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well as for the maintenance of neuronal metabolism, neurotransmitter synthesis and exocytosis, and syn-
aptic transmission. Many of these functions are intrinsically related to neurodegeneration, allowing refo-
cusing on the role of astrocytes in physiological and neurodegenerative states. Indeed, emerging evi-
dence in the field indicates that abnormalities in the astrocytic function are involved in the pathogenesis
of multiple neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD),

Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). In the present review, we highlight

Dol:

PPPDDIDDPIIVDIVIVDIVDVDIVDD DD

the physiological role of astrocytes in the CNS, including their communication with other cells in the

brain. Furthermore, we discuss exciting findings and novel experimental approaches that elucidate the
role of astrocytes in multiple neurological disorders.

1. INTRODUCTION

Astrocytes represent approximately 40% of the total cells
in the brain and are the major cellular constituent of the
mammalian central nervous system (CNS) [1]. Since the first
description of these cells by Rudolf Virchow in 1856 and a
later study by Michael von Lenhossek, who suggested that
the star-shaped glial cells should be named spider cells or
astrocytes, substantial progress in understanding the intrinsic
role of astrocytes in the physiology of the CNS has been
achieved (for review, see [2]). However, for a long time, the
exclusive role of astrocytes was thought to be the provi
of support to neurons, and reactive processes were consia-
ered to be secondary to neuronal injury. Recent technological
advances in research tools (including the use of induced
pluripotent stem cells (iPSC), chemogenetics, single-cell
RNA sequencing (scRNA-seq) and optogenetics) have en-
abled scientists to discover new astrocytic pathways and mo-
lecular mechanisms and to achieve a better understanding of
their critical functions and their dynamic role in the healthy
brain and during disease progression (for review, see [3]).
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Some proposed critical functions of astrocytes include
neurovascular coupling, stabilization of the blood-brain bar-
rier (BBB) to maintain the CNS as an immune-privileged
site, regulation of synaptic function (formation, elimination,
maintenance and plasticity), ion homeostasis (for example,
avoiding of extracellular K overload), regulation of the con-
centration of neurotransmitters at synapses by participating
in neurotransmitter clearance (protecting neurons against
glutamate excitotoxicity), metabolic and neurotrophic sup-
port of neurons by influencing the structure and function of
surrounding neurons, regulation of action potential wave-
forms, and regulation of specific behaviors such as sleep [4-
12]. For these functions, a close molecular and morphologi-
cal relationship between astrocytes and neurons is essential.
This contact is made through the end feet of astrocyte.
Moreover, astrocytes and neurons constitute the “tripartite
synapse”, in which presynaptic and postsynaptic terminals
are in intimate association with surrounding astrocytes [13].
In addition, it is now well established that astrocytes also
respond to all forms of injury, trauma, and infection via a
process termed astrogliosis [9]. Under these pathological
circumstances, the astrocytic response is referred to as “reac-
tive” or “activated” astrocytes and is followed by important
changes in their morphological and physiological features
[14]. These changes may include the hypertrophy of cell
bodies and processes [15], reorganization of the astrocyte’s
arborization with a change in the number of primary proc-
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esses [15] and polarization toward the site of injury [16],
increased expression of glial fibrillary acidic protein
(GFAP), vimentin, nestin, and chondroitin sulfate proteogly-
cans (CSPGs), changes in the rate of glutamate uptake, re-
lease of inflammatory cytokines, production of reactive oxy-
gen species (ROS) and formation of glial scars [17].

A recently increased body of data shows that the effects
of astrogliosis on neural tissue and its functions are not uni-
form. Thus, astrocyte function may vary depending on the
context, indicating that astrogliosis may be an adaptive bene-
ficial response to a deleterious process such as a neurode-
generative disease (ND) [12]. In this regard, there is a grow-
ing body of evidence for the concept of astrocytopathies in
which the disruption of normal astrocyte functions, dysfunc-
tional astrogliosis or astroglial degeneration is the primary
cause of neurological dysfunction and disease [12]. The loss
of the critical astroglial functions described above exacer-
bates the progression of various diseases, of which amyotro-
phic lateral sclerosis (ALS) or Alzheimer’s disease (AD) are
prominent examples. Although our understanding of astro-
cytes has increased considerably over the past two decades,
we still know very little about how astrocytic pathways are
involved in the progression and onset of these diseases. In
this review, we summarize recent studies of astrocyte func-
tions in the normal healthy brain. Furthermore, we highlight
neurodegenerative diseases in which astrocyte function or
dysfunction is believed to play a key role in disease onset or
progression. We also discuss new technological methods that
make it possible to dissect novel astrocyte functions during
disease, and we provide an overview of future directions in
research on astrocytes as a therapeutic target in the treatment
of neurological disorders.

2. HETEROGENEITY OF ASTROCYTES AND CELL
INTERACTION

Given the indicati(%1 their functions, it is evident that
astrocytes comprise a heterogenous group of cells [18]. As-
trocytes have been divided into two generally recognized
categories: fibrous astrocytes, which are present in white
matter and express GFAP, and protoplasmic astrocytes of
gray matter, which may express less GFAP [18]. However,
emerging evidence indicates embryonic patterning as a prin-
ciple in astrocyte organization, suggesting that distinct sub-
types of these cells originate from separate domains in the
developing spinal cord [19]. Three subtypes of fibrous astro-
cytes can be distinguished based on the expression of Reelin
and Slitl, which are derived from progenitor domains ex-
pressing the homeodomain transcription factors Pax6 and
Nkx6.1 (Table 1) [19]. Moreover, Nkx6.1 is expressed by
ventral astrocytes after their migration from the ventricular
zone, and its ablation leads to abnormal specification and
disorganized morphology of ventral astrocytes [20]. While
investigating how astrocytes become restricted to particular
regions of CNS, Tsai et al. [21] demonstrated that an appro-
priate domain-specific population of astrocytes is required to
support correct synaptogenesis and/or synaptic maintenance;
this cannot be achieved even when there is immigration of
astrocytes from adjacent regions.

In addition to the traditional classification of astrocytes
into two different populations and the more recent views on

Trujillo-Estrada et al.

the developmental diversification of these cells, recent ad-
vances in imaging and genetic tools have contributed to elu-
cidating the morphological and functional diversity of astro-
cytes (for review, see [22]). Since astroglial cells are in-
volved in numerous and different functions in different re-
gions of the brain, it is plausible to speculate that these func-
tions are accomplished by different astroglial subpopula-
tions. In regard to this, Lin and collaborators recently de-
scribed five distinct astrocyte subtypes that expressed both
GFAP and Aldehyde Dehydrogenase 1 Family Member 1
(ALDHI1L1) with molecular and functional differences in the
mouse brain. Their studies which were based on a novel
fluorescence-activated cell shorting (FACS) approach, al-
lowed them to identify a subset of astrocytes that showed an
increased capacity to support synapse formation and another
subtype that showed an upregulation of genes related to
phagocytic functions, among others [23]. In recent years,
numerous authors have suggested classifying astroglial sub-
populations based on their activation phenotypes under
pathological conditions such as neurodegenerative diseases
[24]. As an example, Liddelow and colleagues suggested the
division of astrocytes into two different phenotypes, Al and
A2, similar to the proposed M1 and M2 classification of
macrophages. According to this scheme, Al astrocytes
upregulate the expression of numerous genes related to the
complement inflammation signaling pathway and can be
classified as “harmful” astrocytes. Because A2 astrocytes
upregulate the expression of some neurotrophic factors, they
could act as neuroprotective cells [24]. The studies demon-
strated that neurotoxic astrocytes (A1) could be induced by
activated neuroinflammatory microglia under pathological
conditions, as a result losing their homeostatic functions and
gaining new neurotoxic functions that lead to the death of
both neurons and oligodendrocytes [24, 25]. The develop-
ment of harmful astrocytes immediately following injury
opens up a new scenario in which not only the homeostatic
subpopulation of astroglia but also the phenotypic changes
they undergo during disease need to be taken into considera-
tion. Unraveling the functional and molecular characteristics
of astrocyte populations throughout the different regions of
the CNS would provide us with a better comprehension of
their functions in both health and disease. Therefore, under-
standing the astroglial cellular heterogeneity will provide the
critical knowledge necessary to further elucidate their roles
in many physiological processes in the brain as well as their
roles in multiple neurodegenerative disorders.

2.1. Astrocytes-neurons

The close relationship between astrocytes and neurons
enables astrocytes to coordinate synaptic networks; such
signaling occurs through interactions between signaling
molecules and ligand receptors (Fig. 1, Table 2). In recent
years, several mechanisms have been identified through
which these cells might modulate synaptic transmission [26-
28]. Astrocytes exhibit a number of properties that suggest
that they modulate neuronal activity in vivo. These properties
include their ability to 1) buffer extracellular potassium, 2)
rapidly take up neurotransmitters following release at neu-
ronal synapses, 3) release neurotransmitters and neuromodu-
lators (including glutamate, ATP and D-serine), 4) release
neurotrophic factors, and 5) regulate the volume of the ex-
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Table 1. Classification of the astrocytes. This classification has been made based on literature studies [19, 23, 25] and described
according to their phenotype characteristics.

Type Phenotype
Fibrous astrocytes Found in the white matter, with thin and straight processes
Protoplasmic astrocytes Found in the grey matter, are short branched with thick processes

VAl Pax6 expression in the absence of Nkx6.1 (Reelin’, Slit1")

VA2 Co-expression of Pax6 and Nkx6.1 (Reelin’, Slit1")

VA3 Nkx6.1 expression in the absence of Pax6 (Slitl*, Reelin’)

“4” GFP'CD51'CD71°CD63"

“B” GFP'CD51'CD71'CD63"

“Cc” GFP'CD51'CD71°CD63"

“D” GFP'CD51'CD71'CD63"

“E” GFP'CD51'CD71°CD63"

Al “Neuroinflammatory”; upregulated complement cascade components drive synapse destruction;

A2 “Ischemic”; upregulated neurotrophic factors

lon and volume

regulation AQP4  Glu, ATP,

Kir4.1 D-serine
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Fig. (1). Astrocytes in health and disease. a). In the healthy brain state, homeostatic and balanced relationships exist among neurons, astro-
cytes, oligodendrocytes, endothelial cells and microglia. Astrocytes remove neurotransmitters from synaptic space and release glutamate,
ATP, D-serine and neurotrophic factors to support neurons (1). Astrocytes also communicate with microglia through a variety of signals (2).
The secretion of soluble factors by astrocytes induces myelination by oligodendrocytes (3). Finally, astrocytes express various channels in
their end feet that regulate ions and volume, and they also release GDNF, TGF-3, bFGF and angiopoetin 1 to stimulate the BBB (4). b). In a
disease state such as a neurodegenerative disorder or trauma, there is damage to neurons, leading to their reduced outgrowth, activity and
connectivity and causing microglia to become active. The microglia-activated signals (e.g., cytokines) activate astrocytes, which then release
glutamate and proinflammatory molecules. Moreover, there is a dysfunction of the BBB.
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Table2. Summary of astrocyte-cell interactions.
Cell Type Interaction Mechanisms
Buffer extracellular potassium;
Take up of neurotransmitters following release at neuronal synapses;
Release of neurotransmitters, neuromodulators and neurotrophic factors;
Neurons Regulation of the volume of the extracellular space;
Calcium signaling through gap junctions;
LTP modulation and neuronal differentiation promoted by ephrins;
Synaptic transmission facilitated by endocannabinoids.
Activated microglia can secrete IL-1a, TNF and Clq, inducing the activation of A1 astrocytes;
Microglia Synaptic pruning;
Glutamatergic neurotransmission
Oligodendrocyte Myelination promotion
Endothelial cells Modulating the brain-blood barrier

tracellular space [29, 30]. Signaling molecules and ligand
receptors can also interact in such a way as to facilitate the
communication between astrocytes and neurons. These inter-
actions can alter the physiology of both types of cells,
thereby impacting many physiological processes, such as
synaptic plasticity. Here, we summarize some of these inter-
actions.

Astrocytes can communicate with neurons through cal-
cium signals that propagate via gap junctions [31]. Astrocyte
intracellular Ca™ signals, which are referred to as Ca' fluc-
tuations, may be spontaneous or generated by neurotransmit-
ters and are related to both physiological function and neuro-
logical disorders [32, 33]. Recently, Otsu and collaborators
[34] showed that activated olfactory sensory neuron (OSN)
terminals may trigger Ca™ increases in astrocyte processes
but not in astrocyte somata. These Ca ™ fluctuations guide the
onset of functional hyperemia, pointing to astrocytes as po-
tential regulators of neurovascular coupling. Importantly,
many studies with IP3R2'/' mice have demonstrated the role
of these receptors in all Ca™ signaling and the role of such
signaling in neuronal and blood vessel function. On the other
hand, Srinivasan and colleagues [35] demonstrated that these
calcium fluctuations are not entirely dependent on IP;R; re-
ceptors, as most of them occur in astrocyte processes.
Moreover, it appears that there is a lack of effect on long-
term potentiation (LTP) when astrocyte calcium signaling is
impaired, especiall;/ through the IP; signaling pathway [36,
37]. Astrocyte Ca'” fluctuations in vivo have two phases: an
early component mediated by al-adrenoceptors [38, 39] and
a late component that is independent of al-adrenoceptors
and IP;R,-mediated signaling [35]. Notably, astrocytic cal-
cium transients are slower than the neuronal calcium tran-
sients that underlie fast synaptic transmission [5].

It has been established that ephrins, by binding to their
specific receptors, can control the spatial organization of
cells by modulation of attractive and repulsive forces. Re-
cently, ephrins have also gained attention for their role in the
signaling between astrocytes and synapses during the LTP
process [40]. Ephrin-A3 can be found in astrocytic proc-

esses, while its binding partner, EphA4, is expressed in neu-
rons. LTP is attenuated in the CA1l region of hippocampus
lacking ephrin-A3 or EphA4 [41] and elevated in transgenic
mice whose astrocytes overexpress ephrin-A3 [42]. Moreo-
ver, ephrin-B2 from hippocampal astrocytes promotes the
neuronal differentiation of adult neural stem cells (NSCs),
also through cell-cell signaling [43].

Additionally, endocannabinoids released by neurons can
activate CB1 receptors that are expressed in astrocytes, play-
ing key roles in brain function and memory. The CB1 recep-
tor promotes calcium elevation in astrocytes, thereby s@j
lating the glutamate release that ultimately activates pr -
aptic metabotropic glutamate receptors. Therefore, astrocyte
signals evoked by cannabinoid release from neurons are di-
rectly involved in synaptic transmission [44]. Moreover,
astrocytic CB1Rs, but not the receptors expressed by gluta-
matergic or GABAergic hippocampal neurons, are directly
involved in endocannabinoid-induced synaptic depression
and in the impairment of spatial working memory induced
by cannabinoids, as shown by work with conditional trans-
genic mice that lack CBIR selectively in astrocytes, gluta-
matergic neurons or GABAergic neurons [45, 46].

2.2. Astrocytes-microglia

The other major glial cell type in the brain is the micro-
glial cells, which are the brain’s resident immune cells. Mi-
croglia exert a wide array of functions; in addition to their
main role as surveillants of the brain parenchyma, they inter-
act with synapses, playing an important physiological role in
learning and memory [47, 48]. Although some of the long-
term effects of microglial activation and inflammation are
already known, the consequences of their interaction with
astrocytes are still being explored. During the homeostatic
stage (non-activated), microglia constantly extend and retract
their dynamic processes while monitoring the environment,
including synaptic astrocytes, presynaptic boutons and post-
synaptic spines. When activated, microglial cells remove
damaged synapses [48-50].
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Astrocytes and microglia play a significant role in re-
moving or “pruning” synaptic connections, a fundamental
process of structural formation and elimination that controls
and refines the connectivity of neuronal circuits [29, 51, 52]
(Fig. 1). Specifically, astrocytes can phagocytose synapses
through the multiple EGF-like-domains 10 (MEGF10) and
MER receptor tyrosine kinase (MERTK) phagocytic path-
ways; mice deficient in both pathways retained an excess of
functional synapses with their primary targets [53]. Addi-
tionally, it has been demonstrated that A1 astrocytes, which
display a harmful reactive state [24], can be induced by IL-
lo, TNF and Clq secreted by activated microglia. These
astrocytes lose most of the normal astrocytic functions but
gain a new neurotoxic function and rapidly killing neurons
and oligodendrocytes [24, 54].

In brain slices and cell cultures, microglia activated by
LPS, a pro-inflammatory molecule, release ATP that stimu-
lates astrocytes to release glutamate. Acting through
mGluRS, glutamate then modulates neuronal activity, sug-
gesting a possible role of microglia in excitatory neuro-
transmission [55]. Recently, the interaction of LPS-activated
microglia with astrocyte connexins was also investigated.
Abudara and collaborators [56] demonstrated that microglial
stimulation with LPS promotes the release of two proin-
flammatory cytokines, interleukin (IL)-1$ and tumor necro-
sis factor-alpha (TNF-o), which, in turn, activate astrocyte
hemichannels, mainly through Cx43 hemichannel activity.
Consequently, there is an increase in calcium levels in astro-
cytes and enhanced glutamate release associated with a re-
duction in excitatory synaptic activity in pyramidal neurons.

2.3. Astrocytes-oligodendrocytes

Oligodendrocytes and astrocytes originate from a com-
mon lineage of neuronal progenitor cells within the neuroec-
toderm [57]. In the CNS, myelination is performed by oli-
godendrocytes. The myelin sheath is a modified and :@
tended glial plasma membrane that enwraps around the 4
ons, enabling fast saltatory nerve conduction and maintain-
ing axon integrity [58]. In the healthy adult brain, oligoden-
drocytes are generated continuously, and myelin is produced
constantly throughout life [59].

It is well known that astrocytes support oligodendrocyte
function (Fig. 1). In 1984, Noble and Murray demonstrated
for the first time the interaction between astrocytes and oli-
godendrocytes and its impact on myelination [60]. Several
soluble factors secreted by astrocytes have been implicated
in enhancing myelination. Astrocytes stimulate oligodendro-
cyte differentiation, supporting the concept of a positive ef-
fect of astrocytes in myelination [59, 61]. However, astro-
cytes may also have detrimental effects on oligodendrocyte
differentiation, mostly within the glial scar. Astrocytes
within the glial scar inhibited regeneration and negatively
impacted remyelination [62-64].

Connexins are a family of proteins that create gap junc-
tions, which are intercellular channels, and are responsible
for coupling oligodendrocytes and astrocytes. Astrocytes
express connexins 43 and 30, while oligodendrocytes ex-
press connexins 32 and 47. Astrocytes and oligodendrocytes
can also have heterotypic gap junctions composed of con-
nexins 47 and 43 and connexins 32-30 [65-68]. Genetic mu-
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tations in the genes encoding these connexins demonstrate
their fundamental role in the proper function of myelin and
oligodendrocytes.

In summary, astrocytes play an active role in promoting
myelination by modulating the brain-blood barrier, regulat-
ing peripheral immune cell trafficking, and acting as a source
of several factors such as chemokines and cytokines, thereby
facilitating the interaction with oligodendrocytes.

2.4. Astrocytes-endothelial Cells

In the physiological state, the brain endothelium derives
many of its properties from intimate interaction with astro-
cytes and neurons (Fig. 1). It is well known that astrocytes
play a highly important role in neurovascular coupling [69,
70]. The main interaction between astrocytes and endothelial
cells occurs at the BBB, a selective barrier formed by brain
endothelial cells that line the cerebral vasculature and form
complex tight junctions. Given the complexity of BBB in-
duction by glial cells, it is imperative to have communication
between the endothelium and glial cells [70-72].

Analysis of the brain microvasculature demonstrates that
the end feet of astrocytic glia form a lacework of thin lamel-
lae that are closely attached to the surface of the endothe-
lium. Nonetheless, the endothelial cells have a reciprocal
active influence on astrocytes [72-74]. The perivascular end
feet of astrocytes, which are closely attached to the mi-
crovessel wall, show several specialized features characteris-
tic of this location, including a high density of orthogonal
arrays of particles (OAPs) containing the water channel aq-
uaporin 4 and the Kird.1 K+ channel, channels that are in-
volved in ion and volume regulation [73, 75-77].

Astrocytes secrete several chemical agents and many
glial-derived factors, including glial-derived neurotrophic
factor (GDNF), transforming growth factor-f3 (TGF), basic
fibroblast growth factor (bFGF) and angiopoietin 1, that may
activate the BBB phenotype in endothelial cells in vitro [71,
72, 78-80]. Overall, the interactions between astrocytes and
the brain endothelium within neurovascular units influence
the BBB under both physiological and pathological condi-
tions.

In summary, astrocytes are important glial cells with
many important functions and fundamental cell interactions
that affect the development and function of the CNS in
health and disease.

3. NEW SCIENTIFIC APPROACHES TO THE STUDY
OF ASTROCYTES

Thanks to technological advances that have occurred in
recent decades, new scientific tools have been developed that
can be used to advance our knowledge of the complex role
of astrocytes in the biology of the CNS. Here, we will high-
light some of the novel techniques that can be used to
achieve a better understanding of the dynamic role of these
cells in the CNS and uncover their involvement in the onset
and progression of multiple NDs (Fig. 2).

3.1. In Vivo Imaging

Traditional imaging methods (i.e., imaging of fixed brain
tissue from human autopsy or rodent samples) have provided


lauratrujillo
Sticky Note
axons instead of ax-ons


6 Current Alzheimer Research, 2019, Vol. 16, No. 00

A In vivo imaging

A1

-

Optogenetics
Blue light @)

@ i
)

C Chemogenetics (DREADD)

clozapine-N-oxide - @ H
1 ﬁ” 1
orw C
hM3Dq  hM4DI

=

/| e

Trujillo-Estrada et al.

scRNA-seq

- a

e
NG
.

\
*‘%
@, { F\ —E—

Induced pluripotent stem cells

Fig. (2). Novel technical approaches to the study of astrocytes. Over the past few years, novel approaches have been developed to assess
the role of astrocytes in the brain under physiological and pathological conditions. These approaches include in vivo imaging (A), optogenet-
ics (B), chemogenetics (C), sc-RNA-seq (D), animal models (E) and induced pluripotent stem cells (F).

important data for investigating the involvement of astro-
cytes in multiple NDs [81-84]. Most of these analyses have
focused on bright-field, confocal microscope and electron
microscope images. Most recently, we have experienced an
important advance in these traditional techniques and three-
dimensional fluorescent imaging has been used to determine
density and morphological changes in astrocytes during dis-
ease progression, and the ion beam scanning electron micro-
scope technique has been recently used to explore ultrastruc-
tural changes in astrocytes [81-85].

Despite these important advances in the traditional tech-
niques, the new imaging approaches can provide more rele-
vant insights into the dynamic changes that occur in astro-
cytes in the CNS in vivo [3, 86, 87]. The development of
two-photon laser scanning fluorescence microscopy
(TPLSM), which uses an imaging technique in an open-skull
or thinned-skull craniotomy, makes it possible to visualize
and monitor dynamic and structural changes in astrocytes
under a variety of physiological and pathological conditions
[3, 86, 87]. This technique has drastically advanced our un-
derstanding of these cells in the regulation of several of the
important physiological functions that were previously dis-
cussed, such as their role in the regulation of the BBB, cros-
stalk with microglia and oligodendrocytes and their contribu-
tion to neuronal circuits [3, 86, 87]. Indeed, researchers have
used two-photon imaging to truly understand the role of as-
trocytes in the development and progression of various NDs.
For example, two-photon microscopy imaging combined
with topical application of sulforhodamine 101 (SR-101), a
fluorescent dye widely used in the in vivo labeling of astro-

cytes, in APPswe/PS1dE9 mice has revealed that astrocytes
remain in their exclusive and highly organized domains in
the presence of AP plaques, indicating that AP plaques do
not exert chemotactic effects on astrocytes in the AD mouse
brain [88]. Moreover, astrocytes associated with plaques in
APP/PS1 mice displayed hyperactive calcium waves that
were partially mediated by purinergic signaling [89, 90].
Two-photon imaging has also been used to investigate astro-
cyte function in ALS; the results showed that these cells me-
diated a rapid response to the affected spinal cord area by
projecting branches in the direction of the injured axons
within minutes to hours post-lesion [91]. Thus, this tech-
nique provides a valuable tool for elucidating the structure
and function of astrocytes at specific time points during
ease progression as well as for performing longitudinal

ies. Interestingly, the recent three-photon fluorescence mi-
croscope also makes it possible to study astrocytic function
in subcortical areas, overcoming the limitation of the two-
photon microscope, which only allows imaging in cortical
areas [92]. The technological advance represented by the
three-photon fluorescence microscope will provide exciting
insights into the critical role of astrocytes in subcortical areas
in vivo.

3.2. Optogenetic Approach

Optogenetics is a powerful technique that uses optics and
genetics to manipulate the activity of a target cell [93]. This
novel approach allows the investigator to control the activity
of a specific cell with high precision both spatially and tem-
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porally [93]. Initially, this technique was used to activate or
inhibit neuronal cells through light-sensitive opsins, which
are microbial channels that allow the flux of ions that depo-
larize or hyperpolarize neurons when stimulated by light
[93]. The most commonly used channels in optogenetics
research are channelrhodopsin (ChR) and halorhodopsin
(NpHR), which are sensitive to blue and yellow light, re-
spectively. ChR-1 and ChR-2 are cation-selective channels
that allow ion influx; this influx depolarizes the membrane,
resulting in action potential firing in neurons. NpHR is a
light-sensitive chloride pump that hyperpolarizes the mem-
brane and inhibits neuronal activity [3, 93, 94]. An incipient
number of studies have focused on activating astrocyte
signaling in vivo by using ChR2; this leads to an increas@
the calcium influx that further activates downstream sig
ing pathways, inducing the release of cytokines and
gliotransmitters that influence the activity of neighboring
neurons [95-97]. However, further studies are needed to
determine the impact of manipulating astrocytes in the
progression of several NDs and to enlighten our
understanding of the disease mechanism.

3.3. Chemogenetic Technology

Chemogenetics has been extensively used as a platform
to target and manipulate neuronal and nonneuronal signal
transduction in specific cell types such as astrocytes [3, 98].
Multiple different constructs involving kinases, nonkinase
enzymes, G protein-coupled receptors (GPCRs) and ligand-
gated ion channels have been engineered [94, 98]. Of these
constructs, the most widely used chemogenetic tool is De-
signer Receptors Exclusively Activated by Designer Drugs
(DREADDs); these are modified GPCRs that are activated
by agonists with no endogenous targets [3, 94, 98, 99].
DREADDs can be excitatory Gq receptors such as hM1Dq,
hM3Dq, and hM5Dq, which are modified forms of the hu-
man muscarinic receptor. Of these three Cq-DREADDs,
hM3Dq is the most frequently used by researchers [3, 94,
98]. DREADDs can also be inhibitory; examples are hM2Di,
hM4Di and the x-opioid-derived DREADD (KORD), of
which hM4Di is the most commonly used [3, 94, 98]. Both
hM3Dq and hM4Di can be activated by the selective agonist
clozapine-N-oxide (CNO), a derivative metabolite of the
antipsychotic drug clozapine that is biologically inert in ro-
dents [3, 94, 98]. CNO can cross the BBB and is commonly
administered intraperitoneally or orally, thereby enabling a
noninvasive manipulation [94, 98]. Currently, genetically
engineered mice that express hM3Dq or hM4Di under the
control of the tetracycline (tet-off) promoter and via Cre-
mediated recombination are available, allowing its expres-
sion in specific target cells such as astrocytes. In addition,
many researchers are also using promoter-driven viral vec-
tors such as modified helper virus (HSVs), adeno-associated
virus (AAV) and lentivirus constructs to activate DREADD
in specific cells or brain regions [94, 98].

Gqg-DREADD was first introduced into astrocytes by Dr.
McCarty’s laboratory, who generated mice that expressed
hM3Dq under the control of the GFAP promoter (GFAP-
hM3Dq mice) [94, 100]. The activation of Gq-GPCR in glial
cells by CNO in GFAP-hM3Dq mice induces remarkable
changes in parameters that are regulated by the autonomic
nervous system, such as increased heart rate, blood pressure,
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saliva formation and a decrease in body temperature [94,
100]. In addition, increased sedation in the presence of a
GABA receptor agonist is also observed in these mice [94,
100]. Collectively, these results demonstrate the importance
of astrocytes in the modulation of these physiological func-
tions [94, 100]. In addition, astrocyte activation or inhibition
via GFAP-hM3Dq and GFAP-hM4Di, respectively, within
the medial basal hypothalamus modulates food intake in
mice [101]. The mechanism through which astrocytes regu-
late food intake is mediated by inactivation of the orexigenic
agouti-related peptide (AGRP) in neuronal cells in the h
thalamus via adenosine A; receptors [101]. Moreover,

eral studies have demonstrated that activation of astrocytes
in different regions of the brain plays a key role in synaptic
plasticity. For example, activation of astrocytes via a GFAP-
hM3Dq construct in the CA1 modulates memory and learn-
ing processes in the hippocampus, and astrocyte activation
via viral induction in the central amygdala area (CeM)
modulates fear and anxiety behavioral responses in mice
[102, 103].

Overall, these studies show that it is possible to manipu-
late the astrocytes function in multiple neurodegenerative
models at different time points of disease progression and in
different brain areas, leading to a better understanding of the
critical role of the astrocytes in these diseases.

3.4. Single-cell RNA-Sequencing (RNA-seq)

The study of the transcriptome is a powerful technology
that has enabled the identification of functional elements of
the genome and revealed the molecular components of cells
and tissues [104, 105]. Over the years, multiple methodo-
logical approaches to studying the transcriptome have been
developed; however, the recent development of the high-
throughput DNA sequencing method has provided a
approach to both the mapping and the quantification of
scriptomes [104]. This method, termed RNA-sequencing
(RNA-seq), is now generally used to analyze gene expres-
sion and to identify novel RNA species [104]. Altho@
RNA-seq is a valuable research tool in the study of the t
scriptome, important limitations emerge from this approach
in terms of studying the brain and neurodegenerative dis-
eases. For example, the brain is composed of multiple cell
subtypes (e.g., various neuronal subtypes, astrocytes, micro-
glia and oligodendrocytes), each of which expresses a dis-
tinctive set of genes. Under different pathological conditi‘@
these cell subtypes can be affected and may respond in
ous ways. Therefore, it is critical to overcome these intrinsic
limitations to gain precise insight into the roles of these dif-
ferent subsets of cells in disease progression. A recent sig-
nificant technological step forward is the use of single-cell
RNA sequencing (scRNA-seq), which makes it possible to
study the genetic profiles of these specific cell subtypes un-
der physiological and pathological conditions [106]. Novel
studies have demonstrated that astrocytes from multiple
brain regions show different genetic profiles related to the
inflammatory response and to the expression of synaptic-
related genes during aging and when exposed to different
pathological stimuli [107, 108]. Moreover, an elegant study
conducted in Dr. Bonci’s laboratory demonstrated that astro-
cytes from the ventral midbrain displayed important genetic
differences from cortical or hippocampal astrocytes [109].
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This relevant study showed that the pathways involve
astrocytic calcium dynamics and electrical membrane p
erties are significantly different than those in other brain
regions [109]. Collectively, these studies support the concept
of regional astrocyte heterogeneity, which may contribute to
understanding the different degrees of the vulnerability of
distinct brain regions to pathological conditions and aging
[107-109]. The scRNA-seq approach has also been used to
identify the relevant astrocytic pathways involved in NDs.
As one example, a recent study of ALS mice highlighted that
astrocytes display important alterations in multiple path-
ways, including glutamine biosynthesis, ion homeostasis,
energy metabolism, immune responses, the cell cycle and
apoptosis [110]. In summary, this novel approach provides
exciting molecular insights into the complexity of the brain
that can be applied to the identification of novel molecular
mechanisms underlying multiple NDs and to the discovery
of novel therapeutic strategies and biomarkers.

3.5. Astrocyte Animal Models

Over the past decades, various strategies for determining
the functional significance of astrocytic signaling in the brain
and its involvement in the neurodegenerative processes asso-
ciated with multiple NDs have been developed [94, 111].
Special emphasis has been placed on the generation of mul-
tiple knockout (KO) or conditional KO (cKO) models in
which specific astrocytic signaling pathways have been de-
leted; such models make it possible to investigate how these
astrocytic pathways may contribute to disease progression.

The inducible Cre system driven by the GFAP promoter
(GFAP-CreERT2) has been used extensively to target multi-
ple genes and pathways expressed in astrocytes [45, 112-
114]. One of the initial targets was the cannabinoid type-1
receptor (CBIR). GFAP-CBIR cKO mice developed working
memory impairment after Cre activation in astrocytes fol-
lowing tamoxifen administration [45]. Astrocytic dopamine
D2 receptor (DRD2) floxed mice also showed an increase in
secreted proinflammatory mediators compared to wild-type
control mice [112]. However, one of the pathways most ex-
tensively studied in astrocytes is the Cq-GPCR/PLC/IP3
pathway, which regulates the release of intracellular Ca®*
from the endoplasmic reticulum. Depletion of IP3 receptor
type 2 (IP3R2) in astrocytes has been achieved by crossing
IP3R2 flox mice with GFAP-Cre mice, allowing restriction
of the depletion of IP3R2 in astrocytes. This biogenic model
reduces the astrocyte response to Gq-GPCR activation or
neuronal activity in several brain regions [113, 114]. Re-
cently, other astrocytic models have been generated and used
to explore the consequences of altering glutamate reuptake,
nitric oxide and gliotransmitter production as well as of
buffering potassium ions [94, 111]. These mice showed sig-
nificant impairments in behavior, synaptic transmission, ion
homeostasis and other signs of neurodegeneration [115-117].

More recently, these models have been used to in E
gate how astrocytic pathways may be involved in the de+<

opment and progression of several distinct NDs. For exam-
ple, a recent study demonstrated that disruption of insulin-
like growth factor receptor (IGF-1) signaling in astrocytes
leads to significant impairment in the hippocampal-
dependent working memory test [118]. Moreover, a decrease
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in mitochondrial energy charge and respiration, as well as
impairments of AP uptake, are observed in IGFIRKO astro-
cytes [118]. Interestingly, an innovative inducible mouse
model that expresses the human ApoE3 or ApoE4 alleles
specifically in astrocytes has been developed [119]. Studies
using this model revealed that apolipoprotein E4 (apoE4)
facilitates the development of amyloid pathology during the
initial seeding stage but not during the rapid growth period,
providing important insights into potential ApoE thtic
strategies for suppressing amyloid pathology [119]. (cex-
ins (Cx) are crucial gap junction proteins that maintain the
connections of astrocytic cells in a network [120]. Among
the different connexins, Cx43 has received the most attention
and has been shown to play an important role in neuronal
plasticity [121, 122]. Reduction of astrocytic Cx43 expres-
sion in an AD mouse model mitigated cognitive impairment
by reducing gliosis and stimulating synaptic function [123].
Furthermore, a recent compelling study performed in an
ALS model reported that astrocytic NF-kB activation drives
microglial proliferation and leukocyte infiltration in the
SOD1 (G93A) ALS mice [124]. The work concluded that
activation of this pathway in astrocytes in the presympto-
matic phase is neuroprotective; however, in the symptomatic
phase, it accelerates the disease progression through micro-
glial activation [124]. Several other astrocytic pathways have
been linked to ALS; specifically, astrocytic Kir4.1 has been
shown to be critical for maintenance of the function and peak
strength of large fast o-motor neurons (FoMNs) [125].
Overall, these innovative rodent models offer a new perspec-
tive for assessing the role of glial cells in the mechanisms
underlying NDs.

3.6. Human Induced Pluripotent Stem Cells (iPSCs)

Advances in cell reprogramming have made it possible to
generate induced pluripotent stem cells (iPSCs) from skin
fibroblasts or blood cells and observe their subsequent dif-
ferentiation into tissue-specific cells [126-128]. This revolu-
tionary technology is a promising tool for disease modeling
and drug screening [126-128]. During the 10 years since its
creation by Yamanaka’s group [129], there have been many
advances in modeling NDs using iPSCs generated from fa-
milial and sporadic patients [126-128]. These studies provide
proof of principle for modeling patient-specific path| y
and recapitulate several pathological features of many -
ent NDs in vitro [126-128].

Although most human iPSC-based models used to study
neurodegenerative conditions are focused on neuronal cells,
recent studies have assessed the role of other brain cells in
the progression of multiple NDs [126-128]. As such, in the
past few years, a cascade of new studies using iPSC technol-
ogy has focused on determining the contribution of astro-
cytes to NDs [126-128]. For example, a recent study showed
that iPSC-derived astrocytes that harbor the APOE4 allele
exhibit profound alterations in gene expression and multiple
changes in cellular processes that may be related to AD
pathogenesis, including alterations in APOE secretion levels,
lipid transport and AP clearance [130]. Other studies also
investigated the function of astrocytes in AP} production and
clearance and found that, compared to controls, iPSC-
derived astrocytes from AD patients secreted higher levels of
APB42 and showed impaired AP uptake [131-133]. In addi-
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tion, other aspects of astrocyte biology, such as their met@
lism, calcium signaling and responses to inflammatory s

uli, are also altered in iPSC-derived astrocytes from AD pa-
tients compared to controls [131-133].

The role of astrocytes in others NDs has also been ex-
plored; for example, iPSC-derived astrocytes from HD pa-
tients were shown to exhibit an increased cytoplasmic vacuo-
lation compared to cells from control patients, a characteris-
tic that was also identified in primary lymphoblasts har-
vested from HD patients [134-136]. These results suggest
that autophagic processes may be altered and that ce
vacuolation may be an important disease abnormality asse
ated with HD. Thus, further mechanistic studies may provide
key findings regarding the relationship of this phenotype to
HD pathogenesis. Moreover, iPSC-derived astrocytes from
ALS patients are not able to promote the survival of motor
neurons (MNs), and these cells exhibit signs of degeneration
[137-139]. A recent study conducted by Dr. Lakatos’ labora-
tory suggested that the ephrin-B1l pathway is disrupted in
human iPSC-derived astrocytes from ALS patients as well as
in animal models of ALS, indicating that disruptions in this
pathway block the neuroprotective astrocytic response, fa-
cilitating MN degeneration [139]. These important findings
provide a better understanding of the molecular events that
lead to MN death and of the interaction of MNs with astro-
cytes and suggest a potential therapeutic target.

Over the years, we have experienced important techno-
logical developments that have provided researchers with
many advanced tools that can be used to more precisely dis-
sect the physiological functions of astrocytes and to explore
their role in the onset and progression of multiple NDs.

4. ROLE OF ASTROCYTES IN NEURODEGENERA-
TIVE DISEASES

Given the important role of astrocytes in supporting neu-
ronal development and homeostasis, it is not surprising that
astrocyte dysfunction contributes to a variety of NDs. The
tools discussed above all have the potential to provide new
insight into the role of astrocytes in specific neurological
disorders. In the healthy CNS, astrocytes are uniformly dis-
tributed in nonoverlapping domains; however, during the
reaction to CNS injury, such as ND, astrocytes undergo
changes in morphology and gene expression [1], including
hypertrophy and atrophy with loss of function (degeneration)
[1, 140, 141]. These changes are summarized in Table 3. As
described above, astrocytes express many receptors that de-
tect abnormal signals in the extracellular space, increased
concentrations of some molecules and even the absence of
normal signals from neighboring cells. The exact molecular
triggers that occur during the initial stages of NDs, before
significant neurodegeneration occurs, are unknown. Impor-
tantly, in NDs, pathogenic proteins may be directly ex-
pressed directly or taken up by astrocytes and activate them.
These abnormal proteins can interfere with intracellular sig-
naling pathways by activating or inhibiting various signaling
proteins. For example, activation of the STAT3 pathway
seems to be a universal feature of astrocyte reactivity in ND
models that is shared among disease models, brain regions
and animal species (for review, see [142]). In this part of the
review, we highlight recent studies that address the contribu-
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tion of reactive astrocytes to major NDs including Alexander
disease, Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease and amyotrophic lateral sclerosis (see
Fig. 3 and Table 4).

4.1. Alexander Disease

The clearest example in which astrocytes have been
shown to act as the primary culprit in disease is Alexander
disease (AxD), a rare genetic disorder that is characterized
by astrocyte dysfunction. AxD is a fatal neurodevelopmental
disorder; in infants, it causes seizures, megalencephaly, and
psychomotor retardation, ultimately leading to death. The
early onset form of the disease usually begins in the frontal
lobe [143]. In contrast, in adults (late-onset), the disease is
delayed and affects mainly the cerebellum and the brain
stem, producing conditions such as dysphagia and dysarthria,
among others [144, 145].

AxD is an astrocyte-specific disorder that is caused by
heterozygous dominant mutations in the GFAP gene [146].
Histopathologically, it is defined by a marked increase in
astroglial dimensions, in part due to a vast accumulation of
intermediate filaments GFAP and the Rosenthal fibers (RFs).
RFs are protein inclusions that consist mainly of GFAP and
vimentin, but they can also contain ubiquitinated proteins,
27-kDa heat shock proteins (HSP27) and alpha-B-crystallin
[147]. During AxD, astroglial cells not only increase in size
but also undergo significant morphological changes in which
they lose their finest processes and adopt a dysmorphic phe-
notype [148].

GFAP mutations could result in the slower formation of
intermediate filaments, leading to accumulation of the GFAP
protein in an oligomeric conformation [149]. GFAP oli-
gomers appear to directly inhibit the ubiquitin-proteasome
system, resulting in impairment of proteasome function. Giv-
ing the importance of the proteasome pathway in removing
excess GFAP from healthy brains, it appears that astrocytes
in AxD are constantly producing and accumulating massive
amounts of GFAP filaments. The marked increase in GFAP
expression induces astroglial toxicity and alters various cel-
lular pathways such as protein degradation, cellular stress
and autophagy (for review, see [150]). In AxD, astroglial
cells display a large decrease in the levels of the EAAT2
glutamate transporter, which in turn impairs their capacity to
buffer glutamate. This impairment could be the cause of the
seizures infants develop during the early stages of the dis-
ease. It could also be related to the specific loss of suscepti-
ble populations of neurons [148, 151]. As in most NDs, as-
trocytes in AxD upregulate various genes related to inflam-
mation and secrete pro-inflammatory molecules such as
TNFa and IL-1B, thereby contributing to the generation of a
pro-inflammatory environment [152, 153].

Although AxD is quite rare, the extent to which we can
understand how astrocyte functions are impaired in this dis-
order and the strategies we can devise to restore astrocyte
function will have significant implications for how we deal
with the many of the more common neurological diseases
that confront us. In this sense, different NDs (Alzheimer’s
disease and Parkinson’s disease) have in common a marked
astroglial activation process, and AxD could provide us with
substantial information on the effects of the upregulation of
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Table3. Changes in astrocytes related with disease progression.

Disease Related Changes in Astrocytes References

Atrophy: [266, 267]

Reduced cell soma and volume. Decreased numbers or loss of processes. Decrease in synaptic
coverage, astroglial homeostatic support (compromised uptake of glutamate).

Morphological changes | Reqctive astrogliosis: (1,12, 161,266, 268-

Upregulation of intermediate filaments like GFAP, vimentin, and nestin. Hypertrophy with en- 270]
larged soma, thick primary processes, and tangles of finer processes. Increased volume.

Proliferation.

Excitotoxic glutamate release [12,266,271,272]
Inflammatory cytokine production
Functional changes Upregulation of aquaporin 4 water channels
Reactive oxygen species generation

Change in intracellular signaling pathways (cAMP, STAT3, NF-kB, calcium, efc.)

B.] Impaired Ca2+ signaling
and K+ homeostasis

- Astrocyte
® - Reactive astrocyte

Impaired Ca2+
msignaling

ég Proinflammatory cytokines
@=® Reactive species of oxygen

@ Gutamate

. alpha-synuclein/beta-amyloid
Mitochondria
Neuroprotection
Neurodegeneration

Fig. (3). Mechanisms underlying the role of astrocytes in neurodegenerative diseases. Under pathological conditions, astrocytes undergo
activation. Reactive astrocytes contribute to the progression of neurodegenerative diseases through a variety of mechanisms. 1) The accumu-
lation of amyloid-B (in AD) or a.-synuclein (in PD) activates phagocytosis by reactive astrocytes. This process can have a neuroprotective role
(through the degradation and clearance of these pathological proteins) or contribute to the neurodegenerative processes (through the produc-
tion and secretion of reactive species of oxygen and proinflammatory cytokines). In AD, it has also been reported that reactive astrocytes are
able to eliminate presynaptic dystrophies, thereby contributing to neuroprotective effects. 2) A reduction in the expression of excitatory amino
acid transporters 1 and 2 (EAAT1/2) in astrocytes (responsible for most glutamate uptake at synapses) has excitotoxic effects on neurons and
contributes to the neurodegenerative process. 3) Astrocytes also experience impairment in Ca®* signaling and K* homeostasis during the neu-
rodegenerative process. 4) Finally, in ALS, reactive astrocytes display mitochondrial dysfunction with release of ROS.

GFAP in pathology. The use of human iPSCs to model dif- 4.2. Alzheimer’s Disease
ferent GFAP mutations and/or GFAP overexpression could
be used as a novel approach to develop a platform for drug
screening or therapeutic development.

Alzheimer’s disease (AD) is the most common cause of
dementia in the elderly, affecting over 35 million people
worldwide and causing major progressive deficits in memory
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Table 4.
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Implication of astrocytes in neurological disorders. Table summarizes the astroglial role in AxD, AD, PD, HD and ALS.

Neurodegenerative Disease Astroglial Implication in the Disease References
Inhibition of ubiquitin-proteasome [150]

Alexander disease (AxD) Reduction of glutamate uptake [148,151]

Secretion of pro-inflammatory molecules [152,153]

Release of Pro-inflammatory cytokines/OS [174,175]

AP generation [178, 180]

Alzheimer’s disease (AD)

AP phagocytosis and degradation

[168, 181, 183, 184]

Impaired glutamate uptake

[171]

Phagocytosis of dystrophic neurites [84]

Release of neurotoxic factors/ROS/NOS [221]

Impaired glutamate uptake [210,211]
Parkinson’s disease (PD)

a-synuclein elimination [215-218]

Impaired Ca®* signaling [221]

Impaired glutamate uptake [232,238]

Glutamate release [239]
Huntington’s disease (HD)

Impaired K* and Ca** signaling [240, 241]

Cholesterol metabolism alterations [242,243]

Release of pro-inflammatory cytokines/neurotoxic factors/ROS

[256, 258,259, 261]

Amyotrophic lateral sclerosis (ALS) Impaired glutamate uptake

[245,251-253]

Impaired Ca®* signaling

[254,264]

and cognitive function; as yet, there is no effective treatment
yet. Neuropathologically, AD is characterized by the ex-
tracellular accumulation of senile plaques composed of amy-
loid-f (AP) peptides, the intracellular accumulation of neu-
rofibrillary tangles (NFTs) formed by hyperphosphorylated
tau protein, neuroinflammation with active gliosis, and sig-
nificant synaptic and neuronal loss. AD can be categorized
into familial (fAD) and sporadic (sAD) types. Although the
two types of AD display similar pathological phenotypes, the
factors that trigger the neurodegenerative process in the two
types differ. In fAD, the pathological buildup is caused by
the presence of autosomal dominant mutations. However, the
etiology underlying SAD (which represents ~98% of cases)
is complex and multifactorial and results from a combination
of genetic, epigenetic, and lifestyle factors [154]. In 1992,
Hardy and Higgins suggested amyloid-f protein as the
causative event in the pathogenesis of Alzheimer’s disease
[155]. Since then, other theories (e.g., the cholinergic hy-
pothesis and the neurovascular hypothesis) have been pro-
posed, but none of these theories has managed to replace the
amyloid cascade hypothesis. However, in the last decade, the
role of glial cells (microglia and astroglia) in the pathogene-
sis of AD has attracted great interest because these cells are
thought to contribute to Alzheimer’s pathogenesis as much
as amyloid plaques or neurofibrillary tangles themselves

[156]. Unlike microglia, little is known about the contribu-
tion of astroglial cells to AD.

In animal models [84, 157, 158] and in AD patients [159,
160], a progressive increase in astrocyte reactivity occurring
in parallel with the progression of amyloid pathology has
been widely described. Recent studies have shown that the
number of astroglial cells remains unaltered and that only
their level of activation changes during disease progression
[82, 160]. Reactive astrogliosis, mainly characterized by the
upregulation of GFAP, vimentin and nestin [161] and by the
hypertrophy of glial processes [162], can be observed in the
hippocampal region even before the onset of the sympto-
matic phase of AD [163]. However, whether astrogliosis
actively contributes to the neurodegenerative processes or
whether, in contrast, it exerts beneficial functions during AD
progression is still unknown. In this area, contradictory re-
sults have been reported. Inhibition/elimination of alphal
ACT [164], calcineurin [165, 166] or CD40L [167] reverses
the formation of amyloid plaques and their associated
toxicity, indicating that activation of astrocytes increases
their toxicity. In contrast, ablation of GFAP/vimentin
expression, instead of decreasing the pathology, results in an
increased number of dystrophies around the plaques [168],
suggesting a neuroprotective role of the reactive astrocytes.
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As previously described, astrocytes play a key role in
regulating glutamate levels (for review, see [169, 170]). In
AD brains and animal models, the vast amount of A} present
impairs glutamate uptake by astrocytes, leading to excessive
extracellular glutamate levels sufficient to cause toxicity.
This phenomenon (excitotoxicity) could be due to an amy-
loid-dependent reduction in the level of glutamate trans-
porter 1 (GLT-1) and its human analog, EAAT2. Reduced
levels of GLT-1/EAAT?2 in the hippocampus, mainly in the
vicinity of amyloid plaques, have been found in Alzheimer’s
models and in AD patients [171]. In addition, astrocytes lo-
cated near AP deposits express GLT-1 splice variants that
are inert and inhibit normal glutamate uptake, which in turn
contributes to an increase in extracellular glutamate levels.
On the other hand, it is well established that astrocytes ex-
press various types of G protein-coupled receptors (GPCRs)
related to Ca®" signaling, including metabotropic glutamate
receptors (mGLuRs) and nicotinic acetylcholine receptors
(nAchRs). Under pathological conditions such as AD,
GPCRs are altered, and Ca”" levels consequently increase. In
this sense, Xiu and collaborators described the enhanced
expression of a7, a4 and Bf2-nAchRs in response to am;/loid-
B [172]. Moreover, A causes sustained astrocytic Ca”" sig-
naling that is mediated by mGluRS and a7nAchR and finally
leads to astroglial glutamate release. Alterations in glutamate
uptake combined with astroglial glutamate release can result
in excessive extracellular glutamate levels that are toxic to
neurons, leading to neuronal death and contributing to AD
pathology.

Astrogliosis has been specifically identified in the re-
gions surroundings amyloid plaques [173], and its progres-
sion correlates with AP pathology with respect to both plaque
number and distribution [159]. It is known that reactive as-
troglia are capable of responding to AP by giving rise to the
production and secretion of pro-inflammatory cytokines
and/or oxidative stress molecules, which in turn have cyto-
toxic effects. In fact, AP42 oligomers directly affect astro-
cyte activation via the nuclear factor (NF)-xf signaling
pathway and thus cause the up-regulation of cyclooxy-
genase-2 (COX-2), IL-1B and TNF-a pro-inflammatory me-
diators [174]. Marked upregulation of some proinflammatory
cytokines such as IL-6, IL-1p, interferon gamma (IFN-y) and
TNF-0 has been observed in APP transgenic mice [175,
176]. In addition, the release of inflammatory mediators con-
tributes to amyloid production and to its accumulation in
extracellular plaques [177]. In this sense, the stimulation of
B- and y-secretase by IL-1B, IL-6 and TNF-a was shown to
result in APP cleavage and AP generation [178]. Recently, a
connection between astroglial aquaporin 4 (AQP4) and AP
generation and its final accumulation in extracellular plaques
has been found [179], whereas AQP4 was traditionally be-
lieved to be related to amyloid clearance through the BBB
[180].

Contrary to the idea of contributing to amyloid deposi-
tion, plaque-associated reactive astrocytes could also have a
beneficial role in which they reduce the amyloid burden
[162]. Xiao and collaborators showed that enhancing
lysosomal function in astrocytes promotes amyloid uptake
and consequently reduces AP plaque pathology [181]. Dur-
ing the past decade, reactive astrocytes have been proposed
as the most important cell type with respect to A internali-
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zation and degradation [168, 173, 182-184]. In fact, some
authors reported a higher efficiency of AP engulfment by
astrocytes than by microglia although microglial cells are the
main phagocytic population within the CNS [185, 186]. In
addition, the capacity of astroglial cells to clear amyloid de-
posits in vitro and in vivo has been demonstrated; thus, as-
troglia not only phagocytose but also degrade AP peptides
[173, 183]. A subsequent study showed that astrocytes ex-
pressing enhanced green fluorescent protein (GFP) trans-
planted into the hippocampi of APPdE9 transgenic mice
were specifically located around amyloid plaques and were
capable of internalizing and degrading AP [187].

Astrocytes express a vast number of receptors involved
in phagocytic pathways that have been related to amyloid-§
binding; these include CD36, CD47 [188], brain specific
angiogenesis inhibitor-1 (BAIl) [189], lipoprotein receptor-
related protein 1 (LRP1) [190], scavenger receptor class B
type 1 (SCARBL1) [191] and the receptor for advanced glyca-
tion end products (RAGE) [188, 192]. Regarding the astro-
glial degradation process of AP, some authors point to an
intracellular lysosomal pathway [181], while others suggest
extracellular degradation mediated by amyloid-degrading
peptidases such as neprilysin [193, 194], metallo-proteinase
2 (MMP-2) and metallo-proteinase 9 (MMP-9) [195]. In
addition, the high expression of ApoE by astrocytes [196]
has also been linked to AP degradation and clearance. Al-
though ApoE does not directly interact with soluble Ap, it
has been suggested that it may compete for the same astro-
glial uptake pathways [185, 197].

The amyloid phagocytic capacity of astrocytes and their
expression of receptors involved in AP internalization sug-
gest new physiological roles for astroglial cells. For exam-
ple, the participation of astrocytes in synaptic pruning in
health and disease during development [53] and in the adult
CNS [7] has been reported. In relation to AD pathology, the
phagocytic clearance of presynaptic dystrophies mediated by
reactive astroglia has recently been described in both animal
models and AD patients [84]. The accumulation of APP and
BACEL! within presynaptic dystrophic neurites and the po-
tential synaptic release of amyloid-f peptides could lead to
an increase in amyloid pathology [198-200]. Therefore, the
astrocytic clearance of presynaptic dystrophies could, in fact,
be a protective mechanism of these glial cells that limits AB
pathology.

Reactive astrocytes could play a neuroprotective role by
releasing neurotrophic factors, or, in contrast, they could act
in a cytotoxic manner by mediating the secretion of some
pro-inflammatory cytokines. In this sense, the existence of
two different functional phenotypes of reactive astrocytes,
Al and A2 (simila to microglial M1/M2 phenotypes), has
been demonstrated [2]. Al astrocytes are essentially cyto-
toxic and appear to be induced by activated microglia [24].
They lose most of their regular functions and acquire new
neurotoxic ones. In contrast, A2 astrocytes seems to be neu-
roprotective as they upregulate many neurotrophic factors [2,
24]. However, this division of the cells into two opposing
reactive astroglial phenotypes may not reflect the reality of
the functional diversity among reactive astrocytes in AD.
Last year, five distinct subpopulations of astrocytes were
identified by transcriptomic analysis, including two subtypes
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related to phagocytic activity (types B and C); however, the
contributions of the individual astroglial subpopulations to
AD are still unknown [23]. In fact, the idea of astroglial loss-
of-function and its contribution to neurodegenerative dis-
eases in general and to AD in particular is now emerging
[201]. In line with this, microglial dysfunction and degenera-
tion [202, 203] have been linked to AD pathogenesis.

In the last decade, iPSC-derived cells have been used as a
novel tool for modeling Alzheimer’s disease. Although most
studies have focused on neurons generated from iPSCs of
AD patients, this technology is now beginning to be used to
comprehend the role of neuroinflammation in AD. In this
regard, iPSC-derived astrocytes from AD patients showed
pathological phenotypes, while astrocytes derived from non-
AD subjects displayed normal astroglial phenotypes [131,
204]. Accordingly, the use of iPSC-derived astrocytes could
be a novel approach to unraveling the contribution of astro-
glia to AD pathogenesis.

4.3. Parkinson’s Disease

Parkinson’s disease (PD) is characterized by the presence
of Lewy bodies and the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) [205]. This loss leads
to a dopamine deficiency in the striatum and to alterations in
the basal ganglia circuitry [205]. As a consequence of these
changes, PD patients show major motor symptoms such as
akinesia, bradykinesia, tremor, rigidity and postural instabil-
ity [205] as well as nonmotor alterations such as cognitive
fluctuations [206]. Astrocytes have been implicated in the
pathogenesis of PD as astrocyte reactivity is detected in the
SNpc of PD patients. However, the mechanisms responsible
for this neuronal degeneration have not yet been elucidated
[207]. Astrocyte activation and the neuroinflammatory proc-
ess associated with PD have been considered part of a d
stream response to the death of dopaminergic neurons.
ertheless, relevant new evidence suggests that astrocytes play
a critical role in the initiation and progression of PD patho-
physiology (for review, see [208]).

In this sense, several genes that are expressed in astro-
cytes and have an important role in their function are known
to have a causative role in the development of PD [208]. The
most important evidence for a PD-related gene having a role
in astrocyte biology has been found for DJ-1, which is en-
coded by the PARK?7 gene. DJ-1 expression is upregulated in
reactive astrocytes in patients with PD [209]. In astrocytes,
DJ-1 associates with lipid rafts and mutations in this gene
lead to disrupted lipid raft assembly. Astrocytes were found
to exhibit impaired glutamate uptake as a consequence of
this disruption [210, 211]. Altered glutamate uptake is one of
the best documented and earliest described dysfunctions of
astrocytes in ND [212]. In this regard, astrocytes are respon-
sible for most glutamate uptake at synapses through trans-
porters encoded by excitatory amino acid transporter genes 1
and 2 (EAATI! and 2, also called GLAST and GLTI in ro-
dents) [213]. Inefficient glutamate uptake leads to overstimu-
lation of glutamate receptors, which causes neuronal cell
death through excitotoxicity. For instance, the selective ex-
pression of a-synuclein A53T in a mouse model of PD re-
duces GLT1 levels in astrocytes and triggers the death of
dopaminergic neurons in the SNpc [214].
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One of the pathological hallmarks of PD is the presence
of neuronal cytoplasmic inclusion bodies that are mainly
composed of oa-synuclein fibrils. In postmortem PD brains,
o-synuclein-positive inclusions have been found in astro-
cytes as well as in neurons [215], suggesting that o-
synuclein secreted by neurons is taken up by astrocytes via a
toll-like receptor 4 (TLR4)-independent endocytosis path-
way [216, 217]. It has been shown that endocytosed o-
synuclein localizes to lysosomes and that astrocytes have a
role in its removal and degradation [218]. Accordingly, if the
concentration of a-synuclein in the extracellular space in-
creases above a certain threshold, an inflammatory response
is induced, and pathology begins to develop.

Not only have high levels of exogenous o-synuclein been
shown to initiate a TLR4 signaling cascade [216, 217], there
is also evidence that DJ-1 regulates this signaling pathway
[219]. DJ-1 regulates astrocyte activation by IFN-y [220].
Moreover, in PD pathophysiology, activated glia produce
neurotoxic factors such as glutamate, S100B, TNF-o., pros-
taglandins, and reactive oxygen and nitrogen species, result-
ing in neuronal injury and leading to cell death [221]. The
disruption of inflammatory signaling pathways has been
shown to result in changes in essential astrocyte functions,
including glutamate transport [210, 214], water transport
[214], and neurotrophic capacity [220, 222-224]. All of these
functions are important for neuronal health, and it has been
demonstrated that changes of this type in astrocytes result in
the degeneration of neighboring neurons.

Finally, dopaminergic neurons in the substantia nigra are
known to be particularly vulnerable to oxidative stress, pre-
sumably due to their lower antioxidant capacity, increased
accumulation of ion and oxidation-prone dopamine, and pos-
sible defects in mitochondria. In addition to oxidative and
nitrative stresses, Ca®" ion release in astrocytes is an impor-
tant event and is involved in the regulation of a number of
mechanisms including the release of S100B and other neuro-
toxins, which may contribute to the dopaminergic loss [221,
225].

To summarize, recent data demonstrate that astrocytes
play an essential role in the onset and progression of PD as
several genes expressed by this cell type have been impli-
cated in the development of the disease. The role of astro-
cytes involves a variety of mechanisms such as glutamate
uptake, o-synuclein elimination and impaired Ca”" signaling.

4.4. Huntington’s Disease

Huntington’s disease (HD) is a fatal genetic ND caused
by an autosomal dominant mutation that involves the expan-
sion of a polyglutamine-encoding CAG repeat (>36) in exon
1 of the huntingtin (HTT) gene [226]. HD patients present
psychiatric, cognitive and motor symptoms, the most charac-
teristic of which is progressive chorea [227]. HD is also
characterized by the extensive loss of GABAergic neurons in
the caudate and putamen and by the presence of intracellular
mutant HTT (mHTT) aggregates [228]. These inclusions are
present in neurons [229] as well as in cortical and striatal
astrocytes [230], although the neuronal inclusions are gener-
ally larger. Moreover, astrocyte reactivity is an early feature
of HD (for review, see [231]), and GFAP immunoreactivity
is detected in the striatum of presymptomatic carriers and
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increases with disease progression [232]. In corroboration of
this, astrogliosis has been reported in the striatum and cortex
of many of the mouse models in which mHTT is expressed,
suggesting that astrogliosis may be a major factor contribut-
ing to disease progression in HD [233, 234].

Several intriguing studies in animal models that express
mHTT specifically in astrocytes suggest that astrocyte dys-
function directly contributes to HD pathology [230]. Expres-
sion of mHTT in astrocytes resulted in the death of cocul-
tured striatal neurons [230], and expression of an mHTT N-
terminal fragment led to reduced GLT1 expression, astrogli-
osis, and HD-like pathology [232, 235]. Moreover, lentiviral
overexpression of the N171-Q82 mHTT fragment in cyno-
mologus monkeys triggered neuronal death and astrogliosis
via activation of the JAK/STAT3 pathway [236]. These data
support the idea that astrocytes play a major role in HD
pathogenesis, as we described below.

In HD patients, the levels of EEAT2 mRNA [237] and
protein [232] in the caudate and putamen are decreased.
Moreover, the uptake of glutamate is impaired in the pre-
frontal cortex [238]. Importantly, selective expression of
mHTT in striatal astrocytes reduces GLT1 expression and
alters glutamate uptake and is also associated with neuronal
dysfunction [232]. As previously discussed for PD, the al-
teration of glutamate uptake is the earliest astrocyte dysfunc-
tion detected in HD patients. Additionally, HD is character-
ized by pathological glutamate release [239] due to an in-
creased expression of pyruvate carboxylase (an enzyme in-
volved in glutamate synthesis) by astrocytes. The increase in
glutamate production leads to an elevated level of glutamate
accessible for vesicular packaging and therefore to an in-
crease in glutamate release, again leading to high excitotox-
icity. On the other hand, astrocytes displayed changes in K"
homeostasis and Ca®" signaling during disease progression.
In the R6/2 mouse model, astrocytes showed decreased
pression of Kir4.1 K channels, leading to deficient K" b
ering [240]. This reduction in the levels of Kir4.1 and GLT1
has several aftereffects for astrocytes. Reduced GLT1 levels
mean that astrocytes display robust mGluR2/3-mediated
Ca*" signals durin% stimulation of corticostriatal axons. This
gain of evoked Ca”" signals is followed by a loss of sponta-
neous Ca”" signals. The elevated glutamate and K" levels in
the extracellular space may contribute to increased excitabil-
ity of medium spiny neurons [241].

Moreover, in the adult brain, astrocytes have a critical
role in the de novo synthesis of cholesterol, which regulates
neuronal function. Related to this, a dysregulation of choles-
terol metabolism is detected in astrocytes in HD [242]. A
recent study showed that enhanced degradation of choles-
terol in the striatum of R6/2 mice via AAVrh10 expression
of CYP46A1 significantly modifies the progression of the
disease [243], supporting the idea that cholesterol pathways
have a pathogenic impact in HD.

Finally, an additional role of astrocytes in HD is related
to the fact that reactive astrogliosis may contribute to peri-
cyte death by causing a reduction in pericyte coverage of
cerebral blood vessels, a factor that could also contribute to
the progression of the disease [244].
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In summary, astrocytes are a contributing factor in the
disease progression of HD through the JAK/STAT3 path-
way, glutamate excitotoxicity, K" homeostasis, Ca®" signal-
ing and cholesterol metabolism.

4.5. Amyotrophic Lateral Sclerosis

Patients suffering from amyotrophic lateral sclerosis
(ALS) display progressive muscle atrophy, spasticity and
weakness due to the progressive loss of upper motor neurons
in the motor cortex and lower motor neurons in the spinal
cord and brainstem [245]. Ten percent of ALS cases are due
to known familial mutations, whereas 90% of ALS cases are
of sporadic in onset. The progression of the disease is rapid,
leading to death due to respiratory failure within 1-5 years
after disease onset (for review, see [246]). New evidence
indicates that astrocytes also have an important role in ALS
pathogenesis in which they play deep roles in the process of
neurodegeneration [247]. Recent studies using cellular and
animal models of ALS indicate that there is a complex inter-
play between motor neurons and astrocytes. Reactive astro-
cytes are observed in both ALS patients and models [247].
The appearance and degree of reactivity correlate with the
level of neurodegeneration [246, 247].

Dominant mutations in the SODI gene are the second
most frequent cause of inherited ALS, comprising 20% of
familial ALS cases [248]. According to this, rodent models
that overexpress the human SOD1 gene carrying this muta-
tion are extensively used in research on this disease (for re-
view, see [246]). Ubiquitous expression of the mutant human
SOD1 gene in mice leads to progressive motor neuron de-
generation and gliosis with abnormal accumulation of mis-
folded, ubiquitinated proteins. SOD1 protein inclusions have
been observed in motor neurons and in glial cells, including
astrocytes [246].

Experiments using cell transplantation have revealed a
detrimental role of mutant astrocytes. Transplantation of
wild-type astrocyte precursor cells into the cervical spinal
cord slowed the progression of the disease in mutant SOD1
rats [249]. An opposite effect was observed when mutant
SOD19"**_expressing astrocyte precursor cells were trans-
planted [250]. This indicates that transplantation of healthy
glial cells in an attempt to improve the cellular environment
surrounding motor neurons is a feasible ALS therapy.

As discussed previously, one important function of astro-
cytes is controlling and reducing the concentration of the
neurotransmitter glutamate. Regarding this function, gluta-
mate transport is also impaired in ALS patients [245].
EAAT?2 protein levels are low in the spinal cord and motor
cortex of patients with familial or sporadic ALS, and animal
models expressing mSOD1 showed lower EAAT2 levels
even before neuronal loss appeared [245, 251-253]. Moreo-
ver, astrocytes expressing mutant SOD1 have been shown to
lose the ability to control the expression of the AMPA glu-
tamate receptor subunit GluR2 in motor neurons. This loss
leads to an elevated influx of calcium into motor neurons and
to their degeneration [254].

Astrocytes also secrete neurotrophic factors that support
the maintenance and survival of motor neurons. These fac-
tors include glial-derived neurotrophic factor (GDNF), brain-


lauratrujillo
Sticky Note
buffer-ing instead of buff-ering


Astrocytes: From the Physiology to the Disease

derived neurotrophic factor (BDNF), and ciliary neurotro-
phic factor (CNTF) (for review, see [246]). An increase in
neurotrophin levels might contribute to neuronal protection
in ALS. Relevant to this, a recent study showed that TNF
receptor 1 (TNFR1) signaling promotes GDNF synthesis and
release by astrocytes, and the ablation of TNFRI1 hastens
neurodegeneration in SOD1-ALS mice [255].

In ALS, mitochondrial dysfunction is a key mechanism
for the degeneration of motor neurons. In addition to motor
neurons pathology, mitochondrial alterations in astrocytes
that result in elevated levels of reactive oxygen species
(ROS) have been described. This increase in ROS might
contribute to neuron loss in SOD1-ALS mice [256]. Another
observation related to mitochondrial dysfunction is that as-
trocytes contribute to energy production by providing lactate
to neurons, and this production is reduced in ALS astrocytes
[256, 257].

Another mechanism associated with astrocyte-mediated
toxicity in ALS is the production of proinflammatory cytoki-
nes. For example, astrocytes expressing mutant SOD1 in-
duce neurodegeneration in motor neurons in vitro through
secretion of IFNy [258]. In ALS, astrocytes can also secrete
transforming growth factor B1 (TGF-B1), which is toxic to
motor neurons [259, 260]. Moreover, astrocytes derived
from ALS patients expressed elevated levels of proinflam-
matory cytokines [261] and caused necroptosis in motor neu-
rons through the receptor-interacting protein 1 (RIP1) [262].
Motor neurons in ALS also show a reduction in HLand
MHC class I molecules that might contribute to neut >~ yen-
eration [263].

Finally, astrocytes are also involved in calcium homeo-
stasis, and this process is impaired in ALS [264]. To main-
tain homeostatic function, astrocytes communicate through
gap junctions, through which they exchange glucose, ions,
and other components. Connexin 43 is the predominant con-
nexin (a family of proteins associated with gap junctions) in
astrocytes and is upregulated in SOD1 mice, sporadic ALS
patients, and human ALS iPSC-derived astrocytes. The in-
creased levels of connexin 43 lead to elevated intracellular
calcium levels and neuronal toxicity [265].

The foregoing findings show that astrocytes also play a
critical role in ALS pathogenesis through the release of cy-
tokines/neurotoxic factors/ROS, the impairment of glutamate
uptake and Ca’" signaling. Actually, the transplantation of
healthy glial cells appears as a feasible therapy for this dis-
ease.

FUTURE DIRECTION AND CONCLUSIONS

In the past few years, significant progress has been made
in understanding the critical role of astrocytes in multiple
physiological functions in the brain (including vascular func-
tion, immunological response, synaptic transmission, meta-
bolic support and brain development) as well as their in-
volvement in the pathological mechanisms that underlie sev-
eral major NDs. Increasing evidence suggests that astrocyte
dysfunction may drive neurodegenerative disorders. Despite
this important advance, more insight into astrocyte heteroge-
neity and into the functional properties of these different
subsets of astrocytic populations and their roles in disease
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progression is necessary. In this sense, single-cell RNA-seq
studies will provide relevant information on the molecular
and functional signatures of astrocyte subtypes that will en-
hance our understanding of the pathophysiological mecha-
nisms underlying NDs. Finally, the use and application of
IPSC-derived astrocytes from patients with NDs will shed
new light on the contribution of this specific glial cell type to
the pathogenesis of these diseases and will provide a power-
ful tool for astrocyte-based therapeutic discovery.
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