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Editorial on the Research Topic
Physiology and pathology of neuroglia

Neuroglia is the largest population of cells in the brain and participates in formation,
maintenance, and modulation of synaptic circuits. This heterogenous group includes
macroglia (astroglia and oligodendroglia) and microglia. Neurons and neuroglia form
assemblies that potentiate the cognitive capability of the brain. In this topic, nine
articles highlight structural and functional roles of neuroglia in brain physiology,
which is fundamental to better understand the biology of neurodevelopmental and
neurodegenerative diseases.

Our understanding of brain connectivity evolves rapidly and the cytoarchitecture of
underexplored brain regions such as the cerebellum need to be revisited (De Zeeuw et al,
2021). Hence, Gomez-Gonzalez et al. reviewed the organization of a peculiar cerebellar glial
niche located at the subventricular zone of the fourth ventricle. In addition to neurons and
ependymal cells, this region is rich in microglia as well as macroglia including astrocytes,
Bergmann glia, and oligodendrocyte lineage cells. Further transcriptional and functional
heterogeneity within these glial populations is discussed. Despite scarce to non-proliferative
activity, this region shares similarity with adult neurogenic niches throughout the brain
and various stimulating questions remain to be explored. Furthermore, glial organization
is adapted to this highly vascularized niche and contribute to the glioneurovascular unit,
a structural and functional element where glial cells respond to stimulation by coupling
to increased sensory activity through development (Biesecker et al., 2016; Koehler, 2021).
In a perspective contributed by Konecny et al,, they hypothesize that augmented neuronal
activity is associated with angiogenic factor production and creates an environment of
intermittent hypoxia, promoting the expression of hypoxia-inducible transcription factors
(HIFs) by the glioneurovascular unit. However, mechanisms triggering glioneurovascular
coupling during early sensory neurodevelopment are unknown; therefore, further research
using non-invasive approaches is proposed.
physiologically tied Tonic

Neuron-glia to volume

gradients permit neurons to communicate electrically, and glial cells help them

coupling is regulation.
to regulate volume. Astrocytes express a variety of cotransport systems and ion
channels to maintain brain homeostasis through mobilization of osmolytes (Walch
and Fiacco, 2022). Ochoa-de la Paz and Gulias-Caiizo identify glial cells as
master regulators of the tripartite synapse volume, a property that gives them an
important role in maintaining homeostasis. Dysfunction of volume regulation leads
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to pathology in conditions such as edema, uremia, and diabetes, in
which solute imbalances occur.

Neuron-glia communication is mediated by neurotransmitters
including glutamate, the main excitatory neurotransmitter
of the brain. This signaling occurs through ionotropic and
metabotropic receptors expressed by neurons and glial cells.
Particularly, astrocytes modulate neuronal activity through release
of gliotransmitters like glutamate and D-serine (Reyes-Haro et al.,
2010). Additionally, astrocytes express glutamate transporters
to regulate the glutamatergic tone at the synaptic cleft and
supply glutamine to neurons that convert it into glutamate or
GABA to refill synaptic vesicles (Martinez-Lozada and Ortega,
2023). Dysfunction of the glutamate-glutamine shuttle results in
excitotoxicity that has been linked to Alzheimer’s and Huntington’s
diseases. Thus, Cuellar-Santoyo et al. summarize the astrocyte’s
contribution to glutamatergic neurotransmission in physiological
and pathological conditions.

Astrocytes also respond to neuronal activity with calcium
transients, a signaling mechanism that seems involved in
pain and nociception (Prokhorenko and Smyth, 2023). Here,
Higinio-Rodriguez et al. present an experimentally supported
perspective in which coherent activity of astrocytes in pain-related
brain areas plays critical roles in binding sensory, affective, and
cognitive information, on a slow time scale. As astrocytes respond
to noxious stimuli via calcium modulation likely independent
of neuronal activation, this could represent the mechanism by
which pain is created from nociception with the participation
of astrocytes.

Glial cell responses in pathology involve inflammasomes,
multi-protein intracellular signaling complexes which orchestrate
inflammatory responses to a diverse range of pathogens and
host-derived signals (Jewell et al., 2022). In their review article,
Mata-Martinez et al,, discuss aspects of the inflammatory process,
focusing on accumulating evidence of multiprotein complexes
that sense and respond in the context of inflammation. The
authors argue that acute and chronic inflammation will engage
a coordinated molecular response in various organs, involving
glial cells in the brain. Interestingly, Down syndrome (DS)
and Alzheimer’s disease (AD) are characterized by chronic
neuroinflammation,  peripheral inflammation, astrogliosis,
imbalanced excitatory/inhibitory neuronal function, and cognitive
deficits in both humans and mouse models (Ahmed et al., 2022).
Little is known about the causes of these pathologies, but patients
with DS are suspected to be predisposed to developing AD late in
life. Garcia and Flores-Aguilar summarize data about glial cells in
the context of DS-AD and inflammation.

Links for inflammation and glial cells could also exist in
anorexia; food intake is reduced during acute and chronic
inflammatory states in human and research models (Gautron and
Layé, 2010). Reyes-Haro reviews features of physiological anorexia
in research models in comparison with human pathological
anorexia, emphasizing valid precautions when extrapolating
results. Moreover, he discusses studies in murine models of
anorexia in which glial cells putatively play central roles in classical
hypothalamic mechanisms, as well as in systemic machineries
including the prefrontal cortex. Specifically, the pro-inflammatory
environment associated with microglia reactivity, the impact of
astrocyte manipulation on food intake associated with purinergic
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gliotransmission, and the roles of Oligodendrocyte Precursor Cells
(OPCs) mediating the anorexigenic action of leptin in mice,
are presented.

Another pathology associated with glial cell dysfunction is
alcohol exposure during pregnancy. Fetal Alcohol Syndrome (FAS)
is a public health problem with a prevalence of 2-5% in the USA.
FAS disturbs the structure and function of the brain, but the
underlying mechanisms remain elusive (Holloway et al., 2023).
Zheng et al,, observed loss of the tubulin-binding cofactor B
resulting in disorganized microtubules and shortening of astrocytic
processes in a model of chronic alcohol exposure. Developmental
pathological implications to consider include abnormal migration
of neuronal precursors through aberrant radial glial processes and
defective synaptic coverage by astrocytes.

Opverall, articles in this topic cover diverse aspects of research on
glial cells and serve as introductory information to several subfields
of glial biology. Ideas presented encourage others to design studies
to clarify the roles of physiological and pathological factors with
potential use in therapeutic applications and engineering.
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Glial Cells and Brain Diseases:
Inflammasomes as Relevant
Pathological Entities

Esperanza Mata-Martinez, Mauricio Diaz-Mufoz and Francisco G. Vazquez-Cuevas*

Laboratorio de Fisiologia Celular, Departamento de Neurobiologia Celular y Molecular, Instituto de Neurobiologia,
Universidad Nacional Auténoma de México, Juriquilla, Mexico

Inflammation mediated by the innate immune system is a physiopathological response
to diverse detrimental circumstances such as microbe infections or tissular damage.
The molecular events that underlie this response involve the assembly of multiprotein
complexes known as infammasomes. These assemblages are essentially formed by
a stressor-sensing protein, an adapter protein and a non-apoptotic caspase (1 or
11). The coordinated aggregation of these components mediates the processing and
release of pro-inflammatory interleukins (IL-g and IL-18) and cellular death by pyroptosis
induction. The inflammatory response is essential for the defense of the organism; for
example, it triggers tissue repair and the destruction of pathogen microbe infections.
However, when inflammation is activated chronically, it promotes diverse pathologies in
the lung, liver, brain and other organs. The nervous system is one of the main tissues
where the inflammatory process has been characterized, and its implications in health
and disease are starting to be understood. Thus, the regulation of inflammasomes in
specific cellular types of the central nervous system needs to be thoroughly understood
to innovate treatments for diverse pathologies. In this review, the presence and
participation of inflammasomes in pathological conditions in different types of glial cells
will be discussed.

Keywords: inflammasome, glia, astrocyte, microglia, oligodendrocyte, NLRP3, neuroinflammation

INTRODUCTION

In response to pathogens or damage, the innate immune system of multicellular organisms
responds with an alarm signal known as inflammation. Detection of stressor agent hints,
like pathogen-associated molecular patterns (PAMPs, e.g., lipopolysaccharide (LPS), flagellin
or viral RNA) or damage-associated molecular patterns (DAMPs, e.g., ATP, cytochrome
C, defensins, galectins or uric acid), triggers the assembly of cytosolic multimeric protein
complexes named inflammasomes. Inflammasomes process and release IL-f and IL-18 and
induce pyroptotic cell death, a kind of sophisticated apoptosis directly related to inflammation
(Bryant and Fitzgerald, 2009).

Classification

First described around 20 years ago (Martifion et al., 2002), inflammasomes constitute a complex
sharing functional and structural characteristics and are appointed and classified in function of
the sensor protein triggering their assembly. Thus, inflammasomes can belong to those containing
nucleotide-binding oligomerization domains (NOD/NATCH) and leucine-rich domains (NLRs),
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Inflammasomes in Glial Cells

or those not containing the mentioned domains (no-NLRs)
(Angosto-Bazarra et al., 2021; Zhang et al., 2021; Figure 1).

The NLR family includes NOD proteins, NOD-like receptor
proteins (NLRPs) and NOD-like receptor C4 (NLRC4). Advances
in NLR classification and nomenclature are available elsewhere
(Mackenzie et al., 2008; Ting et al., 2008; Schroder and Tschopp,
2010). The NLR group is formed by 23 members in humans
and 34 in mice; these proteins show characteristic motifs such
as pyrin domain (PYD), a conserved central NATCH domain
responsible for protein oligomerization, a carboxy terminal
leucine-rich repeat (LRR) domain and a variable amino terminal
region (reviewed in Walsh et al., 2014a) (Figure 1). NLRP1,
NLRP2, NLRP3, NLRP4, NLRP6 and NLRPI2 can participate
in the formation of inflammasomes, being NLRP3 the best
characterized (Rathinam et al., 2012). The importance of NLRP3
as a regulator of immune homeostasis is highlighted by the fact
that mutations in the NLRP3 gene cause autoimmune diseases
such as the Muckle-Wells syndrome (also known as UDA
syndrome) and the familial cold autoinflammatory syndrome
(urticaria episodes triggered by exposure to cold) (Hoffman
et al., 2001), collectively named cryopyrin-associated periodic
syndromes (Broderick et al., 2015). Another relevant sensor
protein is NLRC4 (originally named IPAF because it is related to
APAF-1), which is characterized by a caspase recruitment domain
(CARD), with high affinity for caspase-1, bound to NATCH and
LRR domains (Figure 1); caspase-1 association promotes the
autocatalytic activation of their protease activity (Poyet et al,
2001). NLRC4 is relevant in the context of microbial infection,
as it can sense flagellin of Salmonella typhimurium (Amer et al.,
2006) and is activated by a mechanism other than NLRP3, but in
some circumstances both can be cooperative (Qu et al., 2016).

In addition, the absent in melanoma 2 (AIM2)-like receptors
(AIM2) are other well-characterized no-NLR inflammasome
sensors expressed in the central nervous system (CNS) (Heinisch
et al, 2021). AIM2 protein is an inflammasome component
specialized in the detection of mislocated or foreign DNA (from
viruses, bacteria or other parasites). It has been demonstrated that
disruption of the nuclear envelope also induces its aggregation
(Di Micco et al.,, 2016); when the AIM2 inflammasome is
assembled, it promotes pyroptosis (Lugrin and Martifion, 2018).

Structure
Inflammasomes are multiprotein complexes (~700 kDa)
constituted by three basic elements: (1) the previously described
cytosolic pattern recognition receptors, (2) an adapter protein
and (3) an effector, typically pro-caspase-1. For inflammasome
aggregation, extracellular (i.e., ATP as a signaling molecule) or
intracellular (i.e., uric acid, an adenosine catabolite) DAMPs
trigger the activity of NLR; then NLR recruits the adapter protein
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), which contains PYD and CARD
domains, to interact with the CARD domain of pro-caspase-1
(Bryant and Fitzgerald, 2009). The three components of the
inflammasome unit can be self-assembled into filamentous
structures with complex stoichiometries (Broderick et al., 2015).
Caspases are cysteinyl-aspartate proteases essential for
inflammation, apoptosis and pyroptosis. In humans, the caspase

family has 11 members. Caspases involved in inflammation
are caspases 1, 4 and 5 in humans and 1, 11 and 12 in rodents
(reviewed in Lamkanfi et al., 2007); recruitment of pro-caspase-1
induces its proteolytic processing to generate mature IL-f and
IL-18 (Angosto-Bazarra et al., 2021; Zhang et al.,, 2021). Active
caspase-1 also hydrolyzes Gasdermin D (GsdmD), the main
protein related to pyroptosis execution, generating a fragment
known as GsdmD N-terminal (Burdette et al., 2021), which
forms pores in the plasma membrane that allow the entry of
water toward the cytoplasm followed by an osmotic shock and
cell outbreak, promoting the release of the cell content to the
extracellular space including accumulated interleukins. In this
context, caspase-1 activates other executer caspases to complete
the death process by destroying nuclear DNA and cytoskeleton
proteins (Bergsbaken et al., 2009; Figure 2).

Activation

Activation of the inflammatory process by DAMPs is a
well-understood event when extracellular ATP (eATP) is
the trigger (Adinolfi et al, 2018). When this nucleotide is
accumulated in the extracellular space, it binds to the P2X7
receptor activating the depolarizing influx of Ca?" and Na™
as well as the efflux of KT; the ATP-induced reduction
in cytoplasmic K* leads to NLRP3 activation via NEK7
kinase, promoting NLRP3 inflammasome assembly (Pétrilli
et al, 2007; He et al., 2016). P2X7 receptor activation also
induces the formation of a pore with high conductance that
allows the transit of molecules of ~1 kDa; the stabilization
of this megapore involves the participation of pannexin-1
(Pelegrin and Surprenant, 2006). Since pannexin-1 has been
detected in association with the NLRP2/P2X7 receptor complex
(Minkiewicz et al., 2013), it could be a player of P2X7 receptor-
dependent inflammasome activation. Moreover, the increment
in reactive oxygen species (ROS) by P2X7 receptor also favors
inflammasome activation (Hung et al, 2013). In addition,
protein-protein interaction between P2X7 receptor and the
scaffold protein NLRP3 has been demonstrated (Franceschini
et al, 2015), suggesting a cooperative mechanism between
different cellular events elicited by P2X7 receptor to accomplish
inflammasome activation.

It has also been described that the inflammasome activated
by LPS mediates ATP/P2X7 receptor-dependent pyroptosis;
thus, LPS administration induces caspase-11 activation, which
cleaves pannexin-1 originally located in the plasma membrane.
This proteolytic event induces a dramatic increment in the
eATP triggering NLRP3 inflammasome activation, which guides
the cell to pyroptosis. In agreement with the role played
by the multiprotein complex of P2X7 receptor-dependent
inflammasomes, LPS priming was unable to induce pyroptosis in
Panx1~/=, P2X7~/~ or Caspl1~/~ mice (Yang et al., 2015).

Acute activation of inflammatory responses helps the injured
tissue to restore homeostasis or overcome pathogen infections;
however, ample evidence supports the notion that chronic
inflammation is a harmful mechanism that contributes to
the development of various nervous system pathologies such
as Alzheimer’s disease (AD; Heneka et al, 2013), stroke
(Fann et al., 2013), depression (Iwata et al., 2013), autism
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(Saresella et al., 2016a), bipolar disorder (Kim et al., 2015a),
sclerosis (Keane et al., 2018) and Parkinson’s disease (PD; Wang
etal,, 2022). Expression and regulation of inflammasomes in glial
cells in this pathological context will be discussed.

INFLAMMASOMES IN MICROGLIAL
CELLS

Microglial cells are considered specialized resident macrophages
of the brain, showing particular genetic expression patterns
compared with circulating macrophages (Lavin et al, 2014)
and self-renewal within the brain (Ajami et al, 2007).
Microglial cells have diverse functions, such as clearing
apoptotic cells by phagocytosis and supporting synaptogenesis
by secreting neural factors during the learning process
(Labzin et al., 2018).

In their resting state, microglial cells display a basal stellated
morphology and establish contact with neurons, astrocytes and
endothelial cells; but when an injury or a metabolic challenge
occurs, they change their morphology to acquire an amoeboid
shape with high migratory abilities to reach the damaged zone
and secrete pro-inflammatory mediators that promote astrocytic
activation and recruitment of peripheral immune cells (Colonna
and Butovsky, 2017). Microglia can secrete proinflammatory
cytokines like IL-18, IL-6, tumor necrosis factor alpha (TNF-
), IL-23, and IL-18 in response to DAMPs, including PAMPs,

endogenous alarmins, and misfolded proteins (Prinz et al,
2019). Moreover, they are equipped with a set of receptors,
called the microglial sensome, which allow the recognition
of invading pathogens, misfolded proteins, chemokines and
cytokines, metabolites, inorganic substances, and changes in
pH or extracellular matrix components (Hickman et al,
2013). The murine microglial sensome comprises purinergic
receptors (P2X4, P2X7, P2Y12, P2Y13, and P2Y6), chemokine
receptors (CCR5, CX3CR1, CXCR4, and CXCR2), Fc receptors
(FCERer1G and FCGR3), interferon-induced transmembrane
proteins (IFITM2, IFITM3, and IFITM6), Toll-like receptors
(TLR2 and TLR7), and Siglecs (SiglecH and Siglec3/CD33)
(Prinz et al., 2019).

Regarding inflammasome machinery, it has been reported
that LPC-dependent inflammation specifically induces caspase-
1 activity mediated by NLRP3 and NLRP4 inflammasomes in
microglia (Scholz and Eder, 2017). Additionally, the expression
of NLRP3 components (NLRP3, Asc and casp-1) was detected by
polymerase chain reaction in primary cultures of microglial cells,
suggesting that inflammasomes are functional in these cells. On
another hand, treatment of microglial cells with DAMPs, such
as ATP, nigericin or alum, induces IL-1p production, supporting
the role played by microglial cells in inflammasome aggregation
(Gustin et al., 2015).

Furthermore, cooperative actions of AIM2 and NLRP3 have
been observed when microglial cells were primed by ligands
derived from Brucella abortus; AIM2 senses Brucella DNA
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or indirect (via ASC) recruitment of procaspase-1 to the inflammasome complex.

and NLRP3 inflammasomes detect ROS (Marim et al., 2017)
contributing to an immunopathological state and generating a
disease named neurobrucellosis.

Taken together, these observations indicate that modulation
of the immune response by microglia is critical to maintaining
homeostasis in the brain.

Inflammasome Activation in Microglial
Cells

Aggregation and activation of inflammasomes is a general
mechanism to face different types of cell injury; within the
brain, it has been suggested that the immune response begins
in microglial cells. A wide variety of stimuli that promote
the activation of inflammasomes involve many pathogens and
different classes of DAMPs.

When microglial cells face a pathogen, for instance
Streptococcus pneumoniae, a microorganism whose infections
produce meningitis, they respond by assembling inflammasome
NLRP3, activating caspase-1, secreting IL-18 and IL-18 and
inducing cell death by pyroptosis. In addition, the infection is
associated with autophagy; nevertheless, the relationship with
pyroptosis is not well understood (Kim et al., 2015b).

Likewise, when infection by HIV affects the CNS, a
sustained NLRP3 inflammasome-dependent response leads to
neurological damage specifically affecting microglial cells. By
using microglia-derived cell lines, researchers observed that HIV
promotes the synthesis of pro-IL-1p after 4 h post-infection
and the release of this cytokine after 24 h; in agreement,
brains of patients with AIDS showed high levels of IL-1B,
IL-18 and caspase-1 (Walsh et al., 2014b). These data have
been replicated in a model of feline immunodeficiency virus
infection of cats, showing that IL-1f induction and microglial
activation are associated with the occurrence of neurobehavioral
deficits. Further, it was found that the HIV-1 transactivator of
transcription (Tat) protein is instrumental for the upregulation
of NLRP3 and ASC levels themselves and for the increase
in caspase-1 cleavage and subsequent IL-1f release (Chivero
et al., 2017). Similarly, the HIV-1 viral protein R (Vpr) can
induce NLRP3-dependent caspase-1 cleavage and IL-1P release.
Furthermore, treatment of Vpr transgenic animals with the
caspase-1 inhibitor VX-765 improved neurobehavioral deficits
(Mamik et al., 2017).

On the other hand, prions are misfolded endogenous proteins
whose accumulation induces serious neurological disorders.
One of the most common prion diseases in bovines and
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goats is scrapie, characterized by uncontrolled movements,
altered behavior and finally death. The prionic disease is
mediated by inflammation, unleashed in response to the
fragment of the protein PrP* (PrP* 106-126). It involves
the activation of the NLPR3 inflammasome in microglial
cells primed with LPS, producing the release of IL-1f (Shi
et al., 2012). Additionally, stimulation of microglia with PrP
fibrils was also shown to induce toxicity in neurons (Hafner-
Bratkovic¢ et al., 2012). Mechanistically, NLRP3 inflammasome
activation was suggested to negatively regulate autophagy in
microglia, thereby contributing to neurodegeneration (Lai et al.,
2018). However, controversial results in mice have shown
that the activity of NLRP3 inflammasome is not necessary
for establishing scrapie; thus, the effect of intraventricular
injection of PrP* 106-126 was identical in knockout mice for
NLRP3 and pycard (the gene coding for the adapter protein
ASC) (Nuvolone et al., 2015). Further studies are required to
clarify the specificity of inflammasome activity in response to
prion activation.

Furthermore, a notable characteristic of neurodegenerative
diseases is the prevalent high levels of proinflammatory
cytokines, IL-1f, IL-16 and TNF-a (Heneka et al., 2014). It is
considered that these substances have local origins and are mainly

produced by microglial cells. Because these diseases are sterile-
type damage, the main DAMPs involved in neurodegeneration
are fibrillar and soluble B-amyloid, a-synuclein (a-syn), ATP,
LPC and the high-mobility group box protein 1 (HMGBI1)
(Labzin et al., 2018).

There is evidence showing that microglial cells play a role in
neurodegenerative diseases associated with neuroinflammation
(Figure 3). In the following lines, we will describe the main results
supporting this statement.

Alzheimer’s Disease
Alzheimer’s disease is a highly prevalent form of dementia
characterized by the accumulation of extracellular amyloid
beta (AP) plaques in the brain, insoluble filaments of
tau —the microtubule-associated protein accumulated as
neurofibrillary tangles in the brain— neuronal cell death,
and neuroinflammation. It has been demonstrated that
the concentration of IL-18 and IL-18 is increased in this
disease as a consequence of NLRP3 inflammasome activation
(Medeiros et al., 2011; Heneka et al., 2013; Saresella et al., 2016b;
Awad et al.,, 2017; La Rosa et al., 2019).

The CNS resident microglia population (Sarlus and
Heneka, 2017; Shi and Holtzman, 2018) primarily drives
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neuroinflammation in AD. Although it is recognized that
microglia may exert benign and reparative activities in
AD through the phagocytic removal of AP deposits, the
accumulation of AB may also prime microglial cells and
promote their activation to produce inflammatory mediators.
Moreover, upon A accumulation, microglial cells may become
progressively impaired in their ability to phagocytize A plaques
(Sarlus and Heneka, 2017; Shi and Holtzman, 2018).

Besides the elevated expression of IL-1f, the presence of
AP plaques in microglia of AD patients has been reported
(Griffin et al.,, 1989; Simard et al., 2006). On the other
hand, in vitro studies have shown that fibrillar AP activates
the NLRP3 inflammasome when phagocytized by microglia,
leading to the activation of caspase-1 and the release of IL-1f
(Halle et al., 2008).

Furthermore, indirect inhibition of NLRP3 inflammasome
activation by clinically approved fenamate, as well as non-
steroidal anti-inflammatory drugs that target cyclooxygenase
enzymes and volume-regulated anion channels (VRAC),
suppressed  microglia-mediated  neuroinflammation  and
memory loss in 3 x TgAD mice (Daniels et al., 2016).
Collectively, these findings suggest that misfolded AB activates
the microglial NLRP3 inflammasome, which triggers the
release of pro-inflammatory factors that perpetrate a chronic
neuroinflammatory environment and promote AD pathology.

Although the focus has been on the function of NLRP3 in AD,
the role of other inflammasomes has also been characterized in
the context of AD. It has been reported that AIM2 inflammasome
increases AP deposition, microglia activation, and cytokine
production, but it does not affect behavior or memory in
transgenic 5xFAD mice (Wu et al., 2017).

Multiple Sclerosis

This pathology is an autoimmune demyelinating disease of
the CNS characterized by immune cell infiltration from
the periphery into the CNS as well as by the activation
of the microglia and astrocytes, which together promote
neuroinflammation and neurodegeneration (Baecher-Allan et al.,
2018). Most studies on the involvement of inflammasomes in
multiple sclerosis (MS) have focused on the peripheral immune
response that is shaped by lymphocytes and macrophages
that enter the CNS during this pathology. However, direct
genetic evidence points to the relevance of inflammasome
signaling in microglia and border-associated macrophages during
experimental autoimmune encephalomyelitis (EAE), a widely
used rodent model of MS (Ransohoff, 2012; Voet et al., 2018).
Also, it has been shown that the anti-inflammatory protein A20
negatively regulates NLRP3 inflaimmasome activation (Vande
Walle et al., 2014), and the deletion of A20 in microglia and
CNS macrophages exacerbates EAE in mice due to NLRP3
hyperactivation, resulting in increased IL-1p secretion and CNS
inflammation (Voet et al., 2018).

CNS-intrinsic ~ inflammasome activation ~was further
reported in another study that showed caspase-1 and GsdmD
mediated pyroptosis in microglia, as well as in myelin-forming
oligodendrocytes (ODCs) in the CNS of MS patients and EAE
mice (McKenzie et al., 2018).

Furthermore, the elevated expression of P2X7 receptor, a
purinergic receptor that detects and amplifies the release of
ATP and, therefore, the activation of NLRP3 inflammasome,
was shown in spinal cords of MS patients (Yiangou et al., 2006;
Matute, 2007). Taken together, these results seem to suggest that
endogenous metabolic danger signals, ATP, and uric acid are
likely involved in the activation of the NLRP3 inflammasome
pathway observed in MS.

Parkinson’s Disease

Parkinson’s disease is a progressive neurodegenerative disorder
mostly characterized by the depletion of dopaminergic neurons
in the substantia nigra and the accumulation of cytoplasmic
inclusions of fibrillar a-syn, also called Lewy bodies (Petrucci
et al., 2014). Different intracellular mechanisms allow the release
of a-syn outside of the cell (Lee, 2008), but the common
endpoint of a-syn accumulation is the activation of astrocytes
and microglia to produce IL-1p (Lee, 2008; Béraud and Maguire-
Zeiss, 2012). Notably, this phenomenon also facilitates the
recruitment of immune cells from the periphery into the CNS
(Harms et al., 2017).

Most of the evidence linking PD to inflammasome
signaling comes from in vitro studies, but the importance
of inflammasomes for the disease is not completely understood.
a-Syn was shown to trigger activation of the NLRP3
inflammasome in human monocytes and BV2 microglial
cells (Codolo et al., 2013; Gustot et al., 2015; Zhou et al., 2016),
but not in primary microglia (Gustin et al., 2015).

Additionally, mutations in Parkin, PARK2, PARKS6, and
PINK1 have been identified in patients with autosomal recessive
early-onset PD, and microglia and macrophages from PARK2 and
PINK1 knockout mice and patients with PARK2 mutations have
been shown to display an exacerbated NLRP3 inflammasome
response, possibly due to impaired expression of the anti-
inflammatory protein A20 that negatively regulates NLRP3
inflammasome activation (Mouton-Liger et al., 2018).

Although several studies have shown that a-syn can elicit the
activation of inflammasomes in monocyte and microglial cell
lines and in PD animal models, the possible role of NLRP3 in
patients with a diagnosis of PD still needs to be clarified.

Amyotrophic Lateral Sclerosis
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disease characterized by the selective loss of motor neurons in the
motor cortex, the brainstem, and the spinal cord, which leads to
muscle weakness and wasting (Taylor et al., 2016).

Neuroinflammation has an important role in the pathogenesis
of ALS, as demonstrated by lymphocyte and macrophage
infiltration in the CNS, microglial activation, and the presence
of reactive astrocytes in the same anatomical sites where motor
neuron injuries are observed. Some studies have suggested that
deregulated and excessive inflammasome activation contributes
to the neuroinflammation observed in this disease (McCombe
and Henderson, 2011; Lall and Baloh, 2017).

Furthermore, data obtained from G93A-SODI transgenic
mice, the most common animal model for ALS, showed the
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activation of caspase-1 and IL-1p in the microglia by ALS-
linked mutant SOD1 and demonstrated that caspase-1 or IL-
1B gene knockout or the use of recombinant IL-1Ra resulted
in a reduction of inflammation. Notably, augmented caspase-
1 and IL-1p production appeared to be NLRP3-independent
in this model, suggesting the possible involvement of other
inflammasome complexes (Meissner et al, 2010; Lehmann
et al., 2018). However, other analyses performed in the SODI
transgenic mice showed an upregulation of NLRP3 and ASC
in the anterior dorsal thalamic nucleus of G93A mice (Debye
et al,, 2018) and the transactive response DNA-binding protein-
43 (TDP-43) in the microglia (Zhao et al., 2015). Additionally,
the authors noticed the microglial expression of ASC but not that
of NLRP3, suggesting that other inflammasome sensor molecules
may play a role in microglia-driven neuroinflammation in ALS.
On the other hand, clinical studies using an IL-1 receptor
antagonist in ALS patients have not shown a significant reduction
in disease progression (Maier et al, 2015), suggesting that
inflammasome activation does not play a major role in ALS, or
that the pathology is driven by IL-18 or by DAMPs via pyroptosis.

Huntington’s Disease

Huntington’s Disease (HD) is an autosomal dominant
progressive neurodegenerative disease caused by the expansion
of a trinucleotide CAG repeat in the 5 coding region of the
Huntingtin gene, leading to the expression of an abnormal
protein that gradually damages cells in the brain (Caron et al.,
2018). Caspase-1 activation can be detected in the brains of
HD patients and in mouse models of HD, whereas caspase-1
inhibition was shown to slow down disease progression in the
R6/2 mouse model of HD (Ona et al., 1999). Mechanistically,
caspase-1 was shown to cleave mutant and wild-type Huntingtin
in vitro (Wellington et al., 1998) and in vivo (Ona et al., 1999),
potentially contributing to the neurodegeneration seen in HD.
Similarly, treatment with the tetracycline derivative minocycline
delayed disease progression by inhibition of caspase-1 and
caspase-3 expression (Chen et al., 2000).

X-Linked Adrenoleukodystrophy

This genetic disease that affects the nervous system and the
adrenal cortex is caused by a loss-of-function mutation of the
gene encoding for the ATP-binding cassette subfamily D member
1 (ABCD1). ABCDL1 is involved in the transport of very-long-
chain fatty acids from the cytosol to peroxisomes, a critical step
for their oxidation and disposal. In the brain, dysfunctional
ABCD1 causes axonopathy of the spinal cord and inflammatory
demyelination (Kemp et al., 2016). 25-Hydrocholesterol (25-HC)
is a downstream product of cholesterol 25-hydroxylase, and this
enzyme is increased in X-linked adrenoleukodystrophy (X-ALD)
patient-derived induced pluripotent stem cells. Indeed, 25-HC
activates microglia and increases cerebral IL-1f levels when
injected into the murine corpus callosum (Jang et al., 2016). In
LPS-primed mouse microglia, 25-HC causes NLRP3- dependent
caspase-1 cleavage, leading to the release of IL-1p. This activation
also requires 25-HC-induced Kt efflux and mitochondrial ROS
production. Additionally, NLRP3 deficiency or treatment with
IL-1 receptor antagonist protein (IL-1ra) decreased microglial

activation upon cerebral 25-HC injection and prevented ODC
cell death (Jang et al., 2016).

Other Maladies

Neuroinflammation plays a crucial pathological role in stroke,
and IL-1P has been identified as a key cytokine in this pathology.
So far, four distinct inflammasomes have been implicated in
stroke: NLRP1, NLRP3, NLRC4, and AIM2 (Barrington et al.,
2017). NLRC4- and AIM2-deficient mice were shown to have
significantly smaller infarct volumes compared to wild-type
mice subjected to middle cerebral artery occlusion, which was
associated with strongly reduced microglia cell activation and
leukocyte recruitment to the infarct site (Denes et al., 2015).

In patients with traumatic brain injury (TBI), higher levels
of inflammasome markers in their cerebrospinal fluid have
been detected, including ASC, caspase-1, NLRP1, and NLRP3
(Adamczak et al.,, 2012; Wallisch et al., 2017). Nevertheless,
NLRPB and ASC knockout mice did not show any improvement
in motor recovery or lesion volume in conditions of TBI,
compared to control mice, although their levels of IL-18 were
reduced (Brickler et al., 2016). NLRP3 expression localizing
to neurons, microglia, and astrocytes was also detected in
experimental TBI (Liu et al., 2013), and NLRP3-deficient mice
as well as pharmacological blockade of NLRP3 activation were
shown to improve recovery from TBI (Irrera et al, 2017);
demonstrating that inflammasome activation plays an important
role in this pathological condition.

Regarding spinal cord injury (SCI), it has been demonstrated
that this condition induced higher levels of NLRP1, ASC, caspase-
1, IL-1B, and IL-18 in mice, and therapeutic neutralization of
ASC was proposed to result in tissue sparing and functional
improvement due to reduced inflammasome activation
in neurons (de Rivero Vaccari et al, 2008). Besides, in
SCI, enhanced NLRP3 expression has been demonstrated
predominantly in neurons, but also in microglia and astrocytes
(Zendedel et al., 2016).

Given that microglial cells are essential for the regulation
of inflammasome activities in the brain, further research into
the regulation and control of these responses is required for
treating diverse pathologies and developing a deep understanding
of cellular damage in the brain.

INFLAMMASOMES AND ASTROCYTES

Some years ago, the expression and aggregation of
inflammasomes in astrocytes was a controversial topic, since
it had been reported that inflammasomes were exclusively
expressed in microglial cells (Gustin et al., 2015). However, more
contemporaneous and overwhelming experimental evidence
supports that astrocytes also express functional inflammasomes.
A search in PubMed with the terms “inflammasome” and
“astrocyte” resulted in 260 references (March 2022); 84% of
these references (219 reports) have been published in the last
4 years, since 2018.

It is now clear that astrocytes have the capacity to
assemble different types of inflammasomes and play relevant
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pro-inflammatory roles in neurological diseases such as
depression, epilepsy, PD, AD, pain, ischemic damage, and
others (Nourbakhsh et al., 2021). In a complementary context,
some examples of how isolated astrocytes are able to react to
known DAMPs, such as HMGBI1 and ATP, are the reports by
Minkiewicz et al. (2013), Yao et al. (2019), and Wang et al.
(2020). In the first, HMGB1 promoted NLRP3 inflammasome
formation via NF-kB nuclear translocation in a signaling
pathway sensitive to PPARY activation; in the second, the LPS-
induced inflammation response was dependent on endoplasmic
reticulum stress activation; in the third, extracellular ATP
induced the aggregation of NLRP2 through the activation of
purinergic P2X7 receptor; this effect was sensible to the specific
antagonist reactive blue. In addition, ATP actions required the
association of P2X7 receptor with Pannexin-1, as revealed by the
inhibitory action of probenecid over pre-incubated astrocytes,
which blocked the ATP-dependent activation of pro-caspase-1.
Interestingly, silencing NLRP2 expression reduced the innate
immune response mediated by ATP.

Isolated astrocytes are also able to react to the presence of
ethanol, a compound that generates a pro-inflammatory state
associated with an intense upregulation of ROCK2 (a serine-
threonine kinase), and enhanced oxidative stress (Li et al., 2020).

It was also demonstrated in mice sensitized with LPS
and primed with LPC that both canonical and non-canonical
inflammasomes, namely NLRP3 and NLRC4, are assembled
in microglia and astrocytes, and in consequence produce
microgliosis and astrogliosis (Freeman et al., 2017). NLRC4
was initially characterized by its interaction with pro-caspase-
1 through the CARD domain present in both proteins (Geddes
et al.,, 2001; Poyet et al., 2001). In astrocytes, the activation of
NLRC4 involved ASC, caspase-1, Ca>* mobilization and K*
efflux (Freeman et al., 2017).

Numerous reports have demonstrated an outstanding role
of the inflammatory process within astrocytes in different
experimental models of neurological maladies (Figure 3) as well
as neurological damage related to pharmacological treatments.

Muckle-Wells Syndrome

It has also been shown that human astrocytes have the capacity
to express NLRP2, a cytosolic inflammasome that is associated
with ASC and caspase-1, inhibiting the activation of the
transcriptional factor NF-kB (Bruey et al., 2004). A variant of this
protein complex has been related to the Muckle-Wells syndrome
(Fontalba et al., 2007), a rare genetic disease characterized by
pro-inflammatory episodes of fever and rashes.

Multiple Sclerosis

Multiple sclerosis is a chronic disease characterized by
demyelination and axonal damage in the nervous system. It
is accompanied with severe cognitive deficits and eventually
becomes a disabling condition. Using the model of autoimmune
encephalomyelitis, an animal model of multiple sclerosis,
Hou et al. (2020) reported the generalized activation of the
NLRP3 inflammasome that was associated with the alteration
of the astrocyte phenotype. This group demonstrated that
the experimental MS converted astrocytes to the neurotoxic

phenotype Al, an action that was prevented by an IL-18
antagonist, which is related to the NLRP3 effect via the
NF-kB pathway.

Alzheimer’s Disease

Neurodegeneration associated with diverse forms of AD,
including transgenic experimental models, is the subject of
intense analytical scrutiny given the pressing health issue
that this illness has become for modern societies. It is well
accepted that neuroinflammation is one of the pathological
events associated with AD, and that astrocytes are one cellular
type with the capacity to participate in this phenomenon
(Bandyopadhyay, 2021). In this context, efforts have been
made to ameliorate neuroinflammation in AD to find a
therapeutic strategy that improves the outcome of the patients.
For example, it has been proposed that glucagon-like peptide-
1 analogs could mitigate astrocytic NLRP2 activation in
5xFAD transgenic mice, improving cognitive dysfunction
in vivo and protecting astrocytes in vitro (Zhang et al,
2022a); in APP/PS1 mice, AVE0991 —an angiotensin-(1-
7) analog— was effective in inhibiting astrocyte-mediated
neuroinflammation via the SNHGI14/miR-223-3p/NLRP3
pathway (Duan et al., 2021). Treatment with AP to astrocytes
promotes NLRP3 inflammasome activation. Ebrahimi et al.
(2018) and Hong et al. (2019) reported neuroprotective
actions of al-antitrypsin and progesterone, mitigating the
inflammatory process by downregulating the expression of
NLRP3 in the first study and enhancing the autophagy-lysosomal
pathway in the second.

Parkinson’s Disease

Parkinson’s disease is now recognized as a neurodegenerative
entity that involves much more than a dopamine deficit. In this
context, it has also been postulated that astrocytic inflammation
plays a role in the onset of this pathology (Miyazaki and
Asanuma, 2020). In the experimental model of PD by MPTP
treatment, it was shown in mice that the neuroinflammation
process was associated with upregulation of the NLRP3
inflammasome and glia maturation factor. This factor was
coincident with the presence of a-syn in an astrocyte population.
The authors demonstrated that molecular ablation of the glia
maturation factor significantly reduced the presence of NLRP3
in astrocytes (Javed et al., 2020). Again, with mice treated with
MPTO, Zhu et al. (2018) reported a protective role for dopamine
D2 receptor agonist inhibiting astrocytic NLRP3 inflammasome
activation viaB-arrestin 2. It was shown in primary mouse
astrocytes and in the U373 cell line that the tumor necrosis factor-
like weak inducer of apoptosis (TWEAK) treatment enhanced the
activation of the Stat3/NLRC4 inflammasome signaling axis with
the participation of PKC3. TWEAK has been involved in PD-like
neuropathology (Samidurai et al., 2020). Given that Parkinsonian
patients experience olfactory deficits, Zhang et al. (2020a) treated
mice with rotenone to simulate olfactory disturbances in PD.
These authors reported a role of the mitochondrial fission
factor Drpl in the promotion of pro-oxidant responses that
favored NF-kB nuclear translocation and subsequent NLRP3
inflammasome activation.
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Viral Infections

Astrocytes also express AIM2 inflammasome, and its assembly
is efficiently induced by double-stranded DNA, suggesting
a role of AIM2 in detecting DNA viruses. In response to
mimetic DNA, AIM2 activation induced the synthesis of IL-
6 and INF-y (Cox et al., 2015). It was reported by Soung
et al. (2022), that after an infection by West Nile Virus,
the recovery of the resultant encephalitis was associated with
continued astrocyte inflammasome-mediated production of IL-
18, which was maintained by hippocampal astrogenesis via IL-
1R1 signaling in neural stem cells.

Epilepsy

Seizures and epilepsy are another neuropathology that has been
related to inflammatory responses. In mice treated with kainic
acid, they presented an epileptic outcome that was associated
with NLRP3 activation; the inflammasome promoted an epileptic
crisis by enhancing the expression of astrocytic adenosine kinase.
The mechanism of this action was further explored using
astrocytes in culture, and it was demonstrated that adenosine
kinase upregulation depended on the CREB/REST/SP1 signaling
pathway (Zhang et al., 2022b).

Cerebral Ischemia and Stroke

Both NLRP2 and NLRP3 have been shown to participate in
the proinflammatory events related to experimentally induced
cerebral ischemia after cerebral ischemia-reperfusion injury and
acrolein-induced astrocytic inflammation in brain affected by
ischemic stroke. Cheon et al. (2018) demonstrated that cerebral
ischemia activated NLRP2 inflammasome in a set of events
that were dependent on the apoptosis signal-regulating kinase
1 (ASK1), a finding that was confirmed in an astrocyte cell
line that was subjected to oxygen-glucose deprivation and
reperfusion injury. A study using the model of middle cerebral
artery occlusion as well as TNA2 astrocytes (astrocytic cell
line containing the oncogenic early region of SV40) exposed
to oxygen-glucose deprivation showed that gastrodin (GAS)
was able to inhibit NLRP3 and NLRC4 expression (Sui et al.,
2019). Liu et al. (2020) reported the suppression of NLRP3
inflammasome in astrocyte treatment with adiponectin in a
model of cerebral ischemia-reperfusion injury. The protective
adiponectin action was mediated by the AMPK/GSK-38 signaling
pathway. In another report, it was shown that acrolein, a
neurotoxin produced by pro-oxidant reactions in tissues affected
by ischemic stroke, promoted NF-kB and NLRP3 inflammasome
activation. This action was mediated by the induction of
ADAMI10 and the participation of p38 MAPK (Park et al., 2020).

Pain

It has been reported that pain-related clinical situations and
experimental models are associated with inflammatory response
activation in astrocytes (Tan et al, 2021). Both NLRP2 and
NLRP3 have been identified in spinal cord astrocytes during
in situations of mechanical pain hypersensitivity in the complete
Freund adjuvant-induced persistent pain model with IL-1f as
effector and by activating the sphingosine-1-phosphate receptor

(Doyle et al., 2019; Ducza et al.,, 2021). It has been shown that
the inflammatory activation in spinal cord astrocytes, and the
associated pain, can be alleviated by treatment with the stilbenoid
resveratrol (Fan et al., 2021), and the molecular reduction of heat
shock protein family A member 8 (HSPA8) (Mi et al., 2021).
In a different model, Carranza-Aguilar et al. (2022), reported
that daily treatment with morphine and fentanyl differentially
induced cell-specific activation of NLRP3 inflammasome and
pyroptosis in the dorsal raphe nucleus through TLR4 receptors
in astrocytes and opioid receptors in neurons, indicating that
neuroinflammation is involved in opioid-induced analgesia and
fentanyl-induced hyperalgesia.

Depression

Depression is one of the most complex mood disorders.
It is usually a long-term disabling condition that has an
enormous repercussion in the health system. In both clinical
and experimental model observations, it has been recognized
that inflammatory events play an important role in this
neuropathological condition, including alterations presented by
astrocytes (Kim et al., 2018). By using sleep deprivation as an
inducer of the depressive condition, one study showed that
NLRP3 activation in astrocytes reduced BDNF levels, whereas
combined treatment with fluoxetine and leptin ameliorated
the depression induced by sleep deprivation (Li et al., 2019).
Depressive mice were shown to present astrocytic loss that
was promoted by pyroptotic cellular death. The pyroptotic
process was triggered by the activation of the NLRP3/caspase-
1/GSDMD pathway (Li et al., 2021). Also, in mice with depression
induced by chronic mild stress, it was reported that kynurenine,
a tryptophan metabolite, acted as a pro-inflammatory factor
in astrocytes. In this model, hippocampal astrocytes expressed
NLRP2 inflammasome via NF-«kB nuclear translocation (Zhang
et al., 2020b). In mice with molecular ablation of neuroligin3, it
was shown that this factor is needed for NLRP3 inflammasome
activation in a chronic unpredictable mild stress model. Hence,
suppression of neuroligin3 down-regulated NLRP3 and the ASC
protein, preventing the loss of astrocytic cells during depressive
episodes (Li et al., 2018).

Astrocytic Inflammation in

Non-pathological Conditions
Inflammasomes in astrocytes are relevant not only in pathological
entities, but also as part of several physiological and protective
responses. For example, NLRP3 deficiency in mice is associated
with hippocampal dysfunction as well as anxiety-like behavior
(Komleva et al., 2021). Absence of NLRP3 renders astrocytes
highly permissive to Trypanosoma cruzi replication in the context
of Chagas disease (Pacheco et al., 2019). Mice treated with LPS
in their hippocampus responded by enhancing the astrocytic
production of neopterin, a biomarker for immune system
activation; neopterin inhibited inflammasome activation in pre-
conditioned human astrocytes (de Paula Martins et al., 2018).
Although microglia were once considered the only cell
type related to immunity in the brain, it is now clear that
inflammasome aggregation also occurs in astrocytes. This fact
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reveals a new paradigm in the immune responses of the CNS
with implications for the functional concepts of cell regulation in
the brain and for the development of new therapeutic strategies
against neurodegenerative diseases.

INFLAMMASOMES AND
OLIGODENDROCYTES

Oligodendrocytes are specialized glial cells in the CNS whose
main tasks include the production of myelin sheath to wrap and
electrically insulate neuronal axons, provide metabolic support
to axons and participate in neuroplasticity processes; their
lineage in the CNS includes immature precursors (OPCs) and
mature ODCs (Baumann and Pham-Dinh, 2001; Zhou et al,,
2021).

Seminal work suggested a contribution of inflammasome-
mediated responses to demyelinating pathologies whose main
target are ODCs. Thus, in a demyelination model induced by
cuprizone feeding in mice, the expression level of Nirp3 transcript
incremented dramatically (> 100 fold); in agreement, in Nirp3
knockout mice, cuprizone-induced inflammation, demyelination
and ODC death were significantly delayed (Jha et al., 2010),
suggesting localized activity of Nlrp3 inflammasome in ODCs. In
EAE, an animal model of MS, a role was also demonstrated for
the adaptor protein PYCARD/ASC and caspase-1, but the sensor
protein remains elusive (Shaw et al., 2010).

On the other hand, in  childhood cerebral
adrenoleukodystrophy (CC-ALD), the most severe form of
X-ALD, characterized by severe demyelination, upregulation of
CH25H transcript (coding for cholesterol 25-hydroxilase)
was found. The product of this enzymatic activity, 25-
hydroxycholesterol (25-HC), resulted a potent inductor of
neuroinflammation in CC-ALD. CH25H mRNA was specifically
incremented in OPCs differentiated from pluripotent stem
cells (iPSCs) isolated from CC-ALD patients. In agreement,
injection of 25-HC into the corpus callosum induced
microglia recruitment and IL-B production, which conduced
to apoptotic ODC death. These effects were significantly
attenuated in Nlrp3-deficient mice, suggesting an inflammatory
response dependent on NLRP3 inflammasome in ODCs
(Jang et al., 2016).

Distribution of NLRP1/NALP1 and NLRP3/NALP3 in
several tissues of the body was explored using self-designed
monoclonal antibodies, and it was detected that NLRP1
inflammasome is expressed in ODCs (Kummer et al., 2007).
Despite these approaches, inflammasome activity in ODCs was
only recently recognized.

In a study aimed at investigating if inflammasomes are
activated in MS, a neurological disease characterized by loss of
neuron-covering myelin, it was observed that in homogenates
from postmortem brain samples of MS patients, transcripts
from I-1B, IL-18, CASP1, GsdmD, NLRP3, NLRP1 and AIM2
incremented in comparison with control samples; in the
same biopsies, it was documented by immunofluorescence
that GsdmD co-localized with glutathione S-transferase-m™
(GST-n), a marker of mature ODCs, indicating specific

inflammasome activity in these glial cells (McKenzie et al., 2018).
Furthermore, in mature ODCs in vitro, it was shown that in
response to a challenge with TNF-a, the expression level of
CASP1 and GsdmD transcripts and their respective proteins
incremented. These changes were concomitant with cell death-
related morphological changes, such as a condensed nucleus and
short and few cellular processes in a caspase-1 dependent way,
indicating the induction of pyroptosis (McKenzie et al., 2018).

Demyelination is one of the main alterations of the white
matter observed in AD (Desai et al., 2009; Zhan et al., 2014).
Studies on mature ODCs from AD patients and AD transgenic
mice demonstrated that NLRP3 inflammasome is active in ODCs
and participates in pathologic demyelination through a pathway
triggered by hyperactivated Drpl, a mitochondrial GTPase
involved in organelle division (Smirnova et al., 2001); this factor
inhibits hexokinase 1 (HK1), which in turn activates NLRP3
inflammasome. This metabolic stress and chronic inflammation
conduce to demyelination and tissular degeneration of white
matter and contribute to the cognitive impairment of AD
(Zhang et al., 2020c).

The exposed evidence supports the notion that
deleterious neuroinflammation observed in pathologies where
demyelination is characteristic, is substantially supported by
inflammasome activity (Figure 3).

CONCLUDING REMARKS

Inflammasomes are multiprotein machineries mediating
maturation and secretion of IL-f and IL-18 in response to
various sterile and infectious stimuli. Inflammasomes are
functional in microglial cells and, surprisingly, in astrocytes and
ODCs as well, and they mediate responses to specific stressors.
However, chronic activation or mutations in inflammasomes
lead to a variety of diseases (Figure 3). Obtaining detailed
information about affected cell populations, molecular identity
and function is an important opportunity for the development of
innovative therapies.
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The roof of the fourth ventricle (4V) is located on the ventral part of the
cerebellum, a region with abundant vascularization and cell heterogeneity
that includes tanycyte-like cells that define a peculiar glial niche known as
ventromedial cord. This cord is composed of a group of biciliated cells that
run along the midline, contacting the ventricular lumen and the subventricular
zone. Although the complex morphology of the glial cells composing the cord
resembles to tanycytes, cells which are known for its proliferative capacity,
scarce or non-proliferative activity has been evidenced in this area. The
subventricular zone of the cerebellum includes astrocytes, oligodendrocytes,
and neurons whose function has not been extensively studied. This review
describes to some extent the phenotypic, morphological, and functional
characteristics of the cells that integrate the roof of the 4V, primarily from
rodent brains.

KEYWORDS

astrocytes, Bergmann glia, choroid plexus, ependymal glial cells, fourth ventricle

Introduction

The presence of neurogenic niches throughout the ventricular system has stimulated
intense research aiming to understand the organization and role of cell groups of glial
origin that contact the cerebrospinal fluid and gate relevant information toward and
from the brain parenchyma. The roof of the fourth ventricle (4V) is formed by three
cerebellar lobules (I, II, and X). Diverse studies have shown little or non-proliferative
activity in this area; however, it has been highlighted the presence of heterogeneous cell
types expressing GABA-Ap receptors in the ependymal glial cells (Reyes-Haro et al., 2013;
Pétriz et al., 2014), these receptors gate a CI~ channel and desensitize very little upon
activation and are insensitive to bicuculline and baclofen. About 60% of the ependymal
glial cells respond to GABA by generating CI™ currents insensitive to pentobarbital; these
findings supported the view that this area should be formed by a diverse population of
cell phenotypes. The cellular diversity was highlighted when an inspection of cellular
electrophysiological profiles was conducted in the subventricular zone (SVZ) (Reyes-
Haro et al., 2013; Gonzédlez-Gonzdlez et al., 2017); those studies revealed the presence,
of astrocytes, oligodendrocytes, neurons and other groups of cells at the ventricular and
subventricular cerebellar zones, that remain to be fully described and studied.
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The cells that form the wall of the fourth ventricles are
crucial for neurogenesis and gliogenesis in early development.
During embryonic mouse development, the ventricular zone of
the cerebellum is a niche of cells that gives rise to all the neurons
of the cerebellum. Individual progenitors are multipotent and
produce sequentially different cell types, first to the deep
cerebellar nuclei, then the Purkinje neurons and finally to the
rest of cerebellar neurons. Also, in the ventricular zone a set of
multipotent cortical progenitors is found, these cells produce
sequentially cortical neurons, however, lose their potential to
produce deep nuclei when longitudinal cell dispersion in the
cerebellum becomes limited (Altman and Bayer, 1997; Mathis
and Nicolas, 2003). In the mouse embryo (embryonic day 12—
14), radial glia fascicles appear at the site of midline fusion at the
roof of the fourth ventricle, also radial fascicles appear at the site
of midline fusion of the metencephalic plate, radial glia fibers
become concentrated within the zone that bounds the germinal
trigone which is the site of origin of the external granular layer
(Edwards et al., 1990). The early origins of radial glial cells of the
cerebellum can be traced to cells of the primitive bipolar cells
in ventricular germinal zones. This review focuses on the cell
diversity that form the roof of the 4V.

Diversity of glial cells

The
periventricular zone of the cerebellum is derived from the

anatomical and functional complexity of the
presence of different neuronal types, but also from the
heterogeneity of glial cells (Buffo and Rossi, 2013; Gonzélez-
Gonzidlez et al., 2017). According to location, morphology and
physiology, the following types of glial cells can be identified
in the roof of the 4V: (a) astrocytes, (b) Bergmann glia (BG),
(c) nerve-glial antigen two cells (NG2-glia), (d) microglia,
and (e) ependymal glial cells (EGCs). The microglia originate
from the mesoderm, while the rest share the same ectodermal
embryonic origin.

Astrocytes

Astrocytes, also known as astroglia, are the most abundant
and diverse population of glial cells in the central nervous
system (CNS). This term was popularized by Santiago Ramén
y Cajal who also developed the gold sublimate-method which
labeled GFAP (glial fibrillary acidic protein), with this technique
it was demonstrated that astrocytes originated from radial glia
(Ramony Cajal, 1916; Garcia-Marin et al.,, 2007). Astrocytes
develop in the embryonic stage and in the late postnatal
period (Miale and Sidman, 1961). There are two sites of
proliferation in the embryonic ventricular neuroepithelium, (1)
the region anterior to the rhombic lip, and (2) the region
between the isthmus and the superior cerebellar peduncle
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(Altman and Bayer, 1987). It is believed that cerebellar glia
may be generated by progenitors inhabiting the cerebellar
parenchyma (Altman and Bayer, 1987); clonal studies in mouse,
showed that astrocytes from the vermis arise from gliogenic
radial glia that reaches the ventricular zone in early stages,
and at postnatal stages, progenitors from the Purkinje cell layer
originate BG and velated astrocytes located in the granular layer
(Cerrato et al., 2018).

In general, astrocytes possess multiple primary processes
that originate from the soma. In addition, this cell type has
intermediate filaments that integrate the cytoskeleton, formed
by proteins that define this cell type, including the GFAP and
vimentin (Verkhratsky and Butt, 2007). Astrocytes have been
classified in protoplasmic and fibrous, according to differences
in their morphology and location. Protoplasmic astrocytes are
found in the gray matter and exhibit multiple finely branched
and complex processes (of ~50 um long, in rodents). Fibrous
astrocytes are found in the white matter and exhibit processes
that are longer (300 um long, in rodents) and less complex
compared to protoplasmic astrocytes (Verkhratsky and Butt,
2007).

The cerebellar cortex is formed by two main types of
astroglia: Bergmann glia, specialized cells located in the Purkinje
cell layer (PCL) and velate astrocytes, which are more common
in the granular layer (Farmer and Murai, 2017). Velate astrocytes
have a small soma and relatively short processes, where they
partially surround the glomeruli and slip between granular cells
which synapse with mossy fibers, separating the glomeruli into
distinct entities. The velate astrocytes also gather around blood
vessels in form of a plaque around the basal lamina forming
part of the blood-brain barrier (Landis and Reese, 1982). Velate
astrocytes form a syncytial network through gap junctions with
nine neighboring cells, giving rise to a highly elaborated and
functional coordinated structure in the cerebellum (Kiyoshi
et al., 2018).

In the SVZ of the mouse cerebellum, a region delimited
dorsally by BG end feet and ventrally by the ependymal cells, the
astrocytes are abundant and express GABA-A receptors (Reyes-
Haro et al, 2013). A study conducted by Pétriz et al. (2014)
showed that GFAP™ cells of the granular layer of the cerebellum
express GABAp subunits during early postnatal development.
Electrophysiological studies revealed that astrocytes express
functional GABA-A receptors, whereas evoked currents were
inhibited by bicuculline and TPMPA, indicating the presence
of GABAp subunits. In that study, three populations of GABA-
A receptors were identified in astrocytes: classic GABA-A
receptors, bicuculline insensitive GABA p, and GABA-A-GABAp
hybrids. The presence of GABAp subunits independently or
in combination, confers complexity to GABAergic signaling in
the area. Also, the modulation of GABAp dynamics can be
a novel extra-synaptic transmission mechanism that regulates
GABAergic control of GFAP™ cells of the SVZ of the cerebellum
in early development (Pétriz et al., 2014).

frontiersin.org


https://doi.org/10.3389/fncel.2022.955550
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Gomez-Gonzélez et al.

In recent experiments in which carmustine was
administered prenatally, a reduction in the morphology and
complexity of astrocytic cells of the 4V of the cerebellum was
observed (Rodriguez-Arzate et al., 2021). In a transcriptomic
analysis using the well-established hEGP-eGFP reporter mouse
line (Nolte et al., 2001), differences were found between
protoplasmic cortical astrocytes and cerebellar astrocytes
(mainly Bergmann glia). It seems that a specific transcriptional
program associated to the Zic/Irx families of transcription
factors play a central role in cerebellar astrocytes (Welle et al.,

2021).

Bergmann glia

These cells originate from the radial glia and are a landmark
of cerebellum. They are found from early stages of development
around embryonic day 15 in mouse, playing an essential role
during neurogenesis and cell migration since they form a
structural scaffold for cellular migration of granular cells during
postnatal development as well as in the dendritic growth of PCs
(Bellamy, 2006). In the mouse adult brain, the cell bodies of BGs
are ~15 um diameter and is settled in the Purkinje cell layer, the
somas surround these neurons in a proportion of 8 to 1. The BG
exhibits multiple processes, with numerous lateral protrusions
named microdomains, these processes go through the molecular
layer forming a conical terminal foot (Rakic, 1972, 2003). The
plane of the processes of BG is organized as a palisade, oriented
in parallel to the longitudinal axis of the folia and perpendicular
to the plane formed by the dendritic trees of the Purkinje cells
(Buffo and Rossi, 2013).

The BG surrounds and covers the dendritic trees of
Purkinje neurons, wrapping between 2000 and 6000 synapses
(Kettenmann and Ransom, 2005). The BG microdomains
respond to synaptic activity by changing Ca?T concentration,
which eventually propagates from the processes toward different
regions of the cell (Bellamy, 2006). Also, the microdomains are
highly dynamic, displaying motility patterns similar to neuronal
spines, since they have the capacity to form new processes that
grow and retract laterally (Lippman et al., 2008, 2010).

The lateral protuberances of BG processes present
glutamate receptors of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic (AMPA) subtype, composed exclusively
by the GluA1l/GluA4 subunits. A study conducted by Saab
et al. (2012), demonstrated that BG is essential for synaptic
integration and cerebellar output signal and a double knock
out of AMPA receptors of the BG leads to deficiencies and
alterations of fine motor coordination (Saab et al., 2012).

While the BG located in the dorsal cerebellar lobes (lobule
ITI-IX) extend their processes to the pia establishing the glia
limitans (Yamada et al., 2000), the BG located in the ventral
lobules (I, IT and X) at the roof of the 4V, projects their processes
toward the SVZ, where the end feet limit the upper part of
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a structure named the subventricular cellular cluster (SVCC)
(Gonzélez-Gonzalez et al., 2017). The SVCC, extends rostral-
caudally along the lobules I and X, and is formed by a diversity
of cell types, camera lucida drawing of three sample cells are
shown in Figure 1. These cells express GFAP, nestin or both

(Gonzélez-Gonzalez et al., 2017).

NG2 glial cells

The nerve-glial antigen two cells (NG2-glia) are also known
as oligodendrocyte precursor cells (OPC), NG2 progenitor cells,
synantocytes or polydendrocytes (Butt et al., 2002; Nishiyama
et al., 2002; Dimou and Gallo, 2015). During the development
these cells have different origins (ventral and dorsal ganglionic
eminence, SVZ, cerebral cortex), are widespread in the CNS and
present diverse morphology (Nishiyama et al., 2002, 2014).

NG2 glial cells are considered the fourth type of glial cells
in the central nervous system, these are immature cells with
high proliferative capacity and widely distributed throughout
the gray and white matter in the postnatal and adult brain,
where they make 5-8 of the glial cells population (Dawson et al.,
2003; Clarke et al,, 2012; Lomoio et al,, 2012). NG2-glia can
be identified by the expression of several molecular markers,
such as platelet-derived growth factor receptor (PDGFRa),
Olig2, proteolipid promoter (Plp) (Chung et al., 2013) and Sox
10 (Trotter et al, 2010); besides NG2, which is permanently
expressed after birth (Rivers et al., 2008).

In the mouse adult cerebellum, the NG2-glia has a stellate
shape and is present in the white and gray matter (Bouslama-
Oueghlani et al., 2005; Lomoio et al., 2012; Chung et al., 2013).
The general distribution of the NG2-glia in the cerebellum was
described in a study conducted by Lomoio et al. (2012) in rats,
that showed that NG2 glia at the posterior cerebellar lobules
(VI-VIII) is evenly and densely spread in all the cell layers;
however, in the anterior and ventral lobes (I-VI and IX-X
lobules) most of these cells are in the molecular layer, while in
the white matter and the internal granular cell layer (IGL) their
presence is sporadic, and decreases with age. NG2-glia from
the molecular layer exhibits numerous processes that extend
between the dendrites of the Purkinje neurons (Palay and Chan-
Palay, 1974; Levine and Card, 1987; Lin et al., 2005), while the
NG2-glia from the white matter is highly branched with thin
processes and no cell-coupling (Labrada-Moncada et al., 2020).

One of the major roles of the NG2-glia is the generation
of myelinating and non-myelinating oligodendrocytes (OL)
during postnatal development (P12-P23 in rodents), crucial
in the repairment of the myelin loosed under demyelinating
pathologies (Watanabe et al., 2002; Nishiyama et al., 2014,
2021), either at the spinal cord or brain (Sherafat et al., 2021).
Nevertheless, the fate of NG2-glia as precursor cells has been
further investigated in vivo using different inducible transgenic
mice lines, unveiling that secondary to the OL generation,
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200 um

FIGURE 1

processes projecting ventrally and a short lateral process.

200 um

Camera lucida drawings of main cell types of the SVCC. (A) Cells located in the lateral region of the SVCC have an elongated soma (diameter
32.506 + 0.808 um), long processes that project toward the middle region and processes that extend ventrally. (B) Star-shaped soma cells
(diameter 36.957 4+ 0.774 um) with a long lateral process and one that projects ventrally. (C) Small cells (diameter 17.728 + 2.223 um), with two

100 um

NG2-glia cells give rise to astrocytes before birth, and this
capacity decreases along time (Zhu et al., 2008; Trotter et al,,
2010; Nishiyama et al., 2014; Huang et al., 2018). In the adult
life, NG2-glia derived astrocytes are found in the gray matter
from the forebrain (mainly at ventral cortex, striatum; Zhu
et al., 2008) and cerebellum; where the Olig2/Plp positive NG2-
glia exhibit a gliogenic fate and generates Bergmann glia cells
(postnatal day 7 in mice), however upon hypoxic-ischemic
injury the cerebellar oligodendroglial lineage increases while
Bergmann cells and astrocytes remain constant (Chung et al.,
2013). Evidence strongly suggests the proliferative capacity of
NG2-glia cells in response to injury by giving rise to astrocytes,
microglia (Sellers et al., 2009) and Schwann cells (Zawadzka
etal, 2010). However, despite discussions, most of the evidence
support that NG2-glia cells do not generate neurons (Nishiyama
et al.,, 2014; Huang et al., 2018; Sanchez-Gonzalez et al., 2020).

The multipotential capacity of the NG2-glia is linked to
its functional properties that suggest these cells are involved
in the proper function of different brain circuits (Akay et al.,
2021; Zhang et al, 2021), for instance it has been reported
that in the cerebellum these cells express AMPA receptors
permeable to Ca2t that sense through synaptic junctions the
input from climbing fibers (Lin et al., 2005), and the NG2-
glia from white matter expresses functional GABA-A receptors
(Labrada-Moncada et al., 2020). On the other hand, cell fate of
NG2-glia cells can be modulated by local cues, such as glutamate
signaling in the cerebellum (Chung et al., 2013).

Microglia

Microglia, also known as Hortega cells, who described them
in 1932 (Del Rio, 1932), are a population of immune cells that
reside in the CNS within the parenchyma associated to the
capillary vasculature (Prinz and Mildner, 2011). In the adult
murine nervous system, the microglial population is regularly
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organized as an independent mosaic of cell layers (Lawson et al.,
1990). Depending on the region analyzed microglia represents
5-12% of the total number of glial cells (Lawson et al., 1990),
showing higher densities in gray matter than in white matter
(Mittelbronn et al., 2001). Microglia presents diversity in its
morphology, which is mostly arborized with radial orientation;
other microglial cells are elongated and mainly oriented to the
white matter while others are amoeboid in the circumventricular
organs (Lawson et al., 1990).

These cells play a role as the first line of defense in
the nervous system (Prinz and Priller, 2014), participating in
phagocytosis, acute responses to injury, release of inflammatory
modulators and cytokines, and are important for normal brain
development and synaptic plasticity (Prinz and Priller, 2014).
In the absence of injury or disease, microglia is in a “resting”
state constantly “monitoring” its microenvironment (Gomez-
Nicola and Perry, 2015), in this state microglia maintains its
soma in a fixed position while its multiple mobile processes
allow to explore its surroundings while maintaining a mosaic
distribution and organization (Davalos et al., 2005; Nimmerjahn
et al, 2005, Wake et al, 2009). Depending on the specific
signals of the modulators of microglial activation after injury
detection (Hanisch and Kettenmann, 2007; Prinz and Priller,
2014), the microglia transforms into a “reactive” state, in which
the motility of their processes allows its migration to the site
of injury (Dévalos et al., 2005; Hanisch and Kettenmann, 2007)
generating multiple phenotypes of reactive microglia, which
present phenotypes similar to the polarization states of Ml
and M2 macrophages (Wang et al., 2013; Prinz and Priller,
2014). Reactive microglia have also been shown to release
reactive oxygen species, guanosine triphosphate (GTP), ATP,
inflammatory cytokines (IL-1p and IL-6), and tumor necrosis
factor (TNF-a) (Pascual et al., 2012; Zhan et al., 2014; Prinz and
Priller, 2017).

Unlike the microglia located in the brain cortex, the
cerebellar microglia display certain unique characteristics. A
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study carried out by Tay et al. (2017) showed that microglia
isolated from the cerebellum of rodents have a higher
expression of immune-related genes and are renewed in
a shorter time compared to microglia from other regions
of the brain. In the cerebellum, microglia are scarce, and
their branches are less complex, having only two main
processes extending from the soma. Cerebellar microglia
show different morphological and dynamic profiles in the
molecular layer, Microglia from Purkinje and granular
cell layers show soma motility and a dynamic interaction
with Purkinje neurons (Stowell et al, 2017). Yamamoto
et al. (2019) showed the interaction between microglia
and cerebellar neurons through TNF-o signaling, which
induced long-term potentiation and thus modulation of
motor behavior.

Ependymal glial cells

The ependyma is a specialized epithelial tissue derived from
the radial glia (Spassky et al., 2005), hence these are glial
cells with a cuboid shape and multi-ciliated simple columnar
form lining the ventricles and interconnected by either gap
junction or zonula adherens (Bruni and Anderson, 1987; Oda
and Nakanishi, 1987; Telano and Baker, 2021). A network of
modified ependymal cells known as the choroid plexus (see
following section) produces 70-80% of the cerebrospinal fluid
(CSF). EGCs are covered by cilia and microvilli on its apical
side, permitting CSF circulation and absorption. Damage to the
ependyma may result in low volume of CSF which is also caused
by age-related atrophy of ependymal cells (Oda and Nakanishi,
1987; Telano and Baker, 2021; Javed et al., 2022).

Other functions of the EGCs include roles in barrier
formation, transport of ions, molecules and water between
the CSF and the parenchyma (Albors et al., 2022). The EGCs
surround clusters of fenestrated capillaries that permit the
filtration of plasma (Telano and Baker, 2021). EGCs are a key
component of the subventricular zone stem cell niche, such as
in the spinal cord, where some of the EGC lining the central
canal are in contact with neural stem cells (Albors et al., 2022).
The transcriptomic profile of EGCs is quite diverse in the
ventricular system, but all express the gene FoxJ1, which is
critical for the production of cilia (Zeisel et al., 2018; Albors et al.,
2022), however at the moment there is not a comprehensive
transcriptome of ependymal cells of the 4V to help to understand
the morphological diversity in this area that includes tanycyte-
like cells and biciliated cells in the midline of the cerebellum
(Gonzalez-Gonzalez et al., 2017).

The surface of the cells that form the wall of the roof of the
4V has been observed under the scanning electron microscope
(Oda and Nakanishi, 1987; Alvarez-Morujo et al., 1992). The
anterior section is divided in territories rich in cilia, other
territories show only a few cilia while others are covered by

Frontiersin Cellular Neuroscience

25

10.3389/fncel.2022.955550

microvilli but not cilia (Alvarez-Morujo et al., 1992). In addition,
numerous spherical bulbs of unknown function face the lumen
(Alvarez-Morujo et al., 1992; Gonzalez-Gonzélez et al., 2017).
Transmission electron microscopy showed that cilia exhibit a
9 + 2 microtubule pattern, and some cilia have a “dilated
end”, possibly related with a receptor like function (Alvarez-
Morujo et al., 1992; Gonzalez-Gonzalez et al., 2017). Along the
midline of the ventricle a formation named the ventromedial
cord includes biciliated cells intermingled with EGCs. These
cells express GFAP, vimentin and nestin and respond to hypoxic
conditions by transiently regulating the expression of GFAP
(Gonzalez-Gonzalez et al., 2017; Becerra-Gonzalez et al., 2020).

In the EGCs, GFAP expression is related to the state of
differentiation during ontogeny and is an indicator of different
levels of functional maturity, nevertheless, in adulthood a
variation of GFAP expression correlates with diverse functional
states. During the postnatal life, EGC’s decrease the expression
of GFAP but rebounds in the mature brain. Interestingly, EGC’s
are mitotically active in the adult brain and therefore are in risk
of developing tumors (Leonhardt et al., 1987).

In the cerebellum, EGCs express GABA-A receptors with
different characteristics from those expressed in neurons, this
includes the presence of the GABA-Ap receptors that confer
resistance to bicuculline and insensitivity to pentobarbital
(Reyes-Haro et al, 2013). Under the scanning electron
microscope ependymal EGCs of the roof of the 4V show diverse
features: (1) cells with numerous microvilli and cilia, (2) cells
with numerous microvilli and few cilia, located next to the
choroid plexus, and (3) cells with sparse microvilli and one
or a few cilia (Oda and Nakanishi, 1987; Gonzalez-Gonzalez
et al., 2017). Within the later, there are some biciliated cells that
correspond to a group of EGCs compacted and ordered medially
in antero-posterior direction in the roof of the 4V. These cells
co-express vimentin and nestin (a marker commonly used to
detect precursor cells) that form the ventromedial cord (VMC)
which is present since embryonic development and through
adulthood (Gonzalez-Gonzalez et al., 2017). Some insights about
the functionality of these tanycyte-like cells that form the VMC
have been revealed by using a model of hypoxic preconditioning
in mice, in which expression of GFAP showed a transient
reduction upon induction of hypoxic pre-conditioning. In
addition, expression of nestin was upregulated in the whole
cerebellum but incorporation of BrdU was not detected in the
EGCs of the area. As the VMC EGCs responded to this mild
stimulation (hypoxic preconditioning), it is suggested that VMC
GFAP-positive cells may relay chemical information from the
CSF to underlying neural circuits such as the ones extending
along the floor of the 4V (Mirzadeh et al., 2017; Becerra-
Gonzdlez et al., 2020). It is clear that the diversity of EGCs of
the cerebellum and the entire CNS points out to specializations
of their functional role, and a map of the distribution of every
phenotype will certainly help to understand their selective role
according to their distribution along the surface of the 4V.
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Choroid plexus

Four choroid plexuses reside inside the ventricular system
of the brain: one in each of the two lateral ventricles, one in
the third ventricle, and one in the 4V. Their most important
function is the production of the cerebrospinal fluid (CSF). The
CSF is formed at a rate of ~4 ml/min per gram of choroid plexus
tissue, in the rat, which is ~10 times higher than the rate of the
blood supply to the brain parenchyma (Keep and Jones, 1990).
The total volume of CSF in the entire human CNS amounts
about 150 ml, and ~500-600 ml is produced in 24 h; thus, the
CSF is replaced three to four times per day (Cserr, 1971).

The choroid plexus of the 4V is T-shaped, extended toward
the lateral angles of the rhomboid shaped roof and its vertical
limb extends caudally. It is composed by a single layer of
cuboidal epithelial cells, with numerous club-shaped microvilli
and occasional short cilia at the ventricular surface. Choroid
cells are connected by tight and gap junctions that form a zonula
adherens (Oda and Nakanishi, 1987).

Epithelial cells are the predominant cell-type in the choroid
plexus (Keep et al., 1986; Keep and Jones, 1990), at the caudal
end of the 4V the epithelial cells surround 1-4 cell clusters
composed of 15-20 cells that form structures named “choroid
bodies” whose function is not known yet (Levine and Saltzman,
2003). Transcriptomic studies have revealed the expression of
different coding and non-coding regulatory mRNAs in the
choroid plexus. A comparative transcriptomic analysis of the
choroid plexus from the lateral and fourth ventricles (from
mice, macaque, and human) revealed specialized domains
of secretory cells that predict that cells from both regions
contribute differently to cell-signaling to the CSF (Lun et al,
2015). One interesting signaling molecule produced by the
choroid plexus of the 4V is the bone morphogenic protein
or BMP, which negatively modulates neuron differentiation of
rhombic lip-derived cells, that gives rise to cerebellar granular
neurons (Krizhanovsky and Ben-Arie, 2006). A non-coding
RNA expressed in the choroid plexus of the 4V is the microRNA
(miRNA) 449. miR449 is expressed in the epithelial cells of
the choroid plexus in the 4V in developing and adult mouse
(Redshaw et al., 2009) and is known to regulate ciliogenesis
by inhibiting the Notch pathway. If the molecular circuit
downstream of miR449 is perturbed it may lead to ciliopathies
(Marcet et al., 2011).

Due to the inaccessibility of the plexus choroid cells
within the 4V, experimental analysis of their electrophysiological
properties has been very limited. Whole-cell patch-clamp of
choroid plexus epithelial cells maintained in culture have shown
a lower mean capacitance than those from the 3V (55 vs. 61
pF) and express several conductances that include a delayed-
rectifying potassium channel, an inwardly rectifying chloride
channel and a volume sensitive anion channel, which are very
similar to those of the lateral ventricle (Kibble et al., 1996; Speake
and Brown, 2004). Epithelial cells of the choroid plexus present
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ion-transport proteins that mediate the transcellular movement
of molecules from the blood to the CSF and maintenance of ion
concentrations is important for a continuous regulation of cell
volume of these cells that are immersed in the CSF. Control of
cell volume of choroid plexus epithelial cells of the 4V depend on
a Na™-K™ exchanger and a CI”-HCOJ exchanger that confer
the capacity to respond to variations in extracellular osmolality
(Hughes et al., 2010).

The temporal coordination of internal biological processes
is crucial to mammals. A complex network of cell independent
oscillators is found in different tissues and diverse studies
indicate that the suprachiasmatic nucleus of the hypothalamus
is the master circadian clock (Cheng and Cheng, 2021; Lu and
Kim, 2021). Expression of critical clock genes and their products
has been detected in the cells of the choroid plexus, which
have a circadian oscillator modulated by estrogens (Quintela
et al, 2013, 2018; Yamaguchi et al., 2020) and in explants of
choroid plexus maintained in vitro, including from the 4V, the
circadian rhythmicity remained and even exceeded that of the
suprachiasmatic nucleus (Myung et al., 2018). Thus, the choroid
plexus seems to affect the master clock in the suprachiasmatic
nucleus most probably by biochemical signaling through the
cerebrospinal fluid (Quintela et al., 2021).

Novel brain regenerative strategies apply transplantation
of cells to induce functional rescue of brain lesions caused
by trauma or neurodegenerative diseases. Cell therapy
appears to increase neurotrophic factors levels and reduce
neuroinflammation and several studies have demonstrated
the potential of choroid plexus cells to reduce neurological
deficits and promote neuroregeneration. For example, cells
from the choroid plexus of the 3V and 4V were grafted in the
4V of rats with ischemic brain injury. This strategy reduced
neurological deficits and infraction volume, it also reduced the
number of apoptotic and inflammatory cells (Matsumoto et al.,
2010). Furthermore, choroid plexus cells from the 3V and 4V
promoted axonal extension and tissue repair in an experimental
model of spinal cord lesion, in which axonal extension of the
injured tissue was observed after transplantation (Kanekiyo
et al,, 2016), grafted cells also gave rise to astrocytes in lesioned
spinal cord mice (Kitada et al., 2001) and induced nerve
regeneration in the dorsal funiculus of rat spinal cord by
supporting a massive growth of axons (Ide et al, 2001). All
these effects of the grafted follicular cells may be associated to
the expression and release of different neurotrophic factors that
affect the local environment of the recipient tissue, although
some neurogenic activity is not fully discarded in choroid plexus
of the 4V (Itokazu et al., 2006).

Vascular organization

The vertebral arteries enter the cranium trough the foramen
magnum to supply the cerebellum and the brainstem with blood,
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carrying oxygen, nutrients and hormones obtained from the
cerebrospinal fluid (Kulik et al., 2008; Cipolla, 2009; Fogwe and
Mesfin, 2018), maintaining homeostasis. Three arteries supply
the cerebellum: (1) the superior cerebellar artery, branching
from the lateral portion of the basilar artery from which, (2)
the anterior inferior cerebellar artery also branches, and (3) the
posterior inferior cerebellar artery branching from the vertebral
arteries, inferior to their junction with the basilar artery.

Vascularization occurs by angiogenesis as in the rest of
the CNS, the cerebellar angioarchitecture of mouse starts its
differentiation at embryonic day 9.5, from a blood vessel that
arrives from the perineural vascular network. Vascular sprouts
grow radially into the hindbrain parenchyma and by embryonic
day 10.5 they are able to change their growth directionality
to fuse with other sprouts and form a highly stereotyped
vascular network named the subventricular vascular plexus with
a honeycomb shape (Cipolla, 2009; Fogwe and Mesfin, 2018).

In the mature brain, two types of vessels are evident: (1)
pial vessels, either free in the subarachnoid space surrounded by
cerebrospinal fluid or on the surface of the brain contacting the
pia-arachnoid and the glia-limitans; and (2) intraparenchymal
vessels. Pial vessels (intracranial vessels) are predominantly:
arteries, arterioles, veins, venules and a few capillaries (Holash
etal., 1990). Intraparenchymal vessels are rich in capillaries with
a low permeability rate and express y-glutamyl transpeptidase,
alkaline phosphatase and enzymes involved in catecholamine
metabolism. While the vascular volume of the parenchymal
vessels in the cerebrum and cerebellum remains almost identical,
the volume of the vasculature corresponding to the pia is 10-
60% higher in the cerebellum, where pial vessels are <6% of
the total cerebral vasculature and >30% of the total cerebellar
vasculature (Holash et al., 1990). The blood brain barrier (BBB)
formed by dynamic endothelial cells that continuously develop
tight junctions to limiting cross of molecules, is absent in the
vasculature near the ventricular system and in the choroid
plexus, where fenestration allows exchange of nutrients (Tata
et al., 2015). It is not clear if BBB possesses specific properties
to maintain the homeostasis of local neural circuits; however,
vascularized areas next to the 4V present widespread passive
permeability (Daneman and Prat, 2015).

In the adult life, neuropathologies such as ischemia
as well as mild to moderate reduction of oxygen tension
(hypoxic pre-conditioning) promote angiogenesis. Moreover,
hypoxic pre-conditioning enhances angiogenesis and confers
neuroprotective effects due to the generation of new blood
vessels which in turn provide oxygen and nutrients to the
brain (Li et al., 2013; Hoffmann et al., 2015). Studies in our
laboratory demonstrated that hypoxic pre-conditioning induces
the widening of the vasculature on the surface of the roof
of the 4V. This response may be associated to the metabolic
modifications in the environment that led to the reconfiguration
of the local glial morphology, which includes BG, astrocytes
and microglia. Images of the blood vessels from the 4V, before
and after hypoxic preconditioning are shown in Figure 2. In
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FIGURE 2

Blood vessels respond to hypoxic preconditioning. The surface
of the roof of the 4V is profusely irrigated by blood vessels and
arteries. These confocal microscope images show the vessels
stained with Dil and the surface of the lobule | exposed by the
whole mount preparation, before and four days after hypoxic
pre-conditioning, where vessel dilation can be observed.

this experiment GFAP-eGFP mice (Nolte et al, 2001) were
perfused with the fluorescent lipophilic membrane dye Dil for
labeling the vasculature and then fixed with paraformaldehyde.
The cerebellum was removed, and the ventricular surface
exposed for evidencing the vasculature. After 4 days of hypoxic
conditioning, the vessels were considerable dilated; this was an
expected effect related to mild hypoxia, in which robust vascular
remodeling occurs.

The neural component

We are usually familiarized with the concept that the
cerebellum has a uniform set of layers with homogeneous
cytoarchitectural organization along the lobules. This is mostly
true, but peculiarities emerge when carefully analyzing the
surface in contact with the 4V. Each zone of the cerebellar
periventricular area has a specific neuronal population and
therefore functions that contribute to the CNS homeostasis.

Subventricular zone
Axons from the descending section of the fastigial nucleus

(FN) cross contralaterally along the roof of the ventricle mainly
projecting to the vestibular system (Walberg et al, 1962;
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FIGURE 3

Cellular organization of the ventricular zone of the cerebellum. The drawing summarizes the main cell types found in the roof of the 4V. BG cells
(green) surrounds and covers the dendritic trees of Purkinje neurons (brown). The end-feet of Bergmann glia borders the dorsal side of the SVZ,
where the subventricular cellular cluster is located (SVCC, gray blue) which is ventrally bordered by multiciliated ependymal glial cells (orange
cells). The ventromedial cord (VMC, purple), is integrated by local subventricular neurons and glial cells and contacted by local astrocytes (blue).
Ependymal biciliated cells (red) are in the midline at the periventricular layer-zone (PVZ), facing the lumen of the ventricle. Two sets of axons
transverse contralaterally the roof of the 4V, subventricular axons (SV axons, red) from the fastigial nucleus and supraventricular axons (SupraV
axons, green) form the vellum medularis that project from the IV cranial nerve.

Voogd, 1967; Voogd and Glickstein, 1998; Gémez-Gonzdlez
and Martinez-Torres, 2021). These axons are generally formed
by neurons with a dense myelin sheath, and show diverse
neurochemical identity either glutamatergic, glycinergic or
GABAergic (Robinson et al., 1993; Uusisaari et al., 2007; Bagnall
et al., 2009). Interestingly, in a study conducted by Goémez-
Gonzéalez and Martinez-Torres (2021), it was demonstrated that
the medial portion of the FN located between the cerebellar
lobules I-II, form an inter-fastigial direct pathway composed
mostly by GABAergic axons, adding complexity to this circuit.
Functionally, the rostral region of the FN is associated with
regulation of ocular movements (initiation, consistence, and
accuracy of saccades), in addition its stimulation increases
the systemic blood pressure (Nisimaru and Kawaguchi, 1984;
Robinson et al., 1993; Takahashi et al., 2014).

The dorsal portion FN gives rise to the locus coeruleus,
that is formed by A4 neurons (Grzanna and Mottiver, 1980),
which are localized in the lateral region of the subventricular
zone of the 4V. These dopamine B hydroxylase positive
neurons, with spindle-shaped soma (Grzanna and Mottiver,
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1980), run longitudinally and extend their dendrites through the
ependymal cells toward the ventricular lumen (Demirjian et al.,
1976).

Periventricular zone

A neuronal network called the cerebrospinal fluid-
contacting neurons (CFCN) reaches the lumen of the ventricle
with their axon or dendrites, forming neurohormonal nerve
terminals and sensory cilia (Vigh-Teichmann and Vigh, 1983;
Vigh et al., 2004); the long single-cilia has a 9 x 24-2 structure.
These neurons are GABAT in small mammals (mouse and rats),
and AChET in fish (Vigh-Teichmann and Vigh, 1983). The
function of these neurons has not been elucidated, nevertheless
are associated with the sensing of CSF pressure, flow and
composition (Vigh et al.,, 2004), maintaining the homeostasis
of the whole brain by non-synaptic transmission, since the
neurohormonal terminals release bioactive substances to
the CSF.
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Supraventricular zone

This zone includes the vellum medullaris and choroid plexus.
The vellum medullaris consists of a sheet of tissue attached to the
inferior colliculus and the cerebral vermis (Louvi et al., 2003).
The anterior section of the vellum is located at the anterior
section of the vermis and continues to the roof throughout
the rostral region of the 4V, linking both cerebellar peduncles
(Berry et al., 1995). It is a reminiscent zone that derives from
the isthmus during embryonic development (Louvi et al., 2003).
The anterior section of the vellum presents myelinated and non-
myelinated axons (Berry et al., 1995) that arise from the fourth
cranial nerve nucleus and project contralaterally to the IVth
nerve rootlets rising to the trochlear nerve (Sliney et al., 1981;
McConnell et al,, 1984; Berry et al., 1995). Finally, this nerve
enters to the ocular orbit by passing through the superior orbital
fissure to innervate the superior oblique muscle (Brazis, 2014).

Conclusions

This brief analysis of the organization and function of
the cells that form the roof of the 4V suggests that the area
drastically differs from the rest of the lobules of the cerebellum.
The microenvironment generated by the CSE, EGCs, choroid
plexus, and blood vessels put forward an argument in favor of
the peculiarities of the zone (summarized in Figure 3). There
are major discrepancies yet to be resolved; for example, the
diversification of functions of the EGCs regarding to their
responses to GABA, cilia organization and distribution, the
functional organization of axons crossing the roof of the 4V, the
role of local non-myelinated neurons, the functional significance
of the morphological varieties of glia and microglia among
other stimulating questions worth to be explored with new
experimental strategies.
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Anorexia is a loss of appetite or an inability to eat and is often associated with
eating disorders. However, animal anorexia is physiologically regulated as a
part of the life cycle; for instance, during hibernation, migration or incubation.
Anorexia nervosa (AN), on the other hand, is a common eating disorder among
adolescent females that experience an intense fear of gaining weight due to
body image distortion that results in voluntary avoidance of food intake and,
thus, severe weight loss. It has been shown that the neurobiology of feeding
extends beyond the hypothalamus. The prefrontal cortex (PFC) is involved in
food choice and body image perception, both relevant in AN. However, little
is known about the neurobiology of AN, and the lack of effective treatments
justifies the use of animal models. Glial cells, the dominant population of nerve
cells in the central nervous system, are key in maintaining brain homeostasis.
Accordingly, recent studies suggest that glial function may be compromised
by anorexia. In this review, we summarize recent findings about anorexia and
glial cells.

astrocytes, microglia, eating disorders, neuroinflammation, cytokines, glutamate
transporters, glutamine, prefrontal cortex

Introduction

Feeding is a basic need that helps maintain energy balance and body weight.
The hypothalamus, a brain region that integrates somatosensory signals and adaptive
responses (neuroendocrine, autonomic and behavioral), is involved in the homeostatic
regulation of feeding. The cerebral cortex is another brain region involved in feeding.
Particularly, the prefrontal cortex (PFC) integrates cognitive information about food
perception (odor, flavor and texture) and updates associative learning to promote
(hunger) or inhibit (satiety) food-seeking behavior. The medial prefrontal cortex
(mPFC) and orbitofrontal cortex (OFC) are subregions of the PFC linked with feeding,
motivation for eating, foraging (Petrovich et al., 2007; Gaykema et al., 2014; Jennings
et al, 2019) and anorexia (Reyes-Ortega et al., 2020). Eating disorders include anorexia
nervosa (AN), a serious mental and physical illness that involves a self-distorted body
image, damaging relationships with food and an obsessive desire to lose weight by
refusing to eat. Adaptive anorexia, also known as animal anorexia, is part of the life
cycle of vertebrates. Some examples include hibernation (bears), migration (whales) or
incubation (penguins) (Mrosovsky and Sherry, 1980). Another type of adaptive anorexia
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is dehydration-induced anorexia (DIA), where reduced food
intake occurs to ameliorate hyperosmolaemia. DIA reproduces
weight loss despite food availability, and it is often used as a
murine model to explore the neurobiology of anorexia. Studies
using this model reported a pro-inflammatory environment
associated with glial cells, which correlated with disrupted
glutamate-glutamine homeostasis and neurodegeneration in the
PFC of young female rats (Reyes-Ortega et al., 2022).

Anorexia

Appetite is regulated by neural ensembles involved in
homeostatic and hedonic aspects of feeding. The neurobiology
of appetite is clinically relevant for eating disorders like AN.
However, the term anorexia describes any loss of appetite with
a concomitant reduction in food intake that occurs in the
presence of readily accessible food sources. Adaptive anorexia
occurs regularly at specific stages of the life cycle of animals,
whereas pathological anorexia comprises AN and cachexia.
Thus, neural ensembles operating in adaptive anorexia or AN
may converge in a common set of synaptic circuits controlling
feeding behavior.

Adaptive anorexia

Animals can adapt to predictable periods when food access
is limited in nature and food intake is reduced, which often
results in weight loss. However, adaptive anorexia also occurs
when animals engage in other important activities that compete
with feeding, even when plentiful food is available. Indeed,
feeding can be disrupted by hibernation, incubation, molting,
migration and defense of the harem or territory (Figure 1A).
Thus, adaptive anorexia is also known as animal anorexia
and it occurs regularly, at specific stages of the life cycle
(Mrosovsky and Sherry, 1980). Adaptive anorexia is also evident
in physiological challenges, such as cellular dehydration by
water deprivation or drinking hypertonic solution (Watts,
1999).

Anorexia nervosa

AN is a psychiatric disorder in which eating is anxiogenic
and food restriction alleviates the fear of gaining weight. The
onset of this mental illness occurs during adolescence and
is prevalent among females (90-95%). AN is accompanied
by severe weight loss, a distorted self-image and amenorrhea
(Figure 1A). Moreover, it has the highest suicide rate of any
psychiatric disorder, and full recovery is observed in only 21%
of patients (Accurso et al., 2020).
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Murine models of anorexia

Dehydration-induced anorexia model

Anorexia that accompanies the drinking of hypertonic
saline is a critical adaptive behavioral mechanism that
ameliorates hyperosmolaemia by reducing food intake (Watts
and Boyle, 2010). Thus, DIA is a murine model that limits
fluid loss, reproduces weight loss and reduces food intake
despite its availability (Figure 1B). This model is different
from other models of anorexia that impose food restriction.
The effects of fasting over dehydration are distinguished
with a pair-fed group under forced food restriction (FFR).
The hypothalamic-pituitary-thyroid (HPT) axis adjusts to
the negative energy balance induced by fasting, and the
hypothalamic paraventricular nucleus promotes this adaptation
by reducing the mRNA expression of thyrotropin-releasing
hormone. Local T3, orexigenic and anorexigenic peptides
regulate the expression of this hormone. The survival rate of
the individual enhances as the serum content of thyrotropin
and thyroid hormones decreases. This adaptation is observed
in the FFR group, but HPT axis function fails to decrease and
thyrotropin levels remain high in the DIA group of rats (Jaimes-
Hoy et al., 2008; Garcia-Luna et al., 2010, 2017). On the other
hand, decreased leptin, estradiol, insulin, thyroid hormones and
POMC expression, together with increased Neuropeptide Y and
corticosterone serum levels, are common metabolic changes
observed in FFR and DIA experimental groups (Jaimes-Hoy
et al., 2008; Garcia-Luna et al., 2010, 2017). A main feature of
AN is voluntary avoidance of food, which is mimicked by DIA.
Another important feature of the DIA model is that feeding and
weight gain are rapidly promoted by restoring water availability
(Watts, 1999; de Gortari et al., 2009; Reyes-Ortega et al., 2022).
Thus, the simplicity of the DIA model allows researchers to
study the cellular reorganization of ensembles in specific brain
regions involved in eating disorders.

Activity-based anorexia model

Activity-based anorexia (ABA) is a murine model that
results in weight loss. This model combines food restriction to
a few hours a day (1-3 h) with free access to a running wheel,
resulting in a compulsive behavior that may lead to death. Food-
anticipatory activity is a typical pattern observed prior feeding.
The ABA model mimics some features of AN such as weight
loss promoted by hyperactivity, amenorrhea, hypoleptinemia
and alterations in the hypothalamus—hypophysis—adrenal axis
(reviewed by Scharner and Stengel, 2021; Frintrop et al., 2022).
ABA is also known to affect hormone levels; for example,
cortisol, vasopressin and ghrelin concentrations are augmented
while oxytocin and leptin are reduced. Insulin sensitivity is
elevated because of hypoglycemia and hypoinsulinemia, and
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FIGURE 1

Anorexia and glial cells. (A) Examples of different types of anorexia. Male penguins during incubation and bears in hibernation experience
adaptive anorexia (animal anorexia), which is physiologically regulated and part of the life cycle. In contrast, anorexia nervosa (AN) is
pathological. (B) Dehydration-induced anorexia (DIA) is another example of adaptive anorexia, where animals reduce food intake in response to
dehydration resulting in loss of body weight. (C) DIA and glial cells. Feeding provides nutrients and glial cells maintain the homeostasis of the
brain. DIA induces a pro-inflammatory phenotype of glial cells with a de-ramified morphology, resulting in augmented expression of
pro-inflammatory cytokines (TNFa, IL-1B, and IL-6) and the microglial marker IBA-1. These changes correlate with a decreased redox state,
disrupted glutamate-glutamine homeostasis and diminished expression of the astroglial marker GFAP in the prefrontal cortex of young female

rats.
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the reproductive system is disturbed by hormonal changes that
disrupt the estrous cycle.

Limitations of activity-based anorexia
and dehydration-induced anorexia

The onset of AN is typically linked to psychosocial factors
observed during adolescence, and relapses are common. In

Frontiers in Cellular Neuroscience

contrast, murine models of anorexia fail to reproduce these
features, and caution must be taken when translating the results
to human patients. However, ABA does reproduce hyperactivity
commonly observed in AN, but it does not represent all
cases and is not a diagnostic criterion. Physical activity is not
prominent in DIA, but food restriction is not imposed, and this
model mimics the voluntary avoidance of food intake observed
in AN. Overall, both models share a negative energy balance
as the main trigger of brain alterations. ABA and DIA may be
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complementary murine models that could help to understand
the neurobiology of AN.

Glial cells and feeding

Agouti-related peptide (AgRP) neurons of the arcuate
nucleus (ARC) in the ventral floor of the mediobasal
hypothalamus (MBH) are part of the circuit that drives
feeding. Astrocytes modulate their activity through purinergic
gliotransmission. The chemogenetic manipulation of astrocytes
through hM3Dq DREADD activation showed both reduced
(Yang et al,, 2015) and augmented food intake (Chen et al,
2015) when the whole MBH or only the ARC was targeted,
suggesting that modulation of AgRP neuron excitability by
astrocytes is region-specific (Varela et al,, 2021). Interestingly,
Yang et al. (2015) observed anorexigenic effects after AgRP
neuron inhibition through adenosine Al receptors that were
activated by adenosine derived from astrocytic release of ATP.

On the other hand, activation of hypothalamic microglia
through Toll-like receptors (TLRs) elicited anorexia. These
receptors participate in the innate immune system that
recognizes pathogens and inflammatory signals. Interestingly,
intracerebroventricular injection of the TLR2 ligand Pam3CSK4
resulted in microglia activation in the ARC. Microglial-
TLR2 signaling diminished inhibitory GABAergic inputs
and augmented excitatory glutamatergic inputs onto POMC
neurons, resulting in increased POMC excitability (Jin et al,
2016).

Glial cells and leptin signaling

Leptin regulates appetite and energy balance through
signaling in the hypothalamus. The lack of this anorexic
adipokine or the corresponding receptors results in obesity.
Neurons and glial cells of the hypothalamus are known to
express leptin receptors (LepRs).

Transcytosis of adipokine leptin into the brain is mediated
by tanycytes through activation of LepRs that trigger calcium
waves and target protein phosphorylation of the LepR-EGFR
complex. In addition, EGFR-dependent activation of ERK is
required for leptin transcytosis. This mechanism was confirmed
after selective deletion of LepR in tanycytes because leptin
entry to the brain was blocked, and increased food intake
and lipogenesis were observed, as well as glucose intolerance
promoted by attenuated insulin secretion from pancreatic B-
cells and an imbalance of the sympathetic nervous tone.
These results suggest that leptin signaling in the CNS depends
on tanycyte-mediated transcytosis (Duquenne et al, 2021).
LepRs expressed by dendrites in the median eminence and
oligodendrocyte precursor cells (OPCs) form a metabolic
ensemble that maintains leptin and weight balance. Indeed,
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genetic and pharmacological ablation of OPCs abolish the
anorexigenic action of leptin and induce obesity in mice
(Djogo et al, 2016). Dendrites at the median eminence
belong to neurons of the ARC and melanocortin neurons
in this hypothalamic nucleus have astrocytic coverage that
regulates neuronal excitability and feeding behavior. Thus,
selective ablation of LepRs in astrocytes reduced hypothalamic
astrogenesis and diminished synaptic coverage due to the
retraction of astrocytic processes, resulting in diet-induced
obesity (Kim et al., 2014; Rottkamp et al.,, 2015; Wang et al,,
2015). Lack of LepRs in microglia impairs phagocytosis in the
paraventricular nucleus, which contributes to the decrease of
POMC neurons, diminishes a-MSH projection from the ARC to
the paraventricular nucleus, and increases food intake and body
weight gain in mice (Gao et al., 2017). Overall, leptin signaling
in glial cells is necessary for proper energy balance.

Prefrontal cortex and anorexia

PFC activation is diminished when eating responses are
inhibited in women, suggesting that this brain region may
directly contribute to severe, out-of-control, maladaptive eating
behaviors (Berner et al., 2022). Different fMRI studies have
reported that PFC is involved in food reward and AN induces
structural alterations, such as volume reduction of the mPFC
(Uher et al., 2004; Miihlau et al., 2007; Brooks et al., 2011)
and OFC (Lavagnino et al,, 2018). The representation of taste
and health attributes of food was explored in fMRI studies
in the human OFC of healthy or anorexic women. The
information of healthiness and tastiness was decodable from
activity patterns in the OFC in both healthy and anorexic
women. The representation of healthy food was stronger in
anorexic women, suggesting a maladaptive over-consideration
of food healthiness during deliberation about what to eat (Xue
et al., 2022). The OFC is a major reward-processing hub that
contains neural ensembles that respond differently to feeding
or social stimuli. The activity of OFC neural ensembles, after
coupling genetically encoded activity imaging with optogenetics,
was monitored and manipulated at the single-cell level in real
time during rewarding experiences. The results showed neural
ensembles that selectively responded to either caloric rewards
or social stimuli and found that optogenetic stimulation of
feeding-responsive neurons was causally linked to increased
feeding behavior. In contrast, optogenetic stimulation of social-
responsive neurons inhibited feeding. Thus, neural ensembles
within the OFC can engage to bidirectionally control feeding
behavior by social stimuli (Jennings et al., 2019). On the other
hand, the mPFC is known to control reward and extinction
associated memories. Chemogenetic inactivation of food-
reward ensembles decreased food seeking, while inactivation
of the extinction ensembles promoted food-seeking behavior
(Warren et al,, 2016). The involvement of mPFC in hunger-
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and thirst-related behaviors with hydrated food and water
was examined by electrophysiological recording of extracellular
activity in mice. Neuronal ensembles of the mPFC distinguished
hydrated food and water with similar effectiveness in hunger and
thirst, and responses were strongest for the need-appropriate
outcome. Thus, the mPFC was required for evaluating action-
outcome relationships to inform decision-making when need
states where uncertain, under variable hunger and thirst states
(Eiselt et al., 2021). Considering this information, one wonders
whether cellular organization of the PFC is affected by anorexia.

Anorexia and glial cells of the
prefrontal cortex

AN is linked to abnormalities of the neuroendocrine and
immune systems. Leptin is a modulator of the immune response
via microglia-induced inflammation through increased
expression of tumor necrosis factor-o (TNF-a) and interleukin-
18 (IL-1B) (Lafrance et al, 2010). The mRNA expression of
TNF-a and IL-6 was increased in the whole blood of eleven
female patients with AN (Kahl et al, 2004). Furthermore,
these cytokines (TNF-a, IL-18 and IL-6) are known to inhibit
feeding (Kapas and Krueger, 1992; Fantino and Wieteska, 1993;
Plata-Salamdn et al,, 1996). Augmented expression of them
correlated with increased hippocampal-microglial density in
the DIA model (Ragu-Varman et al, 2019), suggesting that
cognitive brain areas involved in feeding may experience
neuroinflammation associated with glial cells. This option was
tested in the PFC with the DIA model, and western blot studies
showed an increased expression of the microglial marker IBA-1
and the pro-inflammatory cytokines TNF-a, IL-1B, and IL-6
(Figure 1C). A similar result with the FFR group indicates that
increased expression of IBA-1 and pro-inflammatory cytokines
is due to starvation and not dehydration (Reyes-Ortega et al.,
2020). This pro-inflammatory environment resulted in a
selective increase of microglial density, promoted a de-ramified
morphology and augmented the de-ramified/ramified ratio in
the mPFC and OFC, but not in the secondary motor cortex
(M2) (Reyes-Ortega et al., 2020). Double immunofluorescence
experiments with Fluoro-Jade C and the neuronal marker NeuN
showed selective neurodegeneration in the mPFC (—21%) and
OFC (—30%), but not in M2 (—1%). In contrast, neuronal
damage was practically absent in the mPFC, OFC and M2
of the control group (Figure 1C). Thus, DIA induces a pro-
inflammatory environment that involves microglia and possibly
also astrocytes. Indeed, astrocytes react to starvation with a pro-
inflammatory response that correlates with the expression of
pro-inflammatory genes (Kogel et al., 2021). Furthermore, DIA
reduced the expression of glial fibrillary acidic protein (GFAP,
a classical astrocytic marker) and the number of GFAP + cells
in the corpus callosum and hippocampus (Reyes-Haro et al,
2015, 2016). Similar results were reported in the corpus
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callosum and cortex with the ABA model (Frintrop et al., 2018,
2019), suggesting that astrocyte density in the PFC may also be
reduced by DIA. Astrocytes are part of the tripartite synapse and
regulate synaptic transmission by removing neurotransmitters
from the synaptic cleft and releasing gliotransmitters that
modulate neuronal activity (Araque et al, 1999). Neurons
receive metabolic support from astrocytes (Rouach et al., 2008),
and the glutamate-glutamine cycle between them is a major
metabolic pathway that requires ~80% of the brain’s total
glucose consumption (Magistretti and Pellerin, 1999; Shen
et al.,, 1999). Glutamate, the main excitatory neurotransmitter
in the brain is removed from the synaptic cleft by high-affinity
transporters expressed mainly in astrocytes. This mechanism
ends synaptic transmission and prevents excitotoxicity (Reyes-
Haro and Salceda-Sacanelles, 2000; Danbolt, 2001). Astrocytic
glutamate transporters are sodium dependent, and their
function is coupled to augmented metabolism (Magistretti and
Pellerin, 1999). Thus, glutamate is removed from the synaptic
cleft by astrocytes and rapidly amidated to glutamine by ATP-
dependent glutamine synthetase. Glutamine is released through
system N amino acid transport and incorporated by neurons
through system A sodium-coupled amino acid transport, and
converted to glutamate by mitochondrial glutaminase (Broer
and Brookes, 2001). In addition, glutamate can be oxidized
for energy via the tricarboxylic acid (TCA) cycle and pyruvate
recycling pathway (McKenna, 2013). Anorexia depletes energy
reservoirs, and glutamate-glutamine catabolism may help to
contend with the metabolic requirements of the brain. In
support of this hypothesis, DIA reduced the redox state, as well
as the endogenous levels of glutamate and glutamine in the PFC.
Furthermore, DIA also diminished the expression of GFAP,
glutamate transporters (GLT-1 and GLAST) and glutamine
synthetase; all of them are astrocytic markers associated with
glutamate-glutamine homeostasis (Reyes-Ortega et al., 2022)
(Figure 1C). Accordingly, astrocytic density was selectively
reduced and a de-ramified morphology was promoted by DIA
in the mPFC and OFC but not in M2 (Reyes-Ortega et al., 2022)
(Figure 1C). The model of DIA, a type of adaptive anorexia,
shows that glial cells are central to understanding the cellular
mechanisms linked to starvation in cognitive brain regions
associated with feeding, such as the OFC and mPFC.

Discussion

The PFC belongs to the mesocorticolimbic reward circuit
and OFC participates in the decision to eat (Gutierréz et al,
2010), while the mPFC regulates food intake (Land et al,
2014; Prado et al,, 2016). Accordingly, the DIA model induces
neurodegeneration associated with pro-inflammatory microglia
in the mPFC and OFC (Reyes-Ortega et al,, 2020). This in
agreement with postmortem studies in girls diagnosed with
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anorexia showing signs of degeneration in cortical neurons
(Neumarker et al., 1997). The pro-inflammatory environment
induced by DIA correlated with reduced astrocyte density
(Reyes-Ortega et al., 2020, 2022). Similarly, cortical astrocyte
density was diminished by ABA (Frintrop et al.,, 2018; Hurley
etal., 2022), suggesting that astrocyte loss may be relevant for the
neurobiology of anorexia. In support of this hypothesis, recent
studies showed that DIA promoted de-ramification of astrocytes
and reduced the expression of glutamate transporters (GLAST
and GLT-1). Moreover, suppression of hyperactivity correlated
with augmented expression of GLT-1, minimizing the severity
of ABA (Bilash et al,, 2021). Thus, reverting glial cell-mediated
neuroinflammation and boosting the expression of glutamate
transporters may ameliorate DIA/ABA vulnerability. Overall,
we propose that glial cells should be considered as a potential
therapeutic target for AN, based on the experimental evidence
provided by murine models of anorexia.
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Brain edema is a pathological condition with potentially fatal consequences,
related to cerebral injuries such as ischemia, chronic renal failure, uremia,
and diabetes, among others. Under these pathological states, the cell
volume control processes are fully compromised, because brain cells are
unable to regulate the movement of water, mainly regulated by osmotic
gradients. The processes involved in cell volume regulation are homeostatic
mechanisms that depend on the mobilization of osmolytes (ions, organic
molecules, and polyols) in the necessary direction to counteract changes
in osmolyte concentration in response to water movement. The expression
and coordinated function of proteins related to the cell volume regulation
process, such as water channels, ion channels, and other cotransport systems
in the glial cells, and considering the glial cell proportion compared to
neuronal cells, leads to consider the astroglial network the main regulatory
unit for water homeostasis in the central nervous system (CNS). In the last
decade, several studies highlighted the pivotal role of glia in the cell volume
regulation process and water homeostasis in the brain, including the retina;
any malfunction of this astroglial network generates a lack of the ability
to regulate the osmotic changes and water movements and consequently
exacerbates the pathological condition.

brain edema, glia, cell volume regulation, astrocytes, Muller cells

in the intracellular content of solutes, such as the mobilization
of ionic gradients on both sides of the membrane, under
physiological (synaptic transmission) or pathophysiological
(ischemic) conditions (McManus et al., 1995).

Under physiological conditions, the cell maintains

osmotic change begins, since several mechanisms that allow the
regulation of cell volume is immediately activated. Extracellular
osmolarity alterations induce anisosmotic changes, as in chronic
renal failure, while isosmotic changes are due to an alteration
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its volume because of the orchestrated operation of two
membrane transport systems: (1) the Na*-K* ATPase, which

maintains intracellular ion concentrations by expelling Na* and
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exchanging it for K*, thus compensating for the osmotic gradient
generated by the concentration of impermeable molecules; and
(2) the selective permeability of the cell membrane to K*, which
results in an output current of this cation through ion channels
coupled to ClI" a flow which functions as an accompanying ion to
counteract the asymmetric equilibrium of impermeable organic
ions (Armstrong, 2003; Lang, 2007).

Mobilization of ions (K*, Na*, and Cl') and organic
osmolytes (amino acids, polyalcohols) regulates cell volume.
Cells respond to cell volume changes through two mechanisms:
Regulatory Volume Decrease (RVD) refers to the mobilization
of osmolytes towards the extracellular space in response to
a volume increase, and Regulatory Volume Increase (RVI)
which means an intracellular accumulation of osmolytes
in response to a decrease in cell volume. Anisosmotic
conditions activate both mechanisms; however, the activation
of each one depends on the nature of the osmotic change
(Figure 1).

In both cases, the process of regulating cell volume is divided
into: (1) detection of volume changes through a volume sensor;
(2) generation of signaling cascades in response to the activation
of the volume sensor; and (3) activation and/or regulation
of pathways responsible for the mobilization of osmolytes to
compensate osmotic changes (Hoffmann and Pedersen, 2006).

During RVD, initially, there is an activation of transport
systems responsible for mobilizing K* and Cl', amino acids,
polyalcohols, and methylamines. The transport systems that
participate in the mobilization of K™ are mainly ion channels
that differ in type depending on the cell type (Calloe et al., 2007;
Lotshaw, 2007). Different pharmacological and biophysical data
indicate a common pathway for the mobilization of Cl" and
organic osmolytes (amino acids) through volume-regulated
anion channels (VRAC). However, there is evidence that
suggests that the routes of mobilization of CI° and organic
osmolytes differ depending on the nature of the osmolyte
(Franco, 2003). In the case of RVI, volume compensation is
mainly due to Na® mobilization through specific transport
systems such as the Na*/H* exchanger, the Na*/K*/Cl" co-
transporter, ion channels, and the amino acid transporters
dependent on Na* concentration (Franchi-Gazzola et al., 2006;
Pedersen et al., 2006; Lang, 2007).

Cell volume and brain edema

Water transport is an essential function associated with
different cellular processes in the central nervous system (CNS).
At a cellular level, water transport is associated with cell
volume regulation and, therefore, with control of extracellular
space dimensions. Considering the physical imposition that
involves the skull on the brain, the processes associated with
RVD require complete control for the proper functioning of
the CNS. The movement of water through the membranes of
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neural and glial cells affects, mainly, the intra- and extra-cellular
concentration of ions, which impacts synaptic physiology
(Kimelberg, 2004).

In physiopathological conditions, the movement of water
in the CNS is vital given the mortality and morbidity caused
by cerebral edema. Cerebral edema is classified as vasogenic
edema, where the permeability of the blood-brain barrier
is compromised, generating an accumulation of extracellular
water; and cytotoxic or cellular edema, due to a constant entry
of water into the intracellular space (Unterberg et al., 2004;
Figure 2). A large amount of experimental evidence indicates
that this phenomenon represents the final point of different
neurological factors where there are structural, functional,
cellular, and molecular changes in the blood-brain barrier,
changes in microcirculation, and alterations in the mechanisms
of cell volume regulation (Vajda et al., 2002; Manley et al., 2004).

In the brain, as in other tissues, water is mobilized through
plasma membranes by aquaporins, co-transport systems coupled
to the mobilization of ions and organic molecules (e.g., amino
acids), and a simple diffusion mechanism that has an intrinsic
very slow diffusion speed. The contribution of these mechanisms
depends on factors such as density, expression level, and the
capacity of water flow through aquaporins and co-transporters.
However, to understand the complexity of water transport in
the brain, it is necessary to consider that water movement
relates directly or indirectly to neuronal activity, which generates
temporal changes in the extracellular space.

Glial cells and cell volume
homeostasis

In the CNS, glial cells are classified into astrocytes,
oligodendrocytes, microglia, and ependymal cells. Miiller cells
(MC) are part of the glial component in the retina along
with astrocytes and microglia. Even though all cells are perfect
osmometers, glial cells and particularly astrocytes and MC
play a pivotal role in the mobilization of osmolytes and
water in the direction required to counteract the osmotic
change. Astrocytes and MC are strategically located between the
vasculature and the synaptic structure, sharing functional and
neurochemical properties with neuronal cells and regulating the
homeostasis of extracellular fluids through several membrane
proteins responsible for the active and passive transport of ions,
organic osmolytes, and osmotically obligated water (Bormann
and Kettenmann, 1988; O’Neill, 1999; Simard and Nedergaard,
2004; Pasantes-Morales and Vézquez-Judrez, 2012; Reed and
Blazer-Yost, 2022). In this work, we are considering the systems
responsible for cell volume control points in astrocytes and MC
as key players in water homeostasis in the brain and retina
(Nicchia et al., 2004; Simard and Nedergaard, 2004; Bringmann
et al., 2005; Kuhrt et al., 2008).
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FIGURE 1

Cell volume regulation. In isosmotic conditions, the extracellular (X)e and intracellular (X); concentrations of osmolytes are in equilibrium. Acute
cell volume regulation is accomplished by two mechanisms: (1) regulatory volume decrease (RVD) mediated by the net loss of intracellular
osmolytes in response to cell swelling induced by a hypoosmotic environment [a reduced (X)e compared to the (X);l; and (2) regulatory volume
increase (RVI) mediated by the net accumulation of active solutes in response to cell shrinkage induced by a hyperosmotic environment [an
increased (X)e compared to the (X);]. These phenomena allow the cells to partially recover their original dimensions and in this way, prevent the
deleterious effects of changes in cell volume (taken from Franco, 2003).
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Cell volume regulation, ion
channels, and aquaporins

K* channels

Astrocytes form a syncytium for rapid redistribution of
extracellular K* concentration in areas of high synaptic
activity, through the high permeability they have to this
cation (Sontheimer, 1992; Larsen et al., 2014). Kir 4.1 is
a weak rectifying channel with the highest conductance in
astrocytes, and allows bidirectional movement of K* depending
on the transmembrane gradient of this cation; this enables
and allows astroglial K* reuptake from the extracellular space,
after high neuronal activity or ion accumulation by the Na*-K*
ATPase pump (Butt and Kalsi, 2006; Larsen et al., 2014). Kir
4.1 expression has been observed in the astrocytic projection
that is in contact with synaptic areas, blood vessels, and the pia
mater (Higashi et al., 2001). These features make these channels
the main pathway to mobilize K* in response to a cell volume
change under pathological and physiological conditions. Kir
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4.1 heterodimerizes with Kir 5.1 mouse neocortex glial cells,
whereas in the hippocampus Kir 4.1 is found as a homomer
(Hibino et al., 2004). The relevance of these types of interactions
is not yet clear. In the stratum radiatum, the presence of two-pore
K* channels, TREK and TWIK subtypes were determined. These
channels activate in a wide range of membrane potentials, which
could contribute to the high conductance that astrocytes have
towards K*, increasing their capacity to mobilize this cation
(Zhou et al., 2009).

A major function of MC in the retina is to regulate its
ionic and osmotic balance. As with astrocytes, MC buffering of
K* concentration occurs predominantly through Kir channels.
Kir 4.1 expression has been demonstrated in the perivascular
projections of MC (Kofuji et al, 2002), and Kir 2.1 has
been observed “accompanying” Kir 4.1; however, the functional
significance of Kir 2.1 is still unknown, even though its location
would suggest participation in the control of extracellular
K* concentration in the end-feet of MC (Kofuji et al,
2002). Skatchkov et al. (2006) determined that two-pore K*
channels (TASK-1 and TASK-2) participate in the cell volume
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Pathology of vasogenic and cytotoxic edema. Vasogenic edema: after brain injury, endothelial tight junctions are disrupted by inflammatory
reactions and oxidative stress. These events cause fluid and albumin extravasation, leading to the extracellular accumulation of fluid into the
cerebral parenchyma. Cytotoxic edema: brain insults induce intracellular ATP depletion, resulting in mitochondrial dysfunction and oxidative
stress. These events cause a disturbance of intra-extracellular ion balance. As a result, excessive inflows of extracellular fluid and Na* into cells
are induced, leading to cell swelling. Blue arrows: water flow; Green arrows: Na* flow; Orange spheres: albumin; Green spheres: Na*; Blue

columns: water channel; Green columns: ion transporter; Red columns: ion channel (taken and modified from Michinaga and Koyama, 2015).

regulation of MC bulffering extracellular K*, and maintaining
the membrane potential when Kir channels are blocked or
downregulated under ischemic conditions or retinal detachment
(Bringmann et al., 2006; Wurm et al., 2006).

Cl” channels

CI
different transport systems use it as an accompanying ion to

is the most abundant anion in animal cells and

neutralize cation movements. Crépel et al. (1998) characterized
an outwardly rectifying anion current in astrocytes, activated
by hyposmolarity and regulated by tyrosine kinases. These
Cl" currents were identified in different cell types, including
astrocytes, called “ICl, swell” (Nilius et al, 1994; Jentsch
et al., 2002). This osmosensitive anion current is induced by
VRAC, involved in the astrocyte’s RVD processes (Parkerson
and Sontheimer, 2004). VRAC contributes to glutamate release
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from astrocytes during the spreading depression event in the
cortical zone of the brain (Basarsky et al., 1999) or ischemia,
exacerbating the damage by excitotoxicity (Abdullaev et al.,
2006). Two independent groups determined the molecular
identity of VRACs. These channels are formed by subunits
of the LRRC8A protein (Leucine-Rich Repeats Containing 8a
Subunit A), which are part of the LRRC8E family related to
pannexins (Qiu et al., 2014; Voss et al., 2014). Reports indicate a
passive flow of organic osmolytes (taurine, aspartate, glutamate,
glutamine, and polyols) also generated through the hypoosmotic
activation of VRACs-containing LRRC8A subunits (Strange
et al., 1993; Parkerson and Sontheimer, 2003; Murphy et al.,
2017; Formaggio et al., 2019).

In MC, the activation of Cl” currents by y-aminobutyric
acid (GABA) have similar characteristics to those observed
1988). Other
currents have been associated with voltage changes,

in neurons (Bormann and Kettenmann,

Cr
such as the CIC-2 channel, activated by hyperpolarization
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(Thiemann et al., 1992). There is no protein characterization
of VRAC channels in MC; however, Netti et al. (2018) showed
that VRAC mediated the Ca?*-independent release of taurine
and glutamate during the RVD processes. MIO-M1, the
human MC line, showed that Cl° currents modulate the
membrane potential in the RVD response, accompanied
by a passive flux of K, indicating that the RVD response
in MC depends on the magnitude of hyperosmolarity
(Ferndndez et al., 2013).

TRPV4 channels

Transient Receptor Potential Vanilloid type 4 (TRPV4), is
a nonselective cation channel activated by heat, mechanical
stimuli, and changes in cell volume; it plays an important role
in physiological processes and is upregulated in a variety of
pathological conditions (Vennekens et al., 2008; Kumar et al.,
2018). TRPV4 is expressed in adult cortical and hippocampal
astrocytes (Benfenati et al., 2007a), and despite the extensive
study of TRPV4 channels and their participation in astrocytic
cell volume regulation, their contribution to this event remains
controversial in some cases. In an ischemic animal model with
trpv4”" mice, TRPV4 channels are involved in astrocytic volume
regulation only in vitro experiments, not in situ (Pivonkova
et al., 2018). TRPV4 channels have a protective role during
ischemia-induced edema if Ca?* influx was blocked with a
TRPV4 antagonist; however, the RVD processes are not affected
(Butenko et al., 2012; Pivonkova et al., 2018). The role of
TRPV4 in the RVD could be related to the differentiation of
astrocytes and the expression level of other proteins such as
aquaporin 4 (AQP4; Mola et al., 2021).

TRPV4 channels associated with K* channels regulate
the resting membrane potential and the voltage changes
occurring during the RVD in MC (Netti et al., 2017). This
TRPV4 regulation of voltage membrane and RVD depends
on the threshold activated by Ca** and phospholipase A,
activity (Toft-Bertelsen et al., 2019). Jo et al. (2015) proposed
that TRPV4 is an influx pathway for Ca** to modulate the
RVD, swelling, and AQP4 expression in MC. This observation
confirms an interaction between the TRPV4 channel and
AQP4 in MC and astrocytes associated with persistent swelling
of the CNS and retina (Thrane et al., 2011; Jo et al., 2015).

Aquaporins

Jung et al. (1994) were the first to show the presence of
water channels in the CNS. None of the other members of
the aquaporin family showed such a broad expression pattern
in the CNS as type 4. Six isoforms of AQP4 have been
characterized, all related to cell volume regulation (Moe et al.,
2008). This water channel is located in the ependymal layer
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of the ventricular system and astrocytes (Rash et al, 1998).
In the glial projections of astrocytes, AQP4 associated with
a-syntrophin allows the bidirectional mobilization of water
between plasma and the CNS (Amiry-Moghaddam et al., 2004).
The presence of AQP4 in glial endings that are found in
the abluminal membrane of the cerebral capillaries (Nielsen
et al., 1997) suggests that water transport between the systemic
circulation and the CNS is modulated by the membrane
permeability of the astrocytic cells (Amiry-Moghaddam et al.,
2003). AQP4 participates in the astrocyte swelling causally
related to neural activity, promoting the re-distribution of
extracellular K* and osmotically obligated water, between the
plasma and the cerebrospinal fluid during periods of high
neural activity (MacVicar et al., 2002; Kitaura et al., 2009).
Since water flow through AQP4 is bidirectional and only
occurs in response to osmotic gradients, the perivascular
presence of this aquaporin could have adverse effects on
pathophysiological conditions that involve water accumulation
in the CNS (Amiry-Moghaddam et al., 2004). For example,
AQP4-knockout mice exhibit reduced post-ischemic cerebral
edema and a decrease in a glial cell volume increase in response
to anisosmotic conditions (Manley et al., 2000). Astrocytes from
AQP4-knockout mice and astrocytes with low expression levels
of TRPV4 channels lack the Ca?*-dependent RVD processes,
suggesting that AQP4 and TRPV4 interaction are essential
to initiate the RVD in astrocytes (Benfenati et al, 2011).
Downregulating AQP4 by miR-29b overexpression ameliorates
damage after stroke in humans and mice with cerebral ischemia,
an event associated with astrocytic swelling (Wang et al., 2015).
Conversely, AQP4 deletion exacerbates water accumulation and
induces higher intracranial pressures in AQP4-knockout mice
(Papadopoulos et al., 2004).

In mammalian retinas, AQP4 is expressed on the MC
projections facing capillaries, near the vitreoretinal border
region, and on high synaptic activity areas in the retina
(plexiform layers), regulating water flow and ion homeostasis
from the inner retina into the vitreous body and retinal
capillaries (Nagelhus et al., 1998; Kofuji and Newman,
2004). This localization of AQP4 in MC is consistent with
the presence of dystrophin and a-syntrophin known to
be involved in AQP4 polarization compared to cortical
astrocytes (Enger et al., 2012). AQP4-knockout mice showed
blood-barrier impairment in the blood vessels in contact
with MC projections, but not in the areas with a stronger
gliotic response and where blood vessels are covered by
astrocytic projections (Nicchia et al, 2016). In MC endfeet,
AQP4 colocalizes with the TRPV4 channel; AQP4 and
TRPV4 interact synergically in cell volume regulation, and both
regulate each other’s expression (Jo et al., 2015). Hyperglycemic
conditions induce an increase in AQP4 expression in MC,
and AQP4 knockdown
diabetic retinopathy (Cui et al, 2012; Qin et al, 2012;
Picconi et al., 2019).

in diabetic animals exacerbates
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Aquaporins and ion channel
interactions

Considering astrocytic cells as multifunctional regulatory
“units” of neuronal activity, it is not surprising to consider
that both ion and water channels have a polarized and
co-localized distribution to form macromolecular complexes
capable of regulating specific cellular processes (Nagelhus
et al., 1999; Amiry-Moghaddam et al., 2003). As mentioned
before, AQP4 and TRPV4 channels regulate cell volume in
astrocytes and MC; however, there are other channels besides
TRPV4 that interact with AQP4. Since AQP4 is predominantly
expressed in astrocytes and MC, it has been proposed as an
important element associated with Kir 4.1 to facilitate the
movement of water through the membrane during the process
of compensation of extracellular K* concentration through Kir
4.1 (Nagelhus et al., 2004). Experimental work reinforces the
idea of molecular interaction between AQP4 and Kir 2.1 through
the dystrophin complex. AQP4 is a water channel associated
with dystrophin through a-syntrophin (Amiry-Moghaddam and
Ottersen, 2003); Kir 4.1 shows co-localization with a-syntrophin
in astrocytes and MC (Guadagno and Moulkhles, 2004; Noél
et al., 2005; Connors and Kofuji, 2006). The interaction of a-
syntrophin is crucial for the formation of the dystrophin-Kir
4.1 complexes in the CNS and retina (Connors et al., 2004;
Connors and Kofuji, 2006). Mice with a-syntrophin deletion
show delocalization of AQP4, associated with an imbalance
in the regulation of the extracellular K* concentration in the
CNS under hypothermia (Amiry-Moghaddam et al,, 2003).
It is proposed that AQP4 functions as a “transducer” at the
membrane level for the detection of cell volume and during the
osmotic response; however, this role is not clear yet.

Despite the physiological importance of VRAC channels
and AQPs in the physiology and physiopathology of glial cells,
there is very little information about the functional interaction
between these two channels. Benfenati et al. (2007b) used RNAi
against AQP4 in a primary culture of cortical astrocytes type
1 and observed a considerable decrease in the conductance
generated by Cl through VRAC, without affecting voltage-
activated K* currents.

The process of cell volume regulation is a fundamental
physiology
consequently for the organism. In the case of the CNG,

homeostatic mechanism for cellular and
this phenomenon is essential due to the physical delimitation
imposed by the skull; therefore, any alteration of this mechanism
leads to brain damage and, in extreme cases, coma and death.
This is why the study and understanding of the mechanisms
involved in the regulation of cell volume in the brain are
vital. In other tissues such as the retina, which is part of the
CNS and lacks a physical delimitation, the regulation of water
homeostasis is necessary for the correct function of the visual
system. At a cellular level, astrocytes and MC, besides actively

participating in synaptic physiology and metabolism, are key
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factors in the maintenance of water homeostasis in the brain
and retina. The expression of different proteins involved in ion
(Kir 4.1, 2.1, TRPV4), organic osmolytes (VRAC), and water
mobilization (AQP4) in their membranes, provides an effective
ability to maintain a stable cell volume under physiological and
pathological conditions. On the other hand, the characterization
of proteins and the understanding of the processes involved
in osmotic control (sensor, signaling, and effector), will
allow the development of therapies aimed at controlling
or avoiding the cerebral and retinal edema that occurs in
different disorders.
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Astrocytes are determinants for the functioning of the CNS. They respond to
neuronal activity with calcium increases and can in turn modulate synaptic
transmission, brain plasticity as well as cognitive processes. Astrocytes display
sensory-evoked calcium responses in different brain structures related to
the discriminative system of most sensory modalities. In particular, noxious
stimulation evoked calcium responses in astrocytes in the spinal cord, the
hippocampus, and the somatosensory cortex. However, it is not clear if
astrocytes are involved in pain. Pain is a private, personal, and complex
experience that warns us about potential tissue damage. It is a perception that
is not linearly associated with the amount of tissue damage or nociception;
instead, it is constructed with sensory, cognitive, and affective components
and depends on our previous experiences. However, it is not fully understood
how pain is created from nociception. In this perspective article, we provide
an overview of the mechanisms and neuronal networks that underlie the
perception of pain. Then we proposed that coherent activity of astrocytes in
the spinal cord and pain-related brain areas could be important in binding
sensory, affective, and cognitive information on a slower time scale.

astrocytes, sensory, nociception, perception, pain, calcium activity

Introduction

From nociception to pain

According to the International Association for the Study of Pain (IASP), pain
is defined as an unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage (Raja et al,
2020). It is a complex experience defined by biological, psychological, and social
factors with sensorial, emotional, and cognitive components. It is important to
make clear that pain and nociception are not the same phenomena; nociception
is related to the activation, transfer, and processing of noxious stimuli within the
CNS (Loeser and Treede, 2008). Instead, pain is an individual experience that, in
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physiological conditions, warns us about potential or real tissue
damage. Although pain can be induced by different modalities,
here we will focus on nociception and pain evoked by the
somatosensory system.

When you harm yourself, the noxious stimulus is detected in
the periphery by receptors called nociceptors. This information
arrives at the dorsal horn of the spinal cord (Dubin and
Patapoutian, 2010) and is transmitted to the thalamus directly
through the spinothalamic tract or indirectly through the
spinoreticular and spinomesencephalic tracts (Giesler et al,
1981; Willis and Westlund, 1997). From the canonical view,
thalamic neurons from the ventral posterolateral (VPL)
and ventral posteromedial nucleus (VPM) relay nociceptive
information from the body and the head, respectively, to
the primary somatosensory cortex (SI) to process sensory
components such as quality, intensity, and location of
nociceptive stimuli (Backonja, 1996; Monconduit et al., 20065
Kim et al, 2019). From there, the information spread to
hierarchically higher cortical regions to transform nociception
into pain perception.

However, growing evidence shows that nociceptive
information is processed in parallel in multiple brain areas
(Figure 1A) and that is necessary to bind sensory, affective,
and cognitive components to generate the experience of
pain (Coghill, 2020). The thalamus, more than a sensory
relay, is a key brain structure interplaying cortical and
subcortical brain structures to integrate the components of
the pain experience. The thalamic nuclei that directly received
nociceptive information from the periphery and relay it to the
primary sensory cortex are classified as first-order (VPL and
VPM); high-order thalamic nucleus (i.e., posterior nucleus)
receive information from the deep cortical layer from S1 and
send it back to S1, secondary somatosensory cortex (S2), and
primary motor cortex to modulate the motor response to pain
(Liao and Yen, 2008; Zhang and Bruno, 2019). The thalamus
is also connected with the amygdala, the anterior cingulate,
and the insular cortex, brain structures involved in the affective
component of pain; it also projects to the association cortices
such as the prefrontal and the parietal cortices related to the
cognitive component of pain (Petrovic et al., 2000; Yen and Lu,
2013). This is relevant because although several brain structures
are active during nociception, the activity of these structures
by themselves cannot explain the pain experience, instead,
the perception of pain requires the coordinated activity from
many of these brain regions, and the thalamus is well located to
accomplish this function.

The parabrachial nucleus (PBN) receives direct information
from nociceptive neurons located in the superficial lamina of the
dorsal horn of the spinal cord through the spinoparabrachial
tract. It processes visceral pain due to noxious thermal stimuli
and inflammatory process (Willis, 1985; Bester et al., 1997) and
conveys several types of information such as a taste, pain, and
aspects of autonomic control like respiration, blood pressure,
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fluid balance, and thermoregulation (Chiang et al., 2020). It has
reciprocal connections with the central nucleus of the amygdala,
the nucleus of the bed of the stria terminalis, and hypothalamic
nuclei. The PBN have an important role in the autonomic,
motivational and affective responses to pain (Schaible and
Grubb, 1993; Millan, 1999) regulating the emotional and
autonomic aspects of pain experience (Bourgeais et al., 2001).

In S1, the neuronal activity is somatotopically organized
(Mancini et al,, 2012) providing information about the location
of the noxious stimulation (Jin et al, 2018). Its neuronal
activity correlates with the properties of the stimulus including
the intensity (Kenshalo et al, 2000; Bufalari et al, 2007;
Iwamoto et al,, 2021). These neurons are highly modulated by
prior experiences or cognitive factors such as attention. For
example, when a subject is diverted from a painful stimulus, the
nociceptive-evoked neuronal responses are reduced (Backonja,
1996; Bushnell et al, 1999). On the other side, neurons
from S2 respond bilaterally to the noxious stimuli (Davis
et al, 1998) coding its intensity with increases in neuronal
activity. Although this region is also involved in nociceptive
processing (Davis et al, 1998; Coghill et al, 1999), the
activation of S2 is better associated with the scores of a sensory
discriminative component induced by different pain modalities
(Maihofner et al., 2006).

The emotional component of pain is related to the
unpleasantness of the nociceptive stimuli. This is by definition,
an essential component for the categorization of an experience
as painful. It can be associated with the stimulus intensity
(Wilcox et al,, 2015), but also be independent of it and related
to individual, contextual, or cultural aspects. Some of the brain
areas involved in this pain-related affective system include the
anterior cingulate cortex (Télle et al, 1999), the amygdala
(Straube et al., 2011), the insula (Kim et al,, 2017), and the
hippocampus (Angenstein et al., 2013).

The basolateral amygdala receives sensory information from
the thalamus and cortical areas (LeDoux et al.,, 1990; Shi and
Davis, 1999) whereas the central amygdala receives nociceptive
information directly from the spinal cord (Cliffer et al., 1991;
Burstein and Potrebic, 1993) and parabrachial area (Bernard
and Besson, 1990; Gauriau and Bernard, 2002). The anterior
cingulate cortex is connected to the thalamus, prefrontal cortex
(orbitofrontal and the medial portion), and amygdala. They
mediate fight behaviors in response to noxious stimuli (Gao
et al,, 2004). The cingulate and the prefrontal cortex are also
active when the subject perceives pain from others and has been
linked to prosocial behavior and empathy (Kim et al.,, 2021).

The hippocampus receives nociceptive inputs from the
periphery through the spinothalamic and parabrachial pathways
and directly from the spinal cord through the septo-
hippocampal (Mokhtari et al, 2019). It works together
with the anterior cingulate, the insula, the amygdala, the
nucleus accumbens, and the prefrontal cortex (Thompson
and Neugebauer, 2019) to combine emotional and cognitive
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Astrocytes respond to tail-pinched stimulation with calcium increases in pain-related brain areas. (A) Diagram showing regions (in color) and
connections (arrows) of the nervous system that process nociceptive stimuli and are involved in pain perception. PFC, prefrontal cortex; ACC,
anterior cingulate area; Hip, Hippocampus; S2, secondary somatosensory cortex; S1, primary somatosensory cortex; IC, insular cortex; Thal,
thalamus. (B) Tail-pinch was applied with forceps to lightly anesthetized mice (0.5% isoflurane) expressing GCaMP6f in astrocytes located in S1,
S2, PFC, and Hip. Representative traces of astrocyte calcium dynamics were monitored with one-photon Miniscope. Tail-pinch stimulation is
indicated with a dotted black line (C). The color maps show the calcium responses before, during, and after tail pinch stimulation. Basal
fluorescence was considered as the calcium activity observed before the sensory stimulation
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aspects of pain perception. For example, remembering a painful
moment can induce pain by itself (Babel, 2017), the novelty of a
painful stimulus is determinant for the percept of pain (a process
known as a “pain alarm”). The importance of the activity of
this pain matrix is also relevant during the expectancy-based
modulation of pain in placebo and hypnosis-induced analgesia
(Bushnell et al., 2013; Geuter et al., 2013; Keller et al., 2018), as
well as during “pain catastrophizing,” where the subject tends
to magnify a possible threat of painful stimulus, with constant
ruminant thoughts associated with pain anxiety and helpless
(Quartana et al., 2009).

Individual pain experiences depend on the activation of
regions and networks that are spatially distributed through the
brain that engage during nociception (Kim and Davis, 2020)
commonly referred to as “pain matrix.” The integration of
pain components depends on the synchronization of neuronal
activity in parallel but also complex temporal patterns of brain
activity to allow communication in a long-range scale (Hauck
et al,, 2008; Barardi et al., 2014; Peng and Tang, 2016). Binding
oscillatory activity, in particular gamma oscillations, in the pain
matrix has been proposed as the mechanism to integrate these

Frontiers in Cellular Neuroscience

52

components to generate a complete perceptual representation
of pain (Sedley and Cunningham, 2013; Ghiani et al., 2021). In
particular, nociceptive stimulation can induce by itself, coherent
gamma activity (Tan et al,, 2019) in sensory (Gross et al., 2007;
Kim et al,, 2015) and affective-cognitive pathways (Hauck et al,,
2017; Liberati et al., 2018; Xiao et al., 2019), that have a direct
relation with pain ratings in humans (Ploner et al.,, 2017; May
et al, 2019). Although the neural mechanism related to the
generation of gamma oscillations is still under investigation, it
has been proposed that the activity of fast-spiking inhibitory
interneurons, and neuromodulator systems are essential for
gamma rhythm (Kim and Davis, 2020).

Astrocytes respond to nociceptive
stimulation

that

in cytosolic calcium concentration as

Astrocytes are cells

exhibit changes

electrically non-excitable

a form of excitability in response to neuronal activity

(Parpura and Verkhratsky, 2012; Zorec et al, 2012;
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Bazargani and Attwell, 2016). Calcium events are observed
throughout the astrocyte due to the activation of ionotropic
calcium-permeable receptors or metabotropic receptors
linked to phospholipase C/inositol trisphosphate receptors
(IP3R) (Foskett et al., 2007; Shigetomi et al., 2012; Okubo,
2020; Sherwood et al, 2021). Astrocyte-calcium events
are diverse in terms of the spatial extension, they can be
localized to some subcellular domains (Lopez-Hidalgo et al,
2017), extended to the entire astrocyte or throughout gap
junctions forming an astrocyte network (Hirase et al., 2004;
Hoogland et al., 2009).

Astrocytes to different
in cortical and subcortical regions involved in sensory
1B,C) the
olfactory bulb, visual, auditory, and somatosensory cortex
(Petzold et al., 2008; Schummers et al, 2008; Ghosh
et al, 2013; Otsu et al, 2015; Sekiguchi et al, 2016;
Lopez-Hidalgo et al., 2019; Lines et al, 2020). In these

structures, evoked-calcium responses encode the intrinsic

respond sensory modalities

processing (Figures such as spinal cord,

properties of the stimulus such as duration, intensity,
the topographical
(Ghosh et 2013;
Lopez-Hidalgo and Schummers, 2014).

location, and modality and share

organization of neuronal maps al.,

In the somatosensory system, astrocytes respond to tactile
and noxious stimuli in regions related to nociception and
the perception of pain. In a seminal work by Sekiguchi
et al. (2016), sensory-evoked calcium activity of dorsal
horn astrocytes was not correlated with the duration and
intensity of the mechanical stimulus whereas the underlying
neuronal activity was positively correlated suggesting that
astrocyte activity is not secondary to the activation of
neurons of the pain matrix. Astrocytes respond to low and
medium pressure-amplitude applied to the tail of freely
moving mice, with increases in the frequency of astrocyte
calcium events, however, this activity was mostly restricted
within the astrocytes. On the other side, high mechanical
pressure induced large-scale synchronized calcium activity in
astrocytes but not in neurons. Although it is not clear if
non-nociceptive or nociceptive fibers are activated during
low/medium or high pressures, respectively, this suggests that
somatosensory-evoked calcium responses on astrocytes depend
on the sensory modality more than the stimulus intensity
(Sekiguchi et al., 2016).

In the somatosensory cortex, astrocyte calcium responses
encode different parameters of the somatosensory stimuli
(Wang et al, 2006; Winship et al, 2007; Stobart et al,
2018; Lines et al,, 2020). The stimulation of the peripheral
receptive field of S1 (Winship et al,, 2007; Stobart et al,
2018) and barrel cortex induced evoked calcium responses
in astrocytes that depend on the intensity and the frequency
of the stimulus (Wang et al, 2006; Thrane et al, 2012;
Stobart et al, 2018). However, as occurs in the spinal
cord, low-intensity electrical stimulation (0.4-0.6 mA) induces
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spatially restricted calcium responses within the astrocytes
that do not extend in the field of view (Ghosh et al,
2013; Zhang et al,, 2016). However, high-intensity electrical
stimulation (1-3 mA) evoked large-scale calcium responses
in astrocytes (Gu et al, 2018; Lines et al, 2020) which
reinforces the idea that nociceptive information recruited
astrocytes networks.

Noxious stimulation (footshock) can induce reliable calcium
activity in astrocytes in other brain areas related to pain
perception such as the hippocampus (Zhang et al, 2021).
Moreover, auditory cortical astrocytes are more responsive to
footshock (67%) in comparison to the number of astrocytes
activated by the natural sensory stimuli, sound (8%). Here,
astrocytes respond with a coordinated large-scale activity that is
partially mediated by gap junctions and depends on the nicotinic
acetylcholine receptors (Zhang et al, 2021). This supports
the relevant role of neuromodulatory systems in mediating
nociceptive-evoked responses in astrocytes throughout the
nervous system. Furthermore, this evidence highlights the
importance of nociception in shaping the activity of brain
cortical circuits and hence the behavior. In this case, Zhang
et al. (2021) showed that footshock-evoked calcium activity
in auditory cortical astrocytes is induced in fear memory
and its extinction goes in parallel with the extinction
of the behavior.

Data obtained in our laboratory from astrocytes expressing
GCaMP6f in anesthetized mice (Figure 1B) extend the previous
evidence regarding the nociceptive-evoked calcium responses
(tail pinch) in pain-related areas. Here, we provide evidence
that astrocytes located in S2 and prefrontal cortex also
respond to nociceptive stimulation as occurs in astrocytes
from S1 and hippocampus (Figure 1C). Although there are
differences in the amplitude, the delay, and the duration
of nociceptive-evoked calcium responses in astrocytes, one
common characteristic among these regions is that nociceptive
stimulation recruited a large portion of astrocytes (Gu et al,
2018; Lines et al, 2020). In this context, it is tempting to
propose that nociceptive stimuli activate coherent activity of
astrocytes located in pain-related brain areas acting as an
“astrocyte pain matrix” that in conjunction with the neural
activity would construct pain perception. Global widespread
activation of astrocytes can be induced by the increase
in glutamate and K' levels in the synaptic space due to
synchronic neuronal activity (De Pitta et al, 2008). The
activation of astrocytes can lead to gliotransmitter release
acting as a paracrine signal to activate nearby astrocytes
generating a “domino effect” to spread calcium signaling in
large-scale proportions (Pereira and Furlan, 2009; Goldberg
et al,, 2010; Lallouette et al,, 2019). Another possibility is that
global astrocyte activity is not secondary to the activation
of neurons, instead, nociceptive stimulation could open gap
junctions located in the astrocytes to allow the activation
of the syncytium. In fact, connexin 30, 43, and 32 are
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highly expressed in pain-related brain areas such as the
spinal cord, thalamus, S1, prefrontal cortex, and cingulate
cortex (Hirase et al, 2004; Houades et al., 2008; Ernst
et al., 2011; Zhang et al, 2013; Fujii et al., 2017). In any
case, the activity of the coordinated astrocytes could in turn
feeds back to the neuronal circuit (Pereira et al, 2013)
increasing the synchronization (Makovkin et al, 2022) and
hence contributing to the binding of the information and
pain perception.

Perspective

Cutaneous tactile stimulation evoked sparser calcium
activity in astrocytes (Stobart et al., 2018). This favors local
neuron-astrocyte interaction facilitating the location of the
stimulus in places with a topographic organization. Instead,
nociception informs the nervous system of real or potential
damage and produces pain to protect the harmed area. In
this scenario, the cortical representation of the location of
the stimulus extends to nearby areas developing a state of
hyperalgesia around the damaged zone to ensure the protection
of the area while the integrity of the tissue is restored. In
this context, global astrocytes activity in the cortex could be
involved in short and long-term plasticity to ensure this state
of hyperalgesia.

Although nociceptive processing occurs unconsciously,
emotional, socio-cultural, and cognitive factors (such as
attention) are relevant in producing pain perception; therefore,
a state of consciousness is necessary to construct the experience
of pain. However, an important question in neuroscience
that remains to be answered is how pain is created from
nociception? How are the elements that compose the percept
of pain binding to provide a painful experience? Here,
we provide evidence about global and synchronous calcium
activity in astrocytes evoked by nociceptive stimulation in
areas related to the pain experience. It seems plausible
that a coherent activity of astrocytes in the brain and the
spinal cord could be important to bind sensory, affective,
and cognitive information on a slower time scale forming
an astrocyte pain matrix. According to this, Pereira and
Furlan (2010) proposed that individual astrocytes could
operate as a “local hub” integrating information within their
local domain. However, the astrocyte pain matrix would
communicate astrocytes within the pain network (Pereira
and Furlan, 2010; Lallouette et al, 2014) acting as a
“Master Hub” integrating information from several brain
areas that could be involved in the process of perception
as occurs with pain. Furthermore, because astrocytes can
in turn increase the synchronization of neuronal networks
(Makovkin et al, 2022), it could be involved in directly
modulating gamma activity and hence in the binding process.
Another possibility is that astrocytes respond directly to
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neuromodulators such as acetylcholine, norepinephrine, and
dopamine (Jennings et al,, 2017; Covelo and Araque, 2018)
that are released by nociceptive stimulation (Wahis and Holt,
2021) resulting in changes in the excitability and synchrony
of neural networks (Sardinha et al, 2017; Adamsky et al,
2018; Bellot-Saez et al, 2018) that are necessary for the
perception of pain.

Brain oscillations in the frequencies of the gamma band
have been linked to the perception of pain (Tan et al,
2019; Kim and Davis, 2020). These oscillations are present
throughout the brain (Buzsdki and Draguhn, 2004) including
regions such as the sensory, prefrontal, insula, and anterior
cingulate cortex (Gross et al, 2007; Kim et al,, 2015; Hauck
et al, 2017; Liberati et al, 2018; Xiao et al, 2019). In
2020, Lines and colleagues showed that sensory stimulation
in the paw induces an increase in gamma activity in
the primary somatosensory cortex that correlates with the
intensity of the stimulus (Lines et al, 2020). In parallel,
sensory stimulation induces global calcium responses in
cortical astrocytes with a delay in the order of seconds.
Moreover, the manipulation of calcium activity in astrocytes
was inversely correlated with gamma activity demonstrating
that activation of astrocytes with DREADDs is sufficient to
decrease gamma oscillations. On the other side, Lee et al.
(2014) observed during a spatial memory task (Y maze),
that calcium elevations in hippocampal astrocytes precede
the onset of gamma activity in the hippocampus. This could
imply a different role of astrocytes regulating gamma activity
depending on the level of arousal (anesthetized vs. awake), brain
structures (somatosensory cortex vs. hippocampus) as well as
underlying neural activity (natural activity in behaving animal
vs. sensory stimulation).

High-order thalamic nucleus plays an important role
in making consciousness of an experience thanks to the
connections with cortical and subcortical regions, where it acts
as a sensory activity filter and synchronized neuronal activity
(Ward, 2011). Although it is unknown if thalamic astrocytes
respond to nociceptive stimulation with calcium activity and
the extension of these responses, thalamic astrocytes regulate
the sensory acuity of mice in a tactile-discriminatory task by
releasing GABA (Kwak et al.,, 2020). In this scenario, it would
be interesting to analyze if GABA release by astrocytes could set
an inhibitory tone that regulates gamma activity as occurs with
inhibitory interneurons and hence modulate gamma activity
and its impact on perceptions.

There are still fundamental questions in neuroscience that
are still poorly understood despite all the technical advances
and progress in neurobiology such as the process of creating
perception from sensations. Thus, is tempting to propose that
astrocytes are well equipped, located, and connected to regulate,
in parallel, multiple neuronal networks allowing individual pain
experiences. However, further work integrating astrocytes in this
field is required.
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Down syndrome (DS) arises from the triplication of human chromosome 21
and is considered the most common genetic cause of intellectual disability.
Glial cells, specifically astroglia and microglia, display pathological alterations
that might contribute to DS neuropathological alterations. Further, in middle
adulthood, people with DS develop clinical symptoms associated with
premature aging and Alzheimer's disease (AD). Overexpression of the amyloid
precursor protein (APP) gene, encoded on chromosome 21, leads to increased
amyloid-B (AB) levels and subsequent formation of AB plaques in the brains
of individuals with DS. Amyloid-f deposition might contribute to astroglial
and microglial reactivity, leading to neurotoxic effects and elevated secretion
of inflammatory mediators. This review discusses evidence of astroglial and
microglial alterations that might be associated with the AD continuum in DS.

KEYWORDS

Down syndrome, Alzheimer's disease, astrocytes, microglia, p-amyloid,
neuroinflammation, aging, cytokines

Introduction

Down syndrome (DS) or trisomy 21 is the most common autosomal aneuploidy in
human births, and it is the single most common genetic cause of intellectual disability
(Antonarakis, 2017). Individuals with DS display different phenotypic characteristics,
including craniofacial alterations, skeletal anomalies, hypotonia, congenital heart
disease, gastrointestinal anomalies, seizures, sleep apnea, deficits in immune response,
and leukemia (Antonarakis et al., 2020). Although these characteristics can lead to
premature death, in recent years, people with DS have increased life expectancy,
gradually approaching that of the general population (Glasson et al., 2016; Carr and
Collins, 2018). However, upon reaching middle adulthood, people with DS commonly
experience clinical symptoms associated with older age (Gensous et al., 2020), such
as premature menopause, skin wrinkles, presbycusis, alopecia, premature graying
of the hair, congestive heart failure, hypogonadism, hypothyroidism, osteoporosis
atherosclerosis, diabetes, hypercholesterolemia, hypertension, and visual and auditory
decline. In addition to the physiological manifestations of premature aging, people with
DS present early cognitive impairment characterized by a decrease in memory skills
(Godfrey and Lee, 2018), language skills (Vicari et al., 1994), social communication,
motor skills, personal life, and community life skills (Hawkins et al., 2003). By the age
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of ~50 years, individuals with full triplication of chromosome
21 develop Alzheimer’s disease (AD) dementia (Holland et al.,
1998; Margallo-Lana et al., 2007; Zigman, 2013; Covelli et al,,
2016; Fortea et al., 2021; Tulita et al., 2022) with an incidence
of 88-100% in those older than 65 years (McCarron et al,
2017). The development of AD in DS could be associated with
an overexpression of several genes located on chromosome 21,
including the amyloid precursor protein (APP) gene, which
encodes the amyloid-beta precursor protein (ABPP) (Wiseman
etal, 2015),leading to an increase in AP production. Adults with
DS over age 40 display overt AD neuropathology characterized
by the deposition of extracellular amyloid plaques and the
formation of neurofibrillary tangles (Wisniewski et al., 1985;
Lemere et al., 1996; Mori et al., 2002; Davidson et al., 2018; Lott
and Head, 2019).
Postmortem and in vivo studies in DS brains show
pathological changes associated with AD, including brain
1999;
Annus et al., 2016; Head et al., 2016), endosomal/lysosomal

atrophy (Mann and Esiri, 1989; Sadowski et al,

abnormalities (Cataldo et al., 2000), degeneration of cholinergic
basal forebrain neurons, neurotrophin deregulation (Iulita
et al, 2014), oxidative stress (Busciglio and Yanker, 1995),
cerebral amyloid angiopathy (Carmona-Iragui et al, 2017;
Head et al, 2017), white matter lesions (Lao et al., 2020),
and neuroinflammation (Wilcock et al., 2015; Flores-Aguilar
et al., 2020). Several studies have demonstrated the importance
of inflammatory processes in AD pathogenesis (Liu et al,
2022), suggesting that AR could induce glial cell dysfunction
(Uddin and Lim, 2022) and subsequent neurodegeneration.
This review describes the pathological changes in astrocytes
and microglia of individuals with DS and we discuss the
implications of glial dysfunction in the AD continuum
in DS.

Astrocytes

Astrocytes constitute the largest glial cell population
in the central nervous system (CNS). Astrocytes can be
as heterogeneous as neurons at the genetic, physiological,
2022).

Astrocytes play an essential role in the development and

and functional levels (Torres-Ceja and Olsen,
maintenance of the CNS. They provide structural support
and participate in neuronal pathfinding and metabolism,
ionic homeostasis, neurotransmitter release, and regulation
of the blood-brain barrier (Allen, 2014). Astrocytes release
(TSPs),

brain-derived

trophic molecules, including thrombospondins
cholesterol, growth factor (NGF),
neurotrophic factor (BDNF), neurotrophins 3 and 4 (NT3,

NT4), and tumor necrosis factor-o. (TNF-a) (Clarke and Barres,

nerve

2013) involved in the modulation of synaptic transmission
and synaptogenesis.
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Astrocytes in Down syndrome

Several studies have described neuropathological changes
in the DS brain (Dierssen, 2012). In contrast, studies focusing
on glial cell changes have received little attention. The
number of glial cells, especially astrocytes, is altered during
brain development in DS (Ponroy Bally and Murai, 2021).
An increase in astrocytes and radial glial cells has been
described in the frontal lobe of fetuses with DS at 18-20
weeks of gestation (Zdaniuk et al, 2011). Another study
reported a lower expression of the glial fibrillary acidic
protein (GFAP) in the hippocampus and temporal lobe of
fetuses with DS only during the middle pregnancy period
(Kanaumi et al., 2013). On the other hand, the fusiform
gyrus and inferior temporal gyrus of fetuses with DS at 17-
21 gestational weeks showed a higher percentage of GFAP-
positive astrocytes (Guidi et al, 2018). Disruption of the
interlaminar astroglial processes has been reported across the
lifespan of individuals with DS (Colombo et al, 2005). A
decrease in the number of astroglial interlaminar processes
occurs within the first year of age, accompanied by an increase
in immature astroglial cells in different regions of the DS
brain (Colombo et al, 2005). Disruptions of the cortical
astroglial architecture are more pronounced during adulthood.
The absence of astroglial palisade has been reported in the
dorsolateral region and the striate cortex of a 23-year-old
individual with DS (Colombo et al, 2005). Degeneration of
the interlaminar glial palisade progresses until adulthood, and
instead, an increase in astrogliosis has been observed and
associated with AD pathology in DS brains (Colombo et al,
2005).

In middle-aged and adults with DS (15-45 years old),
there is a decrease in GFAP gene expression in the superior
prefrontal cortex (Goodison et al., 1993). In contrast, GFAP
protein expression increases after 30 years of age in the
molecular layer of the hippocampus (Mito and Becker, 1993).
In adults between the ages of 61 and 80, a partial reduction
in the number of astrocytes and oligodendrocytes in the
mediodorsal thalamic nucleus has been reported (Karlsen et al.,
2014).

Such differential GFAP
specific and may change according to the progression of

expression may be region
AD neuropathology.

In Ts1Cje mice, a mouse model of DS, the cerebellum
displays a continuous increase of GFAP from youth to old age
(Creat et al.,, 2016), suggesting defective astrocyte production
during aging. Some evidence indicates that GFAP expression
is associated with increased micro-RNA-125b (miRNA-125b)
levels in the temporal cortex of adults with DS between 63 and
73 years of age (Pogue et al., 2010). Micro RNAs (miRNAs) are
post-transcriptional modulators of gene expression that regulate
the stability and translation of their target messenger RNAs,
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suggesting that miRNA-125b contributes to astrogliosis during
aging in DS.

On the other hand, several studies support the importance
of the surrounding environment in DS neurological alterations.
Nelson et al. (1997), used the DS (Ts16) mouse model to
co-culture neurons and astrocytes, and demonstrated that
wild-type neurons co-cultured with Ts16 astrocytes showed a
decrease in choline acetyltransferase activity and a decrease in
cholinergic neuron number, while Ts16 neurons co-cultured
with wild-type astrocytes showed regular cholinergic activity
(Nelson et al., 1997). In agreement with these results, studies
have demonstrated that deficits of thrombospondin-1 (TSP-1,
an extracellular matrix component involved in cell-cell and
cell-matrix communication) in DS astrocytes can cause the
alterations of dendritic spines and synapses similar to those
reported in DS neurons (Garcia et al., 2010; Torres et al,
2018). In addition, astrocyte-conditioned cell media from DS
astroglia causes toxicity to neurons and fails to promote
neuronal ion channel maturation and synaptic formation
(Chen et al., 2014). On the other hand, induced pluripotent
stem cells (iPSCs) derived from individuals with DS show
an increase in the number of astrocytes (Briggs et al,
2013). Down syndrome astrocytes differentiated from iPSCs
exhibit high levels of GFAP, S-100p, and reactive oxygen
species (Chen et al, 2014). Induced pluripotent stem cells-
derived astrocytes negatively regulate secreted factors that
can promote the formation of synapses, including TSP-
1 and TSP-2, and alter the mTOR pathway in neurons
(Araujo et al, 2017), suggesting a role of astrocytes in
DS neuropathology.

Ca?* signaling in DS astrocytes

Hippocampal and cortical astrocytes obtained from Ts16
and Ts65Dn DS mouse models show impaired Ca®* signaling.
In the resting state, DS astrocytes show a higher concentration
of cytoplasmic Ca*t compared to euploid astrocytes (Bambrick
et al, 1997; Muller et al,, 1997). On the other hand, the
inhibition of Ca**t reservoirs in the endoplasmic reticulum
induced a transient increase in cytoplasmic Ca2* 0f 1,200 nM in
Ts16 astrocytes compared to only 500 nM in euploid astrocytes
(Bambrick et al, 1997). However, a stimulus-induced by
serotonin or glutamate evoked transient Ca>* increases from
400 to 600nM in euploid astrocytes and from 20 to 150 nM
in trisomic astrocytes, suggesting alterations in intracellular
Ca?t homeostasis in DS (Muller et al., 1997). Defects in
Ca?* homeostasis in astrocytes could affect cell proliferation
and neuronal maturation (Bambrick et al., 2003). Finally, an
increase in reactive astrogliosis has been described in basal
ganglia calcification in DS (Takashima and Becker, 1985). Basal
ganglia calcification may indicate premature aging (Mann,
1988).
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Oxidative stress in DS astrocytes

Altered mitochondrial activity and oxidative stress have
long been associated with DS (Coskun and Busciglio, 2012).
Several genes involved in the cell redox state are triplicated
in DS, the most prominent being Cu?t/Zn>T superoxide
dismutase 1 (SOD1) (Pagano and Castello, 2012). Superoxide
dismutase 1 scavenges reactive free radicals by catalyzing the
dismutation of oxide anion into molecular oxygen and hydrogen
peroxide. A high expression of SODI has been observed in
the brains of people with AD between 59 and 97 years of age
and in the temporal lobe of individuals with DS between 59
and 70 (Furuta et al, 1995). Mainly, SOD1 has been closely
related to GFAP-positive cell processes (Furuta et al., 1995).
Down syndrome brain tissue is susceptible to oxidative injury,
mostly because increased SODI activity is not followed by
an adaptive rise in hydrogen peroxide metabolism (Pagano
and Castello, 2012). In neurons and astrocytes from human
fetal DS cerebral cortical tissue, exposure to hydrogen peroxide
shows that astrocytes are more resistant to oxidative damage
(Sebastia et al., 2004). Down syndrome astrocytes show a lower
basal content of superoxide ions and a higher clearance of
hydrogen peroxide from the culture medium (Sebastia et al,
2004). In the presence of hydrogen peroxide, DS astrocytes
maintain their concentration of intracellular superoxide and
hydroperoxides at a lower level than normal astrocytes (Sebastia
et al, 2004). Neurons co-cultured with DS astrocytes have
greater protection against hydrogen peroxide injury than
neurons co-cultured with normal astrocytes (Sebastia et al,
2004). Down syndrome astrocytes show a greater antioxidant
capacity against hydrogen peroxide than normal astrocytes,
and they partially counteract the oxidative vulnerability of
trisomic neurons in cultures (Sebastia et al., 2004). In addition,
microarray analyses showed that genes overexpressed in DS
astrocytes are involved in energy metabolism and oxidative
stress (Helguera et al, 2013). Interestingly, in this study, the
authors show that when mitochondrial function is restored,
there is increased production of reactive oxygen species and
cellular damage, suggesting that reduced DS mitochondrial
activity is an adaptive response to avoid injury and preserve
essential cellular functions.

DS astrocytes and S1008

S-100B is a protein-enriched in astrocytes implicated in
neuronal growth and differentiation, intracellular calcium
signaling transduction, and proliferation and morphogenesis
of astrocytes (Michetti et al., 2018). Like the SOD gene, the
S100B gene is encoded on chromosome 21 (Allore et al,
1988), and overexpression of S100p during development may
be associated with neurological abnormalities described in
DS (Marks and Allore, 1990). Indeed, the overexpression
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of S1008 has been found in the temporal lobe of fetuses
with DS at 18-19 gestational weeks, neonates and infants
(Griffin et al., 1989), in the frontal and temporal lobes of
adults with DS (Jorgensen et al, 1990; Mito and Becker,
1993; Royston et al, 1999), and the cerebellum of middle-
aged and old Ts1Cje mice, a DS model (Creat et al., 2016).
Moreover, an increase in S100p has been observed in AD brains
(Jorgensen et al,, 1990). In addition, some studies show that
overexpression of astrocytic S100B is positively associated with
the number of APP overexpressing neurons and in neurites
with abnormal growth (Royston et al., 1999), suggesting that
overexpression of S100B could be associated with amyloid
plaque formation and AD progression in DS (Griffin et al,
1998). In addition, S1008 and APP increase astrogliogenesis
and reduce neurogenesis (Guidi et al., 2008; Lu et al., 2011;
Coronel et al, 2019), contributing to astrocyte dysfunction
in DS.

Astrocytes and AD pathology in DS

The development of AD-type neuropathology in DS
individuals has been observed from 12 years old (Wisniewski
et al., 1985). However, the contribution of astrocytes in this
process is not completely known. Abundant GFAP-positive
astrocytes associated with AP42 plaques were reported in
the frontal cortex of 15 and 29-years-old individuals with
DS (Stoltzner et al, 2000). Another study has reported that
astrocytes from the hippocampus and cerebral cortex displayed
AB1-28 and AP40 in their cell bodies and in processes that
extended to the vicinity of blood vessels (Gyure et al., 2001).
The detection of Af in astrocytes may reflect either increased
synthesis of AB by these cells or enhanced clearance of the
peptide by astrocytes (Gyure et al., 2001). In addition, an
increase in astrocytic apolipoprotein E expression has been
reported in the gray matter of the DS frontal cortex from
fetal stages to 24-years-old (Arai et al., 1995). In contrast, a
decrease of astrocytic apolipoprotein E was reported in the white
matter of the same individuals (Arai et al., 1995), suggesting
that apolipoprotein E might be produced in astrocytes at
the early phase of the pathological process lead to AD in
DS people.

Down syndrome astrocytes also show alterations in
mitochondrial transmembrane potential, mitochondrial redox
activity, mitochondrial morphology, and ATP levels (Busciglio
et al, 2002; Coskun and Busciglio, 2012; Helguera et al,
2013). The metabolic alterations in DS astrocytes could directly
influence the processing of APP, resulting in increased levels
of APPP and reduced levels of secreted ABPP (APBPPs).
This pattern of APPP processing can be recapitulated in
control astrocytes by inhibiting the mitochondrial metabolism,
suggesting that DS astrocytes have altered mitochondrial
function caused by APPP overexpression (Busciglio et al,
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2002). Interestingly, it has been shown that the survival of
DS neurons increases by astrocyte-produced ABPPs, suggesting
that ABPPs may be a neuronal survival factor (Busciglio et al.,
2002). The mitochondrial dysfunction in DS may lead to
increase intracellular expression of AB42 and reduced levels of
ABPPs, leading to increased neuronal vulnerability (Busciglio
et al., 2002). Altered mitochondrial membrane potential, low
levels of ATP, and increased reactive oxygen species have
also been found in cortical astrocytes obtained from TsCje
mice (Shukkur et al, 2006). Furthermore, mitochondrial
dysfunction might be associated with an increase in Tau
hyperphosphorylation without NFTs formation through an
increase in GSK3p (glycogen synthase kinase 38) and JNK/SAPK
(Jun amino-terminal kinase/stress-activated protein kinase)
activities (Shukkur et al., 2006).

It has been established that neuroinflammation and glial
activation play a significant role in the development and
progression of AD (Wilcock, 2012). Astrocytes from the frontal
cortex of fetuses, neonates, children, and adults with DS display
upregulation of the inflammatory cytokines IL-1 and S100f
(Griffin et al., 1989). Further studies have shown that IL-1
regulates the synthesis of ABPP (Batarseh et al., 2016), suggesting
that inflammatory processes participate in the pathogenesis of
AD in DS (Martini et al., 2022).

Microglial cells

Microglial cells, the resident macrophages of the CNS,
account for 5-12% of the total number of cells in the human
brain (Lawson et al., 1990). Microglial cells are derived from
yolk sac primitive myeloid progenitors that migrate to the
CNS during embryogenesis (Ginhoux et al, 2010). Their
brain distribution is heterogeneous, and high microglial cell
numbers are observed in specific anatomic regions (Lawson
et al,, 1990). During brain development, microglial cells are
more proliferative than in adult stages and typically display an
amoeboid morphology (Perez-Pouchoulen et al.,, 2015). Such
morphology has been associated with its early role in shaping
neuronal circuits, tissue remodeling, and cell phagocytosis
(Prinz et al., 2019).

In the adult brain and under physiological conditions,
microglial cells display a resting or surveying state (Nimmerjahn
et al, 2005). Adult microglia are characterized by a small
soma size and elongated processes that allow them to
their
interact with neighboring cells (Nimmerjahn et al, 2005).

constantly probe surrounding environment and
In response to a harmful stimulus, microglial cells undergo
different intermediate stages displaying changes in their
morphology, motility, phagocytic status, and gene and protein
expression (Prinz et al., 2019). Microglial cells become reactive
upon sensing acute injury, retracting their processes, and

adopting an amoeboid morphology (Stence et al., 2001).
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This fully activated state has been associated with microglial
phagocytic functions.

Microglia in DS

Microglial chronic activation is a common feature of
neurodegenerative disorders. Such chronic activation interferes
with microglial homeostatic functions and contributes to the
exacerbated neuroinflammatory profile observed in neurological
conditions. In the brains of fetuses with DS (17-22 gestational
weeks), microglial cells, including amoeboid and ramified
microglia, emerge at the same timepoint as in control brains
(Wierzba-Bobrowicz et al, 1999). However, an increase in
ramified microglial cells has been reported in the frontal lobe,
mesencephalon, and cerebellum from fetuses with DS (Wierzba-
Bobrowicz et al., 1999). Further studies have shown that CD68
and HLA-DR positive cells are detectable in the germinal
layers from control and DS fetal brains at 14 gestational weeks
(Kanaumi et al., 2013). However, an increase in these cells was
also observed in DS fetal brains. Furthermore, the increase in
CD68+ microglial cells in the germinal matrix is higher in DS
than in control brains, suggesting that microglial phagocytic
activity might be associated with defects in neurogenesis and
apoptosis (Kanaumi et al., 2013). Another study found that
microglial cells from fetuses, neonates, children, and adults
with DS were immunoreactive to IL-1p, a pro-inflammatory
cytokine, suggesting increased neuroinflammation at the fetal
stages (Griffin et al., 1989). Similarly, increased production
of IL-1p and superoxide anion was reported in microglial
cells from a DS mouse model at the fetal stage (embryonic
day 15) (Colton et al., 1990, 1991). Interestingly, analysis of
cell-free mRNA in the amniotic fluid suggests an increase
in oxidative stress signaling pathways in DS fetuses (Slonim
et al,, 2009). Such an increase may interfere with glial cell
modulatory processes and negatively impact brain development
in DS. Further research is needed to fully understand the role
of microglial and astroglial cells during brain development
in DS.

During  infancy,  morphological  analyses  have
from children with DS

size

revealed that microglial cells

displayed an increased soma and size-

to-process-length than
suggesting that microglial
(Flores-Aguilar et al., 2020).

soma

ratio age-matched  controls,

cells might be reactive

Microglia and Alzheimer’s disease in
Down syndrome

Microglial activation is also present in adolescents and
young adults with DS and becomes exacerbated in adults

Frontiersin Cellular Neuroscience

63

10.3389/fncel.2022.987212

with overt AD pathology (Stoltzner et al., 2000; Head et al,
2001; Flores-Aguilar et al.,, 2020; Martini et al., 2020; Palmer
et al,, 2021). Notably, a transcriptomic signature related to
AD and aging has been reported in DS microglial cells before
the development of full-blown AD pathology (Palmer et al,
2021). This microglial signature is characterized by an increased
expression of Clq-complement-related genes (Palmer et al,
2021). In line with this, an increase in cytokine gene and
protein expression has been reported in fetuses, children,
and young adults with DS, well-before developing a full-
blown AD pathology (Wilcock et al, 2015; Flores-Aguilar
et al, 2020). Moreover, the overexpression of IFN-related
genes encoded in chromosome 21 might impact microglial
reactivity and neuroinflammation in DS (Wilcock and Griffin,
2013). In addition, individuals with DS display a biphasic
expression of the triggering receptor expressed on myeloid
cells 2 (TREM2) (Raha-Chowdhury et al., 2018; Weber et al.,
2020). Triggering receptor expressed on myeloid cells 2 is
involved in microglial phagocytosis (Krasemann et al., 2017;
Mazaheri et al, 2017), and its serum and plasma levels are
increased in young adults with DS (Raha-Chowdhury et al,
2018; Weber et al, 2020). In contrast, downregulation of
TREM?2 expression has been reported in serum and the frontal
cortex of adults with DS (Raha-Chowdhury et al., 2018). Such
biphasic expression, also reported in AD (Kleinberger et al.,
2014; Suarez-Calvet et al,, 2016), might influence microglial
activity at different stages of AD in DS, as exemplified in an
AD mouse model (Jay et al., 2017). Moreover, older adults with
DS display increased CD64 and CD86 (Wilcock et al., 2015).
The expression of these markers has been associated with the
formation of immune complexes in the brain and subsequent
microglial activation (Edwards et al., 2006; Sudduth et al., 2013).
Therefore, microglial activation might also be associated with
cerebrovascular dysfunction and the extravasation of serum
proteins into the brain (Wilcock et al., 2015).

Microglial dystrophy has been reported in older adults with
DS (Xue and Streit, 2011; Flores-Aguilar et al., 2020; Martini
etal., 2020). Dystrophic microglia in DS brains are characterized
by process swelling, bead formation, and cell rupture. Such
dystrophic phenotype might be associated with advanced stages
of AD neuropathology commonly present in the brains of older
adults with DS.

Interestingly, the brains of individuals with DS also display
an increase in rod-like microglial cells (Flores-Aguilar et al.,
2020; Martini et al., 2020). Higher rod-like microglia counts
have been reported in the frontal cortex of young adults and
adults with DS and in the posterior cingulate cortex of adults
with DS and AD (Flores-Aguilar et al., 2020; Martini et al.,
2020). Rod-like microglial cells have also been observed in the
CA1 region of the hippocampus in DS brains (Head et al,
2001). Moreover, rod-like microglial cells might align to p-
tau positive neurons in the DS frontal cortex (Flores-Aguilar
et al., 2020). Rod-like microglial cells have been observed in
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Astroglial and microglial pathology across the lifespan of individuals with Down syndrome. Scheme depicting the most significant changes in
astrocytes and microglia from individuals with Down syndrome across aging and along with the progression of AD neuropathology. The brain
regions where these disruptions occur are described in the main text. Ag, amyloid beta; NFT, neurofibrillary tangles; ApoE, apolipoprotein E; AD,
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other neurodegenerative disorders such as AD (Bachstetter et al.,
2015) and might be linked to the appearance of tau pathology
(Adaikkan et al., 2019; Malcolm et al., 2019). However, their
exact function is not well-understood (Giordano et al., 2021).
Studies in DS animal models highlight the critical role
that microglial cells exert in DS. Microglial activation has
been observed in the Ts65Dn and Dp(16) DS mouse models
(Hunter et al., 2004; Lockrow et al., 2011; Rueda et al., 2018;
Illouz et al., 2019; Hamlett et al., 2020; Pinto et al., 2020).
Microglial depletion in the Dp(16) DS mouse model improves
cognition in juvenile mice and neuronal spine and activity
(Pinto et al., 2020). Further, anti-inflammatory treatments in
DS mouse models promote microglial homeostasis and rescue
cognitive deficits (Hamlett et al., 2020; Pinto et al., 2020). Such
observations support that microglial chronic activation and
neuroinflammation might have a detrimental role in DS. As
mentioned above, AD neuropathology might also be involved
in the life-long microglial activation observed in DS brains
(Flores-Aguilar et al, 2020). DNA vaccination against the
AB1—11 fragment in the Ts65Dn DS mouse model restored
microglial homeostasis, rescued cognitive deficits, and reduced
neurodegeneration and A levels (Illouz et al., 2019).
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Conclusion

Astroglial and microglial cells display pathological
alterations across the lifespan of individuals with DS. Down
syndrome astrocytes show metabolic alterations involving
pathways associated with oxidative stress, calcium regulation,
and AP production. These alterations might result from
the trisomic condition that occurs in these cells (Figure 1).
Astrocytic  dysfunction  might
excitability and the balance of excitatory and inhibitory

transmission (Cresto et al, 2019). Such dysfunction could

interfere with neuronal

contribute to learning and memory impairments observed in
DS (Fernandez-Blanco and Dierssen, 2020).

On the other hand, microglial cells display several reactive
states across the lifespan of individuals with DS. Such activation
states might be associated with AD neuropathology, increased
CNS and peripheral inflammation, and the triplication of
immune-related genes encoded in chromosome 21 (Wilcock
and Griffin, 2013). Given the involvement of microglial cells
in the development of AD pathology, chronic microglial
activation in DS might feed the progression of AD in
this population.
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Further studies are needed to fully understand the
pathological alterations of glial cells in DS and their contribution
to AD pathology. This could lead to identifying potential
therapeutics targeting dysfunctional astroglial and microglial
cells in DS.
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Decreased tubulin-binding
cofactor B was involved in the
formation disorder of nascent
astrocyte processes by
regulating microtubule plus-end
growth through binding with
end-binding proteins 1 and 3
after chronic alcohol exposure
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Fetal alcohol syndrome (FAS) is a neurological disease caused by excessive
drinking during pregnancy and characterized by congenital abnormalities in
the structure and function of the fetal brain. This study was proposed to
provide new insights into the pathogenesis of FAS by revealing the possible
mechanisms of alcohol-induced astrocyte injury. First, a chronic alcohol
exposure model of astrocytes was established, and the formation disorder was
found in astrocyte processes where tubulin-binding cofactor B (TBCB) was
decreased or lost, accompanied by disorganized microtubules (MT). Second,
to understand the relationship between TBCB reduction and the formation
disorder of astrocyte processes, TBCB was silenced or overexpressed. It caused
astrocyte processes to retract or lose after silencing, while the processes
increased with expending basal part and obtuse tips after overexpressing. It
confirmed that TBCB was one of the critical factors for the formation of
astrocyte processes through regulating MT plus-end and provided a new
view on the pathogenesis of FAS. Third, to explore the mechanism of TBCB
regulating MT plus-ends, we first proved end-binding proteins 1 and 3
(EB1/3) were bound at MT plus-ends in astrocytes. Then, through interference
experiments, we found that both EB1 and EB3, which formed in heterodimers,
were necessary to mediate TBCB binding to MT plus-ends and thus regulated
the formation of astrocyte processes. Finally, the regulatory mechanism was
studied and the ERK1/2 signaling pathway was found as one of the main
pathways regulating the expression of TBCB in astrocytes after alcohol injury.

end binding proteins, ERK1/2 signaling pathway, fetal alcohol syndrome,
microtubules, tubulin-binding cofactor B
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Introduction

Fetal alcohol syndrome (FAS), caused by alcohol exposure
during pregnancy, is one of the most common causes of
nonhereditary lifelong disability worldwide, characterized by
widespread impairments in fetal brain structure and function
(Carter et al., 2008; Patten et al., 2014). Symptom severity of
FAS varies greatly with timing, duration, and dose of alcohol
exposure and genetic and metabolic factors (Burd et al., 2003).
In vitro and in vivo models have successfully summarized
multiple aspects of the disorder, including morphological and
behavioral defects—still, the molecular and genetic mechanisms
underlying FAS are poorly understood (Fischer et al., 2021).
Astrocytes are the most abundant glial cells in the brain
(Han et al., 2020), whose main functions include providing
nutrients to the neuron, maintaining the extracellular ion
balance, releasing transmitters, regulating synaptic plasticity,
maintaining synaptic connection, and so on (Acosta et al., 2017;
Palmer and Ousman, 2018; Munger et al., 2019). Astrocytes
could not grow normally when cultured in a medium containing
alcohol (Renau-Piqueras et al., 1989), and even moderate alcohol
could delay their growth and maturation (Renau-Piqueras et al.,
1989; Davies and Cox, 1991). They were more sensitive to
alcohol than neurons (Lokhorst and Druse, 1993) and were
found as one of the main targets of alcoholism during the central
nervous system development (Guerri and Renau-Piqueras,
1997). Thus, the morphological and functional changes in
astrocytes caused by alcohol toxicity should certainly be related
to the pathogenesis of FAS. However, there are few reports about
it, and it is worth studying.

Tubulin folding cofactor B (TBCB) participates in the
conformational folding of a-tubulin to promote formations of
a/B-tubulin heterodimers (Lopez-Fanarraga et al., 2001; Baffet
et al,, 2012), thus regulating the assembly, growth, and dynamic
stability of microtubules (MTs) (Tian et al, 1997; Feierbach
et al,, 1999; Kortazar et al., 2007; Fleming et al., 2013), which
is essential for cell viability. In addition, TBCB has been
implicated in neurodegenerative processes (Wang et al., 2005),
neurodevelopmental malformations (Tian et al., 2010), human
cancer (Vadlamudi et al., 2005), and schizophrenia (Martins-
de-Souza et al., 2009). Feltes et al. (2014) also found that the
expression of RNA of TBCB was upregulated in adult FAS mice,
suggesting that there might be some links between TBCB and
the pathogenesis of FAS.

MTs are intrinsically polar filaments with two structurally
and functionally distinct ends, the minus- and the plus-end
(Desai and Mitchison, 1997; Howard and Hyman, 2003). MT
minus-ends connected with the microtubule-organizing center
grow slowly, while the plus-ends grow fast and are known as
dynamic instability in the dynamic change of polymerization
and depolymerization (Mitchison and Kirschner, 1984; Desai
and Mitchison, 1997; Nogales and Wang, 2006). TBCB was
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shown to play a role at MT plus-ends (Lopez-Fanarraga et al.,
2007). It was found to co-express with the most abundant MT
at the early oocyte edge and (Baffet et al, 2012) to increase
neuronal growth cones, which were characterized by active
growth of MT plus-end (Lopez-Fanarraga et al., 2007). These
data suggested the critical role of TBCB in MT plus-ends.
However, TBCB could not directly bind to MT. How does it
affect the MT plus-ends?

End-binding proteins (EBS) were key members of MT plus-
end tracking proteins (+TIPS) that could directly bind to MT
plus-ends and could connect with other proteins, which affected
MT plus-ends (Akhmanova and Steinmetz, 2010; Galjart, 20105
Kumar and Wittmann, 2012), including EB1, EB2, and EB3.
Among them, EB1 and EB3, but not EB2, promoted continuous
microtubule growth (Komarova et al., 2009). TBCB mainly
contains three domains, a ubiquitin-like (UBL) domain, a
coiled-coil, and a Cytoskeleton-Associated Protein Glycine-rich
(CAP-Gly) domain in the C-terminus (Lytle et al., 2004), which
can interact with the EEY/F amino acid sequence at the C-
terminus of EBs (Carranza et al., 2013). EB1 was preferentially
bound to and produced comet-like streaks on the growing MT
plus-ends (Sandblad et al., 2006; Dixit et al., 2009) and was found
to combine with the mutation of TBCB (TBCBD3) (Carranza
et al,, 2013). through the EEY/F structure of EB1 and the CAP-
Gly domains of TBCB (Honnappa et al., 2006; Steinmetz and
Akhmanova, 2008). Similar to EB1, EB3 also has the C-terminal
EEY structure (Nehlig et al., 2017) and can theoretically bind
with TBCB. Our previous co-immunoprecipitation experiments
on Cos7 cells had proved that TBCB could combine with
EB3 (data not shown). Therefore, we reasonably speculated
that TBCB may affect MT plus-ends through binding to the
EB1/EB3 and finally affect the morphology and function of
astrocytes. Indeed, it is necessary to conduct a systematic and in-
depth study on whether TBCB regulates MT plus-ends through
binding with EB1/EB3.

Mitogen-activated protein kinases (MAPK)
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 protein kinase (Zhu et al., 2013). Previous
studies showed that ethanol can impact the expression of some

include

proteins in neurons (Zamora-Martinez and Edwards, 2014;
Qiao etal., 2021), microglia (Gofman et al., 2016), and other cells
(Aroor and Shukla, 2004). Alcohol, as an exogenous stimulant,
was associated with the MAPK pathway (Zamora-Martinez and
Edwards, 2014; Gofman et al., 2016; Qiao et al., 2021), and the
ERK1/2 signaling pathway was found sensitive to alcohol (Peng
et al,, 2009). In addition, long-term alcohol consumption could
inhibit the phosphorylation of ERK1/2 but not JNK or p38 in
the mesocorticolimbic system (Zhu et al., 2013). In summary,
the specific role of the MAPK signaling pathway in TBCB
regulation after alcohol exposure needs to be further studied.
To sum up, we speculated that some of the neurological
symptoms of FAS should be related to the morphological and
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functional change of astrocytes caused by TBCB changes, which
can regulate MT plus-ends through binding with EB1/EB3
and can be regulated by the MAPK signaling pathway after
alcoholic injury. To confirm this, we carried out the following
four parts of experiments: first, to study how the astrocytes
and TBCB changed and the relationship between their changes
after chronic alcohol exposure; second, to confirm whether the
astrocytes change is caused by the change in TBCB through
silencing or overexpressing TBCB; third, to confirm whether
TBCB regulated the MT plus-ends through binding with
EB1/EB3 by interrupting their expression and finally led to
the morphologic change of astrocytes; and finally, to find and
confirm the regulatory pathway of TBCB in astrocytes after
chronic alcoholic injury.

Materials and methods

Ethics statement

All animals were obtained from the Animal Center of
Chongging Medical University and were approved by the Ethics
Committee of Animal Care of Chongging Medical University.
All animal experiments in this study conformed to the standards
of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996). The license number for using laboratory animals is
SCXK(Chongqing)2018-0003. The experimental animals were
killed immediately after purchase, and the primary astrocytes
were extracted; all the cells were randomized and blinded.
Experimenter blinding was sufficient to control for selection
bias. The sample size was evaluated using Power Analysis and
Sample Size 2022 (PASS 2022, USA). Furthermore, sample
sizes for experiments were sufficient for normality, variance
homogeneity, and statistical analyses.

Primary astrocyte cultures

Mice primary astrocytes were cultured from the cerebral
cortices of C57BL/6 mice at postnatal day 0 (Mccarthy and
De Vellis, 1980). Briefly, newborn mice were sterilized alive by
immersion in 75% ethanol alive, and then the brain tissue was
removed and the cerebral membranes were carefully removed.
The cerebral cortex was cut into pieces and digested with
0.25% trypsin at 37°C for 10 min, then stopped digestion by
a mixture of Dulbecco’s modified Eagle’s medium with Ham’s
F-12 medium (LD1223, DMEM/F12, Hyclone) supplemented
with 10% fetal bovine serum (900108, FBS, Gemini). After
centrifugation, discarded supernate and resuspended the pellet
in a mixture of DMEM/F12 supplemented with 10% FBS. Then,
the cells’ suspension was filtered with a 200-mesh filter (Saimike)
and were planted in flasks and incubated at 37°C with 5%

Frontiersin Cellular Neuroscience

71

10.3389/fncel.2022.989945

CO; and 95% air. The culture medium was replaced every 2
days. After 7 days, the cells were transferred to 6-well plates
for western blotting (WB) or Reverse transcription real-time
PCR (RT-PCR), and on 12-well plates covered with glass slides
for immunofluorescence staining (IF). All experiments were
performed on secondary cultures after being grown for 1 day.
Cultures of at least 95% astrocytes were used in the following
study, as confirmed by immunofluorescent staining (IF) for glial
fibrillary acidic protein (GFAP, Supplementary Figure 1A).

Establishment of chronic alcohol
exposure model

Mice secondary-generation astrocytes were randomly
divided into a blank control group (Con) and chronic alcohol
exposure groups (30, 100 mM). In the chronic alcohol exposure
group, secondary astrocytes were cultured in an alcohol-
containing medium for 7 days. At 7 days, cells in each group
were collected and used for IF (n = 6), WB (n = 6), and RT-PCR
(n = 6). The medium with the same alcohol concentration
was changed regularly everyday to maintain the alcohol
concentration (Ethanol evaporation after 24h was 10-20%)
(Fischer et al., 2021). To analyze the concentration-dependent
effect of alcohol, cells were exposed to varying concentrations of
alcohol (0, 30,100 mM) (Tomas et al., 2005). The final 30-mM
alcohol concentration is similar to the blood alcohol level
reported by chronic pregnant drinkers or women weighing
about 60kg when drinking 3-5 glasses of wine within 1h
(Eckardt et al., 1998). Some cells were exposed to 100 mM
ethanol for 7 days to analyze the efficacy of high ethanol
concentrations (Guasch et al., 2003; Tomas et al., 2003). The
alcohol concentrations used are in the range of the blood alcohol
levels (BAL) found among alcoholics (Jones and Sternebring,
1992).

Small-interfering RNA
(siRNA) transfection

All small-interfering RNAs (siRNAs) scrambled sequences
were synthesized by Chongqing Maobai Technology Co.
(Chongging, China). There was no significant change between
the negative siRNA control group and the blank group, so
only the negative siRNA control group was displayed as the
control group. Astrocytes were transfected with TBCB siRNA
or negative oligonucleotides in 6-well or 24-well plates for 6h
using the Lipofectamine™ 3000 transfection kit (13000015,
Invitrogen, USA). Each well of a 6-well plate contained 0.8
x 100 cells, 5 ul siRNA, 3.75 pl Lipofectamine 3000, and
250 pl Opti-MEM (31985062, Gibco, USA). Each well of
24-well plates contained 0.6 x 105 cells per well, 1.25 pl
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siRNA, 0.75 pl Lipofectamine 3000, and 50 pl Opti-MEM.
They were replaced with fresh and DMEM/F12 supplemented
with 10% FBS after 6 h. After 48 h following transfection, cells
were collected and analyzed by RT-PCR (n = 6). After 72h
following transfection, cells were collected and analyzed by
WB (n = 6) and IF (n = 6). All operations were carried out
in strict accordance with the commodity instructions. The
target siRNA sequences (5 — 3') used in this study were as
follows: TBCB: forward GCAUGGAACUGGAGCUGUATT,

reverse UGGUCAAUGACAUGG AUGCTT;
EB1: forward GCAGAGGAUUGUAGAUAUUTT,
reverse AAUAUCUACAAUCCUCUGCTT; EB3:
forward GACGCAAACUAUGAUGGAATT, reverse
UUCCAUCAUAGUUUGCGUCTT; and Negative control

siRNA: forward UUCUCCGAACGUGUCACGUTT,
reverse ACGUGACACGUUCGGAGAATT.

Lentiviral infection

Mice secondary-generation astrocytes were seeded in 6-
well plates with 0.6 x 10° cells. There was no significant
change between the no-load lentivirus control group and the
blank group, so only the lentivirus no-load control group
was displayed as the control group. Astrocytes were randomly
assigned to two groups: The control group, cultured in a medium
containing 8-l no-load lentivirus (L2019-358SH GenePharma,
Shanghai); and the virus groups cultured in a medium
containing 8-l TBCB overexpress virus (L2019-358SH, EF-
1aF/ GFP & Puro, GenePharma, Shanghai) or EB3 overexpress
virus (L2019-358SH, EF-1aF/m-Cherry& Puro; GenePharma,
Shanghai). After 24h, a 2-ml DMEM/F12 supplemented with
10% FBS was replaced. After 8 days of infection, cells were
collected and analyzed by WB (n = 6) and IF (n = 6).
All operations were carried out in strict accordance with the
commodity instructions.

ERK1/2 signaling pathway
interference assay

To confirm whether the ERK1/2 signaling pathway regulated
the expression of TBCB after alcohol exposure, the ERK1/2
interference experiment was carried out. Astrocytes were
randomly divided into three groups: the solvent control group
(Con), cultured in a medium containing 2 pl dissolved in
dimethyl sulfoxide (DMSO, Saimike; Zhang et al., 2019); ERK1/2
agonist group (TPA), cultured in a medium containing 200 WM
TAP (ERK1/2 agonist, CST; Zhang et al., 2019) dissolved in 2 pl
DMSO; ERK1/2 inhibitor group (U0126), cultured in medium
containing 10 mM U0126 (MEK1/2 inhibitor, Selleck; Zhang
et al, 2019) dissolved in 2 ul DMSO. After 1h, the drugged
medium was removed, and DMEM/F12 supplemented with
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10% FBS was added. After 12h, the three groups of cells were
collected separately and analyzed by WB (n = 6).

Cell counting kit-8
multiplication experiment

Cell viability was evaluated using the Cell Counting Kit-
8 (CCK-8) assay (AR1199, Boster, China). Mice secondary-
generation astrocytes were inoculated on 96-well plates at a
concentration of 5 x 10> cells/well (n = 6) in 100 Ll DMEM-F12
medium containing 10% FBS and cultured at 37°C with 5% CO2
and 95% air. After chronic alcohol exposure, discard the culture
medium. A complete medium of 100 pl containing 10 volumes
of CCK8 reagent was added to each well and then incubated in
the cell incubator for 1h at 37°C in the dark. The absorbance
at 450 nm was measured by the enzyme labeling instrument.
Cell viability was calculated using the following equation: cell
viability (%) = average OD in the study group/average OD in
the control group x 100%.

Western blotting

The harvested astrocytes were lysed on ice in RIPA cleavage
buffer containing 1% PMSF (ST506, Beyotime, Guangzhou,
China), and total protein concentration was measured with a
BCA protein assay kit (P0012S, Beyotime, China). After dilution
in the sample loading buffer, 20 g of protein was added to each
lane. According to the molecular weight of the protein, suitable
electrophoresis and wet transfer conditions were selected. The
proteins were then separated on a 10% SDS-PAGE gel and
transferred to a 0.2-pm polyvinylidene difluoride (PVDF)
membrane (IPVH00010, Millipore, USA). The membranes were
blocked with a blocking buffer (P0220, Beyotime, China) at
room temperature for 30 min. Then, they were probed with the
primary antibodies properly diluted overnight at 4°C and then
with the HRP-labeled antimouse or antirabbit IgG secondary
antibody (ZB-2305 or ZB2301, ZSGBBIO, China) for 1.5h
at room temperature. Then, they were visualized by Western
Bright ECL (K-12045-D20, Advansta, USA) and imaged using
a Western blotting detection system (Bio-Rad, USA) or X-ray
film. There are six repeats, which are three biological repeats
multiplied by two technical repeats. Then, the densities of the
bands in each image were quantified three times by Quantity-
One software. The value of the target protein was normalized
to the value of housekeeper protein from the same sample
within the same blotting. Then, all the corresponding values
from different groups were performed statistically analyzed by
GraphPad Prism 6.0 software (GraphPad Software, USA).

The locations of all the proteins detected by the first
antibody used in WB were shown in the full-length
The location of

blotting (Supplementary Figures 1B-N).
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the first antibody was consistent with that provided by
the manufacturer, and the specificity of the first antibody
was verified by subsequent silencing or overexpression
experiments. The primary antibodies used in WB were listed
as follows: Anti-TBCB (1:500, A13248, ABclonal, China),
Anti-MAPREI1 (1:1,000, NHA2107, Novogene, China), Anti-
MAPRE3 (1:1,000, #AP52003-100, Abcepta, China), Anti-p38
(1:1,000, #8690, Cell Signaling Technology, USA), Anti-pp38
(1:800, #4511, Cell Signaling Technology, USA), Anti-JNK
(1:1,000, #9252, Cell Signaling Technology, USA), Anti-p-JNK
(1:1,000, #4668, Cell Signaling Technology, USA), Anti-PAK1
(1:1,000, #2602, Cell Signaling Technology, USA), Anti-pPAK1
(1:1,000, #2606, Thermo Fisher Scientific, USA), Anti-f-
actin  (1:5,000,20536-1-AP, Proteintech, China), Anti-a-T
(1: 5,000, GTX628802, GeneTex, USA), Anti-B-T (1:5,000,
TA503129, OriGene, USA), Anti-ERK1/2 (1:1,000, #4695, Cell
Signaling Technology, USA), Anti-pERK1/2 (1:1,000, #4370,
Cell Signaling Technology, USA), and Anti-GAPDH (1:5,000,
60004-1-1g, Proteintech, China).

Reverse transcription real-time PCR

Total RNA was extracted from harvested astrocytes (n =
6) by using RANiso plus (#9108, TaKaRa, China), and the
concentration of RNA was measured by spectrophotometer. A
total of 1 pg RNA was reverse transcribed to generate cDNA
using the PrimeScript™ II 1st Strand cDNA Synthesis Kit
(6210A, TaKaRa, China). The expression of messenger of
TBCB as a housekeeping gene was assessed by real-time PCR.
PCR amplification was performed using a T100 thermal cycler
(BIO-RAD) and Premix Tag™ (RR901Q, TaKaRa, China).
The PCR reaction mixture consisted of 1 pl of each primer,
25 pl of Premix Taq, and 1 pl of cDNA in a final volume of
50 pl. The PCR conditions were as follows: denaturation at
94°C for 3 min, followed by 34 cycles of denaturation at 94°C
for 30s, annealing at 55°C for 30s, and extension at 72°C
for 30s. All qPCRs were run on a CFX96 real-time system
(Bio-Rad). The 272ACt method was used to calculate the
fold change of RNA or miRNA level compared to control
samples. The primers sequences (5 — 3') were listed as
follows: TBCB, forward ATGGAGCAGACGACAAGTTCT,
reverse CCGTCATCCACAGGATAGGAG, product size (77
bp); EB1, forward AAGCTAGAACACGAGTACATCCA,
reverse AGTTTCTTGACCTTGTCTGGC, product size (210
bp); EB3, forward ATGGCCGTCAATGTGTACTCC, reverse
GTTTGGCCTGGAACTTCACTT, product size (199 bp); and
B-actin (control), forward CAGCCTTCCTTCTTGGGTA,
reverse TTTACGGATGTCAACGTCACAC, product size (87
bp). All operations were carried out in strict accordance with
the commodity instructions.
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Immunofluorescent staining

The astrocytes were cultured on glass coverslips in a 24-
well plate and fixed in —20° precooled acetone and methanol
(1:1) for 5min and then were blocked with 5% bovine serum
albumin (BSA) at room temperature for 30 min. The cells were
probed with the primary antibodies (anti-TBCB, 1:50, A13248,
ABclonal, China; anti-TBCB, 1:250, sc-377139, Santa Cruz,
USA; Anti-MAPRE1, 1:1,000, NHA2107, Novogene, China;
Anti-MAPREI, ab53358, Abcam, UK; Anti-MAPRE3, 1:1,000,
#AP52003-100, Abcepta, China; anti-a-T, 1: 5,000, GTX628802,
GeneTex, USA; GFAP, 1:1,000, P107217, KleanAB, China)
properly diluted 4° overnight. Then, the cells were incubated
with secondary antibodies (FITC goat antirabbit IgG, 1:200,
E031220-01, EARTH, China; Cy3 goat antimouse IgG, 1:200,
Abbkine, China) and stained with DAPI (C1005, Beyotime,
China). Subsequently, the cells were mounted in Fluorescence
Mounting Medium (ab104135, Abcam, UK) and sealed with
nail polish. Images were obtained by Inverted fluorescence
microscope (Leica DMI8, Germany), and the intensity of
fluorescence was analyzed by Image] (1.53c) software. The
astrocyte processes in high magnification images were also
counted by Image] (1.53¢c) software (according to the results,
about 50 cells were counted: six 200-fold visual fields were
randomly selected in each group, and the cells were counted
from the center of the visual field to the periphery). It was mainly
used to observe the changes in cell morphology and protein
distribution in the study.

Statistical analysis

Statistical analyses were performed and the corresponding
graphs were drawn using GraphPad Prism 6.0 software
(GraphPad Software, USA). Data were expressed as means
=+ standard deviation (SD). The related changes in alcohol
intervention groups and control groups were evaluated using a
one-way ANOVA. The related changes between other treatment
groups and control groups were evaluated using a two-tailed
unpaired t-test. The Shapiro-Wilk normality test was performed
to analyze the data distribution for each group. Homogeneity
of variance was evaluated using Brown-Forsythe and F test
for ANOVA and unpaired t-test analyses, respectively. All
the data presented in the manuscript passed both tests and
were analyzed as normally distributed with equal variances
(Supplementary Table 1). Investigators who performed the
experiments and the statistical calculations were blinded to
the experimental protocol. Values were considered statistically
significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
HHE D < 0,0001).
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Results

Alcohol inhibited the formation of
astrocyte processes and TBCB expression
in nascent processes

To reveal the changes and the relationship between
astrocytes and TBCB after chronic alcohol exposure, low
(30mM) and high (100 mM) ethanol concentrations ethanol
were used for establishing chronic alcohol exposure models.
Astrocytes in the control group grew well and had good viability
(Figure 1D), with flat and plump cell bodies and plenty of
processes (Figure 1A). TBCB was mainly not only diffusely
distributed in the cytoplasm but also could be arranged in
filaments along with MT. It was especially abundant in nascent
processes (Figure 1A, arrows), suggesting TBCB played an
essential role in the formation of astrocyte processes. Most of
the MTs, labeled by o-tubulin, radiated from the organizing
center around the nucleus to the edge of the cell cortex and were
arranged in dense and regular lines (Figure 1A, arrows). They
were especially enhanced in the nascent processes, colocalized
with TBCB, hinting at the close relationship between MT and
TBCB in this study.

The cell injury was similar in the two alcohol groups, and
cell viability decreased (Figure 1D), but the damage degree
was concentration-dependent (Figures 1B-D). The astrocytic
body collapsed, and the cortical volume and nascent process
numbers decreased significantly (Figures 1B,C,E), indicating
that alcohol could inhibit astrocyte process formation. The
intracellular MT was significantly decreased (Figures 1E,F) with
the irregular arrangement, lower density, and more intertwined
bundles (Figures 1B,C), especially with the curly plus-ends in the
processes (Figures 1B,C, arrowheads), suggesting the irregular
growth in MT plus-ends in this study. The expression of
TBCB was decreased significantly (Figures 1F,G), particularly in
nascent astrocyte processes (Figures 1B,C, arrows, Figure 1E),
which were originally in the expression of high-density
(Figure 1A, arrows), indicating that alcohol could cause the
decrease in the expression of TBCB, especially in astrocytes
nascent processes. Moreover, it suggests that the change in the
expression of TBCB in this study was closely related to the
formation and the growth of nascent astrocyte processes.

TBCB was involved in the formation of
astrocyte processes

To confirm the relationship between the decreased
expression of TBCB after alcohol exposure and the inhibition
of process formation on astrocytes, we used siRNA to silence
TBCB. Positive cells transfected by siRNA showed green
fluorescence, and the transfection efficiency was more than
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90% (Supplementary Figure 2D). WB (Figure 2F) and PCR
(Figure 2G) showed that TBCB protein and mRNA content
were significantly decreased in the silent group, indicating that
the silencing effect was excellent.

After TBCB silence, TBCB still could be observed along
with MT (Figure 2B); however, the diffuse TBCB decreased
significantly (Figures 2B,E), especially in the nascent astrocyte
processes where the original highly expressed TBCB almost
disappeared (Figure 2B, arrows, Figure 2E). As well, the
intracellular MT content decreased (Figures 2E,F), with the
sparse and irregular arrangement, intertwined bundles, and
especially the curly plus-ends in nascent processes (Figure 2B,
arrows), indicating the irregular growth in MT plus-ends
and that the decrease or disappearance of TBCB in nascent
processes had severe impacts on the growth of MT plus-ends.
With the disappearance of TBCB from nascent processes of
astrocytes, most already formed processes were also retracted
or disappeared (Figure 2E; Supplementary Figure 2F, arrows).
These results showed that TBCB decrease at astrocyte nascent
processes did lead to the disorder of astrocyte process formation
by regulating the plus-ends of MT.

To understand whether increasing the expression of TBCB
had the opposite effect, we also overexpressed TBCB. Lentivirus
was used as the vector, and the astrocyte infection rate reached
more than 95% (Supplementary Figures 2G,H). WB (Figure 2I)
and PCR (Figure 2]) showed that the TBCB protein and
mRNA levels were significantly increased in the overexpression
group of TBCB, indicating a successful infection. After
TBCB was overexpressed, the expression of TBCB increased
(Figures 2D,H; Supplementary Figure 2L, arrows), especially in
nascent astrocyte processes (Figure 2D, arrows, Figure 2E),
accompanied by increased content and dense arrangement of
MT in the same place (Figures 2H,ID, arrows). Meanwhile,
astrocyte processes also increased significantly in numbers
(Figures 2D,H; Supplementary Figure 21); however, they lost the
original sharp-angle-shape (Figure 2C, arrows), instead with
the enlarged basal parts and obtuse tips with the longer
extension (Figure 2D; Supplementary Figure 2L, arrows), which
was similar to the huge axon-end in Giant Axonal Neuropathy
(Wang et al., 2005; Ganay et al., 2011). It was suggested that
the accumulation of TBCB could cause the huge processes
of astrocytes. All the results of this part indicated that the
concentration of TBCB within a certain range was critical for the
normal morphology and function of astrocytes. In other words,
TBCB was one of the essential factors affecting the formation
and growth of astrocyte processes by regulating the growth
of MT plus-ends. Combined with the first part experiment, it
was proved that the decreased expression of TBCB in astrocyte
processes caused by alcohol was one of the main factors leading
to the decrease in astrocyte processes by regulating the growth
of MT plus-ends. Although how TBCB banded to MT plus-
ends and regulated them was still unclear, EB1 and EB3, as the
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FIGURE 1

Morphological changes in astrocytes and expression levels of a-tubulin and TBCB after chronic alcohol exposure. (A—C) Immunofluorescence
showed that a-tubulin (red signal) was co-expressed with TBCB (green signal) in astrocytes both in the control group [Con (A)] and the chronic
alcohol exposure group [30 mM (B); 100 mM (C)]. (D) Relative cell viability was detected by Cell Counting Kit-8 after chronic alcohol exposure.
(E) The number of astrocyte processes and mean gray value (MGV) of TBCB and MT in astrocytes and its processes (MGV =
Density/Area) after chronic alcohol exposure group. (F) Western blot and (G) RT-PCR analysis of the levels of the a-tubulin protein and

TBCB/EB1 protein and its mRNA after chronic alcohol exposure compared with the control group (n = 6, p < 0.05). (A—G) Number of panels. *p

Integrated

necessary binding proteins, were the potential candidates based
on the previous research.

EB1 and EB3 were bound to MT
plus-ends in astrocytes

EB1 and EB3 were reported to bind with MT plus-ends
in many kinds of cells (Jaworski et al., 2008), but there were
still unclear in astrocytes. To confirm it and pave the way for
further experiments, interference experiments were carried out

on EB1 and EB3 mediated by siRNA transduction or lentivirus
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infection. Because that EB1 has been found to bind and regulate
MT plus-ends in astrocytes (Bu and Su, 2001; Chiu et al., 2015)
and to bind with TBCB directly (Carranza et al.,, 2013), and also
based on the inhibitory results of TBCB and EB1 (Figures 1F,G)
on MT plus-ends growth after alcohol injury, we only carried
out the silence experiments on EBI in the following studies.
However, little was known about EB3 in the relationship between
TBCB and MT plus-ends, so except for silenced experiments,
the overexpression experiments of EB3 were also carried out in
subsequent studies.

all  the
(overexpression), and control groups in our experiments,

In transfection (silence), infection
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FIGURE 2
Morphological changes in astrocytes and expression levels of TBCB and a-tubulin after TBCB was silenced or overexpressed. (A—D)

Immunofluorescence showed that TBCB [(A,B) green signal; (C,D) red signal] was co-expressed with a-tubulin [(A,B) red signal; (C,D) green
signall in astrocytes both in the control group [Con (A)] and in TBCB silence group (B) or TBCB overexpression group (D). (E,H) The number of
astrocyte processes and mean gray value (MGV) of TBCB and MT in astrocytes and its processes (MGV = Integrated Density/Area) after TBCB
was silenced or overexpressed. (F,I) Western blot and (G,J) RT-PCR analysis of the levels of the a-tubulin protein and TBCB protein and its mMRNA

after TBCB was silenced or overexpressed compared with the control group (n = 6, p < 0.05). (A=J) Number of panels. “p < 0.05, ** p < 0.01,

"% < 0.001, "% p < 0.0001.
the transfection and infection efficiencies were more In the control group, IF showed that most MT labeled by
than ~ 90%  (Supplementary Figures 2B,C)  and ~ 95% a-tubulin originated from perinuclear MT organizing centers
(Supplementary Figures 21,]),  respectively. The  proteins and were arranged in a straight, radial, dense, and regular

manner (Figures 3A,C,E, arrows), and a few were arranged
in a circle along with the cell cortex edge (Figures 3A,C,E).
Although EB1 and EB3 could be weakly distributed along with

and mRNA levels of EB1 and EB3 were significantly decreased
after gene silencing (Figures 3H,I,K,L) and increased after gene
overexpressing (Figures 3N,0), indicating that transfection and

infection were successful.
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MT, they mainly concentrated on MT plus-ends as typical bright
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FIGURE 3 (Continued)

**p < 0.01, **p < 0.001, ****p < 0.0001

comets and mean gray value (MGV) of MT in astrocytes and its processes (MGV = Integrated Density/Area) after EB1/EB3 was silenced or EB3
was overexpressed. (H,K,N) Western blot and (I,L,O) RT-PCR analysis of the levels of the a-tubulin protein and EB1/EB3 protein and its mRNA
after EB1/EB3 was silenced or EB3 was overexpressed compared with the control group (n = 6, p < 0.05). (A—O) Number of panels. *p < 0.05,

comet-like streaks (Figures 3A,C,E, arrows). Most comets were
arranged radially, with the comet-heads located at MT plus-ends
and the comet-tails toward MT organizing centers, and a few
were arranged on the circle MT plus-ends in the cell cortex. It
indicated that EB1 and EB3 were localized at the plus-ends of
MT in astrocytes.

After EB1 or EB3 silence, the comets were still located at
MT plus-ends, but the numbers decreased significantly (EB1)
or even lost (EB3), and changed into thinner, shorter, and
smaller comets (Figures 3B,D, arrows, Figures 3G,]). In addition,
the content (Figures 3G,I) and numbers (Figures 3B,D,G,]) of
MT were decreased, with a sparse, irregular arrangement and
curly plus-ends (Figures 3B,D, arrows). The astrocyte cortex
was hollowed out and collapsed (Figures 3B,D). These results
proved again EB1 localized at MT plus-ends and involved in the
regulation of the astrocyte.

After the overexpression of EB3, the comet was still localized
at MT plus-ends but significantly denser, longer, and stronger
(Figures 3F,M); meanwhile, MT grew exuberantly, mainly in
regularly radial straight lines, with obviously increased density
and length (Figures 3F,M). The astrocytes were extended and
grew dramatically compared with the control group (Figure 3F).
Combined with the silence experiments data, EB3 was confirmed
as a microtubule plus-end tracking protein in astrocytes and
involved in regulating the growth of MT plus-ends.

As we all know, EBl and EB3 were binding proteins
and could not directly act on or regulate MT plus-ends. The
regulation function of MT plus-ends they showed was attributed
to the proteins they were linked. The above experiments had
shown the ability of TBCB to regulate the MT plus-ends.
Therefore, TBCB binding to MT plus-ends through EB1/EB3
affects astrocyte processes was our aim for the subsequent study.

EB1 was necessary to mediate TBCB
binding to MT plus-ends

First, to determine whether EB1 was involved in TBCB
binding with MT plus-ends in astrocytes, EB1 was silenced with
siRNA. EB1 content was decreased (Figures 4C-E), and EBI
comets at MT plus-ends dramatically decreased and shortened
into small dots (Figure 4B, arrows, Figure 4C). Furthermore,
TBCB content decreased significantly (Figures 4C-E), especially
in astrocyte processes, but did not disappear, accompanied
by the number decrease in astrocyte processes (Figure 4B,
arrows, Figure 4C), in which most of them lost their sharp
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shape (Figure 4B, arrows). These results indicated that EBI
was necessary to mediate TBCB binding to MT plus-ends, and
through this binding, TBCB could regulate the growth of MT
plus-ends, thus affecting the formation of the astrocyte process.

EB3 was necessary to mediate TBCB
binding to MT plus-ends

Second, to determine whether EB3 mediated TBCB binding
to MT plus-ends, EB3 silence and overexpression were carried
out. After EB3 silence, similar to EB1, the expression of EB3
content was significantly decreased (Figures 5E-G), and the EB3
comets at MT plus-ends were reduced and shortened into small
dots (Figure 5B, arrows). In addition, TBCB content decreased
significantly, especially in astrocyte processes (Figures 5E,F),
and the original high expression of diffused TBCB decreased
significantly (Figure 5B, arrows), accompanied by the decrease
in astrocyte processes (Figures 5B,E). It proved EB3 was needed
for TBCB to perform its normal function on MT plus-ends.

Furthermore, after the overexpression of EB3, EB3 content
(Figures 5H-J), and the length, size, and numbers of EB3
comets increased significantly (Figure 5D, arrows, Figure 5H).
The expression of TBCB was also increased (Figures 5H-]),
and the shape and processes of astrocytes showed no obvious
change (Figure 5D). These results further prove that EB3 was
necessary for TBCB binding to MT plus-ends and contributing
to astrocyte processes.

EB1 and EB3 changed synchronously

Thirdly, to explore the possible relationship between the
two EB proteins and understand the possible binding model
between EB proteins and TBCB, we, respectively, silence and
overexpress one EB protein and detect the changes of the other.
In addition, EB3 comets co-labeled the tip of EB1 comets at MT
plus-ends in the astrocyte control group (Figures 6A,D). After
EB1 was silenced, the protein and gene levels of EB3 decreased
synchronously with EB1 (Figures 6F-H), the EB3 comets shrank
into small dots with the decreased number, and cells bodies
also shrank obviously (Figure 6B, arrows, Figure 6F). These
data suggested that the distribution and role of EB3 in MT
plus-ends were closely related to the expression of EBI1. In
addition, after EB3 silence, EBI protein and gene levels also
decreased (Figures 6],K). Meanwhile, EB1 almost lost the comet
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shape that changed into small dots and decreased (Figure 6C,
arrows, Figure 6I). Furthermore, after EB3 overexpress, the
protein and gene levels of EB1 were increased (Figures 6)V,N),
and EB1 comets also increased significantly and changed
longer and stronger (Figure 6, arrows, Figure 6L). These data
suggested that the distribution and role of EB1 in MT plus-
ends were also closely related to the expression of EB3. They
two changed synchronously and were interdependent, but not
complementary, and necessary for each other.

The change in TBCB expression led to the
synchronous change in EB1 and EB3

Fourthly, to further explore the relationship between TBCB
and EB proteins, TBCB was silenced or overexpressed. After
TBCB silence, the expression of TBCB decreased (Figures 71—
K) and almost disappeared in astrocyte processes (Figures 7B,F,
arrows, Figure 71). Conversely, it was abundant in processes after
the overexpression of TBCB (Figures 7D,H, arrows, Figure 7L).
The expression of EB1 and its mRNA both decreased in
the TBCB silence group (Figures 7I-K) and increased in the
overexpression group of TBCB (Figures 7L-N), and the comets
decreased (Figures 7B,F,I), especially in the edge of astrocytes
where the original processes were lost after silence (Figure 7B,
arrowheads) or increased significantly in the nascent process
after overexpression (Figure 7D, arrows, Figure 7L). It suggested
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that the change in EB1 was a passivity response to the disorder
of the process formation due to the irregular growth of MT
plus-ends caused by TBCB changes.

The expression of EB3 and its mRNA both decreased in
the TBCB silence group (Figures 7I-K) and increased in the
overexpression group of TBCB (Figures 7L-N). However, its
comets were almost lost and changed into small dots after TBCB
silencing (Figure 7F, arrows, Figure 7I) or increased obviously
and changed bigger and longer after TBCB overexpressing
(Figure 7H, arrows, Figure 7L). It suggested that EB3 was not
only involved in binding with TBCB on MT plus-ends but also
relied, at least partly, on TBCB to execute its normal function.

The above experiments confirmed that alcohol could cause
TBCB decrease, impede the growth of MT plus-ends through
binding with EB1 and EB3, and cause the deficient arrangement
of astrocyte processes, finally leading to neurological symptoms.
However, the signaling pathway that regulates the expression
of TBCB after alcohol exposure is still unclear, and we did the
following experiments to explore it.

ERK1/2 signaling pathway regulated the
expression of TBCB

To determine whether the MAPK signaling pathway

regulates the expression of TBCB, we detected MAPK
phosphorylation levels after chronic alcohol exposure to

frontiersin.org


https://doi.org/10.3389/fncel.2022.989945
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Zheng et al.

10.3389/fncel.2022.989945

TBCBJSiEB3

**p < 0.01, ***p < 0.001, ****p < 0.0001.

E1 E2 E3 F1 E2 G
8 g 3 3
c y = e 2 vee
“ e = R cw Con & 2 20 e @EB3 3 S OE
= £ ane i Ef > 0020 = EB3
S M —— 3 " 8"/ 2 = =Tacs 2 o =Tacs
£ 600 s 38 EB3 | 3202 £¢ 15{ o <@ oos| &,
& S 100 8 g 100 20 Z0O
3 o ,,, 2 TBCB °@ 10 E@ 5010
o 400 Q 8 5 a . . |37KDa G g 0
0 J = 3 50 o 50 ©7T 05 0T
= 200 m © =3 e o 2 € o.00s
2 I‘Ij o £ o 8 B-actin [wee s 42kDa = ® 2§
=1 ° © e 0.0 8
g 0 E @ 0 g £ o0 ° 8 N o g 0000
z Con siEB3 Con SEB3 k& Con siEB3 ©w Con  siEB3 xuw Con  siEB3
H1 H2 H3 I 12 J
%
8 'f& s raer 5
w T & e ° 5 v = T
S 800 " =~ 150 —_— £ 8 100 —_— Con ¢ > 200 ™ o3 S oo, war oEBs
P —_— 3 =2 2 e =Tecs 2 o =TBCB
2 600 < S8 8o EB3 32%Da Em 15 < o 00157
§ L €8 wf 3 £3 £3
@ @ 4
O 400{ 2 o [ 3 & 4 TBCB E]aﬂ(m 5 10 £ 0010
3 = 3 50 o rE-] -] |
& 200 m 8 23 ’ e os $ € o005
3 o 8 mg B-actin 42kDa £ 9 £0
E a 7 oL ? Bem g T o
s 0 = g @ ﬁ [} oo o 0.000
z Con overEB3 Con overEB3 + w Con overEB3 xw Con  overEB3 cuw Con overEB3
FIGURE 5

The expression of TBCB after EB3 was silenced or overexpressed in astrocytes. (A—D) Immunofluorescence showed that EB3 [(A—D) green
signal] was co-expressed with TBCB [(A—D) red signal] in astrocytes both in the control group [Con (A,C)] and EB3 silence group (B) or EB3
overexpression group (D). (E,H) The number of EB3 comets and mean gray value (MGV) of TBCB in astrocytes and its processes (MGV =
Integrated Density/Area) after EB3 was silenced or overexpressed. (F,1) Western blot and (G,J) RT-PCR analysis of protein and mRNA levels of
EB3 and TBCB after EB3 was silenced or overexpressed compared with the control group (n = 6, p < 0.05). (A=J) Number of panels. *p < 0.05,

astrocytes (Figures 8E-G). Compared with the control group,
the p-ERK1/2 protein level decreased after chronic alcohol
exposure (Figure 8E, p < 0.05), which was consistent with the
change of TBCB, while p-P38 and p-JNK showed no significant
change (Figure 8E, p > 0.05). It suggested that the MAPK-
ERK1/2 signaling pathway might interfere with the expression
of TBCB after chronic alcohol exposure. Therefore, to further
confirm the relationship between the ERK1/2 pathway and
TBCB, the phosphorylation levels of MAPK were detected after
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silencing or overexpressing TBCB. Similar results were gathered:
p-ERK1/2 was changed synchronously with that of the TBCB
(Figures 8F,G, p < 0.05) but not of the p-P38 and p-JNK
(Figures 8F,G, p > 0.05). It indicated that the ERK1/2 signaling
pathway was involved in the regulation of the expression of
TBCB after chronic alcohol exposure.

Moreover, to confirm that the ERK1/2 signaling pathway was
one of the main signaling pathways regulating the expression of
TBCB, astrocytes were treated, respectively, with ERK1/2 agonist
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(TPA) and MEK1/2 inhibitor (U0126) (Figures 8A-C,H). The
expression of TBCB and a-tubulin upregulated (Figure 8H,

p < 0.05) with special abundant TBCB and densely messy

MT in newly formed processes (Figure 8B, arrows, Figure 8D)

after activating the ERK1/2 pathway. In contrast, they were
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downregulated (Figure 8H, p < 0.05) with scarce TBCB and
irregular MT in decreased astrocyte processes (Figure 8C,
arrows, Figure 8D) after inhibiting the ERK1/2 pathway. These
results proved that activation or inhibition of the ERK1/2

signaling pathway could change the expression of TBCB and
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then affect the formation of astrocyte processes. To sum up, the
MAPK-ERK1/2 signaling pathway was one of the main signaling
pathways to regulate the expression of TBCB in astrocytes after
alcohol exposure.

Discussion

In this study, we confirmed that the decreased TBCB was
one of the critical factors for the formation and growth disorder
of astrocyte processes after chronic alcohol exposure; TBCB,
which could be regulated by ERR signaling pathway, regulated
the growth of MT plus-ends through binding with EB1 and
EB3, and thus regulated the formation and growth of astrocyte
processes. Besides these, our study also showed the following
interesting findings.

TBCB content in a certain range was
critical for the normal morphology of
astrocyte processes

Tubulin cofactor B was initially discovered as a protein
required for proper tubulin folding and heterodimer formation
(Lopez-Fanarraga et al., 2007; Baffet et al., 2012), transitory
tubulin storage (Tian et al., 1997), tubulin degradation processes
(Keller and Lauring, 2005; Kortazar et al, 2007), and the
synthesis, growth, and metabolism of MT (Carranza et al,
2013; Tian and Cowan, 2013; Nithianantham et al., 2015;
Al-Bassam, 2017). Previous experiments found two forms of
the expression of TBCB: mainly distributed diffusely in the
cytoplasm (Feierbach et al., 1999; Radcliffe et al., 1999; Kortazar
et al., 2007; Lopez-Fanarraga et al., 2007) and partly overlaps
with MT (Vadlamudi et al., 2005; Baffet et al., 2012), which
were similar to our findings in astrocytes. TBCB was found
localized on newly polymerized microtubules (Vadlamudi et al.,
2005; Carranza et al., 2013) and might act on MT plus-ends in
oocytes (Baffet et al., 2012), microglia (Fanarraga et al., 2009a,b),
and neurons (Mitchison and Kirschner, 1984), thus affecting cell
polarity, dynamic changes, and neurite growth. Our study also
supplied similar data about astrocytes.

However, for the role of TBCB to MT plus-ends, maybe
due to species or cells diversity and different degrees of TBCB
interference or difference in technical approaches, there were
inconsistent results: decreased or lost TBCB resulted in the
decrease in a-tubulin (Radcliffe et al., 1999; Radcliffe and
Toda, 2000; Baffet et al, 2012) vs. enhancing MT density
(Lopez-Fanarraga et al., 2007; Fanarraga et al., 2009b); the
overexpression of TBCB led to MT loss (Radcliffe et al., 1999;
Wang et al., 2005; Kortazar et al., 2007; Fanarraga et al., 2009b;
Ganay et al., 2011; Baffet et al., 2012) vs. obvious enhancement
on the MT plus-ends growth in ours study; TBCB was not a
destabilizing agent of MTs (Cleveland et al., 2009; Ganay et al.,
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2011). In this study, normally, TBCB was highly expressed in
the new processes of astrocytes and co-expressed with MT plus-
ends. In our study, silencing or overexpressing TBCB induced
the synchronous change in MT plus-ends (Figure 3), which both
led to the disorder of processes formation: the former impeded
the formation or growth of astrocyte processes and the latter
enhanced the formation or growth of astrocyte processes in
the abnormal shapes with expanding basal parts and obtuse
tips (Figure 2D; Supplementary Figure 21, arrows), like the
enlargement of the neuron axon in Giant Axonal Neuropathy
(Ganayetal., 2011). Our data indicated that the balance of TBCB
within a certain range was critical for the normal morphology
and function of astrocytes; too low a concentration of TBCB
was not conducive to the formation and growth of astrocyte
processes, and too high a concentration would lead to expanding
at the process base, which may be achieved by participating in
the assembly and dissociation of MT plus-ends.

TBCB might affect the stability of MT
minus-ends and MT walls

In most mammalian cells, microtubules grow from the
microtubule-organizing center (MTOC) near the nucleus
(usually the centrosome), where their minus-ends may be stably
anchored (Schuyler and Pellman, 2001; Dammermann et al,
2003; Louie et al., 2004; Galjart, 2010). TBCB was found to
localize at the centrosome of the base of the primary cilium
(Bloodgood, 2009; Carranza et al., 2013) and the centrosome of
Vero cells (Vadlamudi et al., 2005). When TBCB of astrocytes
decreased due to alcohol interference and siRNA silencing, the
perinuclear TBCB did not change significantly (Figures 1A-C,
2A-D), and there was still TBCB distributed along with the
MT (Figures 1A-C, 2A-D), indicating that perinuclear TBCB
and TBCB arranged along with MT might have an additional
function. MT shaft was composed of GDP-tubulin and was
intrinsically unstable (Akhmanova and Steinmetz, 2015). These
results indicated that TBCB might be related to the stability of
the MT wall and minus-ends, while the specific effect needs to
be further discussed.

EB1 and EB3 might bind to MT plus-ends
as a heterodimer in astrocytes

Our study showed that EB1 and EB3 were always changed
synchronously in astrocytes. Silencing one of them, led the both
to decrease with the typical comets losing or changing into small
dots (Figures 6B,C, arrows); overexpressing EB3 led them both
to upregulate with bigger, longer, and more comets (Figure 6E).
Although EBs could compete with each other (Komarova et al.,
2009) in astrocytes, there was undoubtedly not in this case.
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In addition, although our results showed that they were both
required for TBCB binding to MT plus-ends, they also did not
show the character of compensating each other for binding with
TBCB when one of them was decreased or lost. The findings
that EB1 and EB3 could form heterodimers, which have a
higher affinity for the growing of MT plus-ends than single
monomers in cells (Komarova et al., 2009), could explain our
results. Therefore, it can be concluded, based on our and the
previous data, that EB1 and EB3 may bind to MT plus-ends as a
heterodimer in astrocytes. This speculation also was confirmed
by the results that silencing or overexpressing any one of these
EBs always led to the synchronous change of TBCB (Figures 4,
5). It also hinted that TBCB connected with MT plus-ends might
be through the heterodimer of EB1 and EB3. However, further
experiments are still needed to verify it.

Accumulated TBCB, not EB3, was
involved in the formation of the huge
nascent processes in astrocyte

TBCB and EB3 were both increased obviously after the
overexpression of TBCB or EB3. However, the shape of nascent
astrocyte processes was different: maintaining the original
shape after the overexpression of EB3 (Figures 5D, 6E) vs.
changing into the expanded basal parts with the obtuse tips
after the overexpression of TBCB (Figures 7D,H). After EB3
overexpressing, EB1 was increased obviously (Figure 6D) for
forming the heterodimer with EB3, and all binding partners
connected to MT plus-ends through EBs, including TBCB,
were increased responsively and passively. These proteins
increased proportionally, finally inducing more processes with
the normal shape.

However, overexpressing TBCB led to the abnormal
nascent process— ‘huge process,” which has the expanded basal
part with an obtuse tip (Figure 2D; Supplementary Figure 2L,
arrows). Although EBI and EB3 were increased responsively
(Figure 7), other partners required to build the processes could
not be regulated proportionally or could not compete with
accumulated TBCB for the binding site, led to abnormal growth
of MT plus-ends and finally caused the malformed nascent
processes in astrocyte. These results also proved the special
function of TBCB in regulating the formation and growth of
nascent astrocyte processes.

TBCB was involved in the formation of
EB3 comet

After TBCB silencing or overexpressing, the content and the
comets number of EBI and EB3 were changed synchronously
(Figure 7), possibly because of the response to the change of
TBCB. But interestingly, the shape of their comets was changed
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inconsistently. The EB1 comets still maintained their original
shape (Figures 7B,D); however, most EB3 comets changed into
smaller dots after TBCB silence (Figure 7F) or became more
prominent and stronger after TBCB overexpressing (Figure 7H).
These proved that TBCB might not involve in the comet
structure formation of EB1 but might participate in EB3s. In
other words, the formation of EB3 comets, a symbol of active
function in normal (Mourino-Perez et al., 2013), might depend,
at least partly, on the expression of TBCB. However, further and
systemic research is still needed to reveal it.

Conclusion

Some of the neurological symptoms of FAS might be
related to the formation disorder of astrocyte processes, and
the altered organization of astrocytes reported in the FAS could
be explained by the decrease in TBCB which could regulate
the growth of MT plus-ends through binding with EB1/EB3
and by MAPK-ERK1/2 signaling pathway. These observations
have relevance for understanding the mechanism underlying the
astrocyte alterations that occurred in the pathogenesis of fetal
alcohol syndrome.
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Understanding the development of intercellular communication in sensory
regions is relevant to elucidate mechanisms of physiological and pathological
responses to oxygen shortage in the newborn brain. Decades of studies in
laboratory rodents show that neuronal activity impacts sensory maturation
during two periods of postnatal development distinguished by the maturation
of accessory structures at the sensory periphery. During the first of these
developmental periods, angiogenesis is modulated by neuronal activity, and
physiological levels of neuronal activity cause local tissue hypoxic events. This
correlation suggests that neuronal activity is upstream of the production of
angiogenic factors, a process that is mediated by intermittent hypoxia caused
by neuronal oxygen consumption. In this perspective article we address three
theoretical implications based on this hypothesis: first, that spontaneous
activity of sensory neurons has properties that favor the generation of
intermittent tissue hypoxia in neonate rodents; second, that intermittent
hypoxia promotes the expression of hypoxia inducible transcription factors
(HIFs) in sensory neurons and astrocytes; and third, that activity-dependent
production of angiogenic factors is involved in pathological oxygen contexts.

hypoxia, onset of hearing, neurovascular unit, astrocytes, hemodynamics

Introduction

Perinatal damage to the developing brain is a major cause of death and permanent
neurodevelopmental disability in the world, with oxygen shortage being an important
factor that affects preterm and term neonates (Watchel et al, 2019). For example,
asphyxia and hypoxic-ischemic insult are associated with hearing loss and poor speech
development in humans (Pham, 2017), and with auditory brainstem processing deficits
in rodent models (Hall, 1964; Kaga et al., 1996; Rehn et al., 2002; Strata et al., 2005, 2010;
Jiang et al,, 2009). These observations indicate that part of the pathology derived from
altered oxygen supply in the neonate brain involves sensory neurons, but its effect on
other cell types remains relatively unexplored. Intriguingly, recent studies showed that
local tissue hypoxic events are generated in response to physiological levels of neuronal
activity in the somatosensory cortex of neonate rodents (Kozberg et al, 2016), and
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that this occurs contemporary with a period in which
angiogenesis is modulated by neuronal activity (Lacoste et al,,
2014; Whiteus et al,, 2014). This correlation suggests that
neuronal activity is upstream of the production of angiogenic
factors, a process that is mediated by intermittent hypoxia
caused by neuronal oxygen consumption. In this perspective
article we address three theoretical implications based on this
hypothesis: first, that spontaneous activity of sensory neurons
has properties that favor the generation of intermittent tissue
hypoxia in neonate rodents; second, that intermittent hypoxia
promotes the expression of hypoxia inducible transcription
factors (HIFs) in sensory neurons and astrocytes; and third, that
activity-dependent production of angiogenic factors is involved
in pathological oxygen contexts (Figure 1).

Properties of spontaneous activity of
sensory neurons that favor the
generation of intermittent hypoxia in
neonate rodents

In rodents, developmental changes in neuronal activity
of sensory neurons are observed during two periods of
postnatal development. In the first period, spontaneous bursts
of action potentials that originate endogenously in sensory
organs propagate to the brain through neuronal connections
that are refined by activity-dependent and genetically encoded
mechanisms. During the second period, development of
accessory structures at the sensory periphery marks the onset
of sensation and initiates critical periods where synaptic and
intrinsic neuronal properties continue to recalibrate in response
to activity changes driven by stimuli from the environment
(Knudsen et al., 2000; Wang and Bergles, 2015; Seabrook et al.,
2017; Cisneros-Franco et al., 2020; Rubio, 2020). For example,
between birth (postnatal day 0, PO) and P12 cochlear inner
hair cells in the auditory system fire spontaneous bursts of
calcium action potentials that drive activity-dependent synaptic
refinement and maturation of intrinsic properties in central
auditory neurons (Tritsch et al., 2007, 2010; Kandler et al., 2009;
Johnson et al., 2011, 2012; Clause et al., 2014; Sendin et al., 2014;
Di Guilmi et al., 2019). In turn, around P10 in mice and P12 in
rats, formation of the ear canal and clearance of mesenchyme
from the middle ear cavity mark the beginning of experience-
dependent plasticity in the auditory system (Sanes and Bao,
2009; de Villers-Sidani and Merzenich, 2011; Adise et al., 2014;
Anthwal and Thompson, 2015).

Although different cellular mechanisms are involved in
the generation of spontaneous neuronal activity in different
sensory organs before P12, electrophysiology recordings showed
that action potential bursts are the predominant firing pattern
in individual visual and auditory neurons of neonate rodents
(Mooney et al, 1996; Sonntag et al, 2009; Tritsch et al,
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2010). It is important to note that during burst activity the
firing rates of individual auditory neurons vary across three
orders of magnitude. This means that although action potential
bursts occur very infrequently (30-100 mHz), maximal firing-
rates within bursts can reach between 10 Hz and up to
100 Hz for bursts that last from 2 to 12 s (Tritsch et al,
2010). In addition, multi-electrode recordings in the auditory
brainstem of neonate rats showed evidence that the levels of
ensemble neuronal activity increase from birth until hearing
onset, reaching a maximum at P9 (Di Guilmi and Rodriguez-
Contreras, 2021).

Classic studies in the mammalian visual system have shown
that optical recordings of neuronal activity can provide detailed
information about the spatiotemporal properties of spontaneous
ensemble neuronal activity, complementing the information
obtained with electrophysiological methods (Meister et al., 1991;
Wong et al,, 1993, 1995). In recent studies, transgenic mice that
express genetically encoded calcium indicators in neurons were
used to show that ensembles of sensory midbrain and cortical
neurons exhibit highly synchronized activity with different
modes of propagation. In the visual system, ensemble neuronal
activity propagates through waves of irregular trajectories that
resemble the waves of neuronal activity generated in the retina
(Wong et al., 1995; Ackman et al,, 2012). In the auditory system,
ensemble neuronal activity is spatially restricted, and resembles
the spatiotemporal activation of hair cells in the cochlea (Tritsch
and Bergles, 2010; Babola et al, 2018). Additional calcium
imaging studies in mouse auditory midbrain showed that
spontaneous ensemble neuronal activity becomes more frequent
and spatially refined between birth and P12 (Wang et al,
2021). Despite the different modes of propagation, spontaneous
ensemble neuronal activity is stochastic, and highly variable
in amplitude and duration, which implies participation of
different numbers of cells during each activation event (Ackman
et al,, 2012; Babola et al., 2018). Altogether, these results raise
new questions about the significance of the spatiotemporal
features of spontaneous neuronal activity during postnatal
development.

The significance of the spatiotemporal changes of neuronal
activity before P12 has been addressed in the context of
synaptic development, where neurons that fire together wire
together (Butts et al., 2007). However, recent studies motivated
to characterize the development of neurovascular responses
in neonates have provided novel and intriguing results for
alternative lines of investigation. Using genetic targeting of
calcium indicators in neurons, Kozberg and colleagues showed
that sensory stimulation reliably activates localized neuronal
ensembles in the somatosensory cortex but fails to cause
a significant increase in blood flow at ages P7-P8. In
contrast, at ages P12-P15 and adulthood, sensory neuron
activation leads to robust increases in blood flow due to
neurovascular coupling (Kozberg et al, 2016). Furthermore,
the authors obtained simultaneous optical measurements of
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FIGURE 1

Hypothetical model for neuronal activity modulation of angiogenesis in neonate rodents. (A) Under environmental normoxic conditions,
co-active neurons contribute to generate an intermittent hypoxic environment that favors proangiogenic signaling through the HIF/VEGF
pathway. Neuron to astrocyte communication may contribute to VEGF production through unidentified signals. (B) Under environmental hypoxic
conditions, a sustained hypoxic environment is imposed in the brain parenchyma. Sustained hypoxia inhibits electrical activity in neurons and
potentially, signaling from neurons to astrocytes. Despite favorable conditions for HIF/VEGF signaling, VEGF levels are reduced resulting in a
decrease in the angiogenic response. (C) Under environmental hyperoxic conditions, a sustained hyperoxic environment is imposed on the brain
parenchyma. Sustained hyperoxia is favorable for neuronal activity but not for HIF/VEGF signaling in neurons. Altered VEGF release and aberrant
angiogenic responses are hypothesized to originate from abnormal neuron to astrocyte signaling. Circles represent neurons. Triangles represent
astrocytes. Red cylinders represent blood vessels expressing VEGF receptors (VEGFR), shown in blue. Active cells and pathways are shown in
purple and black, respectively. Inactive cells and pathways are shown in gray. HIF/VEGF signaling pathway has been adapted from Leu et al
(2019). HIF, hypoxia inducible transcription factor; VEGF, vascular endothelial growth factor.

neuronal activity and local changes in oxygenated hemoglobin.
This approach demonstrated the existence of local hypoxic
events in P7-P8 mice, particularly during long periods of
ensemble neuronal activity, whether they were initiated by
sensory stimulation or occurred spontaneously (Kozberg et al.,
20165 reviewed in Kozberg and Hillman, 2016).
Altogether, the of burst
spontaneously active sensory neurons, the developmental

predominance firing in
increase in the number of co-active cells in ensembles, and
the recent discovery that blood flow does not increase in
response to neuronal activity in neonates before P12, imply that
sensory neurons that fire together contribute to generate a tissue
environment characterized by intermittent hypoxia, despite
the fact that neonates breathe in a normoxic environment
(Figure 1A).

Intermittent hypoxia favors the
expression of hypoxia inducible factors
(HIFs) in sensory neurons and astrocytes

Vascular development and homeostasis are partly regulated
by vascular endothelial growth factor (VEGF), a secreted
polypeptide that is produced by tissues in response to hypoxia.
VEGF activates receptors on vascular endothelial cells that
promote their survival, proliferation, and migration toward the
VEGF source (Chung and Ferrara, 2011; Leu et al, 2019).
Because transcription of the Vegf gene is controlled by HIFs,
a—B heterodimeric transcription factors that are stabilized by
tissue hypoxia (Semenza, 2014), different studies have used
genetic manipulations of this signaling pathway in the retina and
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the brain of neonate mice to determine its effects on vascular
development.

In the retina, the three vascular layers: the external,
the deep and the intermediate plexuses, begin to form at
birth, at P7 and at P11, respectively. Genetic activation or
suppression of HIF/VEGF signaling in retinal horizontal or
amacrine cells results in inversely modulated intermediate
plexus vascularization (Usui et al, 2015). When genetic
suppression of HIF/VEGF in neurons was compared to genetic
suppression of HIF/VEGF in astrocytes, the results indicated
that neurons and astrocytes are sources of VEGF that affect
angiogenesis of the intermediate plexus. Interesting to us, broad
suppression of VEGF also affected astrocyte migration, while
suppression of VEGF only in astrocytes affected endothelial cell
migration. This suggests that paracrine and autocrine VEGF
have different effects in the proliferation and migration of retinal
endothelial cells and the migration of astrocytes, respectively
(Rattner et al., 2019).

Tissue hypoxia stabilizes the expression of HIFs by inhibiting
the HIF suppressing action of prolyl-4-hydroxylase domain
(PHD) enzymes (Rey and Semenza, 2010; Leu et al, 2019).
PHD?2 is the most abundant isoform in neurons of the mouse
brain (Rabie et al, 2011; Segura et al, 2016), and has been
identified to be the critical oxygen sensor setting the low
steady-state levels of HIFs in normoxic conditions (Berra
et al,, 2003). Nasyrov and colleagues generated Phd2-deficient
and Hifla/Hif2a-deficient mice to demonstrate that perinatal
activation or suppression of HIF signaling in excitatory forebrain
neurons inversely modulates angiogenesis at age P7 but not at
birth (Nasyrov et al., 2019). When Phd2/Hifla/Hif2a-deficient
animals were generated and analyzed, the authors found that
in addition to HIFla stabilization, VEGF mRNA levels were
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increased not only in neurons but surprisingly also in astrocytes.
Although the molecular mechanism was not identified, this
result underscores the relevance of signaling between neurons
and astrocytes (Nasyrov et al.,, 2019).

Altogether, the results of neuron and astrocyte targeted
genetic manipulations in neonate mice show evidence
that these cells express HIFs at the developmental period
when spontaneous activity of sensory neurons is at its
peak. Furthermore, these studies also show that specific
of VEGF for local
produce VEGF in
we address studies

types of neurons are a major source
angiogenesis, and that astrocytes can
response to neuronal signaling. Next,
that demonstrate a relationship between neuronal activity
and postnatal angiogenesis in physiological and pathological
contexts.

Activity-dependent production of
angiogenic factors is involved in
pathological oxygen contexts

In the retina, the development of the external and deep
vascular plexuses overlaps with a period of cholinergic neural
activity driven by starburst amacrine cells (SAC), the only
cholinergic neurons during the PO-P10 developmental stage
(Seabrook et al, 2017). By using a combination of SAC
ablation, pharmacological blockade of cholinergic activity,
and chemogenetic inhibition of SAC activity from P3 to
P9, Weiner and colleagues demonstrated that SAC activity
is involved in vascularization of the deep retinal layer, but
not the external layer by a decrease in VEGF (Weiner
et al,, 2019). Furthermore, in this study the authors showed
that inhibiting cholinergic activity also reduced the vascular
defects in a mouse model of oxygen-induced retinopathy
(Weiner et al, 2019). The results of this study show that
neuronal activity lies upstream of VEGF and highlight the
important role of this signaling pathway in developmental and
pathological angiogenesis (Kurihara et al., 2014; Weiner et al,,
2019).

Discussion

In this perspective article, we hypothesized that neuronal
activity is upstream of the production of angiogenic factors,
a process that is mediated by intermittent hypoxia caused by
neuronal oxygen consumption. Next, we discuss alternative ideas
that support or argue against this hypothesis, and propose
potential areas for future research.

Although we have argued that the spontaneous electrical
activity of sensory neurons has properties that favor the
generation of intermittent tissue hypoxia in postnatal mice, it
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is important to acknowledge that synaptic neurotransmission
between neurons may play a substantive role in linking neuronal
activity to responses from other cells of the neurovascular unit.
This interpretation is supported by the studies of cholinergic
SAC in the retina, which are cells that do not fire action
potentials, and nevertheless play integral roles in synaptic
communication with other SAC and with retinal ganglion
cells (Seabrook et al, 2017; Weiner et al, 2019). Others
have also proposed that the dependence of angiogenesis on
neuronal activity may be restricted to specific circuits and CNS
regions at different periods in development (Weiner et al,
2019).

We have also argued that neuronal activity promotes the
expression of HIFs in sensory neurons and astrocytes by creating
an environment of intermittent hypoxia. Others have proposed
that developmental angiogenesis is dependent on additional
energy consuming processes such as myelination (Yuen et al,
2014). Without a quantification of oxygen consumption by
different cellular processes, it will be difficult to argue in
favor of a general role of neuronal activity in different regions
of the brain. It is clear however, that VEGF is a main
factor regulating angiogenesis in the retina and the brain
of neonates, and that VEGF is produced by specific types
of neurons and by astrocytes (Usui et al, 2015; Nasyrov
et al, 2019; Weiner et al,, 2019). Additional signaling roles
for oligodendrocytes, microglia, and mural cells cannot be
excluded (Yuen et al, 2014; Biswas et al, 2020; Huang,
2020).

As participants of the tripartite synapse, astrocytes
communicate with neurons and regulate neurotransmitter
processes (Araque et al,, 2014; Durque and Araque, 2019).
Thus it is possible that synaptic communication could confer
the hypoxic signal to neighboring cells through spillover of
co-transmitters such as ATP, acetylcholine or to-be-identified
transmitters released from neurons to astrocytes (Nasyrov
et al, 2019; Weiner et al, 2019). Relevant examples of
communication between sensory cells and glia exist in the
developing auditory system. For example, glia-like supporting
cells in the cochlea have been identified as key initiators
of inner hair cell depolarization and calcium spiking via
the extracellular release of potassium ions modulated by
purinergic signaling (Tritsch et al.,, 2007; Babola et al., 2020).
A recent calcium imaging study in the mouse auditory
midbrain also showed that spontaneous bouts of ensemble
neuronal activity triggered the co-activation of astrocytes by
inducing calcium release from intracellular stores through
the activation of metabotropic glutamate receptors, mGluRS5,
and mGIuR3 (Kellner et al,, 2021). The significance of these
forms of co-activation between sensory cells and glial cells for
HIF/VEGF signaling and postnatal angiogenesis remain to be
established.

Lastly, we considered that activity-dependent production of
angiogenic factors is altered in pathological oxygen contexts.
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The severity of brain damage caused by altered oxygen levels
may be a function of the developmental stage, the direction
of oxygen change, and the spatiotemporal spread of the effect.
We believe that distinction between intermittent physiological
and sustained pathological oxygen changes is important.
Figures 1B,C shows a hypothetical view of pathological
contexts. First, because neurons have a high energy turnover
and rely on aerobic metabolism, we can expect that an
environmental decrease in oxygenation would lead to a sustained
decrease in tissue oxygen levels, with subsequent inhibition
of neuronal activity (Figure 1B, Lujan et al,, 2021). If VEGF
production was dependent on neuronal activity, this would lead
to hypovascularization, although compensatory mechanisms
could be observed. In contrast, neuronal activity may produce
aberrant new vessels in the presence of increased oxygen levels
(Figure 1C, Weiner et al., 2019). In addition, it is important to
acknowledge that changes in oxygen levels may be accompanied
by other factors such as aglycemia and inflammation during
ischemic-hypoxic contexts, which could have different effects in
gray matter compared to white matter regions (Tekkok et al,
2003).

Despite the above considerations, it remains to be
determined how the effects of acute oxygen changes translate
into long-term deficiencies in sensory processing, motor
function, and cognition. Functional magnetic resonance
imaging (fMRI) studies in the somatosensory system and
the visual system of rats showed gradual increases in the
magnitude of the blood oxygen level-dependent (BOLD)
signal in response to sensory stimulation between P13 and
adulthood (Colonnese et al.,, 2008; Chan et al., 2010), which
were in agreement with earlier studies of sensory plasticity,
where changes in regional manganese-enhanced MRI activity
were detected in the auditory midbrain of mice reared in
control and experimental sound conditions between P13 and
P19 (Yu et al, 2007). Could alterations in activity-dependent
angiogenesis during early postnatal development be related
to long-term defects in neurovascular coupling? Although
the mechanisms that trigger neurovascular coupling are
under intense investigation (Kaplan et al, 2020), future
work can focus in a detailed examination of the onset of
neurovascular coupling and its relationship to recent angiogenic
activity in relevant auditory and voice control regions of
animal models, or in human subjects with non-invasive
approaches.

References

Ackman, J. B, Burbridge, T. J., and Crair, M. C. (2012). Retinal waves coordinate
patterned activity throughout the developing visual system. Nature 490, 219-225.
doi: 10.1038/nature11529

Adise, S., Saliu, A., Maldonado, N., Khatri, V., Cardoso, L., and Rodriguez-
Contreras, A. (2014). Effect of maternal care on hearing onset induced by

Cellular Neuroscience

92

Data availability statement

The original contributions presented in the study are
included in the article, further inquiries can be directed to the
corresponding author.

Author contributions

AR-C conceived the idea and wrote the final version of
the manuscript with input from all the authors. LK, RQ, AN,
and AR-C discussed and drafted the manuscript. RQ and AR-C
generated figures. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by startup funds from

Northwestern University to AR-C.

Acknowledgments

We would like to thank Drs. Jason Tait Sanchez and Beverly
A. Wright for their comments on a previous version of this
manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

developmental changes in the auditory periphery. J. Neurosci. 34, 4528-4533.
doi: 10.1523/J]NEUROSCI.4188-13.2014

Anthwal, N., and Thompson, H. (2015). The development of the
mammalian outer and middle ear. J. Anat. 228, 217-232. doi: 10.1111/joa.
12344

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025429
https://doi.org/10.1038/nature11529
https://doi.org/10.1523/JNEUROSCI.4188-13.2014
https://doi.org/10.1111/joa.12344
https://doi.org/10.1111/joa.12344
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org

Araque, A., Carmignoto, G., Haydon, P. G, Oliet, S. H., Robitaille, R., and
Volterra, A. (2014). Gliotransmitters travel in time and space. Neuron 81, 728-739.
doi: 10.1016/j.neuron.2014.02.007

Babola, T. A., Kersbergen, C. ], Wang, H. C,, and Bergles, D. E. (2020).
Purinergic signaling in cochlear supporting cells reduces hair cell excitability by
increasing the extracellular space. eLife 9:¢52160. doi: 10.7554/eLife.52160

Babola, T. A,, Li, S., Gribizis, A., Lee, B. ], Issa, J. B, Wang, H. C,, et al. (2018).
Homeostatic control of spontaneous activity in the developing auditory system.
Neuron 99, 511-524.e5. doi: 10.1016/j.neuron.2018.07.004

Berra, E., Benizri, E., Ginouves, A., Volmat, V., Roux, D., and Pouysségur, J.
(2003). HIF prolyl-hydroxylase 2 is the key oxygen sensor setting low
steady-state levels of HIF-1 alpha in normoxia. EMBO J. 22, 4082-4090.
doi: 10.1093/emboj/cdg392

Biswas, S., Cottarelli, A., and Agalliu, D. (2020). Neuronal and glial
regulation of CNS angiogenesis and barriergenesis. Development 147:dev182279.
doi: 10.1242/dev.182279

Butts, D. A., Kanold, P. O., and Shatz, C. J. (2007). A burst-based “Hebbian”
learning rule at retinogeniculate synapses links retinal waves to activity-dependent
refinement. PLoS Biol. 5:e61. doi: 10.1371/journal.pbio.0050061

Chan, K. C, Xing, K. K., Cheung, M. M., Zhou, L. Y,, and Wu, E. X. (2010).
Functional MRI of postnatal visual development in normal and hypoxic-ischemic-
injured superior colliculi. Neuroimage 49, 2013-2020. doi: 10.1016/j.neuroimage.
2009.10.069

Chung, A. S., and Ferrara, N. (2011). Developmental and pathological
angiogenesis. Annu. Rev. Cell Dev. Biol. 27, 563-584. doi: 10.1146/annurev-cellbio-
092910-154002

Cisneros-Franco, J. M., Voss, P, Thomas, M. E., and de Villers-Sidani, E.
(2020). Critical periods of brain development. Handb. Clin. Neurol. 173, 75-88.
doi: 10.1016/B978-0-444-64150-2.00009-5

Clause, A., Kim, G., Sonntag, M., Weisz, C. J. C., Vetter, D. E., Rubsamen, R.,
et al. (2014). The precise temporal pattern of prehearing spontaneous activity
is necessary for tonotopic map refinement. Neuron 82, 822-835. doi: 10.1016/j.
neuron.2014.04.001

Colonnese, M. T., Phillips, M. A, Constantine-Paton, M., Kaila, K,
and Jasanoff, A. (2008). Development of hemodynamic responses and
functional connectivity in rat somatosensory cortex. Nat. Neurosci. 11, 72-79.
doi: 10.1038/nn2017

de Villers-Sidani, E., and Merzenich, M. M. (2011). Lifelong plasticity in the rat
auditory cortex: basic mechanisms and role of sensory experience. Prog. Brain Res.
191, 119-131. doi: 10.1016/B978-0-444-53752-2.00009-6

Di Guilmi, M. N., Boero, L. E., Castagna, V. C., Rodriguez-Contreras, A.,
Wedemeyer, C., Gomez-Casati, M. E., et al. (2019). Strengthening of the efferent
olivocochlear system leads to synaptic dysfunction and tonotopy disruption of a
central auditory nucleus. J. Neurosci. 39, 7037-7048. doi: 10.1523/JNEUROSCI.
2536-18.2019

Di Guilmi, M. N., and Rodriguez-Contreras, A. (2021). Characterization of
developmental changes in spontaneous electrical activity of medial superior olivary
neurons before hearing onset with a combination of injectable and volatile
anesthesia. Front. Neurosci. 15:654479. doi: 10.3389/fnins.2021.654479

Durque, C. A., and Araque, A. (2019). Diversity and specificity of astrocyte-
neuron communication. Neuroscience 396, 73-78. doi: 10.1016/j.neuroscience.
2018.11.010

Hall, J. G. (1964). The cochlea and the cochlear nuclei in neonatal asphyxia. A
histological study. Acta Otolaryngol. Suppl. 194, 1-93.

Huang, H. (2020). Pericyte-endothelial interactions in
microvasculature. Int. J. Mol. Sci. 21:7413. doi: 10.3390/ijms21197413

Jiang, Z. D., Brosi, D. M., Chen, C., and Wilkinson, A. R. (2009). Impairment of
perinatal hypoxia-ischemia to the preterm brainstem. J. Neurol. Sci. 287, 172-177.
doi: 10.1016/j.jns.2009.07.029

Johnson, S. L., Eckrich, T., Kuhn, S., Zampini, V., Franz, C., Ranatunga, K. M.,
et al. (2011). Position-dependent patterning of spontaneous action potentials in
immature cochlear inner hair cells. Nat. Neurosci. 14, 711-717. doi: 10.1038/nn.
2803

Johnson, S. L., Kennedy, H. J., Holley, M. C., Fettiplace, R., and Marcotti, W.
(2012). The resting transducer current drives spontaneous activity in
prehearing mammalian cochlear inner hair cells. J. Neurosci. 32, 10479-10483.
doi: 10.1523/J]NEUROSCI.0803-12.2012

Kaga, K. Ichimura, K, Kitazumi, E., Kodak, K., and Tamai, F
(1996). Auditory brainstem responses in infants and children with
anoxic brain damage due to near-suffocation or near-drowning. Int.
J.  Pediatr.  Otorhinolaryngol. 36, 231-239. doi: 10.1016/0165-5876(96)
01355-9

the retinal

Cellular Neuroscience

93

Kandler, K., Clause, A., and Noh, J. (2009). Tonotopic reorganization
of developing auditory brainstem circuits. Naf. Neurosci. 12, 711-717.
doi: 10.1038/nn.2332

Kaplan, L., Chow, B. W,, and Gu, C. (2020). Neuronal regulation of the
blood-brain barrier and neurovascular coupling. Nat. Rev. Neurosci. 21, 416-432.
doi: 10.1038/s41583-020-0322-2

Kellner, V., Kersbergen, C. ], Li, S., Babola, T. A., Saher, G., and Bergles, D. E.
(2021). Dual metabotropic glutamate receptor signaling enables coordination
of astrocyte and neuron activity in developing sensory domains. Neuron 109,
2545-2555.€7. doi: 10.1016/j.neuron.2021.06.010

Knudsen, E. I, Zheng, W.,, and DeBello, W. M. (2000). Traces of learning in
the auditory localization pathway. Proc. Natl. Acad. Sci. U S A 97, 11815-11820.
doi: 10.1073/pnas.97.22.11815

Kozberg, M., and Hillman, E. (2016). Neurovascular coupling and energy
metabolism in the developing brain. Prog. Brain Res. 225, 213-242. doi: 10.1016/bs.
pbr.2016.02.002

Kozberg, M. G., Ma, Y., Shaik, M. A, Kim, S. H., and Hillman, E. M. C.
(2016). Rapid postnatal expansion of neural networks occurs in an environment
of altered neurovascular and neurometabolic coupling. J. Neurosci. 36, 6704-6717.
doi: 10.1523/JNEUROSCI.2363-15.2016

Kurihara, T., Westenskow, P. D., and Fridlander, M. (2014). Hypoxia-inducible
factor (HIF)/vascular endothelial growth factor (VEGF) signaling in the retina.
Adv. Med. Biol. 801, 275-281. doi: 10.1007/978-1-4614-3209-8_35

Lacoste, B., Comin, C. H., Ben-Zvi, A., Kaeser, P. S., Xu, X., da Costa, L., et al.
(2014). Sensory-related neural activity regulates the structure of vascular network
in the cerebral cortex. Neuron 83, 1117-1130. doi: 10.1016/j.neuron.2014.07.034

Leu, T, Schiitzhold, V., Fandrey, J., and Ferenz, K. B. (2019). When the brain
yearns for oxygen. Neurosignals 27, 50-61. doi: 10.33594/000000199

Lujan, B. ], Singh, M., Singh, A., and Renden, R. B. (2021). Developmental
shift to mitochondrial respiration for energetic support of sustained transmission
during maturation at the calyx of Held. J. Neurophysiol. 126, 976-996.
doi: 10.1152/jn.00333.2021

Meister, M., Wong, R. O., Baylor, D. A, and Shatz, C. J. (1991). Synchronous
bursts of action potentials in ganglion cells of the developing mammalian retina.
Science 252, 939-943. doi: 10.1126/science.2035024

Mooney, R., Penn, A. A, Gallego, R., and Shatz, C. J. (1996). Thalamic
relay of spontaneous retinal activity prior to vision. Neuron 17, 863-874.
doi: 10.1016/50896-6273(00)80218-4

Nasyrov, E., Nolan, K. A., Wenger, R. H., Marti, H. H., and Kunze, R. (2019). The
neuronal-sensing pathway controls postnatal vascularization of the murine brain.
FASEB J. 33, 12812-12824. doi: 10.1096/1j.201901385RR

Pham, N. S. (2017). The management of pediatric hearing loss caused by
auditory neuropathy spectrum disorder. Curr. Opin. Otolaryngol. Head Neck Surg.
25, 396-399. doi: 10.1097/MO0.0000000000000390

Rabie, T., Kunze, R., and Marti, H. H. (2011). Impaired hypoxic response in
senescent mouse brain. Int. J. Dev. Neurosci. 29, 655-661. doi: 10.1016/j.ijdevneu.
2011.06.003

Rattner, A., Williams, J., and Nathans, J. (2019). Roles of HIFs and VEGF
in angiogenesis in the retina and brain. J. Clin. Invest. 129, 3807-3820.
doi: 10.1172/JCI126655

Rehn, A. E., Loeliger, M., Hardie, N. A.,, Rees, S. M., Dieni, S., and
Shepherd, R. K. (2002). Chronic placental insufficiency has long-term effects on
auditory function in the guinea pig. Hear. Res. 166, 159-165. doi: 10.1016/s0378-
5955(02)00312-x

Rey, S., and Semenza, G. L. (2010). Hypoxia-inducible factor-1-dependent
mechanisms of vasculaization and vascular remodeling. Cardiovasc. Res. 86,
236-242. doi: 10.1093/cvr/cvq045

Rubio, M. E. (2020). Auditory brainstem development and plasticity. Curr. Opin.
Physiol. 18, 7-10. doi: 10.1016/j.cophys.2020.07.002

Sanes, D. H., and Bao, S. (2009). Tuning up the developing auditory CNS. Curr.
Opin. Neurobiol. 19, 188-199. doi: 10.1016/j.conb.2009.05.014

Seabrook, T., Burbridge, T. J., Crair, M. C., and Huberman, A. D. (2017).
Architecture, function and assembly of the mouse visual system. Annu. Rev.
Neurosci. 40, 499-538. doi: 10.1146/annurev-neuro-071714-033842

Segura, I, Lange, C., Knevels, E., Moskalyuk, A., Pullizi, R., Eelen, G., et al.
(2016). The oxygen sensor PHD2 controls dendritic spines and synapses via
modification of filamin A. Cell Rep. 14, 2653-2667. doi: 10.1016/j.celrep.2016.02.
047

Semenza, G. L. (2014). Oxygen sensing, hypoxia-inducibe factors and disease
pathophysiology. Annu. Rev. Pathol. 9, 47-71. doi: 10.1146/annurev-pathol-
012513-104720

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025429
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.7554/eLife.52160
https://doi.org/10.1016/j.neuron.2018.07.004
https://doi.org/10.1093/emboj/cdg392
https://doi.org/10.1242/dev.182279
https://doi.org/10.1371/journal.pbio.0050061
https://doi.org/10.1016/j.neuroimage.2009.10.069
https://doi.org/10.1016/j.neuroimage.2009.10.069
https://doi.org/10.1146/annurev-cellbio-092910-154002
https://doi.org/10.1146/annurev-cellbio-092910-154002
https://doi.org/10.1016/B978-0-444-64150-2.00009-5
https://doi.org/10.1016/j.neuron.2014.04.001
https://doi.org/10.1016/j.neuron.2014.04.001
https://doi.org/10.1038/nn2017
https://doi.org/10.1016/B978-0-444-53752-2.00009-6
https://doi.org/10.1523/JNEUROSCI.2536-18.2019
https://doi.org/10.1523/JNEUROSCI.2536-18.2019
https://doi.org/10.3389/fnins.2021.654479
https://doi.org/10.1016/j.neuroscience.2018.11.010
https://doi.org/10.1016/j.neuroscience.2018.11.010
https://doi.org/10.3390/ijms21197413
https://doi.org/10.1016/j.jns.2009.07.029
https://doi.org/10.1038/nn.2803
https://doi.org/10.1038/nn.2803
https://doi.org/10.1523/JNEUROSCI.0803-12.2012
https://doi.org/10.1016/0165-5876(96)01355-9
https://doi.org/10.1016/0165-5876(96)01355-9
https://doi.org/10.1038/nn.2332
https://doi.org/10.1038/s41583-020-0322-2
https://doi.org/10.1016/j.neuron.2021.06.010
https://doi.org/10.1073/pnas.97.22.11815
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1523/JNEUROSCI.2363-15.2016
https://doi.org/10.1007/978-1-4614-3209-8_35
https://doi.org/10.1016/j.neuron.2014.07.034
https://doi.org/10.33594/000000199
https://doi.org/10.1152/jn.00333.2021
https://doi.org/10.1126/science.2035024
https://doi.org/10.1016/s0896-6273(00)80218-4
https://doi.org/10.1096/fj.201901385RR
https://doi.org/10.1097/MOO.0000000000000390
https://doi.org/10.1016/j.ijdevneu.2011.06.003
https://doi.org/10.1016/j.ijdevneu.2011.06.003
https://doi.org/10.1172/JCI126655
https://doi.org/10.1016/s0378-5955(02)00312-x
https://doi.org/10.1016/s0378-5955(02)00312-x
https://doi.org/10.1093/cvr/cvq045
https://doi.org/10.1016/j.cophys.2020.07.002
https://doi.org/10.1016/j.conb.2009.05.014
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1016/j.celrep.2016.02.047
https://doi.org/10.1016/j.celrep.2016.02.047
https://doi.org/10.1146/annurev-pathol-012513-104720
https://doi.org/10.1146/annurev-pathol-012513-104720
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org

Sendin, G., Bourien, J., Rassendren, F, Puel, J. L., and Nouvian, R. (2014).
Spatiotemporal pattern of action potential firing in developing inner hair cells of
the mouse cochlea. Proc. Natl. Acad. Sci. U S A 111, 1999-2004. doi: 10.1073/pnas.
1319615111

Sonntag, M., Englitz, B., Kopp-Scheinpflug, C., and Riibsamen, R. (2009). Early
postnatal development of spontaneous and acoustically evoked discharge activity
of principal cells of the medial nucleus of the trapezoid body: an in vivo study in
mice. J. Neurosci. 29, 9510-9520. doi: 10.1523/JNEUROSCI.1377-09.2009

Strata, E, Delpolyi, A. R., Bonham, B. H., Chang, E. E, Liu, R. C., Nakahara, H.,
etal. (2005). Perinatal anoxia degrades auditory system function in rats. Proc. Natl.
Acad. Sci. US A 102, 19156-19161. doi: 10.1073/pnas.0509520102

Strata, E, Stoianov, L. P, de Villers-Sidani, E., Bonham, B., Martone, T., Kenet, T.,
et al. (2010). Perinatal asphyxia affects rat auditory processing: implications
for auditory perceptual impairments in neurodevelopment disorders. PLoS One
5:¢15326. doi: 10.1371/journal.pone.0015326

Tekkok, S. B., Brown, A. M., and Ransom, B. R. (2003). Axon function persists
during anoxia in mammalian white matter. J. Cereb. Blood Flow Metab. 23,
1340-1347. doi: 10.1097/01.WCB.0000091763.61714.B7

Tritsch, N. X., and Bergles, D. E. (2010). Developmental regulation of
spontaneous activity in the mammalian cochlea. J. Neurosci. 30, 1539-1550.
doi: 10.1523/J]NEUROSCI.3875-09.2010

Tritsch, N. X, Rodriguez-Contreras, A., Crins, T. T., Wang, H. C,, Borst, J. G. G.,
and Bergles, D. E. (2010). Calcium action potentials in hair cells pattern
auditory neuron activity before hearing onset. Nat. Neurosci. 13, 1050-1052.
doi: 10.1038/nn.2604

Tritsch, N. X,, Yi, E., Gale, J. E., Glowatski, E., and Bergles, D. E. (2007). The
origin of spontaneous activity in the developing auditory system. Nature 450,
50-55. doi: 10.1038/nature06233

Usui, Y., Westenskow, P. D., Kurihara, T., Aguilar, E., Sakimoto, S., Paris, L. P,
et al. (2015). Neurovascular crosstalk between interneurons and capillaries is
required for vision. J. Clin. Invest. 125, 2335-2346. doi: 10.1172/JCI80297

Cellular Neuroscience

94

Wang, H. C., and Bergles, D. E. (2015). Spontaneous activity in the
developing auditory system. Cell Tissue Res. 361, 65-75. doi: 10.1007/s00441-01
4-2007-5

Wang, Y, Sanghvi, M.,  Gribizis, A., Zhang, Y, Song, L,
Morley, B., et al. (2021). Efferent feedback controls bilateral auditory
spontaneous activity. Nat. Commun. 12:2449. doi: 10.1038/s41467-021-2
2796-8

Watchel, E. V., Verma, S., and Mally, P. V. (2019). Update on the current
management of newborns with neonatal encephalopathy. Curr. Probl. Pediatr.
Adolesc. Health Care 49:100636. doi: 10.1016/j.cppeds.2019.07.001

Weiner, G. A., Shah, S. H., Angelopoulos, C. M., Bartakova, A. B,, Pulido, R. S.,
Murphy, A., et al. (2019). Cholinergic neural activity directs retinal layer-
specific angiogenesis and blood retinal barrier formation. Nat. Comm. 10:2477.
doi: 10.1038/s41467-019-10219-8

Whiteus, C., Freitas, C., and Grutzendler, J. (2014). Perturbed neural activity
disrupts cerebral angiogenesis during a postnatal critical period. Nature 505,
407-411. doi: 10.1038/nature12821

Wong, R. O., Chernjavsky, A., Smith, S. J., and Shatz, C. J. (1995). Early
functional neural networks in the developing retina. Nature 374, 716-718.
doi: 10.1038/374716a0

Wong, R. O. L, Meister, M., and Shatz, C. J. (1993). Transient period of
correlated bursting activity during development of the mammalian retina. Neuron
11, 923-938. doi: 10.1016/0896-6273(93)90122-8

Yu, X, Sanes, D. S., Aristizabal, O., Wadghiri, Y. Z., and Turnbull, D. H. (2007).
Large-scale reorganization of the tonotopic map in mouse auditory midbrain
revealed by MRI. Proc. Natl. Acad. Sci. U S A 104, 12193-12198. doi: 10.1073/pnas.
0700960104

Yuen, T. J., Silbereis, J. C., Griveau, A., Chang, S. M., Daneman, R,
Fancy, S. P. ], et al. (2014). Oligondendrocyte-encoded HIF function couples
postnatal myelination and white matter angiogenesis. Cell 158, 383-396.
doi: 10.1016/j.cell.2014.04.052

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025429
https://doi.org/10.1073/pnas.1319615111
https://doi.org/10.1073/pnas.1319615111
https://doi.org/10.1523/JNEUROSCI.1377-09.2009
https://doi.org/10.1073/pnas.0509520102
https://doi.org/10.1371/journal.pone.0015326
https://doi.org/10.1097/01.WCB.0000091763.61714.B7
https://doi.org/10.1523/JNEUROSCI.3875-09.2010
https://doi.org/10.1038/nn.2604
https://doi.org/10.1038/nature06233
https://doi.org/10.1172/JCI80297
https://doi.org/10.1007/s00441-014-2007-5
https://doi.org/10.1007/s00441-014-2007-5
https://doi.org/10.1038/s41467-021-22796-8
https://doi.org/10.1038/s41467-021-22796-8
https://doi.org/10.1016/j.cppeds.2019.07.001
https://doi.org/10.1038/s41467-019-10219-8
https://doi.org/10.1038/nature12821
https://doi.org/10.1038/374716a0
https://doi.org/10.1016/0896-6273(93)90122-8
https://doi.org/10.1073/pnas.0700960104
https://doi.org/10.1073/pnas.0700960104
https://doi.org/10.1016/j.cell.2014.04.052
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org

& frontiers ‘ Frontiers in Cellular Neuroscience

‘ @ Check for updates

OPEN ACCESS

Daniel Reyes-Haro,
Institute of Neurobiology, National
Autonomous University of Mexico, Mexico

Sergei Kirischuk,

Johannes Gutenberg University Mainz,
Germany

Friederike Klempin,

Charité Universitatsmedizin Berlin, Germany

Ana Maria Estrada-Sanchez
ana.estrada@ipicyt.edu.mx

This article was submitted to
Non-Neuronal Cells,

a section of the journal

Frontiers in Cellular Neuroscience

06 September 2022
20 December 2022
19 January 2023

Cuellar-Santoyo AO, Ruiz-Rodriguez VM,
Mares-Barbosa TB, Patron-Soberano A,

Howe AG, Portales-Pérez DP, Miquelajauregui
Graf A and Estrada-Sanchez AM

(2023) Revealing the contribution of astrocytes
to glutamatergic neuronal transmission.

Front. Cell. Neurosci. 16:1037641.

doi: 10.3389/fncel.2022.1037641

© 2023 Cuellar-Santoyo, Ruiz-Rodriguez,
Mares-Barbosa, Patron-Soberano, Howe,
Portales-Pérez, Miquelajauregui Graf and
Estrada-Sanchez. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Cellular Neuroscience

Review
19 January 2023
10.3389/fncel.2022.1037641

Revealing the contribution of
astrocytes to glutamatergic
neuronal transmission

Ares Orlando Cuellar-Santoyo!?, Victor Manuel Ruiz-Rodriguez?,
Teresa Belem Mares-Barbosa’?, Araceli Patron-Soberano?,
Andrew G. Howe?, Diana Patricia Portales-Pérez?,

Amaya Miquelajauregui Graf* and Ana Maria Estrada-Sanchez*

!Division de Biologia Molecular, Laboratorio de Neurobiologia, Instituto Potosino de Investigacion Cientifica
y Tecnologica (IPICYT), San Luis Potosi, Mexico, 2Translational and Molecular Medicine Laboratory, Research
Center for Health Sciences and Biomedicine, Autonomous University of San Luis Potosi, San Luis Potosi,
Mexico, *Intelligent Systems Laboratory, HRL Laboratories, LLC, Malibu, CA, United States, “Faculty of
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Research on glutamatergic neurotransmission has focused mainly on the function of
presynaptic and postsynaptic neurons, leaving astrocytes with a secondary role only
to ensure successful neurotransmission. However, recent evidence indicates that
astrocytes contribute actively and even regulate neuronal transmission at different
levels. This review establishes a framework by comparing glutamatergic components
between neurons and astrocytes to examine how astrocytes modulate or otherwise
influence neuronal transmission. We have included the most recent findings about
the role of astrocytes in neurotransmission, allowing us to understand the complex
network of neuron-astrocyte interactions. However, despite the knowledge of
synaptic modulation by astrocytes, their contribution to specific physiological and
pathological conditions remains to be elucidated. A full understanding of the
astrocyte’s role in neuronal processing could open fruitful new frontiers in the
development of therapeutic applications.

calcium, gliotransmission, NMDA receptors, GLT-1, GLAST, VGLUT1, xCT

Introduction

The brain is one of the most complex organs in the human body; it consists of many distinct
cell types, but most cells fall under the broad categories of neurons or glia with approximately
even numbers in each category. The glial cells are divided into microglia, oligodendrocytes,
and astrocytes; the latter comprise around 20% of the cells in the brain (Ventura and Harris,
1999; Salas et al., 2020). Astrocytes participate in many neurophysiological processes, including
synaptogenesis (Allen and Eroglu, 2017), modulation of synaptic transmission, neuronal
plasticity (Newman and Zahs, 1998; Araque et al, 1999), and regulation of blood flow in
addition to the trafficking of small molecules and ions through their end-feet processes at the
blood-brain barrier (Giaume et al., 1997; Simard et al., 2003). During physiological conditions,
neurons and astrocytes have a coordinated functional relationship that ensures proper
information flow, and each contributes to synaptic transmission by releasing neurotransmitters
(by presynaptic neurons) or gliotransmitters (by astrocytes; see below).

Glutamate is the primary excitatory neurotransmitter in the mammalian brain, and
it participates in diverse physiological processes such as learning, memory, and neuronal
development (Yu et al,, 1984; Behar et al.,, 1999; Hrabetova et al., 2000). However, glutamate
can induce neuronal damage through excitotoxicity, which results from the over-activation of
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glutamatergic receptors. Glutamate-mediated toxicity has been
implicated in the pathogenesis of neurodegenerative diseases
including Alzheimers, Huntington’s, and Parkinson’s diseases
(Koutsilieri and Riederer, 2007; Estrada-Sanchez et al., 2009; Ong
et al,, 2013), as well as psychiatric disorders such as schizophrenia
(O’Donovan et al, 2017; Shah et al, 2020). Although glutamate
toxicity contributes to these neuropathological conditions, the
changes that lead to impaired glutamatergic neurotransmission are
diverse, with different causes in each pathology. Nonetheless, an
impaired relationship between neurons and astrocytes might be a
common component. In the next section, we review the similarities
and differences among the components of glutamatergic transmission
in neurons and astrocytes.

Glutamatergic neurotransmission

Glutamate synthesis

Glutamate plays a role in multiple biological processes in the
brain, and yet it cannot cross the blood-brain barrier. Instead, the
brain’s glutamate is synthesized locally by astrocytes and neurons
through one of several pathways. We provide a brief description of
glutamate metabolism (this section and Figure 1; Hawkins, 2009;
Fernstrom, 2018); further details can be found in the extensive review
by Schousboe et al. (2014).

The main precursor of glutamate in the brain is glutamine, a
key component of the glutamine-glutamate cycle that encompasses
the exchange of glutamine and glutamate between astrocytes and
neurons. The reuptake of glutamate by its transporters, glutamate
transporter 1 (GLT-1) and glutamate aspartate transporter (GLAST)
in astrocytes enables the synthesis of glutamine by the cytosolic
enzyme glutamine synthetase, which is highly expressed in astrocytes.
Glutamine synthetase promotes the conversion of glutamate to
glutamine using the cofactors NADPH, ATP, and NHZ (Lehre et al.,
1995; Bergles and Jahr, 1997; Anlauf and Derouiche, 2013; Huyghe
etal,, 2014; Yamada et al,, 2019). Glutamine is then transported to the
synaptic cleft, where neurons take it up through specific glutamine
transporters (i.e., members of the families SNAT, LAT, ASC, and
*LAT; Anlauf and Derouiche, 2013; Yamada et al.,, 2019). Once
transported into neurons, the mitochondrial enzyme glutaminase
(an amidohydrolase) generates glutamate from the glutamine
provided by the astrocytes (Figure 1A). Glutamate synthesis occurs
predominantly in neurons, although astrocytes can synthesize it
through the same pathway (Hogstad et al,, 1988). Neurons and
astrocytes both preferentially express the mitochondrially-located,
kidney-type glutaminase (GLS) isoenzyme type 1 (GLS1), although
there is also the liver-type GLS2 that localizes to the mitochondrion
and nucleus (Cardona et al., 2015). However, evidence suggests that
neurons and astrocytes might express an isoform of glutaminase
GLS1, which has not been characterized to date (Kvamme et al., 2001;
Cardona et al., 2015).

Glutamate is a component of energy metabolism, which
requires de novo synthesis to avoid an imbalance in glutamate
concentrations. De novo glutamate synthesis occurs by the pyruvate
carboxylase, which is located exclusively in astrocytic mitochondria;
this enzyme metabolizes pyruvate into oxaloacetate, a precursor for
a-ketoglutarate (Walker, 2014; Schousboe et al,, 2019). Although
neurons lack pyruvate carboxylase, they contribute to de novo
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glutamate synthesis by the pyruvate carboxylation to malate through
the malic enzyme, which is found in the cytosol and mitochondria
(McKenna et al., 1995; Hassel, 2001; Amaral et al., 2016).

Another enzyme that contributes to glutamate production is
aspartate aminotransferase (found in the cytosol or mitochondria),
which synthesizes glutamate by reversibly transferring the a-amino
group from aspartate to 2-oxoglutarate, resulting in glutamate and
oxaloacetate; this enzyme uses pyridoxal 5’-phosphate as a co-factor
(Figure 1B; McKenna et al., 2006; Schousboe, 2017). Neurons
and astrocytes express aspartate aminotransferase, and the enzyme
appears to have the same function and activity in both cell types
(McKenna et al., 2006).

Astrocytes and neurons contain alanine aminotransferase in the
cytoplasm and mitochondria (Ruscak et al., 1982; Waagepetersen
et al,, 2000), which catalyzes the reversible interconversion of alanine
and a-ketoglutarate into pyruvate and glutamate (Figure 1C). Low
activity of this enzyme in neurons (Westergaard et al., 1993; Erecinska
et al,, 1994) suggests that, within this pathway, astrocytes exert a
primary control (Schousboe et al., 2013).

Ammonia concentration in the brain is regulated by the
mitochondrial glutamate dehydrogenase, which catalyzes the
reversible conversion of glutamate to a-ketoglutarate and ammonia,
using NADH or NADPH as a co-factor (Islam et al.,, 2010; Plaitakis
etal,, 2017). Glutamate dehydrogenase expression in astrocytes varies
spatially by brain region, cellularly by astrocyte type, and temporally
with the developmental stage (Figure 1D; Osterberg and Wattenberg,
1962). For example, astrocytes increase glutamate dehydrogenase
expression during rat hippocampus maturation (Kugler and Schleyer,
2004). Interestingly, along with increased glutamate dehydrogenase
activity, astrocytes also increase the expression of GLT-1, suggesting a
deeper, interconnected regulatory system of glutamatergic dynamics
(Kugler and Schleyer, 2004).

Glutamate packaging

In neurons, glutamate is packaged and stored in synaptic
vesicles through specific vesicular glutamate transporters (VGLUT).
Currently, three subtypes of VGLUTs (VGLUTI, 2, and 3) have
been described, and their distribution differs among different brain
structures. VGLUT1 is present in the cerebral cortex, cerebellum,
hippocampus, and thalamus (Fujiyama et al,, 2001; Herzog et al,
2004). VGLUT?2 is expressed in the cortex, thalamus, diencephalon,
and rhombencephalon (Fremeau et al.,, 2001; Herzog et al,, 2004).
VGLUTS3 is less predominant than the other two transporters and is
located in the striatum, neocortex, and hippocampus (Fremeau et al,,
2002).

VGLUT function depends on the electrochemical proton gradient
generated across the membrane by the activity of the vacuolar H*-
ATPase (Wolosker et al.,, 1996). This H"-ATPase activity increases
the H* concentration inside the vesicle leading to an acidic pH. The
rate of glutamate transport by VGLUT correlates inversely with the
concentration of chloride ions (Cl™) such that a low extravesicular
Cl™ concentration generates high glutamate uptake, whereas high
Cl™ concentration leads to gradual inhibition of glutamate uptake
(Wolosker et al., 1996; Juge et al., 2006).

There appears to be a proportional relationship between VGLUT
levels and glutamatergic synapse response. A study of VGLUTI-

knockout mice demonstrated that the knockout reduced the

frontiersin.org


https://doi.org/10.3389/fncel.2022.1037641
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org

A B C D
Neuron & Astrocyte Neuron & Astrocyte Neuron & Astrocyte Neuron & Astrocyte
NH3
+
o] [o] o [o] o] o]
/\/\/\ -OW\ \/'\
0" OH ) 0~
OH
HaN NHy* o NH, NH; o
L-glutamine L-aspartate Alanine Alpha-ketoglutarate
+ + + +
H20 o 0o o o NADH (or NADPH)
/\/\/\ /‘\/\/\ 3
Glutaminase - - +
(Mitochondria) Y 0" o o o H
o
Alpha-ketoglutarate
Alpha-ketoglutarate
Glutamate dehydrogenase
o o (Mitochondria)
Aspartate aminotransferase Alﬂmﬁe am{notransferase
Witochonria & cytosol) (Mitochondria & cytosol)
-0 o " o
.
. o 0 0
L-glutamate o
* W o o
NHq o NHs* 0" o NHs*
3 L-glutamate
L-glutamate Pyruvate
+
+ +
o ° o o NAD* (or NADP*)
0" iy 0" H20
o NH2
Oxaloacetate Glutamate
FIGURE 1
Glutamate synthesis. Schematic representation of four main metabolic reactions, synthesizing glutamate in neurons and astrocytes: Glutaminase (A),
Aspartate aminotransferase (B), Alanine aminotransferase (C), and Glutamate dehydrogenase (D).

amplitude of miniature excitatory postsynaptic currents (mEPSCs),
suggesting a smaller quantal size (Wojcik et al., 2004). In another
study, vesicles containing a lower number of VGLUT1 showed a
reduced release probability (Herman et al., 2014). Similar results have
been described also in VGLUT3-knockout mice (Fasano et al., 2017).

The evidence for astrocyte expression of VGLUT is contradictory
and requires further investigation to clarify the situation (for a review
see Hamilton and Attwell, 2010). For example, Li et al. (2013a)
describe the absence of VGLUT in mouse cortical, hippocampal,
and cerebellar astrocytes. On the contrary, Ormel et al. (2012)
identified VGLUT1 in astrocytic processes in the rat hippocampus,
frontal cortex, and striatum. Likewise, astrocytes from postnatal rat
brains express VGLUT1 and VGLUT2 (Montana et al,, 2004), as
well as cortical cultured astrocytes (Anlauf and Derouiche, 2005).
VGLUTS3 has been detected in astrocytes end-feet in microcultures
of rat ventral tegmental area, substantia nigra pars compacta,
and raphe nuclei (Fremeau et al, 2002). Despite the controversy
about astrocytic VGLUTS, evidence indicates that astrocytes contain
vesicular compartments and the molecular machinery to release
glutamate in vesicular packages; this phenomenon—now known as
gliotransmission—was later confirmed and contributes to neuronal
information processing (see below; Bezzi et al., 2004).

Glutamate release

Once glutamate is packaged into the synaptic vesicles and
stored in the synaptic bouton, it is ready to be released upon the
arrival of an action potential, which will induce the opening of
voltage-dependent calcium channels, increasing intracellular calcium
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(Ca**) concentration. The Ca®* influx facilitates vesicle fusion
with the plasma membrane, which releases the neurotransmitters
into the synaptic cleft (Figure 2; de Wit et al,, 2009). The soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) family of proteins are key components for this process.
These proteins are divided into two groups, the vesicular v-SNARE,
highly abundant in the vesicles, and the target t-SNARE, highly
expressed in the target zone in the cellular membrane (Han et al,
2017). A trans-SNARE complex -interaction between v and t
SNAREs— must be formed to release the neurotransmitter; the main
v-SNARESs are synaptobrevin, synaptotagmin, syntaxin, and the main
t-SNARE is SNAP-25.

SNARE expression is not limited to neurons; SNAREs support
gliotransmitter release in astrocytes (Crippa et al., 2006). Cultured
astrocytes express synaptobrevin II and release glutamate that is
reduced by the inhibitors of the neuronal exocytosis botulinum
toxin-A and botulinum toxin-C, suggesting the expression of
SNAP-25 and syntaxin in astrocytes (Jeftinija et al, 1997). The
vesicular exocytosis process is similar between neurons and astrocytes
(Crippa et al, 2006), with the principal difference arising in
the initiation of exocytosis. Neuronal exocytosis is initiated by
the arrival of an action potential at the synapse, which results
in membrane depolarization in addition to an influx of Ca?*
through transmembrane channels involved in the action potential
response; the Ca?" wave initiates a cascade of signaling that
results in vesicular release. Astrocytes cannot generate action
potentials, but the astrocytic vesicular release also requires a transient
increase in intracellular Ca>* concentration. Astrocytes have multiple
mechanisms to accomplish this Ca* increase, including activation
of ionotropic or metabotropic receptors and the subsequent inositol
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Astrocyte's contribution to glutamatergic neurotransmission. The arrival of action potential and calcium (Ca?*) influx leads to presynaptic vesicular
glutamate (G) release to the synaptic cleft, and the activation of its ionotropic (AMPA, NMDA, KA) and metabotropic (mGluR) receptors located in the
postsynaptic terminal and astrocytes. The remaining neurotransmitter is captured by transporters located in neurons (EAAC and GLT-1a) and astrocytes
(GLT-1 and GLAST). In the former, G is metabolized to glutamine (Gln) by the glutamine synthetase (GS), the initial step of the glutamate-glutamine
cycle between astrocytes and neurons that use Gln as a precursor for G. Sodium Neutral Amino acid Transporter (SNAT) 3/5 transporters located in
astrocytes will transport Gln to the synaptic space where the neuronal SNAT-1 transporter will internalize it to serve as a precursor for G by glutaminase
(GLS) activity. The xCT transporters (SLC7A11) internalize cystine (C) cotransporting G outside the astrocytes; this is the first step of glutathione synthesis
that involves astrocytes and neurons. Furthermore, a mechanism involving the interaction of protease-activated receptor 1 (PAR-1) with the potassium
channel TREK-1 or Best-1, and the G transported by xCT could contribute to increased extracellular G concentrations. In astrocytes, the activation of
mGLUR and purinergic P2Y1 receptors contribute to increased intracellular Ca2* concentration, leading to vesicular G release that activates extrasynaptic
NMDA receptors; however, the vesicular proteins involved remain controversial. Modified from Estrada-Sanchez and Rebec (2012).

Astrocyte

1,4,5-trisphosphate (IP3) signaling cascade, activation of transient
receptor potential (TRP) channels, or the release of Ca’* by
mitochondria (Guerra-Gomes et al.,, 2018); or selective activation
of either purinergic receptors P2Y1 or protease-activated receptor
1 (PAR-1) that in astrocytes leads to increased intracellular Ca?t
concentration (Shigetomi et al.,, 2008).

Furthermore, recent evidence indicates that astrocytes can release
glutamate by the interaction of metabotropic receptors PAR-1 with
either the two-pore domain potassium channel (TREK-1) or the
Bestrophin-1 (Best-1), a Ca’*-activated chloride channel (Figure 2).
Glutamate efflux from the intracellular space occurs when the
TREK-1 intracellular domain interacts with PAR-1 allowing fast
glutamate transient currents, whereas the interaction of PAR-1 and
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Best-1 leads to slow transient currents (Woo et al., 2012; Lalo et al,,
2021). Taken together, the evidence supports the view that both
neurons and astrocytes contribute to glutamatergic signaling.

Glutamate receptors

Glutamatergic receptors are widely distributed in the different
regions of the central nervous system. Neurons and astrocytes
express glutamate receptors, which split into two families. Ionotropic
glutamate receptors (iGluRs; Kukley et al.,, 2001) and metabotropic
glutamate receptors (mGluRs; Schools and Kimelberg, 1999; Fiacco
and McCarthy, 2004; Perea and Araque, 2007; Cavaccini et al., 2020).
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iGluRs

The iGluRs family, consisting of NMDA (N-methyl-D-aspartate)
receptors, and the AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazol-
propionate) and KA (kainic acid) receptors, which are responsible
for the excitatory transmission in the central nervous system of
vertebrates. These receptors are ligand-gated ion channels that allow
the movement of cations such as Na*, K*, and Ca?* across the
cell membrane. Structurally, iGluRs are transmembrane proteins
composed of four subunits that form a central ionic pore comprised
of an extracellular amino-terminal domain, an extracellular ligand-
binding domain, four transmembrane domains, and an intracellular
carboxyl-terminal domain (Traynelis et al., 2010).

NMDA receptor

NMDA receptors are highly expressed in the brain, and their
role in physiological and pathological mechanisms have been studied
extensively (Lakhan et al., 2013; Zhou et al., 2013; Intson et al., 2022).
The subunits that constitute these receptors are GluN1, GluN2 [A,
B, C, D], GIuN3A, and GluN3B. A functional receptor contains a
tetrameric assembly with two possible configurations. All receptors
must have two GluN1 subunits. The remaining two subunits can
be a pair of GluN2 subunits, or one GluN2 subunit together with
one GluN3 subunit (Schorge et al., 2005; Ulbrich and Isacoff, 2008;
Traynelis et al.,, 2010; Hansen et al., 2021). Moreover, mRNA editing
and alternative splicing of the different NMDA subunit genes confer
more complex properties to the NMDA receptors’ conformation,
which have been extensively reviewed by Hansen and colleagues
(Hansen et al., 2021).

Full activation of NMDA receptors in neurons requires membrane
depolarization to displace the Mg?* ion that blocks the ion channel
with the simultaneous binding of glutamate and the co-agonist,
glycine. When both conditions are met, NMDA receptor activation
allows Na* and Ca?" ion influx. In addition to glycine, D-serine
is an NMDA receptor co-agonist, which is supplied by astrocytes
(Henneberger et al,, 2010). However, recent evidence indicated that
neurons also contribute to the de novo synthesis of D-serine (Neame
et al, 2019). D-serine metabolism depends on 3-phosphoglycerate
dehydrogenase (Phgdh) enzyme activity and glycine concentration
(Shibasaki et al., 2017; Neame et al., 2019). Since astrocytes require
Phgdh to synthesize L-serine from glucose, astrocyte de novo synthesis
of L-serine may be a previously unrecognized regulatory mechanism
for the NMDA receptors co-agonism by D-serine (Masuoka et al,
2019; Neame et al., 2019).

On the other hand, astrocytes also express NMDA receptors,
as evidenced by the presence of GluN1 and GluN2 subunit mRNA
(Jimenez-Blasco et al,, 2015). In astrocytes, the NMDA receptors are
insensitive or weakly sensitive to the blockade of Mg?* ion, and their
activation might even occur at negative resting potential (Verkhratsky
and Kirchhoff, 2007). Interestingly, the expression pattern of NMDA
subunits in astrocytes varies depending on the brain region. For
example, cortical astrocytes express GluN1, GIuN2A/B, GluN2C,
and GluN2D subunits (Conti et al,, 1996; Palygin et al, 2011).
GluN2B is more abundant in the Bergmann glia cells (Luque and
Richards, 1995), whereas the GluN2C is predominantly expressed in
the telencephalon glial cells (Alsaad et al, 2019). In hippocampal
cultured astrocytes, GluN1 and GluN2 subunits are predominant
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(Araque et al, 1998a). In vivo evaluation of the GluN2C NMDA
subunit localization showed that parvalbumin-positive neurons in the
globus pallidus, ventral pallidum, and substantia nigra express this
subunit, whereas GluN2C in the cortex, striatum, hippocampus, and
amygdala colocalizes with astrocytes’ markers (Ravikrishnan et al.,
2018). The variety of NMDA subunit compositions confers different
activation properties to the receptors, which, in combination with the
regional expression patterns, results in differences in the contribution
of NMDA receptors to neuronal and astrocyte activity (Palygin et al,,
2011).

AMPA receptor

An AMPA receptor is composed of four subunits from the
proteins GluAl, GluA2, GluA3, and GluA4 (Traynelis et al.,, 2010).
AMPA receptors can either be homomers or heteromers. These
subunit types are differentially expressed in the nucleus accumbens,
dorsal striatum, prefrontal cortex, and hippocampus (Reimers et al.,
2011). Activation of AMPA receptors allows Na* and K* influx, but
if the receptor conformation lacks a GluA2 subunit or contains a
post-transcriptionally modified GluA2 by RNA editing at the Q/R
site, the channel will also be Ca%* permeable (Traynelis et al., 2010;
Hansen et al., 2021). AMPA subunits interact with the transmembrane
AMPA receptor regulatory protein (TARP), which modulates channel
opening (Hansen et al., 2021). Activation of AMPA receptors leads to
membrane depolarization, leading to the displacement of the Mg?*
ion that blocks the NMDA ion channel allowing its activation.

Some studies suggest the presence of AMPA receptors in
glial cells (Miller et al, 1992). These receptors have been
described in cortical cultured astrocytes (David et al, 1996),
and a subpopulation of hippocampal astrocytes express GluAl,
GluA2, GluA3, and GluA4 subunits (Matthias et al, 2003).
Regarding function, it has been shown that the AMPA receptors
modulate the inward-rectifier potassium channels (also known
as Kir) in hippocampal astrocytes, which induces gliotransmitter
release and AMPA activation in neurons (Schroder et al, 2002;
Fiacco and McCarthy, 2004). Of note, AMPA receptors containing
at least one GluA3 or GluA4 subunit are permeable to Ca?t,
as described in hippocampal astrocytes (Seifert and Steinhauser,
1995), providing a direct mechanism to raise intracellular Ca?*
concentrations.

KA receptor

Among the iGluRs family proteins, KA receptors comprise the
least studied class (Meyerson et al., 2016). The subunits that form the
KA receptors are GluK1, GluK2, GluK3, GluK4, and GluK5. The KA
channel is permeable to Na* and K*. Some of the most important
functions of these receptors are the regulation of synaptic activity
(Fernandes et al., 2009) and neuronal plasticity (Lauri et al., 2006).

The expression of receptor subunits does indeed vary across
species and brain regions. For example, the primate neocortex
primarily expresses the GluK1-2-3 subunits (Huntley et al,
1993), whereas the rodent cortex expresses more GluK2 and
GluK4 subunits (Herb et al, 1992). Hippocampal interneurons
express KA receptors (Liu et al., 2004). Astrocytes in the hypothalamic
arcuate nucleus express GluK1-3 subunits (Diano et al, 1998).
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Hippocampal astrocytes express GluK2 (Matschke et al, 2015).
Some KA subunits allow Ca?* efflux, which in astrocytes can
contribute to glutamate vesicular release or activate other Ca’*-
dependent signaling pathways (see Guerra-Gomes et al, 2018).
Interestingly, after chemoconvulsive status epilepticus of temporal
lobe epilepsy, CA1 hippocampal reactive astrocytes expressed GluK1,
GluK2/3, GluK4, and GluK5 (Vargas et al, 2013). Of these,
GluK1 and GluK5 expression in astrocytes persist during the
presence of spontaneous seizures, suggesting that KA receptors
in astrocytes might contribute to the pathophysiology of epilepsy
(Vargas et al., 2013).

In general, iGluRs are a key component for synaptic activity and
neuronal processing, however, more research is required to elucidate
the contribution of each iGluRs in astrocytes and how it contributes
to glutamatergic neurotransmission.

MGIuRs

mGluRs are coupled to G-proteins and modulate slow synaptic
transmission through second messengers. To date, eight mGluRs
(mGluR1-8) have been described and divided into three groups
designated I, II, and III according to similarities in their distinctive
features: gene sequence, pharmacological properties, and intracellular
signaling mechanisms (Sladeczek et al., 1985).

The group I receptors, mGluR1 and mGlIuR5, are associated with
intracellular Ca®* signaling, phospholipase C, and these receptors
are mainly activated by 3,5-dihydroxyphenylglycine (DHPG). Group
II includes mGIluR2 and mGluR3, which are negatively coupled
to adenylate cyclase and are selectively activated by LY379268.
Finally, group III contains mGluR4, mGluR6, mGluR7, and
mGluR8 receptors, which, like group II, are negatively coupled to the
adenylate cyclase (Sugiyama et al., 1987; Masu et al., 1991).

Receptors from the Group I mGluRs are more widespread in
the brain. They are expressed in neurons from the olfactory bulb,
cerebral cortex, globus pallidus, lateral septum, cerebellar Purkinje
cells, and thalamic nuclei (Crupi et al., 2019). Group II mGluRs are
expressed in the olfactory bulb and cerebellar cortex (for more details
see Crupi et al., 2019). In contrast, astrocytes showed a predominance
of mGluR1l, mGluR3, and mGIuR5 receptors, which have been
described thus far in the hippocampus and cerebral cortex (Schools
and Kimelberg, 1999; Sun et al.,, 2013; Spampinato et al., 2018).
Using electron microscopy and immunohistochemistry, mGluR2 and
mGluR3 have been identified in astrocytes in the rat ventrobasal
thalamus (Mineff and Valtschanoff, 1999).

The activation of mGIluR3 and mGIuR5
intracellular concentration, triggering vesicular glutamate release

increases Ca2*

in neurons and astrocytes, which influences synaptic activity
and plasticity (Fiacco and McCarthy, 2004; Perea and Araque,
2007; Cavaccini et al,, 2020). Specific activation of metabotropic
group II receptors in astrocyte cultures increases the expression
of GLAST (Gegelashvili et al, 2000). Likewise, activating the
mGluR5 receptor increases glutamate uptake through increased
expression of GLT-1 and GLAST transporters (Vermeiren et al.,
2005). However, contradicting results have been observed during
the activation of group I mGluRs, which reduces the expression of
GLAST (Gegelashvili et al., 2000). Therefore, more studies are needed
to understand the specific role of each mGluR in astrocytic glutamate
transporter expression and function.
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Glutamate transporters

Glutamate transporters, also known as excitatory amino acid
transporters (EAATs), maintain optimal extracellular glutamate
concentration; these transporters belong to the solute carrier (SLC)
family 1 (high-affinity glutamate transporters; He et al., 2009). These
proteins are expressed in neurons and glial cells, especially astrocytes,
and are responsible for the bulk of glutamate uptake (Rothstein et al.,
1996) by the co-transport of glutamate, Na* (three molecules), H*
(one molecule), and counter-transport of K* (one molecule; Levy
etal., 1998).

Five EAATs have been identified in humans. In rodents,
these transporters were named excitatory amino acid carrier
1 EAACI/EAAT3, GLAST/EAAT1, GLT-1/EAAT?2, excitatory amino
acid transporter 4 (EAAT4), and excitatory amino acid transporter 5
(EAATS5; Figure 2; Kanai and Hediger, 1992; Pines et al., 1992; Storck
et al.,, 1992; Fairman et al., 1995; Rothstein et al., 1996; Arriza et al.,
1997).

Neurons in the rat cerebral cortex, hippocampus, cerebellum,
and spinal cord express the EAACI transporters (Kanai et al., 1995;
Shashidharan et al., 1997). Interestingly, this transporter is mainly
involved in anion conductance and uptake of cysteine, a precursor of
glutathione synthesis (Lee et al., 2020). EAAT4 is highly expressed in
cerebellar Purkinje cells (Magi et al., 2019). However, it is also found
in the fore- and mid-brain and the somatosensory cortex (Massie
et al., 2008; de Vivo et al,, 2010). EAATS5 is mainly expressed in the
retina (Arriza et al., 1997).

GLAST and GLT-1 are highly expressed in astrocytes of the
hippocampus, striatum, and cerebral cortex and oversee glutamate
uptake at the synapse (Levy et al,, 1993; Lehre et al., 1995; Bergles
and Jahr, 1997; Mennerick et al., 1998). According to studies focused
on evaluating the subcellular distribution of GLAST and GLT-1,
both transporters are highly expressed in hippocampal astrocytes
with a predominant presence of GLT-1 in the filopodium and
perivascular end-feet, and GLAST is mostly present in the soma and
processes (Schreiner et al.,, 2014; Radulescu et al,, 2022). However,
the GLT-1 isoforms (GLT-1a and b) are expressed in neurons from
the hippocampus, cerebral cortex, striatum, thalamus, and midbrain
(Chen et al,, 2002, 2004; Berger et al,, 2005). Astrocyte processes
express more GLT-la mRNA, whereas GLT-1b mRNA has been
detected mainly in the cell body (Berger et al,, 2005). In neurons,
GLT-1a protein expression in axons, spines, and dendrites contributes
to glutamate reuptake in the excitatory terminals (Chen et al., 2004).
It has been suggested that GLT-1 in neurons provides glutamate as
a substrate for energy metabolism and mitochondrial functionality
(Petr et al., 2015; McNair et al., 2019).

Astrocytes are the main regulators of extracellular glutamate
concentration through the GLT-1 and GLAST glutamate transporters;
expression of these transporters is regulated by neuronal activity
(Swanson et al, 1997; Perego et al,, 2000). Interestingly, besides
neurons, brain endothelial cells can also induce GLT-1 expression
through Notch signaling (Lee et al., 2017).

In addition to EAATs, the SLC7A11/xCT transporter is a
cystine/glutamate antiporter, which transports a cystine into the
cell while exchanging for glutamate (1-1 ratio), in a sodium-
independent fashion; therefore, contributing to astrocyte glutamate
release (Bannai, 1986). It consists of two subunits, the light subunit
(SLC7A11) and the heavy subunit (SLC3A2). Whereas the light
subunit is responsible for the active transport of cystine and
glutamate, the heavy subunit is necessary for intracellular trafficking
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and proper membrane arrangement of the transporter (Nakamura
et al, 1999; Shin et al, 2017). The SLC7A11/xCT transporter
takes up cystine and, inside the cell, cystine will be converted
to cysteine, the main precursor for the antioxidant glutathione
(Conrad and Sato, 2012). SLC7A11/xCT is highly expressed in
the human brain (Sato et al, 1999). In mice, SLC7A11/xCT is
prominently expressed in the hippocampus, cortex, hypothalamus,
and dentate gyrus (Sato et al.,, 2002). The SLC7A11/xCT expression
occurs mainly in glial cells (Re et al., 2006), including astrocytes
(Ottestad-Hansen et al., 2018). SLC7A11/xCT is essential to avoid
oxidative damage (Lewerenz et al,, 2012), probably due to its link
with glutathione synthesis. It follows that blocking SLC7A11/xCT
leads to an increase in oxidative stress and astrocyte death (Chen
et al, 2000), a process known as oxidative glutamate toxicity
(Schubert and Piasecki, 2001).

Interestingly, Drosophila xCT gene-knockout reduced the
extracellular ambient glutamate concentration by 50%, suggesting
that the xCT transporter is essential for extracellular glutamate
regulation (Augustin et al, 2007). Also, the use of sulfasalazine,
an xCT inhibitor, reduces the NMDA-induced current by 66.8%
in mouse hippocampus slices, indicating that glutamate release
through xCT contributes to neuronal activation (Koh et al., 2022). In
addition, xCT deletion in mice induces an age-dependent anxiety-like
behavior (Bentea et al,, 2015). In a related experiment, exposing the
astrocytoma-derived cell line (1321N1) to peroxide increased both
ambient glutamate concentrations and the population of xCT
transporters, suggesting that xCT activity contributes to glutamate
release and accumulation (Kazama et al., 2020). Further experiments
are necessary to clarify whether the release of glutamate by the xCT
transporter contributes to the activation of iGluRs and mGluRs in
neurons or astrocytes and if it contributes to pathological processes
in vivo.

Role of astrocytes in glutamatergic
neurotransmission during physiological
conditions

Astrocyte function was initially thought to support neuronal
activity or protect neurons from excitotoxicity. However, later studies
suggested that astrocytes can directly or indirectly modulate synaptic
neuronal activity (Figure 2; Nedergaard, 1994; Beppu et al.,, 2021)
and influence behavior (Lyon and Allen, 2022). The first level of
regulation is glutamate uptake by astrocytic transporters as they
regulate the neurotransmitter levels in the synaptic cleft; these
transporters indirectly modulate neuronal transmission (Jabaudon
et al,, 1999), neuronal activity (Estrada-Sanchez et al,, 2019) and
survival (Estrada-Sanchez et al., 2007, 2019). Glutamate uptake can
also regulate the availability of glutamine to synthesize glutamate.
As mentioned in an earlier section, once astrocytes take up
glutamate, it can be metabolized into a-ketoglutarate by glutamate
dehydrogenase or into glutamine through amidation of glutamate
by the glutamine synthetase (as part of the glutamate/glutamine
cycle; Laake et al, 1999; Islam et al, 2010). As this enzyme
is highly expressed in astrocytes, they are considered the major
glutamine reservoir and an important source of precursor for the
metabolism of glutamate and gamma-aminobutyric acid (GABA;
Hamberger et al., 1979; Norenberg and Martinez-Hernandez,
1979). Therefore, astrocytes also might regulate glutamatergic
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neuronal dynamics by the amount of glutamine released into the
synaptic cleft.

Astrocytes can also regulate neuronal activity by releasing
gliotransmitters such as glutamate, ATP, D-serine, or GABA, also
known as gliotransmission. Once the gliotransmitter is released, it
activates its target receptors and, consequently, generates responses
in the same astrocyte (autocrine response) or nearby cells, including
neurons (Lapato and Tiwari-Woodruff, 2018; Savtchouk and Volterra,
2018; Beppu et al, 2021; Sherwood et al, 2021a). In addition
to gliotransmission, astrocytes contribute to neuronal activity by
regulating the availability of NMDA receptor co-agonists (glycine and
D-serine; Sherwood et al., 2021a). However, more studies are needed
to better understand this process’s physiological and pathological
implications. For a more detailed description of this topic, see
Sherwood et al. (2021a). Also, astrocytes can release active molecules
through hemichannels (Lee et al., 2011; Montero and Orellana, 2015;
Lalo et al, 2021). This topic is beyond the scope of this review, but
for more information refer to Sahlender et al. (2014), Montero and
Orellana (2015), and Caudal et al. (2020).

Experiments using electrophysiology, optical imaging, and
molecular biology demonstrated that astrocytes
Activation of mGIuR
signaling cascade that increases intracellular Ca®" concentration

respond to
neurotransmitters. initiates a cellular
on a timescale of about 50-200 ms (Batchelor and Garthwaite,
1997; Marcaggi et al, 2009), in contrast to the comparatively fast
ionotropic receptors that take approximately 1-10 ms in neurons
to initiate the same response (Traynelis et al, 2010; Reiner and
Levitz, 2018). iGluRs are fast-acting because extracellular Ca?t
directly enters the cell through the open channel, although a
significant Ca®" concentration rise requires a substantial number
of simultaneously open iGluR channels. The activation of mGluR
initiates a cellular signaling cascade that amplifies the input signal,
albeit at the cost of response time; the activated mGluR activates
the phospholipase C/IP3 pathway, which then generates the release
of Ca?* from the endoplasmic reticulum (Decrock et al, 2013;
Rodriguez-Prados et al, 2020). This intracellular source of Ca?t
induces gliotransmitter release by Ca*-dependent exocytosis (Bezzi
et al., 1998, 2004; Zhang et al., 2004; Mothet et al., 2005; Crippa
et al., 2006; Woo et al., 2012; Li et al., 2013b; Navarrete et al., 2013;
Heller et al, 2020; Takata-Tsuji et al, 2021). Gliotransmitter

release in turn affects neuronal functioning, forming a
feedback loop.
Although astrocytes express both iGluRs and mGluRs,

intracellular Ca®* concentration rises mainly due to the activation
of mGluRs rather than iGluRs (Conti et al., 1996; Schools and
Kimelberg, 1999). However, we cannot dismiss the contribution of
iGluRs in astrocytes for two reasons. First, the temporal dynamics
of iGluRs are approximately an order of magnitude faster than
mGluRs. Second, the presence of certain subunits confers different
CaZ* permeability to iGluRs (Seifert et al., 1997; Brand-Schieber
and Werner, 2003; Brand-Schieber et al., 2004; Palygin et al., 2010).
The subunits that increase Ca?* permeability are GluN3 subunits for
NMDA (Cull-Candy et al., 2001; Kvist et al., 2013), GluA2 for AMPA
(Traynelis et al,, 2010), and GluK3-4 for KA (Burnashev et al., 1995).
The ratio of iGluRs with and without increased Ca?* permeability in
astrocytes may constitute a regulatory mechanism to modulate Ca?*
influx into the cell, affecting Ca?*-dependent pathways.

The release of glutamate from astrocytes contributes to
NMDA-related long-term depression. This mechanism is initiated
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by cannabinoid receptor type 1 (CB1) activation of astrocytes, which
increases Ca?* concentration and produces astrocytic glutamate
release. Increased extracellular glutamate activates NMDA receptors,
promoting internalization of AMPA receptors (Han et al., 2012; Min
and Nevian, 2012) in the cortex and hippocampus. In the cortex, the
activation of astrocytic CBI receptors by exogenous cannabinoids
impairs spatial working memory (Han et al., 2012; Min and Nevian,
2012).

In the striatum, two subpopulations of astrocytes may selectively
regulate the response for dopamine D1 vs. D2 medium spiny neuron
(MSN) subpopulations. Astrocytic CB1 activation elicits astrocytic
glutamate release that specifically induces activity from either D1 or
D2 MSNs, but not both (Martin et al,, 2015). This finding suggests
nuanced organization and interaction of neurons and astrocytes in
the striatum.

On the other hand, Beppu et al. (2021) demonstrated that
Bergmann glial cells amplify excitatory neuronal signals in the
cerebellar cortex by releasing glutamate through a mechanism
involving bicarbonate efflux and resultant intracellular acidification,
a mechanism sensitive to the inhibition of volume-regulated ion
channels. Although this is a novel and exciting mechanism by which
astrocytes can regulate the neuronal activity, more experiments
are needed to elucidate its specific molecular components and
their
Also, this opens the question of whether this is a mechanism

contribution during physiological conditions in vivo.
restricted to the cerebellar cortex or if it also occurs in other
brain areas.

Interneurons also play an important role in astrocyte modulation
of neuronal activity. Interneurons are locally projecting neurons
that regulate neuronal activity levels through inhibitory signaling
that counteracts excitatory (e.g., glutamatergic) signaling, and
helps to prevent runaway excitatory cascades. For example, in the
hippocampus, stimulation of inhibitory GABAergic interneurons
activates GABAp receptors in astrocytes, which subsequently triggers
increased Ca* waves in the surrounding astrocytes, potentiating
pyramidal inhibition. This effect is blocked by glutamatergic
antagonist CNQX [cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-
dione)] and AP5 (2-amino-5-phosphopentanoic acid), suggesting
that
pyramidal neurons depends on astrocyte-mediated glutamate

interneuron-astrocyte-mediated potentiated inhibition of
release (Kang et al,, 1998). Also, in the hippocampus, Perea et al.
(2016) described that, besides activating GABAp receptors in
astrocytes, GABA release by interneurons also activates GABA
receptors in presynaptic neurons, which inhibited synaptic activity.
However, when the interneuron leads to astrocyte-mediated
glutamate release, presynaptic activation of mGIuR 1/5 receptors
contributes to synaptic potentiation (Kang et al., 1998; Perea et al,,
2016). In the mouse cerebellar cortex, activation of purinergic
P2Y1 receptors and AMPA receptors in Bergmann glial cells leads
to glutamate-vesicular release that activates NMDA receptors in the
interneurons, enhancing the inhibitory synaptic input to Purkinje
cells (Rudolph et al., 2016).

Shen et al. (2017) described that autocrine activation of
P2Y1 purinergic receptors in astrocytes modulates the release of
glutamate mediated by the Ca?*-dependent chloride channel Best-1
and the subsequent activation of extra-synaptic NMDA receptors
in neurons. Related studies evaluated the effect of astrocytic Ca?*-
dependent glutamate release on the activity of neuronal extra-synaptic
NMDA receptors (Le Meur et al,, 2007; Shen et al, 2017; Koh
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et al, 2021). These receptors contain the GluN2B subunit and
their activation produce a slow inward current with an amplitude
of 18-477 pA, with a rise time of 13-332 ms, and decay times
of 72-1,630 ms. The presence of extra-synaptic NMDA currents
directly depends on astrocytes’ intracellular Ca®* concentrations;
they decrease when Ca?" signaling is abolished and increase when
intracellular Ca®* concentration rises (Araque et al., 1998b; Pirttimaki
et al,, 2011; Perea et al., 2014); these neuronal currents are generated
by astrocyte activity in the hippocampus, cortex (Gomez-Gonzalo
et al, 2017, 2018), and nucleus accumbens (Corkrum et al,
2019).

Moreover, Santello et al. (2011) showed that the P2Y1 activation
and consequent Ca?"-dependent glutamate release in astrocytes
from the dentate gyrus also involve the tumor necrosis factor-
alpha (TNFa), which at physiological concentrations (pM range),
favors the adequate exocytosis of astrocytic glutamatergic vesicles.
Interestingly, glutamate released activates presynaptic NMDA
receptors, particularly expressing the GIuN3A subunit with a low
voltage-dependent Mg?* block (Savtchouk et al, 2019). In an
excellent review, Di Castro and Volterra (2022) describe how this
mechanism might be relevant within the entorhinal cortex-dentate
gyrus circuit involved in memory processing.

Additional evidence beyond the hippocampus indicates that
astrocytes have a functional role in behavior regulation. For example,
astrocytes in the suprachiasmatic nucleus increase Ca’* signaling
at night. This signaling is highly related to circadian behavior
regulated by glutamate release (Brancaccio et al, 2019). Blum
et al. (2021) demonstrated in Drosophila melanogaster through
in vivo two-photon experiments that increased astrocyte Ca?*
activity correlates with sleep needs. Another behavior modulated
by astrocytes is feeding (Sweeney et al, 2016; Varela et al,
2021). Specific stimulation of astrocytes from mice’s medial basal
hypothalamus suppresses food intake (Sweeney et al, 2016).
Finally, mice lacking astrocyte glucocorticoid receptors in the
amygdala show attenuated anxiety behaviors in the open field
behavioral test and fear memory (Wiktorowska et al, 2021),
demonstrating a direct involvement of astrocytes in fear memory
and anxiety.

The extensive evidence reflects the key role of Ca?*-mediated
signaling in astrocytes, which requires stimulation of IP3 receptors
(IP3R). There are three subtypes of IP3R in mammals (IP3R1,
IP3R2, and IP3R3) and among them, IP3R2 was widely accepted
as the only functional subtype in astrocytes (Sherwood et al,
2021b). However, recent evidence showed that IP3R1 and IP3R3 are
also present in astrocytes and participate in Ca’*-mediated
signaling, especially in astrocytic processes (Sherwood et al.,, 2017,
2021b). This new finding raises questions about the functional
role and subcellular localization of the different IP3R subtypes
in astrocytes during gliotransmission and its relevance during
physiological processes.

As a whole, this evidence indicates that gliotransmission
modulates the activity of astrocytes and neuronal circuits (projecting
and interneurons) and appears to be a widespread mechanism
in the
emerge as a key component that triggers astrocytes’ modulation

brain. Besides glutamate, ATP purinergic receptors
of neuronal circuits. Although the current evidence indicates
that gliotransmission can influence behavior, more research is
needed to dissect the different roles of astrocytes in shaping

animal behavior.
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Role of astrocytes in glutamatergic
neurotransmission during pathological
conditions

Alterations in the glutamate transporters are related to
neurodegenerative diseases (Pajarillo et al., 2019). Postmortem brains
of Alzheimer’s disease patients showed a reduction in EAATI1 and
EAAT2 (Masliah et al., 2000). Epilepsy is associated with decreased
EAAT2 (Tanaka et al,, 1997). In the intrahippocampal kainic acid
model of temporal lobe epilepsy, GLT-1 and GLAST expression
increase early after the treatment, suggesting that dysregulation in
the expression of astrocyte glutamate transporters could contribute
to the development of epilepsy. However, the accuracy of this
hypothesis has not yet been determined (Peterson and Binder,
2019). In Huntington’s disease, an inherited neurodegenerative
disorder, reduced expression of EAAT2 was observed in postmortem
brain samples (Faideau et al, 2010). In the R6/2 Huntington’s
disease transgenic mouse model, decreased content of GLT-1 and
GLAST correlates with increased vulnerability to glutamate-
induced toxicity (Estrada-Sanchez et al, 2009, 2010). Likewise,
cortical pyramidal neurons in the R6/2 mice are more vulnerable
to glutamate-mediated paroxysmal activity during the inhibition
of both GLT-1 and GLAST transporters (Estrada-Sanchez et al,
2019).

To date, exploration of how gliotransmission contributes to
neural information processing and behavior focused mostly on
physiological conditions. Less is known about how changes in
gliotransmission contribute to the pathology of neurological,
neuropsychiatric, or neurodegenerative conditions. However, data
from physiological studies point out that astrocytes in the
striatum can modulate differentially D1 or D2 MSNs (see above),
and its dysfunction may contribute to diseases like Parkinson’s
and Huntington’s disease. D1 and D2 MSNs comprise key
components of the brain circuits that control movement and, at
the behavioral level, both diseases involve substantial alterations in
movement control. At the cellular level, D1/D2 MSN impairment
contributes to neuropathology, and a distinct line of evidence
demonstrates altered astrocyte functioning (for a review, see
Estrada-Sanchez et al, 2017). The results from Martin et al.
(2015) suggest that these two lines of evidence from disease
pathology are connected to healthy tissue function (Martin et al,
2015); further understanding of how this system works may
yield promising pathways for future therapeutic interventions for
these diseases.

Another
neuropathology might be through the activation of extra-

possible  contribution of gliotransmission  to
synaptic NMDA receptors since the NMDA-mediated response
in neurons depends on its subcellular localization. Whereas
NMDA

pathways, activation of extra-synaptic NMDA receptors initiates

activation of synaptic receptors leads to survival

neuronal death cascades (Kaufman et al, 2012). In fact, it has
NMDA
processes

been documented that activation of extra-synaptic

receptors  contributes to the neurodegenerative
described in Huntington’s disease and ischemia (Hardingham
and Bading, 2010; Milnerwood et al,, 2012). Because activation
of extra-synaptic NMDA receptors indicates astrocytic Ca’*-
dependent glutamate release, it is important to evaluate the

possible role of astrocytes in the balance/imbalance between
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synaptic and extra-synaptic glutamatergic receptors activation
and whether this contributes to survival or neuronal death
pathways.

The description of three functional IP3R subtypes in astrocytes
raises new questions about their role in pathological states. Recently,
it was shown that the IP3R1 subtype has a key role in chronic
itching (Shiratori-Hayashi et al., 2021) and the absence of IP3R2 in
astrocytes generates autism spectrum disorder-like behaviors (Wang
etal., 2021).

More studies are needed to fill the knowledge gaps about the
contribution of gliotransmission during the pathological process of
neurodegenerative, psychiatric, and neuropathological conditions.

Perspectives

The evidence reviewed strongly suggests a complex functional
interaction between neurons and astrocytes. The extent to which
astrocytes modulate the synapse could vary depending on the
brain region, influencing its information processing and behavioral
output. To date, most of the information on gliotransmission
has been centered in the hippocampus, and less is known about
gliotransmission in other areas of the brain. Similarly, most studies
have focused on physiological conditions, and although there
is evidence that astrocytes contribute to the neuropathological
process, the precise role of astrocytes during neuropathological
processing is still to be determined. The review also suggests
extensive opportunities for further research, including the specific
contribution of each gliotransmitter described to date and perhaps
the identification of new gliotransmitters, their synthesis, and release
systems. It is also important to better understand the effects of
gliotransmitters on neighboring cells, including the same astrocyte
or afferent, efferent neurons, interneurons, and microglia cells.
Finally, additional studies will clarify the functional interconnection
among different signaling pathways in a tripartite synapse, such
as glutamatergic, purinergic, and GABAergic, during physiological
and pathological conditions. Current evidence is limited to in vitro
and brain slice experiments, which limits our understanding of the
functional role of all these components in vivo.

Conclusions

The development of new experimental tools has widened
our understanding of the synapse, where astrocytes emerge as
a complex contributor. The evidence indicates that astrocyte
release of gliotransmitters such as glutamate, ATP, D-serine, and
GABA can activate, potentiate, or inhibit the activity of projection
neurons, interneurons, or other astrocytes. Furthermore, astrocytes
can influence neuronal synaptic modification through effects on
long-term depression and potentiation. It is likely that more than
one gliotransmitter coexists within the same astrocyte, providing a
new degree of complexity to astrocyte modulatory activity. These
mechanisms suggest additional layers of information-processing
capability, enabled by astrocytes that extend beyond the traditional
focus on neurons as the information-processing cells of the
brain. More studies are needed to understand how astrocytes
modulate neuron-astrocyte network activity across the brain during
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physiological and pathological conditions. Finally, deepening the
understanding of the functional dynamics between gliotransmitter
signaling in neurons and astrocytes will widen the therapeutic targets
for neuropathological conditions and neurodegenerative diseases,
including ischemia, stroke, and Huntington’s disease.
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