

As it is often seen with any local or systemic inflammation, CNS immune responses can often
persist or be dysregulated by tumor cells to become pathogenic. Many of these signaling responses
aremediated by astrocytes. For example, Valiente et al. [151] reported that astrocytes produce FasL
and plasmin ligands as defense mechanisms to kill brain-invading tumor cells. In response, tumor
cells secrete serpins, which thwart the lethal action of plasmin [151]. Thus, Fas-mediated tumor cell
apoptosis is blocked, leading to tumor survival. Other cells, such as endothelial cells, in the brain
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While astrocyte secreted factors have been shown to promote neurogenesis of normal adult
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functions, particularly in the tumor microenvironment, by influencing secretion of proteins,
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ment membrane degradation to aid brain metastasis, prostaglandins are able to activate
astrocytes and subsequently increase astrocyte expression of CCL7, which was shown to
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Normal NSCs in the SVZ and SGZ are maintained by specialized vascular regions called the
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muscle cells. These cells function and signal together to maintain structure and provide signals
to NSCs. Evidence exists which demonstrates the vital role endothelial cells play inmaintaining
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and regulating NSC/BTSCs’ survival and differentiation status [136–139]. Astrocytes also play
a vital role within the PVN. First and foremost, they play an indirect but obvious role in the
structural and chemical maintenance of endothelial cell-BBB phenotypes, as discussed earlier.
Studies have shown that BTSCs maintain close proximity to angiogenic regions of the tumor
microenvironment, providing evidence that these regions phenocopy the PVNwithin the SVZ/
SGZ to provide enrichment signals to BTSCs [140].

5. Astrocytes as an immune regulator in the tumor microenvironment

The immune system within the CNS is tightly controlled. In addition to the BBB, there are other
barriers that maintain the CNS as an immune-privileged system, including the blood-meningeal
barriers and the blood-cerebrospinal fluid (CSF) barriers [141, 142]. During homeostasis, these
barriers do not allow entry of pathogens or blood-borne immune cells. Only upon CNS injury do
some of these cellular barriers become fenestrated to allow for immune cell entrance. Although
microglia are thought to be the main regulator of immune responses within the brain, astrocytes
(and other cells) also play key roles in this function [143]. A vast amount of work investigating
the astrocyte function in either normal or activated state is often related to the regulation of the
immune environment in the CNS, as shown in functional studies and astrocyte secretome
studies, summarized well by Sofroniew et al. [144–147]. As suggested by Yang et al. (2013), the
presence of classical immunological surface molecules, such as major histocompatibility (MHC)
antigen and intercellular adhesion molecule-1 (ICAM-1) on astrocytes underlines their impor-
tance in CNS immune function [11, 148, 149]. We will discuss next how astrocytes control
immune responses to invading tumor cells, and the immune-related concepts associated with
this process.

5.1. Immune responses to tumor cell presence

As mentioned in the discussion of astrocytes and tumor cell interactions at the BBB, there have
been a few key studies observing the cellular events that take place when metastatic cells
extravasate into the brain parenchyma [56, 57]. From these studies, it is known that astrocytes
are the first to respond to extravasating metastatic tumor cells entering the brain, followed by
microglia [56]. Regardless of whether a CNS tumor is primary or metastatic, microglia and
astrocytes control the immune response; therefore, it is upon their activation that other
immune cells, such as macrophages or lymphocytes, may infiltrate [144–146, 150]. Activated
astrocytes secrete pro-inflammatory molecules such as CXCL12, CCI2, Il15, CCL8, and CXCL1,
all of which are known to regulate recruitment, activation and proliferation of T-cells, B-cells,
or natural killer (NK) cells [144–146].

As it is often seen with any local or systemic inflammation, CNS immune responses can often
persist or be dysregulated by tumor cells to become pathogenic. Many of these signaling responses
aremediated by astrocytes. For example, Valiente et al. [151] reported that astrocytes produce FasL
and plasmin ligands as defense mechanisms to kill brain-invading tumor cells. In response, tumor
cells secrete serpins, which thwart the lethal action of plasmin [151]. Thus, Fas-mediated tumor cell
apoptosis is blocked, leading to tumor survival. Other cells, such as endothelial cells, in the brain
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microenvironment are also co-opted, which is facilitated by up-regulation of L1 cell adhesion
molecules (L1CAM). All these mechanisms work together to initiate brain metastasis [151].

Astrocytes are also known to function in immunosuppression. This is accomplished by
downregulating the pro-inflammatory cytokine TNF-α in surroundingmicroglia, and suppressing
the antigen presenting abilities of various immune cells by downregulating their expression of
MHCII and CD80 [152, 153]. Additionally, activated astrocytes can co-localize and induce apopto-
sis in T-cells attempting to infiltrate the brain parenchyma by expression of the “death ligand,”
CD95L, which binds the receptor on T-cells [152, 154].

5.2. Reactive Astrogliosis

Arguably, the most important feature of astrocytes in relation to their immune function is their
ability to activate, a process called reactive astrogliosis. What determines whether an astrocyte
is “activated” or not has not been clearly defined, however Sofroniew summarized the existing
research into four key features. First, reactive astrogliosis is a spectrum of molecular, cellular,
and functional changes among astrocytes in response to CNS injury of many kinds [147].
Second, the changes can vary in severity and the response can be sequential and/or progressive.
Third, the changes are regulated by intra- and inter-cellular signals and lastly, signaling events
can be both gain and loss of function in nature, resulting in both beneficial and detrimental
outcomes [147, 155]. In other words, reactive astrogliosis is spectral in nature; the triggers can
vary and therefore the “activation” or response can vary and is context dependent, which is
also true in regards to how reactive astrocytes affect tumor progression and/or tumor death.

The activation responses can be as small as a transient upregulation of GFAP, to permanent
structural changes in the brain from a process called glial scar formation. Scar formation occurs
when astrocytes proliferate and overlap to a point that causes dense, compact barriers around
necrotic tissue [147, 156]. In between these two extremes, other phenotypic changes that occur
include hypertrophy of the cell body and processes, a vast array of gene expression changes, and
varying degrees of proliferation up to the point of scar formation. Some of the chemical activa-
tors of astrocytes known to be secreted by or induced by tumor cells include EGF (glioblastoma
and medulloblastoma), TGF-α (medulloblastoma), receptor activator of nuclear factor kappa-B
(NFκB) ligand (RANKL) (glioma), macrophage migration inhibitory factor (MIF), interleukin-8
(IL-8), and plasminogen activator inhibitor-1 (PAI-1) (lung cancer metastases) [11, 157–160].

In addition to chemical activation, astrocytes can also be activated by tumor cells mechanically.
Although extremely abundant, astrocytes hold a highly regulated, non-overlapping distribution
that plays an important role in morphology and contact-dependent inhibition of proliferation
[11, 61]. This distribution and homeostasis is mediated by contact inhibition and adherens
junctions. Therefore, mechanical disruption occurs when processes such as migration and/or
proliferation of surrounding cells is initiated. Such mechanical signals could come potentially
emerge from tumor cells, subsequently triggering astrocyte activation via disruption of these
cell surface complexes such as cadherins and β-catenin [161, 162]. The genes activated by
β-catenin signaling are regulatory and often lead to proliferation and migration [11, 163].
Interestingly, Yang et al. (2012) found this contact initiated activation of astrocytes to parallel
what occurs in the transformation of astrocytomas, further coupling the process of astrocyte
activation and tumor progression [162].
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6. Therapeutic opportunities for cancer emerging from astrocyte-tumor
cross talk

As stated previously, homeostasis in brain environment is key for the functionality of the brain,
and therefore key checkpoints, such as the BBB, are responsible for maintaining homeostasis
[30]. The BBB also prevents access of key drugs into the brain for targeting tumor cells. Any
surgical intervention in the brain clearly has quality of life considerations, and does not offer
complete disease-free state. Therefore, it is of importance to prevent tumor cells from entering
the brain or block the target routes and underlying mechanisms used by tumors to circumvent
checkpoints. It is worth noting that the regions of the brain which are free from the protections
of the junctional characteristics of the BBB, such as the stroma of the choroid plexus and area
postrema have increased vascular permeability which can be problematic, and therefore must
be considered when trying to block tumor cell entrance into the brain [30].

As we know, astrocytes are capable of signaling to trigger tumor cell (breast, lung, skin, and
brain) migration, invasion and metastasis in vivo [88, 95, 127, 160]. There are many targets in
the brain microenvironment that provide effective intervention strategies for metastasis, and is
reviewed elsewhere [164]. Here, we will discuss targets and mechanisms at the signaling
interface of tumor cells and astrocytes that offer fresh perspective on intervention strategies.

6.1. Enzyme targets

As discussed earlier, we and others have identified astrocyte secreted MMP-2, MMP-9, and
MMP-1 to promote tumor progression, and blocking them with broad spectrum MMP inhibi-
tors does influence tumor metastasis in pre-clinical models [95, 96, 165–167]. Interestingly,
MMP-1 was one of 21 MMPs that showed clinical significance in regards to breast cancer brain
metastasis, and expression analysis of brain-seeking triple negative breast cancer clonal cells
confirm MMP-1 and MMP-9 as potential targets [133, 168]. Therefore, these studies suggest
either MMPs or the underlying pathways that regulate their expression as pharmaceutical
targets. Given that targeting MMPs in the past using first generation MMP inhibitors resulted
in disappointing results in the clinic, we also suggest that next generation, highly-specific
MMP inhibitors, applied locally, could be effective new strategies to consider in preventing
further growth and movement of tumor cells to a second location in the brain [169].

6.2. Gap junction protein targets

Astrocytes are co-opted to up-regulate survival genes in tumor cells and induce protection
from chemotherapy [65]. Downregulation of the astrocyte-initiated survival gene expression in
tumor cells will render tumor cells sensitive to chemotherapy [65]. This chemoprevention role,
however, appears to be contact dependent, utilizing gap junctions to mediate the changes in
tumor cells. Previously, gap junction proteins Cx43 and Cx26 were utilized by breast cancer
and melanoma cells to initiate brain metastatic lesion formation in cohort with the vascula-
ture [170]. Indeed, patient data analysis revealed increased cancer recurrence and metastasis
with increased expression of Cx26 and Cx43 in primary melanoma and breast tumor cells.
The recent work done by Chen et al. shows that brain metastatic breast and lung cancer
cells initiate contact with astrocytes through gap junctions, which produces a signaling
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activation and tumor progression [162].

Astrocyte - Physiology and Pathology174

6. Therapeutic opportunities for cancer emerging from astrocyte-tumor
cross talk

As stated previously, homeostasis in brain environment is key for the functionality of the brain,
and therefore key checkpoints, such as the BBB, are responsible for maintaining homeostasis
[30]. The BBB also prevents access of key drugs into the brain for targeting tumor cells. Any
surgical intervention in the brain clearly has quality of life considerations, and does not offer
complete disease-free state. Therefore, it is of importance to prevent tumor cells from entering
the brain or block the target routes and underlying mechanisms used by tumors to circumvent
checkpoints. It is worth noting that the regions of the brain which are free from the protections
of the junctional characteristics of the BBB, such as the stroma of the choroid plexus and area
postrema have increased vascular permeability which can be problematic, and therefore must
be considered when trying to block tumor cell entrance into the brain [30].

As we know, astrocytes are capable of signaling to trigger tumor cell (breast, lung, skin, and
brain) migration, invasion and metastasis in vivo [88, 95, 127, 160]. There are many targets in
the brain microenvironment that provide effective intervention strategies for metastasis, and is
reviewed elsewhere [164]. Here, we will discuss targets and mechanisms at the signaling
interface of tumor cells and astrocytes that offer fresh perspective on intervention strategies.

6.1. Enzyme targets

As discussed earlier, we and others have identified astrocyte secreted MMP-2, MMP-9, and
MMP-1 to promote tumor progression, and blocking them with broad spectrum MMP inhibi-
tors does influence tumor metastasis in pre-clinical models [95, 96, 165–167]. Interestingly,
MMP-1 was one of 21 MMPs that showed clinical significance in regards to breast cancer brain
metastasis, and expression analysis of brain-seeking triple negative breast cancer clonal cells
confirm MMP-1 and MMP-9 as potential targets [133, 168]. Therefore, these studies suggest
either MMPs or the underlying pathways that regulate their expression as pharmaceutical
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response (discussed in detail earlier in the chapter) resulting in chemoresistance [74]. Bio-
available modulators of gap junctions, meclofenamate and tonabersat, could influence this
paracrine signaling loop, and thus could be proposed for treatment of established brain
metastases [74].

6.3. PTEN, exosomes and miRNA targeting

Breast cancer metastases often show common alterations in the EGFR and HER2 driven
pathways, both of which are regulated by PTEN gene [171]. PTEN is mutated in human brain,
breast and prostate cancer, and loss of PTEN was found in a substantial portion of breast
cancer brain metastases samples significantly associated with triple negative breast cancer
[172, 173]. Interestingly, PTEN loss promotes a feedback loop between tumor cells and glial
cells, which contributes to disease progression. We already know one mechanism in which
PTEN expression is lost; through the targeting and degradation of transcript by miR-26a and
miR-19a from astrocyte secreted exosomes [110–112].

Blocking the astrocytes from secreting the PTEN-targeting microRNA rescues the PTEN loss
and importantly suppresses brain metastasis in vivo [112, 174]. Similarly, miR-200 containing
extracellular vesicles, which regulates the mesenchymal to epithelial transition, can be trans-
ferred from metastatic cells to non-metastatic cells leading to promotion of metastasis [175].
Therefore, collectively, approaches that promote PTEN expression or prevent loss of PTEN
expression has the potential to influence metastatic outcome in the clinic for select cancers such
as breast, brain and prostate cancer.

6.4. Adaptations (environment)

The finding that breast cancer cells take up a neuronal phenotype when they are in the brain
suggests co-evolution adaptive mechanisms associated with metastatic cells and their micro-
environment. The variable PTEN expression in metastatic tumor cells in response to differ-
ent organ environments suggests a genetic component that drives co-evolution adaptive
behavior between metastatic cells and their microenvironment [176]. Brain homing MDA-
MB-231 cells secrete bone morphogenic protein-2 (BMP-2), which mediates the differentia-
tion of NSCs into astrocytes; subsequently, downregulation of BMP-2 in the brain homing
tumor cells diminished their engraftment and colonization abilities [176]. Further, when co-
cultured with NSCs, primary (non-brain homing) MDA-MB-231 cells fail to proliferate over
15 days, but brain homing MDA-MB-231 cells escaped this growth inhibition, and prolifer-
ation occurred in parallel with NSCs' differentiation into astrocytes [176]. This suggests that
both the brain homing MDA-MB-231 cells’ adaptive phenotype and the NSCs' differentia-
tion into astrocytes are codependent, meaning the brain homing MDA-MB-231 cells require
astrocytic signals to survive. This group extended these observations further and demon-
strated that human breast cancer cells found in the brain and not in the primary tumor,
upregulated γ-aminobutyric acid (GABA) pathway genes, and displayed GABAergic pheno-
types that are similar to neuronal cells [177]. This phenotype offers a proliferative advantage
to tumor cells because GABA is catabolized into succinate which generates NADH, a critical
metabolite necessary for tumor cell sustenance. It is noteworthy that GABA is abundant in
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the brain, and perhaps tumor cells have adapted to this environment that gives them a
proliferative advantage. Of the different cells in the brain, neurons, because of their function,
require the majority of ATP [178]. As such, astrocytes expend less energy, and secrete lactate
that is generated by glycolysis [179]. This evolutionary adaptation feature of tumors and
their reliance on astrocytic signals open up avenues for targeting; several inhibitors of
metabolites such as GABA are available and could be repurposed for brain metastases
treatment. Of course, more research and context-specific treatment of such modalities will
be needed.

6.5. CNS tumor immunotherapies and astrocytes

The emergence and success of immunotherapy techniques in many blood, lymph, and some
solid tumors is bringing groundbreaking and exciting work in the cancer research field [180].
Currently, researchers are now looking for ways to modulate this therapy so it can be applied
to more tumors, including tumors in the CNS [141]. Importantly, the effectiveness of strategies
such as vaccine and immune checkpoint therapies rely on a strong response and presence of
tumor infiltrating immune cells for antigen presentation, which is low in most brain tumors
due to the limited presence of resident immune cells within the brain [141, 181]. Some strate-
gies to stimulate the immune response, such as adjuvants or tetanus and diphtheria boosters
with vaccine administration have increased effectiveness [141, 182, 183]. As discussed earlier,
astrocytes play an important role in immunosuppression in the brain tumor microenviron-
ment, however this function has not yet been targeted. Therefore, one could postulate investi-
gation of a combination therapy targeting an immunosuppressive factor(s) produced by
astrocytes as an additional option worthy of research.

Much excitement in the immune therapy world surrounds the programmed death ligand-1
(PD-L1), an immune checkpoint signal that is immunosuppressive by binding its cognate
receptor, programmed death-1 (PD-1) receptor, expressed on T-cells to induce apoptosis [184].
Targeting and blocking PD-L1 or PD-1 with antibody therapies has been an effective treatment
for several cancers [185, 186]. It has been shown that GBM tumors highly express PD-L1, in
addition to infiltrating microglia [187, 188]. Normal astrocytes have also been found to highly
express PD-L1, however astrocyte expression of PD-L1 in a tumor setting has not yet been
investigated [189]. Future work investigating astrocyte (normal and reactive) expression of
PD-L1 is needed and will provide mechanistic hypothesis to current clinical trial that utilizes
nivolumab, a PD-1 antibody, in combination with temozolomide for treatment GBM. PD-L1
has also been investigated in metastatic brain tumors, however expression and correlation to
outcomes appear to be tumor dependent, leading to conflicting reports on whether PD-L1
expression correlates to a positive or negative prognosis, therefore more research is needed
[190–192].

7. Conclusions

Until recently, the complexities of astrocyte signaling and influence on human pathologies
were not fully appreciated in the literature, especially in regards to astrocytes’ influence on
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Targeting and blocking PD-L1 or PD-1 with antibody therapies has been an effective treatment
for several cancers [185, 186]. It has been shown that GBM tumors highly express PD-L1, in
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investigated [189]. Future work investigating astrocyte (normal and reactive) expression of
PD-L1 is needed and will provide mechanistic hypothesis to current clinical trial that utilizes
nivolumab, a PD-1 antibody, in combination with temozolomide for treatment GBM. PD-L1
has also been investigated in metastatic brain tumors, however expression and correlation to
outcomes appear to be tumor dependent, leading to conflicting reports on whether PD-L1
expression correlates to a positive or negative prognosis, therefore more research is needed
[190–192].
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Until recently, the complexities of astrocyte signaling and influence on human pathologies
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tumor biology. Cancer researchers began recognizing that tumor cells themselves may not be
the sole perpetrators in tumor initiation and progression, and the resulting research has made
it increasingly clear that tumor cells and the host environment they reside in are constantly
communicating to facilitate growth, sustenance and metastasis [193, 194]. To facilitate tumor
progression, the host environment is either co-opted by tumor cells or defense mechanisms of
host cells are overcome by the tumor cells. Whether astrocytes are “friends” or “foes” of tumor
cells is a matter of context, as evidence exists for both scenarios. Figure 1 depicts the balancing
act of these functions, in addition to the outside factors which dictate them, eventually deter-
mining the fate of the respective tumor cells and tumor as a whole. There are many known
(and unknown) factors that must be considered in understanding CNS tumors and their
relation to astrocytes. We summarize some of the tumor promoting mechanisms of astrocytes,
which have been highlighted in this chapter (Figure 2), effecting both primary brain tumors
and secondary brain metastases. The diversity of astrocyte mechanism modalities will hope-
fully bring about unique and novel intervention strategies, some of which were also discussed
in this chapter. In conclusion, astrocytes are a critical cell type that participate in various
physiological and pathological conditions, and their role in the history of tumor progression
is beginning to be appreciated.
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Abstract

In neurons, iron plays an important role in the signal transduction related to synap-
tic plasticity. The neuronal iron supply is tightly controlled and depends not only on 
transferrin-bound iron but also on non-transferrin-bound iron (NTBI). Ceruloplasmin 
is bound to the cell membranes of astrocytes, where it plays a role in iron efflux from 
astrocytes due to the activity of ferroxidase, which oxidizes ferrous iron after its transfer 
to the cell surface via ferroportin, and which delivers ferric iron to extracellular trans-
ferrin, which is transported to neurons. Aceruloplasminemia is an autosomal recessive 
neurodegenerative disorder in which iron accumulates in the brain due to the complete 
lack of ceruloplasmin ferroxidase activity. Redox-active iron accumulation was found 
to be more prominent in astrocytes than in neurons. Neurons take up iron from alter-
native sources of NTBI because astrocytes without ceruloplasmin cannot transport iron 
to transferrin. Neuronal cell loss may result from iron starvation in the early stage of 
aceruloplasminemia and may result from iron-mediated oxidation in the late stage of 
the condition. The excess iron in astrocytes can result in oxidative damage to these cells, 
thereby disrupting the neuronal cell protection offered by astrocytes in patients with 
aceruloplasminemia.

Keywords: ceruloplasmin, iron, ferroxidase, non-transferrin-bound iron (NTBI), 
neurodegeneration

1. The role of iron in brain

Iron is a bioactive metal that is essential for a normal brain function. It participates in a variety 
of cellular functions, including the biosynthesis of many neurotransmitters, myelin formation 
and electron transport, which sustains the brain’s energy metabolism. On the other hand, 
excessive iron in the brain causes neuronal injury, because redox-active ferrous iron (Fe2+) 
enhances oxidative stress due to the generation of the highly cytotoxic hydroxyl radical [1, 2]. 
A deficiency or excess of iron can cause impaired cellular functions and eventually cell death. 
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However, the precise mechanisms underlying the metabolism of iron and its regulation in 
the brain remain unknown. Iron deficiency in the developing human has been clearly estab-
lished as a causative factor of long-term developmental and cognitive impairment. Late fetal 
and early postnatal iron deficiency is a condition that causes learning and memory impair-
ments in humans, which persist after iron repletion [3–6]. Two other factors that are important 
in determining the degree of cognitive deficit are the magnitude and the duration of iron 
deficiency [7]. In contrast, while several prominent neurodegenerative disorders, including 
Alzheimer’s disease and Parkinson’s disease, have been reported to be associated with the 
excessive accumulation of iron in specific brain regions, the relationship of this accumulation 
to the pathogenesis of these diseases is far from clear. The iron control in the brain is virtually 
independent of the rest of the body. Indeed, it has been reported that neither systemic iron-
overload nor systemic iron deficiency has a significant effect on the brain in adulthood [1, 8].

Despite the critical and diverse role of iron in the brain function, the molecular and cellular 
details of neuronal iron metabolism remain poorly understood; however, current studies have 
started to uncover the participation of iron in signal transduction mechanisms related to syn-
aptic plasticity and that iron is needed for long-term potentiation (LTP), and have provided 
a potential model to account for the learning and memory deficits exhibited by humans with 
iron deficiency. Iron-generated reactive oxygen species (ROS) could be a new class of mol-
ecules that act as second messengers in the signaling cascades related to synaptic plasticity, 
the putative cellular substrate of memory [9]. These ROS are involved in the calcium signaling 
initiated by the stimulation of NMDA receptors. On the other hand, an excess of iron, with 
the ensuing uncontrolled production of ROS, is detrimental to neuronal survival. In the pres-
ence of elevated iron, increased synaptic activity can cause iron overload and contribute to the 
development of cytotoxic effects [10], as was suggested to occur in Alzheimer’s disease [11]. A 
direct coupling between synaptic activity and iron entry can properly address these require-
ments. This is a double-edged sword in that iron entry—if not properly controlled—represents 
a harmful condition, because Fe2+ is capable of catalyzing the Fenton reaction, which occurs 
primarily at the mitochondrial level with the production of the highly toxic hydroxyl radical 
[12]. Astrocytes that can uptake iron, and which thereby buffer its concentration in the synap-
tic environment, may play a protective role. Astrocytes are endowed with a strong detoxifying 
defense system that makes them more resistant to oxidative insults than neurons [13].

2. Ceruloplasmin

Ceruloplasmin consists of a single chain of 1046 amino acids and is a member of the multicop-
per oxidase family. This protein is a glycoprotein of the α2 globulin fraction of the serum, and 
contains 95% of the copper in the plasma [14]. There were precisely six copper ions present 
in the molecule, and that there was an important three-copper catalytic center—the so-called 
‘trinuclear cluster’—which plays an important role in the oxidase reaction [15]. Despite the 
need for copper for the functions of ceruloplasmin, this protein plays no essential role in  
the transport or metabolism of copper. Copper depletion resulted in a marked decrease in the 
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circulating serum ceruloplasmin in association with iron deficiency anemia that could only 
be corrected by the administration of copper and by the accumulation of iron in parenchymal 
tissues, while the administration of exogenous ceruloplasmin resulted in the prompt release 
of iron from tissue with subsequent incorporation into circulating transferrin. The essential 
function of ceruloplasmin is as a ferroxidase, which utilizes the electron chemistry of bound 
copper ions to couple the oxidation of ferrous iron (Fe2+) to the reduction of oxygen bound to 
the trinuclear cluster [16, 17].

Two isoforms of this protein are generated by alternative splicing: a secretory form (serum 
ceruloplasmin) and a glycosylphosphatidylinositol (GPI)-linked form [18]. The secretory form 
is mostly expressed in hepatocytes, while the GPI-linked form is expressed in the brain, liver, 
and several other organs [19]. Although the GPI-linked form is strongly expressed within the 
brain, several other tissues are known to express it at relatively low levels (i.e., the spleen, 
kidney, heart, and liver). In the brain, most ceruloplasmin is derived from astrocytes and is 
located on the surface of astrocytes in the GPI-linked form [20].

Serum transferrin-bound iron is endocytosed by brain endothelial cells, which are depen-
dent on transferrin receptor 1, and iron is released to the brain interstitial fluid through the 
basolateral iron exporter, ferroportin. Extracellular iron is oxidized due to GPI-linked ceru-
loplasmin, which is found in the foot processes of astrocytes, and then iron binds to the 
transferrin and is transported to neurons [21]. The GPI-linked ceruloplasmin likely plays 
an important role in the mobilization of iron and the antioxidant effects in the central ner-
vous system [20, 22]. GPI-linked ceruloplasmin may be associated with iron homeostasis 
and the antioxidant defense by protecting the central nervous system from iron-mediated 
free radical injury. The ferroxidase activity of GPI-linked ceruloplasmin is also essential for 
the stability of cell surface ferroportin [23, 24]. The importance of ceruloplasmin in human 
biology is underscored by aceruloplasminemia, which is an inherited disease of iron homeo-
stasis. This disease reveals an essential role of ceruloplasmin in brain iron homeostasis. It is 
known that (1) ceruloplasmin regulates the efficiency of iron efflux, (2) ceruloplasmin func-
tions as a ferroxidase and regulates the oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+), 
(3) ceruloplasmin does not bind to transferrin directly, (4) ceruloplasmin stabilizes the cell 
surface iron transporter, ferroportin, and (5) GPI-linked ceruloplasmin is the predominant 
form expressed in the brain [19].

3. Aceruloplasminemia

In 1987, we described the first case of aceruloplasminemia in a 52-year-old Japanese woman 
suffering from blepharospasm, retinal degeneration, and diabetes mellitus (DM) [25]. 
Subsequent evaluations revealed the presence of anemia and low serum iron concentrations, 
despite the fact that the patient had high levels of serum ferritin and marked iron accumula-
tion in the brain and liver on T2-weighted magnetic resonance imaging (MRI, Figure 1), as 
well as the complete absence of serum ceruloplasmin. The lack of serum ceruloplasmin was 
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form expressed in the brain [19].
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In 1987, we described the first case of aceruloplasminemia in a 52-year-old Japanese woman 
suffering from blepharospasm, retinal degeneration, and diabetes mellitus (DM) [25]. 
Subsequent evaluations revealed the presence of anemia and low serum iron concentrations, 
despite the fact that the patient had high levels of serum ferritin and marked iron accumula-
tion in the brain and liver on T2-weighted magnetic resonance imaging (MRI, Figure 1), as 
well as the complete absence of serum ceruloplasmin. The lack of serum ceruloplasmin was 
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inherited in an autosomal recessive fashion. A direct connection between iron accumulation 
in both the brain and liver and the complete absence of serum ceruloplasmin was hypoth-
esized. A genetic analysis of the ceruloplasmin gene revealed that this patient was homozy-
gous, with a 5-base insertion in exon 7 (c.1286_90insTACAC), which resulted in a frame shift 
mutation and a truncated open reading frame [26]. The clinical findings and the identification 
of a mutation in the ceruloplasmin gene confirmed that the disorder was a novel disorder 
of iron metabolism, which resulted from a lack of ceruloplasmin in the serum. The disor-
der was termed aceruloplasminemia (MIM 604290). The patient died from pancreatic cancer 
at 66 years of age. We examined the pathological studies that were performed in this case 
[27]. Brown pigmentation of the basal ganglia was observed in a coronal section of the brain 
(Figure 2). Severe iron deposition was observed in the basal ganglia, thalamus, and cerebel-
lum, and neuronal loss was observed in the regions with the highest iron accumulation. The 
iron deposition in astrocytes was more severe than that in neurons (Figure 2). The globular 
structures (inclusions) were identified in the cerebral cortices as well as the basal ganglia. 
These structures included many oxidatively damaged proteins that were derived from astro-
cytes. Intense redox-active iron deposition was mainly demonstrated in the inclusions in the 
astrocytes (Figure 2).

Aceruloplasminemia is classified as an inherited neurodegenerative disorder with systemic 
iron-overload syndrome. The clinical manifestations of aceruloplasminemia are the triad of 
retinal degeneration, DM, and neurological signs/symptoms [27]. The neurological manifes-
tations (in order of frequency) include ataxia, involuntary movement, cognitive dysfunction 
and parkinsonism; these correspond to the specific regions of brain iron accumulation. These 
symptoms generally appear in the fourth or fifth decade of life. More than 40% of involuntary 
movement is dystonia, and approximately 25% of cases exhibit chorea and choreoathetosis. 

Figure 1. The brain MRI findings in a patient with aceruloplasminemia. T1-weighted (lower row) and T2-weighted 
(upper row) axial images of the brain showed signal attenuation of the dentate nucleus of the cerebellum (arrows), basal 
ganglia (arrowheads), and thalami (double arrows).
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The cognitive dysfunction includes forgetfulness, mental slowing, and apathy. The neuro-
imaging studies of aceruloplasminemia patients are strongly supported by the characteristic 
abnormally low intensity on MRI, reflecting the accumulation of iron in the liver and brain. 
In Japan, the prevalence of aceruloplasminemia was estimated to be approximately one per 
2,000,000 in individuals with non-consanguineous parents [28]. Genetic testing can confirm 
the diagnosis. Worldwide, genetic analyses of patients with aceruloplasminemia have identi-
fied more than 50 distinct mutations in the ceruloplasmin gene [29]. The majority of mutations 
are truncated mutations, which lead to the formation of a premature stop codon. The human 
ceruloplasmin gene contains 20 exons. The ferroxidase activity of ceruloplasmin is dependent 
upon the trinuclear copper cluster, the ligands for which are encoded by exon 18 [30]. The 
truncated mutations identified are predicted to result in the formation of a protein lacking 
the copper cluster sites that are presumed to be critical for the enzymatic function. The clini-
cal phenotype in most patients shows little variation, regardless of the specific mutation [31]. 
The precise pathogenesis of iron deposition in the brain has been unclear, but evidence from 
several studies suggests that the enhanced oxidative stress induced by excess iron causes neu-
ronal cell death [32, 33].

Figure 2. The histopathological findings in a patient with aceruloplasminemia. A coronal section of the brain shows 
brown pigmentation of the basal ganglia (a). Severe ferric iron deposition is noted in the putamen (b: Berlin blue stain). 
Iron deposition is mainly observed in the astrocytes, and a small amount of ferric iron is seen in the neurons (c: Berlin 
blue staining + H&E staining). Globular structures, indicated by arrowheads, are seen in the astrocytes (d: H&E staining) 
and were positive for anti-HNE antibody (e). The electron microscopic findings of the globular structures indicate that 
they contain many electron-dense bodies (f). The marked accumulation of redox-active iron is shown in the globus 
pallidus of an aceruloplasminemic brain (g) in comparison to the brain of a control subject (h) (redox-active iron staining: 
A modified Perl’s technique). Scale bars: b-e, g, h =100 μm; f = 5 μm.
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4. The role of astrocytes in aceruloplasminemia

In the brain of aceruloplasminemia patients, abnormal astrocytes were more frequently observed 
in the basal ganglia, where the accumulation of iron was marked than that in the frontal cortex. 
Intense ferrous iron deposition was demonstrated in the inclusions, many of which were positive 
for glia fibrillary acidic protein (GFAP) and which were stained by anti-4-hydroxynoneal (HNE) 
antibody. GFAP is most severely modified by oxidative stress in the brains of patients with ace-
ruloplasminemia [34]. Intense ferrous iron deposition was demonstrated in the inclusions. The 
morphological changes in the astrocytes may be related to iron-induced tissue damage.

GPI-linked ceruloplasmin is bound to the cell membranes of astrocytes, where it plays an 
important role in the mobilization of iron from the blood to the extracellular space in the brain 
through astrocytes due to the ferroxidase activity. Ferroportin is a cell membrane-bound pro-
tein that is expressed in the brain as well as several organs and which transports intracellular 
ferrous iron to transferrin via the oxidization of ferrous iron to ferric iron via the ferroxidase 
of ceruloplasmin. GPI-linked ceruloplasmin likely plays an important role in the mobilization 
of iron from astrocytes to neurons. A ceruloplasmin homolog, hephaestin, is also expressed on 
neurons and functions as a ferroxidase to interact with neuronal ferroportin. Ceruloplasmin 
and ceruloplasmin/hephaestin knockout mice exhibited a neurodegenerative phenotype and 
retinal degeneration, consistent with that seen in aceruloplasminemia patients [35, 36]. The 
brain requires iron at concentrations that are several times higher than that obtained from 
the blood in order to maintain its normal function [2]. Taken together, the known functions 
of iron metabolic molecules suggest the presence of a cycle of iron storage and reutiliza-
tion within the brain [37]. The neuronal iron supply is tightly controlled and mainly neurons 
take up iron from transferrin and alternative sources of non-transferrin-bound iron (NTBI). 
The pathological findings in the brain of patients with aceruloplasminemia included severe 
iron deposition in both the astrocytes and neurons, and neuronal loss. The iron accumulation 
observed in the neurons indicates that the neurons take up significant amounts of iron due 
to alternative sources of NTBI, because astrocytes without any expression of ceruloplasmin 
cannot transport iron to the transferrin that binds to transferrin receptor 1 on neurons. A 
ceruloplasmin-deficient model showed that neuronal cell loss may result from iron starvation 
in regions where the iron in astrocytes is not effectively mobilized for the uptake into neu-
rons, and the accumulation of excess iron in astrocytes may also result in oxidative damage 
to these cells, with the subsequent loss of the glial-derived growth factors that are critical for 
neurons [36]. Neuronal cell injury may therefore result from iron deficiency in the early stage 
as well as iron-mediated oxidation in the late stage (Figure 3). NTBI is mainly composed of 
Fe3+ that is loosely bound to buffering molecules (mainly citrate and ascorbate). The high con-
centrations of ascorbate in the cerebrospinal fluid, which are up to 100 times higher than the 
concentrations in plasma, result in a reducing environment that increases the ratio Fe2+/Fe3+ 
ratio in NTBI [38]. Thus, in addition to its physiological role in the brain, NTBI can acquire 
a pathological relevance, as NTBI levels increase during aging. NTBI has been thought to be 
an important contributor to the pathogenesis of cancer, cardiovascular diseases, and neuro-
degenerative disorders. The high propensity of NTBI to induce the generation of ROS makes 
it a potentially toxic form of iron; it is responsible for cellular damage not only at the plasma 
membrane level but also toward different intracellular organelles [39]. High levels of NTBI 
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accumulate in the brains of patients with neurodegenerative disorders, including patients 
with Parkinson’s disease and Alzheimer’s disease [40]. Oxidative stress, which is closely 
related to the increased iron levels in the brain, and which may also occur due to defects in 
the antioxidant defense mechanism, is widely believed to be associated with neuronal cell 
death in patients with these diseases [41]. Astrocyte dysfunction may contribute to neuronal 
cell loss, in addition to the direct effects of free radicals on neurons. GPI-linked ceruloplasmin 
may be associated with astrocyte homeostasis and neuronal survival in the brain.

5. Conclusion

Astrocytes play an important role in iron homeostasis in the brain. They participate in the 
synaptic plasticity through the supply of iron to neurons and by buffering iron. The excess 
iron in astrocytes can result in oxidative damage to these cells, thereby disrupting the neuro-
nal cell protection offered by astrocytes in patients with aceruloplasminemia.

Figure 3. A model of the iron metabolic cycle in the brain. In the normal brain (a), iron may be recycled between astrocytes 
and neurons. Transferrin acts as a shuttle to deliver iron from astrocytes to neurons. The GPI-linked ceruloplasmin on 
astrocytes is a ferroxidase that mediates the oxidation of ferrous iron and its subsequent transfer to transferrin. Neurons 
take up the transferrin-bound iron and also take up iron from alternative sources (non-transferrin-bound iron; NTBI). 
Hephaestin also plays a role as a ferroxidase and interacts with neuronal ferroportin. In the brain of a patient with 
aceruloplasminemia, neuronal cell loss may result from iron deficiency in regions where the iron in astrocytes cannot be 
mobilized for the uptake into neurons in the early stage of the disease (b). Iron accumulation is subsequently observed in 
neurons as well as astrocytes, since neurons take up iron from NTBI, not from transferrin, in the late stage of the disease 
(c), because astrocytes without GPI-linked ceruloplasmin cannot transport iron to transferrin. TBI, transferrin-bound iron; 
NTBI, non-transferrin-bound iron; FPN, iron transporter of ferroportin; Cp, ceruloplasmin; Tf-R, transferrin receptor 1.
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cell loss, in addition to the direct effects of free radicals on neurons. GPI-linked ceruloplasmin 
may be associated with astrocyte homeostasis and neuronal survival in the brain.

5. Conclusion

Astrocytes play an important role in iron homeostasis in the brain. They participate in the 
synaptic plasticity through the supply of iron to neurons and by buffering iron. The excess 
iron in astrocytes can result in oxidative damage to these cells, thereby disrupting the neuro-
nal cell protection offered by astrocytes in patients with aceruloplasminemia.

Figure 3. A model of the iron metabolic cycle in the brain. In the normal brain (a), iron may be recycled between astrocytes 
and neurons. Transferrin acts as a shuttle to deliver iron from astrocytes to neurons. The GPI-linked ceruloplasmin on 
astrocytes is a ferroxidase that mediates the oxidation of ferrous iron and its subsequent transfer to transferrin. Neurons 
take up the transferrin-bound iron and also take up iron from alternative sources (non-transferrin-bound iron; NTBI). 
Hephaestin also plays a role as a ferroxidase and interacts with neuronal ferroportin. In the brain of a patient with 
aceruloplasminemia, neuronal cell loss may result from iron deficiency in regions where the iron in astrocytes cannot be 
mobilized for the uptake into neurons in the early stage of the disease (b). Iron accumulation is subsequently observed in 
neurons as well as astrocytes, since neurons take up iron from NTBI, not from transferrin, in the late stage of the disease 
(c), because astrocytes without GPI-linked ceruloplasmin cannot transport iron to transferrin. TBI, transferrin-bound iron; 
NTBI, non-transferrin-bound iron; FPN, iron transporter of ferroportin; Cp, ceruloplasmin; Tf-R, transferrin receptor 1.
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Abstract

Liver disease is one of the major chronic disabilities around the world. It is known that 
global casualties are increasing because of virus C infection, alcohol consumption, or non-
alcoholic circumstances. One of the main derived comorbidities of liver disease is the hepatic 
encephalopathy (HE), a severe neuropsychological syndrome derived from the acute or 
chronic liver disease. A key feature accounting for HE symptoms in cirrhotic patients is 
brain edema, which is triggered by hyperammonemia. In basal conditions, ammonia can be 
metabolized in the central nervous system (CNS) by astrocytes, which synthetize glutamine 
using ammonia and glutamate as substrates. In hyperammonemic conditions, astrocytes 
synthetize large amounts of glutamine generating a hyperosmotic condition, inducing these 
cells to become swollen in shape, invoking the characteristic symptom clinically manifested 
in patients with HE, as brain edema; this condition is regulated by water channels called 
aquaporins (AQPs) and by other molecules such as myoinositol. Experimental evidence 
suggests that some small non-coding RNAs may regulate AQPs expression both in vivo an 
in vitro and that some pharmacological interventions improve cognitive impairment in cir-
rhotic patients. It is undeniable that astrocytes and the different signaling pathways beneath 
its plasma membrane play a crucial role in liver disease-derived HE and represent some of 
the novel pharmacological targets to treat comorbidities of the liver disease.

Keywords: liver, hyperammonemia, encephalopathy, astrocytes, astrogliosis

1. Introduction

1.1. General aspects of liver disease and hepatic encephalopathy

Liver disease is one of the leading non-infectious pathologies affecting people around the 
world. In its report from 2015, WHO indicates that the advanced form of liver disease, mean-
ing cirrhosis, is among the 20 most frequent (2%) causes of death (~1.62 × 106) around the 
globe (http://www.who.int/). Hepatic encephalopathy (HE) is a pathological condition that 
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chronic liver disease. A key feature accounting for HE symptoms in cirrhotic patients is 
brain edema, which is triggered by hyperammonemia. In basal conditions, ammonia can be 
metabolized in the central nervous system (CNS) by astrocytes, which synthetize glutamine 
using ammonia and glutamate as substrates. In hyperammonemic conditions, astrocytes 
synthetize large amounts of glutamine generating a hyperosmotic condition, inducing these 
cells to become swollen in shape, invoking the characteristic symptom clinically manifested 
in patients with HE, as brain edema; this condition is regulated by water channels called 
aquaporins (AQPs) and by other molecules such as myoinositol. Experimental evidence 
suggests that some small non-coding RNAs may regulate AQPs expression both in vivo an 
in vitro and that some pharmacological interventions improve cognitive impairment in cir-
rhotic patients. It is undeniable that astrocytes and the different signaling pathways beneath 
its plasma membrane play a crucial role in liver disease-derived HE and represent some of 
the novel pharmacological targets to treat comorbidities of the liver disease.
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1. Introduction

1.1. General aspects of liver disease and hepatic encephalopathy

Liver disease is one of the leading non-infectious pathologies affecting people around the 
world. In its report from 2015, WHO indicates that the advanced form of liver disease, mean-
ing cirrhosis, is among the 20 most frequent (2%) causes of death (~1.62 × 106) around the 
globe (http://www.who.int/). Hepatic encephalopathy (HE) is a pathological condition that 
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represents the neuropsychiatric disorder derived from liver disease. It is known that about 
80% of patients with liver disease (depending on severity), may develop HE, which represents 
one of the major complications leading to death in about 90% of patients with acute liver fail-
ure (ALV) [1]. HE has been classified by the Hepatic Encephalopathy consensus Group, at the 
World Congress of Gastroenterology in 1998, in type A, associated with ALV; type B related 
to porto-systemic bypass; and type C related with chronic liver disease, mainly cirrhosis [2]. 
Further classification includes the severity of symptoms that includes the subcategory called 
covert (CHE, also known as minimal), persistent (PHE), and overt (OHE). The former is mild 
in manifestations and is hard to diagnose without specific neurophysiological and neuropsy-
chological tests, such as the visual-based flicker test, the psychometric hepatic encephalopathy 
score (PHES), the repeatable battery for assessment of neuropsychological status (RBANS), the 
inhibitory control test (ICT), the cognitive drug research (CDR), and the most recent STROOP 
App test (EncephalApp_Stroop), a practical smartphone App tool for HE screening to be used by 
the own patients [3, 4]. The PHE and OHE involve more specific clinical symptoms, including 
seizures, hyperreflexia, rigidity, myoclonus (sudden involuntary jerking of a muscle or a group 
of muscles), asterixis (hand tremor when wrist is extended), and stupor, which can be detected 
or reported by the clinician or patient as well [5]. In all of these cases, the main gross causative 
is the liver failure and the metabolic pathways affected thereafter. In general terms, HE is a 
debilitating condition in which patients gradually became less psychologically independent 
and more psychiatrically dependent. The majority of the symptoms in HE are triggered by 
molecular events within the central nervous system (CNS), and several hypotheses have been 
proposed in order to understand the pathophysiology. Some of them suggest that metabolites 
such as ammonia, myoinositol, glutamine, manganese, inflammatory mediators (IL-1, IL-6, 
and TNFα), and amino acids (Tyr, Phe, Val, Ile, and Leu) [6], regarding its effects over astro-
cytes and neuronal cells, are responsible of the clinical manifestations of the disease [6–8].

2. Astrocytes as mediators of the pathophysiology of HE

In this and further sections, we will try to introduce to the reader into a review about recent 
findings that illustrates how the physiological functions of the liver, or to a better extent, a 
lack of them, may harm at different levels, the metabolic and physiological homeostasis over 
brain cells and function.

2.1. Ammonium metabolism

The liver is responsible to detoxify the majority of endogenous or exogenous toxic compounds 
produced by the metabolic or catabolic activity within the organism, including pharmacologi-
cal metabolites, ammonium, bilirubin, bile salts, etc. Several factors may affect liver functions, 
such as increased consumption of a fat diet, another one is the chronic alcohol abuse; while 
the infection by hepatitis C virus (HCV), pharmacological intoxication (mainly paracetamol), 
complete the pathological scenario. The fatty liver, also known as steatosis (non-alcoholic fatty 
liver disease or NAFLD), has been called the first hit in liver damage, which when not prop-
erly attended, could result in a chronic inflammation or steatohepatitis (NASH). NASH could 
evolve to fibrosis and eventually to a more critical stage, cirrhosis. Cirrhotic patients suffer a 
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wide spectrum of comorbidities [9]. Among them is hepatic encephalopathy (HE), a debili-
tating psychological condition where the patients present a variety of symptoms including 
loss of memory, mild or manifested tremors, and most importantly, increased plasma levels 
of ammonia. In basal conditions, ureotelic organisms like humans, should contend with the 
ammonia derived from the gastrointestinal bacterial activity and muscle metabolism, by con-
verting it to carbamoyl-phosphate (CP), a substrate of the urea cycle, CP is then converted to 
citrulline, the precursor of arginosuccinate; arginosuccinate is then transformed to arginine 
and by the action of arginase, arginine is converted to urea and ornithine; all of these reactions 
takes place within the mitochondria and cytosol of the hepatocytes, resulting in the release of 
urea into the bloodstream and then in urine [10]. However, in pathological conditions like cir-
rhosis, hepatocytes are unable to produce urea; therefore, ammonium in its form of gas (NH3) 
easily diffuses to the blood brain barrier (BBB). Once within CNS, ammonium is metabolized 
primarily by the astrocytes, a group of specialized glial cells capable of modulate inhibitory 
and excitatory neurotransmission. In its form of ion (NH4

+), ammonia reaches the astrocytes 
where a different transporter mediates its translocation throughout the plasma membrane. 
Among this transporters are the Na+/K+-ATPase pump, the Na+/H+-ATPase antiporter and 
Na+/K+/2Cl−, K+/Cl− symporters [5]. Astrocytes metabolize the ammonium by the so-called 
glutamate-glutamine cycle (GGC). The GGC produces glutamine (Gln) through the action of 
glutamine synthetase (GS), delivering it to neighboring glutamatergic neurons (Figure 1). In 
neurons, glutamine is subject to the opposite reaction, mediated by the enzyme glutaminase, 
whose products are glutamate and ammonium. Glutamate is packaged into synaptic vesi-
cles and released to the synaptic cleft in response to electrochemical stimulus, while ammo-
nium is released to the extracellular space [11]. Once released, glutamate binds to ionotropic 
(N-methyl-d-aspartate (NMDA) or AMPA) receptors, or metabotropic (mGluR1 and mGluR2) 
receptors in the postsynaptic neuron and astrocytes [11]. Unbound released glutamate can be 

Figure 1. The glutamine (Gln)-glutamate (Glu) cycle within astrocytes. Glutamine synthase (GS) mediates the reaction of 
ammonia (NH4+) and Glu to produce Gln. Gln is then exported by a specific transporter (illustrated here as a small black 
cylinder) to the glutamatergic neurons near the astrocyte. The cycle completes when Glu is released to the synaptic cleft 
and then binds to NMDA receptors or is recaptured by astrocytes to began the cycle. See text for details.
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ammonia derived from the gastrointestinal bacterial activity and muscle metabolism, by con-
verting it to carbamoyl-phosphate (CP), a substrate of the urea cycle, CP is then converted to 
citrulline, the precursor of arginosuccinate; arginosuccinate is then transformed to arginine 
and by the action of arginase, arginine is converted to urea and ornithine; all of these reactions 
takes place within the mitochondria and cytosol of the hepatocytes, resulting in the release of 
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Among this transporters are the Na+/K+-ATPase pump, the Na+/H+-ATPase antiporter and 
Na+/K+/2Cl−, K+/Cl− symporters [5]. Astrocytes metabolize the ammonium by the so-called 
glutamate-glutamine cycle (GGC). The GGC produces glutamine (Gln) through the action of 
glutamine synthetase (GS), delivering it to neighboring glutamatergic neurons (Figure 1). In 
neurons, glutamine is subject to the opposite reaction, mediated by the enzyme glutaminase, 
whose products are glutamate and ammonium. Glutamate is packaged into synaptic vesi-
cles and released to the synaptic cleft in response to electrochemical stimulus, while ammo-
nium is released to the extracellular space [11]. Once released, glutamate binds to ionotropic 
(N-methyl-d-aspartate (NMDA) or AMPA) receptors, or metabotropic (mGluR1 and mGluR2) 
receptors in the postsynaptic neuron and astrocytes [11]. Unbound released glutamate can be 

Figure 1. The glutamine (Gln)-glutamate (Glu) cycle within astrocytes. Glutamine synthase (GS) mediates the reaction of 
ammonia (NH4+) and Glu to produce Gln. Gln is then exported by a specific transporter (illustrated here as a small black 
cylinder) to the glutamatergic neurons near the astrocyte. The cycle completes when Glu is released to the synaptic cleft 
and then binds to NMDA receptors or is recaptured by astrocytes to began the cycle. See text for details.

Astrocyte Pathophysiology in Liver Disease
http://dx.doi.org/10.5772/intechopen.72506

209



recycled when  captured by the excitatory amino acid transporters (EAAT) located in the astro-
cytes membrane. These events represent the final step in the GGC.

On the other hand, besides GGC, astrocytes may use other systems to titrate ammonium from 
bloodstream. Those based in the use of the branched chain amino acids (BCAA) on one side, or 
the use of L-ornithine and L-aspartate in the other. In the first case, BCAA are metabolized by 
the enzyme branched-chain amino acid transaminase (BCAT) particularly enriched in the cyto-
plasm and axons of glutamatergic and GABAergic neurons [12]; cytoplasmic BCAT enzymati-
cally mediates the synthesis of branched-chain ketoacids (BCKA), which in turn generates both, 
a precursor for the tri-carboxylic acid cycle (TCA) in the form of Acetyl-CoA and the excitatory 
amino acid glutamate; glutamate in turn, can be metabolized by means of the GS to produce 
glutamine; glutamine is deaminated by the phosphate-activated glutaminase (PAG) which is 
also present in the cytoplasm of neuronal and glial cells [13]. The second one, the L-Ornithine 
and L-Aspartate system, operates to generate glutamate by means of the ornithine- or aspartate-
aminotransferase (OAT, AAT); both enzymes are enriched in the skeletal muscle, thus contrib-
uting to stimulate the glutamine production in this tissue by the GS, diminishing the ammonia 
derived from circulation [5]. L-ornithine and L-aspartate represent one of the most frequent 
therapeutic approaches to improve ammonia levels in cirrhotic patients, as we shall see later.

2.2. Astrocytes and the effect of hyperammonemic conditions within CNS

It is known that NH4
+ and K+ have comparable physical and chemical properties, so that 

any change or increase in NH4
+ concentrations may activate the Na+ transport by the Na+/

K+-ATPase pump, leading to abnormal neurotransmission in neurons or even astrocytes [14]. 
NH4

+ enters to the astrocytes and induces the increase in the activity of the GS; this event 
results in the accumulation of glutamine. As intracellular glutamine concentrations rise, the 
osmotic pressure does it in parallel, provoking the astrocytes to become swelling and to acti-
vate two main mechanisms to counteract this morphological change [15]. The first one consists 
of the release of an osmotic regulator, myoinositol; myoinositol leaves the astrocyte to redress 
the osmotic balance within the cell to prevent astrocyte and cerebral edema; while the other 
one is to increase the activity of the water channels called aquaporins (AQPs). One of the main 
water channel transporters related with regulation of the osmotic response in astrocytes, is the 
aquaporin 4 (AQP4) [16]. It has been reported that AQP4 increases its activity under hyper-
ammonemic conditions, allowing the H2O molecules to enter into the cell, thus relieving the 
osmotic pressure induced by the accumulation of glutamine [17]. Until then, it was not clear 
whether the increased activity of AQP4 was the result of a higher transcriptional activity or an 
increased rate of mRNA translation [18]. Evidence in favor of both options had been reported. 
In two separate reports, Jalan et al. and Norenberg et al. demonstrated independently the 
increased expression of AQP4 protein, in a chronic or acute in vivo models of liver failure 
based on the bile duct ligation (BLD) or the use of thioacetamide (TAA) or acetaminophen 
(AAP), respectively [19, 20]. Accordingly, in vitro evidence indicates that ammonia-treated 
astrocytes also increase AQP4 protein levels [21]. On the other hand and in favor of tran-
scription, additional evidence indicates that ammonium or mannitol, both osmotic stressors, 
increase the expression of AQP4 mRNA in vitro and in vivo, probably mediated by the p38-
MAPK signaling pathway, which stimulates the tonicity-enhancer binding protein (TonEBP) 
to interact with the responsive enhancer element (TonE) over the AQP4 gene promoter region 
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[17, 19, 22]. Further evidence indicates that other AQPs are direct targets of the hypothalamic 
arginine-vasopressin peptide (AVP) and the angiotensin II (ANGII) hormone; for instance, 
AVP controls the expression of AQP2 in the renal collecting duct cells under basal conditions, 
increasing the intracellular levels of cAMP that in turns modifies the activity of one of its 
targets, PKA; PKA phosphorylates the CREB protein allowing its translocation to the nucleus 
and its transcriptional activity [23]. It remains to be elucidated if AQP4 gene expression in 
hepatic encephalopathy conditions is also regulated by similar mechanisms.

As we have seen, hepatic failure is closely related to astrocyte low grade and brain edema 
mediated by water movement throughout the AQP4 channel. Among the pathogenic fac-
tors contributing to aggravate this condition are the free radical production, the MAP-kinase 
activity, and the induction of the mitochondrial permeability transition (MPT) process. MPT 
is well known to occur in response to the sudden intra-cytoplasmic increase of molecules 
around 1.5 kDa in size that enters the mitochondria mediated by the so-called permeabil-
ity transition pore (PTP), which is located at the inner membrane [24]. These phenomena 
critically compromises mitochondria homeostasis and the metabolic function of many crucial 
processes like the TCA and ATP synthesis, promoting the generation of reactive oxygen spe-
cies (ROS). It seems that HE promotes the generation of ROS, therefore inducing the MPT due 
to the oxidative stress, because indirect evidence demonstrates that antioxidants are able to 
reduce MPT. Norenberg et al. demonstrated that MPT is involved in the ammonium-induced 
astrocyte swelling after their in vitro experiments based on the use of cyclosporine A (CsA), a 
well-known inhibitor of MPT [25]; in this study, the expression of the AQP4 protein was also 
inhibited by CsA, indicating a plausible crosstalk between different signaling pathways, such 
as the MAP-kinases or that conformed by the protein kinase A (PKA)/CREB, both of which 
might be related to the control of cell swelling in hyperammonemic conditions.

2.3. Systemic and local inflammatory pathway effects on astrocyte disturbances

Another important mechanism of regulation of astrocyte physiology in response to hepatic 
failure is the activation of the pro-inflammatory response. In recent years, an increasing role 
of the inflammatory-related pathways in response to ammonia-induced brain dysfunction 
has been reported. The cytokines promoting brain damage are TNFα, interlukin-6 (IL-6), 
interlukin1-beta (IL-1β), IL-18, and many others. However, there is controversy about the role 
between these pro-inflammatory cytokines in both acute and chronic hepatic failure. Several 
groups have provided evidence of a positive correlation in this interaction in human subjects 
or animal models. In 2007, Wright and colleagues determined the TNFα, IL-6, and IL-1β artery 
blood levels and found a positive correlation of these cytokines with intracranial pressure in 
ALF-affected humans [26]. Further evidence indicates that the same cytokines are elevated, 
at least at the transcriptional level, in the brains of a rat ALF model [27]. A recent interest-
ing proposal about the role of these circulating inflammatory interleukins indicates that they 
might interact with certain blood-brain barrier (BBB) endothelial cells to reach the CNS, acting 
synergistically with ammonia. This synergistic model has been expanded through the identi-
fication of additional factors such as GABA produced by certain bacterial families within the 
gut, contributing to modify the GABAergic tone that reach the CNS via the vagal afferent path-
way [28]. In view of these facts, systemic inflammation is in part responsible for the astrocyte 
and neuronal network alterations in both acute and chronic liver disease. A major player in 
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the systemic inflammation effects over CNS in these pathologies is a member of the danger-
associated molecular patterns (DAMPS) called high mobility group box protein 1 (HMGB1), 
which in basal conditions regulates transcriptional activity [29]; however, in pathological con-
ditions, it can be released passively from damaged cells into the extracellular space in response 
to pro-inflammatory stimuli, such as LPS; HMGB1 can also be actively released by a JAK/STAT 
acetylation-mediated process, from immunocompetent cells [30]. In a recent study, Ohnishi 
et al. showed that HMGB1 significantly decrease the expression of AQP4 mRNA and protein 
in cultured astrocytes; conversely, the intra-cerebroventricular injection of HMGB1 in adult 
rats, slightly increase AQP4 protein expression and as expected, the brain edema; further, 
exposure of microglia to a HMGB had a significant effect over IL-1β mRNA expression and 
protein release, which apparently regulates AQP4 increased expression; the authors suggest 
that the pathway IL-1β-NF-κB-AQP4 in microglia might regulate the brain edema in response 
to HMGB1-mediated systemic inflammation [31]. Whether this pathway might occur with 
other pro-inflammatory cytokines such as TNFα, IL-6, or IFNγ, remains to be investigated.

The unusual extracellular histone proteins represent another piece in the puzzle of the systemic 
inflammation response. It has been showed that in ALF or HBV infected patients, increased 
concentrations of circulating histones correlates with an immunostimulatory effect, leading 
to multiple organ injuries [32–34]. In vitro experiments with hepatic or monocyte cell lines 
stimulated with sera obtained from ALF patients, elicit cell death or release of inflammatory 
cytokines, respectively; interestingly, these effects were abolished with heparin—a histone-
binding anticoagulant—suggesting that histone proteins are key players in the cellular injury 
and systemic inflammation observed in ALF-affected patients [32]. In addition to previously 
described consequences of the liver disease, including hyponatremia, sepsis, variceal bleeding, 
and renal failure; is the activation of microglial cells, the resident macrophages of the brain. 
Microglia increase the synthesis and release of inflammatory cytokines in a process called 
microgliosis [35]. Microgliosis is part of the most general response gliosis, which involves the 
astrocytes, the microglia, and oligodendrocyte cells; microgliosis is the local response to brain 
insults and typically represents the scar-promoting mechanism within the CNS.

Along with systemic and local brain inflammation, the increased ammonia and manganese 
levels in the brain also alter the TCA cycle, promoting lactate accumulation and the promotion 
of dopaminergic cell death, as well as the generation of reactive oxygen species (ROS) in basal 
ganglia, and contributing in this way to the parkinsonism-like behavior and cognitive impair-
ment observed in cirrhotic patients [36]. In this line of evidence, oxidative stress is thought to 
be of relevance for ammonia toxicity in HE. Molecular studies indicate that acute ammonia 
loading, mechanical or drugs stressors like hypo-osmolarity, diazepam, and TNFα, in vitro and 
in vivo, increases ribonucleic acid (RNA) oxidation. Among the oxidized RNA species, the 18 s 
rRNA and the glutamate/aspartate transporter (GLAST/SLC1A3) mRNA have been described; 
strikingly, the cerebral RNA oxidation in liver-injured rats predominates in the transport RNA 
granules located in close vicinity with postsynaptic spines, where learning and memory-associ-
ated protein synthesis occurs [37]. These data strongly suggest that ammonia-induced inflam-
mation and RNA oxidation might impair both cognitive events in cirrhotic patients. In addition, 
it has been demonstrated that ammonia inhibits astrocyte proliferation promoting senescence 
both in vitro and in vivo, by means of the multidrug resistance-associated protein (Mrp) 4 and by 
a p38/MAPK-dependent activation of the cell cycle inhibitor genes GADD45α and p21 [38, 39].
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2.4. The role of the intestinal microbiota in the gut-liver-brain axis

The intestinal microbiota has evolved as a new and relevant player in the pathogenesis of sev-
eral intestinal and non-intestinal diseases. As the liver is the organ in closest contact with the 
intestinal tract, it is potentially exposed to bacterial components and metabolites. In physi-
ological conditions, nutrients and bacterial compounds translocate to the liver via the portal 
circulation and contribute to the host homeostasis. As the epithelial wall and mucus layer act 
as physical barrier to impede that the most of the bacterial components or even bacteria reach 
the blood flow, it is usually accepted that a small quantity of these compounds enter the portal 
venous flow, and a tight balance on the immune response is achieved in order to fight against 
potential exogenous insults. However, in pathological conditions, such a physical barrier can 
become more permeable to bacterial components, specially lipopolysaccharide (LPS), flagellin, 
peptidoglycan, and microbial nucleic acids [40]. Evidence about the effect of gut microbiota 
over hepatic physiology has been demonstrated. In 2010, Gupta and co-workers found that 
small intestine bacterial overgrowth (SIBO) was a hallmark in cirrhotic patients suffering of HE 
[41]; in the same year, Jun et al. published evidence about the direct association of SIBO with the 
peripheral founding of bacterial DNA in cirrhotic patients [42]; later on, in 2012, Henao-Mejia 
et al. demonstrated that genetic deficiency of inflammasome, a protein complex considered 
the sensor of endogenous and exogenous pathogen-associated molecular patterns (PAMPS), 
induced the accumulation of bacterial components in the portal circulation, with the conse-
quent liver damage effect [43]. One important fact about the bacterial overgrowth in cirrhotic 
patients is that the translocation of bacteria or any of its components promotes and aggravates 
the liver illness. There are several reports indicating the differences in the fecal microbiota of 
various populations around the globe, specifically in patients with liver cirrhosis in comparison 
with healthy subjects. In general, these studies coincides in founding that the phyla Proteobacteria 
and Fusobacteria, significantly increases in cirrhotic patients, compared with its healthy coun-
terparts [44–46]; while at the genus level, the pathogenic Enterobacteriaceae, Alcaligenaceae, 
Porphyromonadaceae, Veillonellaceae, and Streptococcaceae families prevail and the beneficial taxa 
such as Lachnospiraceae and Bifidobacteriaceae, diminished in cirrhotic samples [45, 47]. In our 
laboratory, we conducted a pilot study in order to explore the changes in the microbiota of 
cirrhotic patients. Preliminary results indicate that some of these taxa previously reported are 
also present in the cirrhotic group of VHC-infected patients based in Mexico city; but we have 
also found that some other taxa have not been reported in other population (unpublished data); 
our findings are in concordance with the idea that additional variables, such as ethnicity or 
geographical location and even food ingestion habits, should be taken into account in order 
to interpret microbiome-derived studies, which eventually can be used in future clinical trials.

Another significant consequence of SIBO is the higher tendency of the microbial community 
to increase the synthesis and release of organic compounds with a metabolic effect over a wide 
number of host cells. For example, it has been demonstrated that ingestion of L. rhamnosus, 
diminishes the expression of gamma-amino-butyric acid (GABA) receptor (GABAB) in the cin-
gulate and prelimbic cortical regions of mice brain; this GABAB regulation implies a direct effect 
over neuronal physiology, which reflects in less anxiety and more antidepressant-like behavior 
in mice; moreover, vagotomised mice were unable to respond to L. rhamnosus, indicating that 
vagus nerve acts as an interface between gut bacteria and the brain [28]. Whether these bac-
teria produce a GABA-like neurotransmitter or directly modify the fire-threshold from vagus 
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the systemic inflammation effects over CNS in these pathologies is a member of the danger-
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nerve remains a matter of study. Nowadays, molecular studies contributing to explain partially 
the mechanics behind the role of GABA and the intestinal microbiota have been published. 
Butterworth and colleagues in 1990 and 2008, found that brain samples from cirrhotic patients 
who died from HE, had unusual elevated levels of the peripheral-type benzodiazepine recep-
tors (PTBZR) and of neurosteroids such as allopregnanolone (ALLO) or tetrahydrodeoxycor-
ticosterone (THDOC) [48, 49]; interestingly, these neurosteroids are synthesized in the brain 
following activation of the translocator protein (TSPO), whose main activity is the cholesterol 
transport through the mitochondria, where stimulates the steroid biosynthesis [50]. Further 
evidence from Noremberg and co-workers indeed, indicates that astrocyte exposure to ammo-
nia and manganese, significantly increase the TSPO activity, at least in vitro [51], indicating that 
neurosteroids are one of the main metabolites synthetized in response to hyperammonemic 
conditions as a result of dysbiosis and a lack of a functional urea cycle. However, there is some 
evidence indicating that some other metabolites produced by gut microbiota, such as the bile 
acids, tryptophan precursors, serotonin and catecholamine, might be able to signal through 
membrane receptors located in local cells of the gut epithelium or by a neurocrine or endocrine 
pathways; among these metabolites are the carbohydrate derivatives butyrate, acetate and pro-
pionate, which might be converted to short chain fatty acids (SCFAs); these SCFA in turn can 
reduce food intake and modulate the immune system response in the host [52, 53]. Different 
reports indicate that SCFAs are present in the enteroendocrine cells and on neurons of the sub-
mucosal and myenteric ganglia [54, 55]. Besides the SCFAs, it cannot be ruled out the possibil-
ity that some Gram-positive cell wall components are also capable of inducing neuronal or glial 
cell damage within the CNS of cirrhotic patients. In 2005, a report indicated that lipoteichoic 
acid (LTA) and muramyl dipeptide from Staphylococcus aureus induce a strong inflammatory 
response that ultimately lead to neuronal death by increasing nitric oxide (NO), superoxide 
(O2-), peroxynitrite (ONOO-), TNFα, IL-1β and IL-6, within astrocytes and microglia [56].

Here, we can say that the net result of the so-called “dysbiosis” in cirrhotic patients is that a 
plethora of metabolic compounds like urea, methanol, short-chain fatty acids (SCFAs), and 
other volatile compounds are delivered or restricted to the host via the gastrointestinal tract. 
Altogether, these data indicate that intestinal bacteria play key roles in development and 
pathophysiology of hepatic liver over the CNS.

2.5. Genetic and epigenetic effects induced by HE in astrocytes

Epigenetic modifications are heritable and reversible stable marks that do not modify gene 
sequences per se, but have tremendous impact over the gene expression process. These marks 
allow the genome to adapt its transcriptional repertoire to different cellular and molecular 
conditions in response to environmental cues for fine-tuning of gene expression, and encom-
pass a myriad of processes including histone, DNA and RNA modifications. One of the best-
studied DNA modifications is the methylation (5-mC) and 5-hidroxy-methylation (5-hmC) of 
cytosine bases at the CpG dinucleotide sequence, mediated by the DNA methyltransferase 
(DNMT) or by the translocated in liposarcoma, Ewing’s sarcoma and TATA-binding protein-
associated factor 15 (TET)-family of proteins, respectively [57]. It is widely accepted that the 
first mark, 5-mC, is a negative signal for gene expression to occur, while the 5-hydroxy-mC 
indicates the opposite. The role of DNA methylation dynamics within astrocytes is not yet 
known, at least in the context of HE derived from liver disease; however, specific data indicate 
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that the NMDA receptor NR2B gene is negatively regulated by the neuron restrictive silencer 
factor (NRSF) in ethanol-exposed cortical neurons in vitro [58]; although specific analysis in 
this study indicates that NRSF directly interacts with the NR2B gene promoter region, there 
is no evidence of how ethanol regulates NRSF gene expression. Further evidence about the 
role of methylation or acetylation of glutamatergic or gabaergic-mediated signaling pathways 
affected by hyperammonemia remains to be elucidated.

On the other hand, we know that non-coding RNAs (ncRNA) are important players in epigen-
etic mechanisms regulating cell fate and metabolism. Among the ncRNAs with relevant physi-
ological roles are small RNAs and the long non-coding-RNAs (lncRNAs). A variant of small 
RNAs includes the microRNAS (miRNAs), which are beginning to acquire significant roles in 
coordinating astrocyte gene expression. miRNAs are small RNAs (~22 nt in length) that controls 
gene expression through their binding to the 3′-untranslated region (UTR) in mRNAs, leading 
transcripts to degradation or translational repression [59]. Long noncoding RNAs (lncRNA) on 
the other side are sequences of about 200 nt in length, which regulate the expression of neighbor 
protein-coding-genes in a phenomenon called “transvection” (for a systematic review see [60]). 
In the last decade, there has been an increase in the number of reports demonstrating the role 
of both miRNAs and lncRNAs in the physiopathology of HE. Two of the first reports regarding 
the role of two specific miRNA in the regulation of astrocyte cell swelling came from Singapore; 
in 2010 and 2012, Jeyaseelan and colleagues published in separate papers that miR-130a and 
miR-320a directly affect the AQP4 expression in the CNS. In the first case, the role of miR-130a 
is a non-canonical regulation, because the repression mechanism occurs at the transcriptional 
level over the AQP4 M1 gene promoter [61], while the mir320a was described as a modulator of 
AQP1 and AQP4 in a model of cerebral ischemia [62]. In a more wide recent study, Häussinger 
and co-workers explored the global miRNA profile using NH4Cl stimulated rat brain astrocytes 
in vitro. They were interested in the ammonia-dependent senescence observed in astrocytes and 
its relationship with miRNAs. By means of miRNA array experiments, they found that 43 of 
336 miRNAs were significantly downregulated in hyperammonemic conditions, six of which 
(miR-31a-5p, miR-221-3p miR-221-5p, miR-222-3p, miR-326-3p, and miR-365-3p) seem to bind 
and regulate the mRNA encoding the heme oxygenase 1 (HO-1) protein; four of these miRNAs 
(miR-31a-5p, miR-221-3p, miR-222-3p, and miR-326-3p) were prevented to be downregulated 
by NH4Cl treatment, when astrocytes were exposed to the glutamine synthase inhibitor, methi-
onine sulfoximine (MSO); moreover, the NADPH oxidase inhibitor, apocynin, fully prevented 
NH4Cl-mediated downregulation of the four miRNAs predicted to target HO-1, indicating that 
senescence is regulated by miRNA expression in cultured astrocytes and partly regulated by 
glutamine synthesis and NADPH-oxidase activity [63]. Data recently obtained in our labora-
tory indicate that three miRNAs (miR-29a-5p, miR-29b-3p, and miR-148b-3p) are repressed in 
brain tissue of a mouse model of liver cirrhosis. Interestingly, we found that the same miRNAs 
were downregulated in in vitro experiments using primary astrocytes incubated in the presence 
of NH4Cl (Figure 2); thus indicating that these miRNAs are strongly correlated with the physi-
ological regulation of AQP4, both in basal and pathological conditions. Future experiments will 
allow us to demonstrate whether overexpression of these miRNAs by means of systemic or 
direct injection in hyperammonemic conditions counteracts the astrocyte cytotoxic edema.

The lncRNAs, on the other hand, had been more less studied in the context of liver-associated 
CNS pathologies; however, in a recent study in which 35,923 lncRNAs were screened using 
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microarrays, Silva and colleagues found that 380 and 486 transcripts were upregulated or down-
regulated in a mouse model of acute liver failure. The authors found that some of these lncRNAs 
might be related to the cytokine-receptor interaction, MAPK, insulin, NFκB, and TNFα signal-
ing pathways, all of them related to the inflammatory response; the authors also found that 
the lncRNA uc007pjf.1 associated with a guanine nucleotide exchange factor (NET1), which 
regulates RhoA, is involved in the cytoskeleton dynamics, suggesting a relationship of this fac-
tor with the astrocyte cell swelling observed in HE [64]; these data are of relevance because con-
tributes to corroborate the role of some genetic pathways already related with ALF and certainly 
established the roots to new discoveries; however, these findings are the result of a combination 
of cellular phenotypes within CNS and are hardly extrapolated solely to astrocytes, neurons, 
microglia or even to non-differentiated precursor cells residing in the frontal cortex; comple-
mentary in vitro or FACS-sorted cells experiments, should be carried out in order to acutely 
assign the contribution of each of these cell phenotypes to the physiopathology of liver disease.

2.6. Clinical data in osmoregulation and systemic infections in cirrhotic patients 
with HE

The maintenance of a constant cell volume is a critical problem of all cells. Cell swelling or 
shrinkage is undesirable for normal cellular function. Changes in the cell volume mostly 
occur due to changes in the extra or intracellular osmolarity. As most cell membranes are 
freely permeable to water and do not possess water pumps in their membranes, cells will 
shrink or swell in response to changes in the tonicity of the extracellular fluid (ECF) [65]. 
Cells will shrink in a hypertonic ECF, while they swell in a hypotonic ECF. Similarly, when 
the tonicity of the intracellular space of the cells increases, the cells try to compensate it and 
increase the osmolarity by the uptake of water from the ECF—and consequently swell. Extra- 
and intracellular osmolarity is determined by the concentrations of several compounds, such 

Figure 2. The expression of miR-29 and miR-148 diminished in response to hyperammonemia in vivo and in vitro. Total 
RNA extracted from the whole brain of bile duct ligated (BDL) mice or control mice (Sham), as well as primary astrocytes 
(CD1) or the astrocytoma cell line T-98 in the presence or absence of NH4Cl, was used to evaluate the expression by 
means of qPCR. The data represent the mean expression of at least three replicates in each case (unpublished data).
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as ions, amino acids, etc. Consistent with the adaption against the rise of intracellular osmo-
larity in patients affected by CLF, it has been proposed that reductions in brain concentrations 
of myoinositol are implicated in the pathogenesis of ammonia-induced brain edema [66].

In the same line of evidence, it is difficult to elucidate whether the release of taurine (an atypical 
aminoacid with osmoregulatory properties) from the astrocytes to the ECF is an osmoregula-
tory response to increased intracellular glutamine and/or cell swelling, since other mechanisms 
that increased intracellular osmolarity may lead to the cellular release of taurine and taurine 
may also be released from neurons. Taurine has been related with reversal of hepatic hyper-
tension in a rat model of liver cirrhosis; in a study from 2009, Liang and colleagues found that 
natural taurine significantly decreased the portal venous pressure, resistance and flow, and 
markedly decrease the nitric oxide (NO) and cyclic guanine-monophosphate (cGMP), with a 
concomitant reduction in the pathological status of liver tissue damage and the expression of 
collagen 1 (COL-1), COL-III, and transforming growth factor-β1 (TGF-β1) [67]. Taurine also 
have clinical uses in the form of a hydrophilic bile acid called tauroursodeoxycholate (TUDCA) 
for treatment of primary biliary cirrhosis (PBC). In a randomized cross-over study with 12 
female patients suffering from PBC, the use of TUDCA showed to improve the enrichment of 
biliary ursodeoxycholate (UDCA) and was better absorbed than ursodeoxycholate and under-
goes less biotransformation than UDCA, thus suggesting that TUDCA is clinically relevant 
for the treatment of cholestatic liver diseases [68]. As taurine is synthetized in both liver and 
brain it is plausible that HE might impact on taurine metabolism and biological action. Several 
reports have indeed described the pathological disturbances in patients with chronic liver dis-
ease as well as in liver failure murine models. In both cases, the taurine concentrations were 
significantly diminished [69, 70]. Astrocytes synthetize and stored taurine, which is involved 
in ion movement across CNS, mainly K+ and Ca2+; therefore, is not rare to consider that neural 
excitability modifications in cirrhotic patients occurs. Evidence in favor of this hypothesis was 
reported in an experimental model of ALF, in which CSF taurine concentrations significantly 
increased in a positive correlation with early progression of HE [71]. As taurine has osmoregu-
latory actions any increase or decrease in its extracellular concentrations could have an impact 
in the pathogenesis of acute liver failure as has been demonstrated [72]. In contrast, taurine 
concentrations in chronic liver failure are not changed, but the release of taurine into the extra-
cellular space could represent a control mechanism for volume regulation of astrocytes [73, 74].

Another important metabolite that has been related with HE is the acidic calcium binding pro-
tein S100β, produced by astrocytes in the CNS and apparently secreted in response to oxidative 
stress, exerting its paracrine or autocrine effects on glia, neurons, and microglia [75–77]. S100β is 
a multifunctional protein that can be measured in basal conditions in CSF and is barely detected 
in circulating blood flow; however, in pathological conditions, its serum levels might increase, 
indicating neuronal or astrocytic damage. Our group and others have begun to investigate the 
diagnostic efficacy of S100β as a biomarker to detect low grade HE in cirrhotic patients. Recent 
findings from our laboratory indicate that cirrhotic subjects with OHE have higher serum lev-
els of S100β when compared with non-HE cirrhotic or cirrhotic patients with MHE or control 
subjects, and that 0.13 ng/mL of S100β is the best cut-off for the diagnosis of HE (83 and 64% of 
sensitivity and specificity, respectively) [78]. These results are in accordance with previous data 
in which S100β and neuron-specific enolase (NSE) were evaluated in a small Egyptian cohort of 
52 subjects, where 62 and 38% of 29 cirrhotic patients had HE grade 1 or 2, respectively; these 

Astrocyte Pathophysiology in Liver Disease
http://dx.doi.org/10.5772/intechopen.72506

217



microarrays, Silva and colleagues found that 380 and 486 transcripts were upregulated or down-
regulated in a mouse model of acute liver failure. The authors found that some of these lncRNAs 
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Figure 2. The expression of miR-29 and miR-148 diminished in response to hyperammonemia in vivo and in vitro. Total 
RNA extracted from the whole brain of bile duct ligated (BDL) mice or control mice (Sham), as well as primary astrocytes 
(CD1) or the astrocytoma cell line T-98 in the presence or absence of NH4Cl, was used to evaluate the expression by 
means of qPCR. The data represent the mean expression of at least three replicates in each case (unpublished data).
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in ion movement across CNS, mainly K+ and Ca2+; therefore, is not rare to consider that neural 
excitability modifications in cirrhotic patients occurs. Evidence in favor of this hypothesis was 
reported in an experimental model of ALF, in which CSF taurine concentrations significantly 
increased in a positive correlation with early progression of HE [71]. As taurine has osmoregu-
latory actions any increase or decrease in its extracellular concentrations could have an impact 
in the pathogenesis of acute liver failure as has been demonstrated [72]. In contrast, taurine 
concentrations in chronic liver failure are not changed, but the release of taurine into the extra-
cellular space could represent a control mechanism for volume regulation of astrocytes [73, 74].

Another important metabolite that has been related with HE is the acidic calcium binding pro-
tein S100β, produced by astrocytes in the CNS and apparently secreted in response to oxidative 
stress, exerting its paracrine or autocrine effects on glia, neurons, and microglia [75–77]. S100β is 
a multifunctional protein that can be measured in basal conditions in CSF and is barely detected 
in circulating blood flow; however, in pathological conditions, its serum levels might increase, 
indicating neuronal or astrocytic damage. Our group and others have begun to investigate the 
diagnostic efficacy of S100β as a biomarker to detect low grade HE in cirrhotic patients. Recent 
findings from our laboratory indicate that cirrhotic subjects with OHE have higher serum lev-
els of S100β when compared with non-HE cirrhotic or cirrhotic patients with MHE or control 
subjects, and that 0.13 ng/mL of S100β is the best cut-off for the diagnosis of HE (83 and 64% of 
sensitivity and specificity, respectively) [78]. These results are in accordance with previous data 
in which S100β and neuron-specific enolase (NSE) were evaluated in a small Egyptian cohort of 
52 subjects, where 62 and 38% of 29 cirrhotic patients had HE grade 1 or 2, respectively; these 
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groups were compared with non-HE cirrhotic or healthy subjects. Here, NSE showed non- 
significant differences among the groups, but S100β was increased in serum samples from grade 
1 and 2 HE, compared with cirrhotic or healthy subjects; in addition, a significant positive corre-
lation was found between S100β levels and plasma ammonia, in all patients; the main conclusion 
in this report was that S100β serum levels could be a useful surrogate marker with more than 90 
and 50% of specificity and sensitivity, respectively, for detection of mild cognitive impairment 
in cirrhotic patients, before they progress to more advanced stages of HE [79]. In a similar study, 
Wiltfang et al. reported that a cut-off value of 112 pg./mL or 0.11 ng/mL of serum S100β, practi-
cally the same value found in our group of patients, is able to predict subclinical porto-systemic 
encephalopathy with a 100 and 57% of specificity and sensitivity, respectively [80].

Osmotic abnormalities account for the cognitive impairment in cirrhotic patients and some 
clinicians are using the magnetic resonance (MR) in order to clearly demonstrate a relation-
ship among water, manganese, glutamate, glutamine, and myoinositol levels and the degree of 
brain damage in patients with liver disease. MR might be useful to diagnose brain abnormali-
ties elicited by hyperammonemia, especially in specific regions like the globus pallidum and the 
temporal region. It has been documented that N-acetylaspartate (NAA) is a good biomarker for 
neuronal loss and phosphocholine (Cho) concentrations reflects phospholipid metabolism and 
osmotic regulation due to its role in membrane synthesis and myelin destruction. Low levels 
of Cho have been associated with osmotic changes in the brain of cirrhotic patients. The major-
ity of these metabolites have different echo times in MR spectroscopy with glutamate (Glu), 
glutamine (Gln), and phosphocreatine (PPC) being some of most constant correlation findings 
between patients with or without HE. However, in patients with OHE, the MR is difficult to 
perform because many confounding factors might co-exist, such as infection, renal failure, ane-
mia, alcohol consumption, and other factors [81]. Our group recently conducted a pilot study 
in which non-infected compensated, infected cirrhotic, and healthy patients were evaluated to 
assess for cerebral changes in myoinositol and NAA by means of proton magnetic resonance 
spectroscopy (1H–MRs). Here, we have found that 40 and 30% of the infected patients were 
by spontaneous bacterial peritonitis or urinary tract infection, respectively; we also registered 
a significant decrease of myoinositol levels in the temporal region of non-infected cirrhotic 
and infected cirrhotic patients when compared with the healthy control group; in addition, 
we found a similar pattern whit NAA, which significantly diminished in the former groups 
(Figure 3) (unpublished data). When we sought over basal ganglia, Creatine, Cho as well as 
myoinositol levels did also significantly diminished in infected cirrhotic patients; altogether 
these results strongly suggests that acute infection in cirrhotic patients contributes to regulate 
brain metabolites and may be a factor related with development of HE (unpublished data).

Besides those data indicating that brain metabolites are also implicated in the pathophysiol-
ogy of HE, another important issue in end-stage liver disease is the local blood flow. Cirrhotic 
patients with portal hypertension suffering ascites, hepatorenal syndrome and HE, usually 
also had distorted cerebral blood flow (CBF), which severely impact their skeletal muscle, 
brain, and kidney irrigation as a result of vascular resistance. It has been a long way since the 
1960s decade, when one of the first studies about cerebral hemodynamics in cirrhosis came 
into light [82]. Since then, a plenty of studies have contributed to understand the role of vas-
cular pressure over the pathology associated with HE. In 1969, Bianchi-Porro and co-workers 
reported that after portacaval shunt surgery, cirrhotic patients, had a significance increase in 
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CBF and a significant decrease in cerebral vascular resistance (a measure of CBF and metabo-
lism) and the metabolic rate of glucose and the glucose:oxygen quotient did also increase in 
these patients; the authors suggested that the increased CBF was related to metabolic prob-
lems, and that this increase accelerates the removal of toxic substances and allows the disposal 
of brain metabolites capable of neutralize toxic compounds [83]. It is now well accepted that 
cirrhotic patients have decreased CBF, portal hypertension, and splanchnic vasodilatation, 
associated with a hyperdynamic circulatory state, all of which can affect CBF. In a more recent 
study, we described a maneuver in which we used the transcranial Doppler (TCD) technique 
(transmission of ultrasound beam through the skull using a pulsed Doppler sectorial probe 
with a 2 MHz transducer), to measure in an non-invasive and reliable way, the cerebral auto-
regulation, meaning the physiological mechanisms that maintain CBF at an appropriate levels 
in response to vasoconstrictors or vasodilators and the middle cerebral artery (MCA) velocities. 
From here, two functional cerebral hemodynamic indexes were evaluated, (a) the pulsatility 
index (PI) which assesses the arteriolar vascular integrity and (b) the breath holding index 
(BHI), which measures cerebrovascular reactivity (CVR). We compared the TCD measures of 
cirrhotic non HE (n = 30), cirrhotic HE (n = 30) and healthy subjects (n = 30). Here, we found 
that major basal vessel integrity was not compromised because there were no differences 
among the three groups when the left and right cerebral arteries were evaluated. However, we 
observed significant differences in PI and BHI between cirrhotic and control subjects and when 
the compensated status was taken into account, the PI and BHI was significantly increased 
and decreased, respectively, when decompensated (CTP > 7 and MELD score ≥ 14) patients 
were compared with compensated and healthy groups. Similarly and more importantly, when 
HE status was included in the analysis, the results were the same as before, which means that 
disturbances in CBF is a novel pathophysiological pathway in HE, and opens an new way for 
treatment and prevention. Patients with decompensated cirrhosis or HE have a higher risk 
of cerebral hypoperfusion related with microvascular damage and the ability for autoregula-
tion, which is and important feature for systemic blood pressure sudden changes, particu-
larly hypotension, which can promotes HE [84]. These findings were similar to those reported 
by two separated groups, one located in Turkey, were 50 decompensated group of cirrhotic 
patients was compared with 50 healthy volunteers using the same TCD approach [85]; while 
other in China recruited a healthy control group (n = 40), a cirrhotic without HE group (n = 52), 
a cirrhotic with MHE group (n = 21) and a cirrhotic with OHE group (n = 19) [86]. Here, in the 
first case, the authors analyzed the spectra signal derived from the systolic velocity, diastolic 

Figure 3. Cirrhotic infected patients have significant abnormalities in the glutamine/glutamate (Glx) ratio and NAA 
brain levels. See text for details.
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Wiltfang et al. reported that a cut-off value of 112 pg./mL or 0.11 ng/mL of serum S100β, practi-
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ties elicited by hyperammonemia, especially in specific regions like the globus pallidum and the 
temporal region. It has been documented that N-acetylaspartate (NAA) is a good biomarker for 
neuronal loss and phosphocholine (Cho) concentrations reflects phospholipid metabolism and 
osmotic regulation due to its role in membrane synthesis and myelin destruction. Low levels 
of Cho have been associated with osmotic changes in the brain of cirrhotic patients. The major-
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glutamine (Gln), and phosphocreatine (PPC) being some of most constant correlation findings 
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in which non-infected compensated, infected cirrhotic, and healthy patients were evaluated to 
assess for cerebral changes in myoinositol and NAA by means of proton magnetic resonance 
spectroscopy (1H–MRs). Here, we have found that 40 and 30% of the infected patients were 
by spontaneous bacterial peritonitis or urinary tract infection, respectively; we also registered 
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and infected cirrhotic patients when compared with the healthy control group; in addition, 
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myoinositol levels did also significantly diminished in infected cirrhotic patients; altogether 
these results strongly suggests that acute infection in cirrhotic patients contributes to regulate 
brain metabolites and may be a factor related with development of HE (unpublished data).

Besides those data indicating that brain metabolites are also implicated in the pathophysiol-
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velocity, mean flow velocity (MFV in cm/s), pulsatility, and the resistive indexes (PI = Peak sys-
tolic velocity (Vp) – end-diastolic velocity (Vd)/MVF; and RI = Vp − Vd/Vd) of intracranial arteries. 
Patients with cirrhosis had a lower MFV compared to control healthy group, while cirrhotic 
patients had a higher PI and RI values and a positive correlation exists with the model for end-
stage liver disease (MELD) score and the RI values of patients with ascites, which were higher 
than those without ascites [85]. In the second case, authors found that mean velocity (Vm), 
Vd, PI, and RI, as well as the serum ammonia levels, were decreased in the group of cirrhotic 
patients with MHE subject to lactulose treatment, when compared with the placebo group, 
while a positive correlation was found between ammonia and PI, RI, cognitive test results and 
Vd; authors propose that cerebral hemodynamics is related with the severity of HE and that 
lactulose treatment is able to significantly improve this parameter in cirrhotic patients [86].

3. Novel pharmacological findings over HE treatment

Despite being one of the most frequent and best studied associated pathologies of liver dys-
function, HE still represents a bigger challenge to clinicians due to its devastating effects over 
cognitive functions. Still, there is no clear consensus about its appropriate treatment because 
of its complex physiology involving inflammatory responses, neurosteroid-like compounds, 
reactive oxygen species, etc. In addition, there is another layer of complexity represented by 
the co-infections and organ failure that many patients develop in the course of the pathology. 
Nowadays, there had been a lot of attempts to circumvent the signs and symptoms of HE, 
both experimentally and clinically. One example of this is the use of one of the most popular 
anti-inflammatory drugs used to treat cirrhotic patients, infliximab, which reduces peripheral 
inflammation, directly impacts over neuroinflammation, and restores the altered neurotrans-
mission and cognitive impairment, as well as the reversal of activation of microglia and astro-
cyte GABA transporters (GAT1, GAT3). Infliximab also reduces the synthesis and release of 
pro-inflammatory cytokines, such as TNFα, IL-1β, etc., as demonstrated by Dadsetan et al. in 
a murine model of HE [87, 88]. These data are still scarce in human subjects, although some 
advance have been reported. In an initial trial, Sharma and co-workers reported that patients 
with severe alcohol-associated hepatitis, who received a single dose of infliximab (5 mg/kg IV), 
have an improvement of the Maddrey’s discriminant factor (DF)—useful in the prediction of 
short-term prognosis—serum TNFα, C reactive protein (CRP), MELD score and total neutro-
phil count compared with the before-treatment parameters; interestingly, among the patients 
who survived only 8% had HE at admission, while among those who died, 67% suffer from 
HE; the authors concluded that HE at admission of the trial, Lille score and delta bilirubin, 
predicted 2-month mortality and that infliximab should be carefully used to treat alcoholic 
hepatitis [89]. Besides the use of infliximab, other therapies aimed to reduce the production 
of ammonia by the intestinal microbiota, especially the coliforms, have been widely reported. 
Treatment with lactulose (a non-absorbable disaccharide) or non-absorbable antibiotic rifaxi-
min, are two of the most frequent therapies for cirrhotic patients suffering from HE. The meta-
bolic activity of colonic bacteria which produce short-chain organic acids when metabolize 
lactulose lowering the pH of the gastrointestinal tract, is the main effect of the disaccharide 
for the removal of nitrogen; the acidic environment also results in the change of ammonia 
to ammonium (NH4

+) a non-absorbable form of nitrogen which diminishes the circulating 
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ammonia. Further  mechanisms include the laxative effect for removal of nitrogen-containing 
compounds from the gut. In a concise Cochrane review from last year, 38 clinical trials were 
evaluated and their findings indicate that non-absorbable disaccharides have beneficial effects 
when compared with placebo/no intervention on mortality, HE, liver failure, hepatorenal syn-
drome and variceal bleeding; secondary outcomes such as quality of life, also were favored 
when non-absorbable disaccharides were administered [90]. Additionally, experimental data 
indicates that lactulose promotes neuro- and astrogenesis in the hippocampus of rats with HE 
as well as the reduction of plasma ammonia, the locomotor activity impairment and neuronal 
hyperactivity in brain areas related with locomotor activity [91]. These data are in accordance 
with those data indicating that Lactulose do also improved cognitive function in MHE patients, 
as reviewed by Luo et al. [92]. The non-absorbable antibiotic, rifaximin, is the most common 
additive therapy along with lactulose to treat cirrhotic patients with HE. In a recent prospec-
tive observational study, 60 HE patients were divided into two groups, one receiving rifaximin 
alone and the other one received rifaximin plus lactulose for 7–15 days until discharge from 
hospital or death. In this study, the authors found that both groups were effectively improved 
in their mental scores, although they conclude that the combination of both substances was 
effective, but not superior to lactulose alone in the treatment of HE [93]. The resolution of 
overt HE has also been tested using rifaximin in comparison with other antibiotics. A meta-
analysis of these trials indicates that rifaximin treatment was more likely to resolve an episode 
in patients with OHE besides an improvement in secondary prevention of HE [94]. Other treat-
ment regimes devoted to reduce the serum ammonia levels, such as polyethylene glycol (PEG), 
sodium benzoate, odium phenylacetate, glycerol-phenylbutyrate (GPB), ornithine-phenylac-
etate (OP), phenyl-acetyl-glutamine (PAGN), and a carbon microsphere adsorbent (AST-120) 
among others, had been also tested for nitrogen removal (for a concise review see [95]).

On the other hand, it is more common to see the rise of many biological compounds that previ-
ously were used to treat distinct pathologies; an example of this is Artesunate, a water-soluble 
hemisuccinate derivative of the Chinese herb Artemisia annua, that has been recommended 
for its use as an antimalarial drug, but it seems that also have anti-inflammatory properties 
because its use in cancerous cells inhibits its replication and interferes with the expression of 
pro-inflammatory genes [96, 97]. Artesunate do also have anti-profibrotic properties as was 
demonstrated recently by Wang and colleagues. Here, Wang et al. investigate the role of treat-
ment with artesunate in a lung fibrosis rodent model; the authors found that artesunate treat-
ment successfully reverted the expression of pro-fibrotic genes such as transforming growth 
factor (TGFβ), Smad3, and α-smooth muscle actin (α-SMA) as well as the heat shock protein 
47 (HSP47) at the protein level, when compared with control animals [98]; these results are in 
accordance with those of Wang et al., whose findings in the RLE-6TN cell line indicates that 
TGFβ and Smad3 are inhibited after artesunate exposure [99]. The effect of artesunate on the 
CNS of rats with HE has been tested too. Rats administered with artesunate (50 or 100 mg/kg), 
significantly improved its spatial learning ability in the Morris water maze test, while in vitro, 
cerebellar granule neurons treated with artesunate (100 μM) significantly reduced its glutamate 
release, as well as the Na+K+-ATPase activity, indicating that artesunate has a neuroprotective 
effect, although the effect over astrocytes was not evaluated in this work [100]. Additional evi-
dence about the effect of artesunate over glial cells is lacking, but this drug has a relevant role 
in the field of the HE treatment choices. A synthetic drug called GR3027 has been tested in vivo 
in a rat model of HE. This new compound has antagonist properties over the GABAA receptors 
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velocity, mean flow velocity (MFV in cm/s), pulsatility, and the resistive indexes (PI = Peak sys-
tolic velocity (Vp) – end-diastolic velocity (Vd)/MVF; and RI = Vp − Vd/Vd) of intracranial arteries. 
Patients with cirrhosis had a lower MFV compared to control healthy group, while cirrhotic 
patients had a higher PI and RI values and a positive correlation exists with the model for end-
stage liver disease (MELD) score and the RI values of patients with ascites, which were higher 
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Vd, PI, and RI, as well as the serum ammonia levels, were decreased in the group of cirrhotic 
patients with MHE subject to lactulose treatment, when compared with the placebo group, 
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bolic activity of colonic bacteria which produce short-chain organic acids when metabolize 
lactulose lowering the pH of the gastrointestinal tract, is the main effect of the disaccharide 
for the removal of nitrogen; the acidic environment also results in the change of ammonia 
to ammonium (NH4

+) a non-absorbable form of nitrogen which diminishes the circulating 

Astrocyte - Physiology and Pathology220

ammonia. Further  mechanisms include the laxative effect for removal of nitrogen-containing 
compounds from the gut. In a concise Cochrane review from last year, 38 clinical trials were 
evaluated and their findings indicate that non-absorbable disaccharides have beneficial effects 
when compared with placebo/no intervention on mortality, HE, liver failure, hepatorenal syn-
drome and variceal bleeding; secondary outcomes such as quality of life, also were favored 
when non-absorbable disaccharides were administered [90]. Additionally, experimental data 
indicates that lactulose promotes neuro- and astrogenesis in the hippocampus of rats with HE 
as well as the reduction of plasma ammonia, the locomotor activity impairment and neuronal 
hyperactivity in brain areas related with locomotor activity [91]. These data are in accordance 
with those data indicating that Lactulose do also improved cognitive function in MHE patients, 
as reviewed by Luo et al. [92]. The non-absorbable antibiotic, rifaximin, is the most common 
additive therapy along with lactulose to treat cirrhotic patients with HE. In a recent prospec-
tive observational study, 60 HE patients were divided into two groups, one receiving rifaximin 
alone and the other one received rifaximin plus lactulose for 7–15 days until discharge from 
hospital or death. In this study, the authors found that both groups were effectively improved 
in their mental scores, although they conclude that the combination of both substances was 
effective, but not superior to lactulose alone in the treatment of HE [93]. The resolution of 
overt HE has also been tested using rifaximin in comparison with other antibiotics. A meta-
analysis of these trials indicates that rifaximin treatment was more likely to resolve an episode 
in patients with OHE besides an improvement in secondary prevention of HE [94]. Other treat-
ment regimes devoted to reduce the serum ammonia levels, such as polyethylene glycol (PEG), 
sodium benzoate, odium phenylacetate, glycerol-phenylbutyrate (GPB), ornithine-phenylac-
etate (OP), phenyl-acetyl-glutamine (PAGN), and a carbon microsphere adsorbent (AST-120) 
among others, had been also tested for nitrogen removal (for a concise review see [95]).

On the other hand, it is more common to see the rise of many biological compounds that previ-
ously were used to treat distinct pathologies; an example of this is Artesunate, a water-soluble 
hemisuccinate derivative of the Chinese herb Artemisia annua, that has been recommended 
for its use as an antimalarial drug, but it seems that also have anti-inflammatory properties 
because its use in cancerous cells inhibits its replication and interferes with the expression of 
pro-inflammatory genes [96, 97]. Artesunate do also have anti-profibrotic properties as was 
demonstrated recently by Wang and colleagues. Here, Wang et al. investigate the role of treat-
ment with artesunate in a lung fibrosis rodent model; the authors found that artesunate treat-
ment successfully reverted the expression of pro-fibrotic genes such as transforming growth 
factor (TGFβ), Smad3, and α-smooth muscle actin (α-SMA) as well as the heat shock protein 
47 (HSP47) at the protein level, when compared with control animals [98]; these results are in 
accordance with those of Wang et al., whose findings in the RLE-6TN cell line indicates that 
TGFβ and Smad3 are inhibited after artesunate exposure [99]. The effect of artesunate on the 
CNS of rats with HE has been tested too. Rats administered with artesunate (50 or 100 mg/kg), 
significantly improved its spatial learning ability in the Morris water maze test, while in vitro, 
cerebellar granule neurons treated with artesunate (100 μM) significantly reduced its glutamate 
release, as well as the Na+K+-ATPase activity, indicating that artesunate has a neuroprotective 
effect, although the effect over astrocytes was not evaluated in this work [100]. Additional evi-
dence about the effect of artesunate over glial cells is lacking, but this drug has a relevant role 
in the field of the HE treatment choices. A synthetic drug called GR3027 has been tested in vivo 
in a rat model of HE. This new compound has antagonist properties over the GABAA receptors 
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when subcutaneously administered and effectively reverses the motor coordination and spatial 
memory impairment in rats with experimental HE, offering a new way to prevent the ammonia-
induced neurological GABA-related damage [101]. These findings are similar to those reported 
by Turkmen et al. using the UC1011 GABAA receptor antagonist, who also observed a reduced 
allopregnanolone effect on the learning test [102].

Although the mechanisms of astrocyte cell swelling are still controversial, some authors pro-
pose that the plasma membrane depolarization plays a crucial role, while others suggest that 
the ionic homeostasis is equally important [103, 104]. In addition, glutamine, manganese, pH 
changes, and the neurosteroids are also implicated in this process. However, both, in vivo and 
in vitro experimental evidence strongly suggests that astrocyte swelling is the primary response 
to hyperammonemia. One additional factor is the oxidative stress derived from the altered 
mitochondria. It has been shown that astrocytes exposed to ammonia, results in the activation 
of the mitochondrial permeability transition pore (MPT), a process related to generation of 
ROS within the cell. The permeability transition is a sudden increase in the inner mitochondrial 
membrane to solutes >1.5 kDa and it is known that adenine nucleotides inhibit this process. 
The MPT is a Ca2+-dependent process that usually culminates in necrosis or apoptosis in hepa-
tocytes; in mammals, cyclophilin D (CyPD) (a conserved cis-trans isomerase) acts as the mito-
chondrial receptor for cyclosporine A (CsA) (a very well-known immunosuppressive agent). 
The MTP is a multiprotein complex whose formation is ultimately inhibited by the CyPD/
CsA complex. Pre-treatment of astrocytes with CsA completely reverts the cell swelling after 
treatment with ammonia [25]; in a similar manner, sodium pyruvate, minocycline, magnesium 
sulfate, and trifluoparazine (TFP), decreased the ammonia-induced MTP-dependent cell swell-
ing, in a significant manner [105]. Other antioxidant compounds have been tested in order to 
revert the cognitive impairment in HE. For example, the multifunctional soy isoflavone, genis-
tein, has an important activity as an oxygen-derived free radicals scavenger, and as a potent 
inhibitor of pro-inflammatory cytokines such as IL-4, IL-10, IL-1β, TNFα, etc., as well as the 
expression of GABAA and GluR2 receptors in the hippocampus of a rat model of HE, restoring 
the altered neurotransmission, neuroinflammation and the DNA damage observed in the rat’s 
brain [106, 107]. Further evidence indicates that genistein may inhibit astrocyte swelling by 
inhibiting the protein tyrosine kinase (PTK) activity and repression of NF-κB-mediated induc-
ible nitric oxide synthase (iNOS)-derived nitric oxide (NO) accumulation [108]. Resveratrol, 
lipoic acid (LA), and N-acetyl-cysteine (NAC) are important anti-oxidants that can, at least in 
vitro, modulate the expression and activity of the glutamate transporters, increase the gluta-
mate release, reduce the activity of GS and GSH content as well as the ammonia-induced pro-
inflammatory response in glial cells [109].

A most recent study, conducted in vivo, indicates that TNFα and its receptors, TNFR1 and 
TNFR2, play major roles in acute ammonia intoxication. In TNFα-deficient or double TNFR1/
TNFR2 knock-out mice, ammonia challenge is unable to trigger astrocyte cell swelling, an 
affect that seems to be related to the expression of the Na+, K+, 2Cl− (NKCCl) co-transporter, 
which is closely related to the NH4

+ hepatic clearance [110].

L-ornithine and L-aspartate (LOLA) are urea cycle substrates that can lower ammonia levels 
in cirrhotic patients. The first is a substrate of the ornithine-aminotransferase (OAT) enzyme, 
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which converts ornithine into glutamate or glutamate-semialdehyde, while L-aspartate is 
converted by the aspartate-aminotransferase into glutamate or oxaloacetate [5]. A complete 
review about the effect of LOLA in cirrhotic patients has been published and one of the main 
conclusions was that LOLA is effective in patients with OHE and less beneficial for those hav-
ing MHE and had no effects on patients with acute liver failure [111, 112].

An intriguing method to treat liver-affected patients is based in Ayurveda. According to 
Wikipedia, Ayurveda is a system of medicine with roots in India, where medical knowledge 
is transmitted from gods to sages and then to humans. Ayurveda therapies are based on com-
plex herbal compounds, minerals, and metal substances. In a clinical research paper, Ayurveda 
was put into practice to treat a case of HE in India. The report indicates that Ayurvedic ther-
apy, consisting on a mix of four substances (Siddha Makar Dhwaja, Brihat Vata Chintamani Rasa, 
Phyllanthus niruri extract and a syrup of “hepatoprotective herbs”), was administered to a grade 
three HE male patient currently receiving “modern therapies.” After a 3-day period of treatment, 
the patient was found more oriented and awake. The hepatic aminotransferases and biliru-
bin significantly improved after almost 1 month of treatment [113]. This report, according to 
authors, is interesting enough to begin a new debate in the area of practice of Ayurvedic medi-
cine. The debate is open.

4. Concluding remarks

Hepatic encephalopathy is a very devastating disease associated with liver failure. Besides 
the detrimental effects over astrocyte and neuron physiology, HE had a direct impact over 
the quality of life of affected patients. Recent evidence suggests that many pro-inflammatory 
pathways are related to these pathology and therapeutic interventions are devoted to coun-
teract it. In this chapter, many of the molecular and pathological events related with ammo-
nia and its effects over astrocytes cells had been addressed. Indeed, ammonia is one of the 
main factors contributing to the pathophysiology of HE, responsible of the astrocyte swelling 
along with other metabolites such as myoinositol, manganese, etc. (Figure 4). Ammonia is a 
toxic compound mainly produced by the bacteria in the gastrointestinal tract or by metabo-
lism of ammonium-containing substances. In healthy subjects, urea is the final metabolite 
of ammonium metabolism in the liver, which is then excreted in urine. Hepatic failure is a 
one of the most common public concerns in western economies and is beginning to become 
a major problem in the next 10–15 years. Some of the most feasible and easy-to-implement 
therapies against liver disease is prevention. Public health policies must be strengthened 
regarding preventive information not only for liver but also to different metabolic-related ill-
ness. The stress and inappropriate feeding habits in general population has enormous impact 
not only in adults, but also in young or even in elementary-school grade childhood. One of 
the main tasks of public health should be informative and not only the medical practice. If we 
want to succeed in our struggle against different maladies affecting human beings, we must 
to begin to turn the sight to the basics of having a proper balanced diet and to make regular 
physical activity; this actions would improve and prevent any metabolic imbalance in the 
short to median term. The society has the future in their hands.
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