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Introduction: Definition, Classification, and Main Functions of Neuroglia

The human brain has a considerable complexity. In a rather limited volume, it contains

a population of more than 200 billion neural cells, including neurones and neuroglia.
Altogether, these neural cells form intricate networks connecting the various parts that
make up this organ through trillions of chemical and electrical synapses. The concept of
neuroglia was initially formalized by Rudolf Virchow who introduced it in the mid-1800s.
According to Virchow, neuroglia was a “substance also which lies between the proper
nervous parts, holds them together and gives the whole its form in a greater or lesser
degree” (Virchow 1860). The neuroglia is present in both the peripheral nervous system
(PNS) and the central nervous system (CNS) (Fig. 1). The PNS neuroglia arises from the
neural crest, similarly to peripheral neurones, and is classified into Schwann cells (Kidd et
al. 2013), satellite glial cells (Hanani and Verkhratsky 2021), olfactory ensheathing cells
(Ruitenberg et al. 2006), and enteric glia (Grubisic et al. 2018). The neuroglia cells of the
CNS are divided into macroglia cells (ectodermal, neuroepithelial origin) and microglia
(mesodermal, myeloid origin) (Merkhratsky and Butt 2013). Macroglia is further classified
into astroglia, oligodendroglia, and NG-2 glia, the latter also known as oligodendrocyte
progenitor cells, or synantocytes, or polydendrocytes (Verkhratsky and Butt 2013). Each of
these populations listed above can, in turn, be divided into further subtypes, making the
complexity that these cells possess to parallel the multitude of functions they govern. The
large number of subtypes of glial cells fueled for years the belief that in the human brain
glial cells outnumber neurones by a factor of 10 up to 50 (Bear et al. 2007; Kandel et

al. 2000). However, the views of numerical preponderance of glial cells in the brain and
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spinal cord with respect to the number of neurones have been proven erroneous, because
none of the concepts that had been adopted as a demonstration of big glial numbers has
been corroborated experimentally (Hilgetag and Barbas 2009; von Bartheld et al. 2016). It
is generally agreed upon that the total number of neuronal and non-neuronal cells in the
human brain is almost on par. Nonetheless, even if not in a linear manner, the evolution of
the nervous system paralleled with trend of an increase in glia to neurone ratio (Verkhratsky
et al. 2019), suggesting glial involvement in cerebral superior functions, although the largest
numbers of glial cells are observed in the largest brains of whales and elephants.

The unifying fundamental function of all types of glial cells, regardless of their origin,
structure, morphological appearance, and function, is the maintenance of the homeostasis

of the nervous system (Verkhratsky and Butt 2013). This function is of crucial importance

in the healthy brain, when neuroglia perform the normal housekeeping duties, as well

as in pathology, when glial cells react to unusual stimuli and undergo morphofunctional
modifications aimed at restoring brain homeostasis. Any deviation from this delicate
equilibrium may have serious consequences in the correct development or functioning of the
brain. The homeostatic support of neuroglia takes place at all levels of brain organization,
thus allowing the brain to function properly.

Microglia are the main type of immune cells that permanently reside in the CNS. Unlike
all other brain parenchymal cells that have multiple neuroectodermal lineages, microglia
originate from a mesodermal source. Microglia are of the myeloid origin, colonize the
CNS very early in evolution, and are conserved across species (Ginhoux et al. 2010;
Monier et al. 2007; Schlegelmilch et al. 2011; Swinnen et al. 2013; Verney et al. 2010).
For a long time studies on microglia have been focused on their function as resident
macrophages and their role in the immune response (Cartier et al. 2014; Prinz et al. 2011,
Prinz and Priller 2014). Being the main immunocompetent cells of the nervous system,
microglia fulfill fundamental defensive function by the virtue of their phagocytic capacity
and ability to secrete numerous pro- and anti-inflammatory factors. Through phagocytosis,
microglia can incorporate waste products, cellular debris, and pathogens (Nayak et al.
2014). Advances in the available technologies have enabled a better understanding of the
microglial functions across different conditions (Tay et al. 2019). Microglia is fundamental
for brain development, activity, and plasticity (Tay et al. 2017), including the creation

and remodeling of synapses. Through the modulation of synapse number and synaptic
activity, microglia can regulate the processes of learning, memory, and cognition (Weinhard
et al. 2018). Microglia also regulate neurogenesis, neuronal density and connectivity, as
well as neuronal survival and turnover (Shigemoto-Mogami et al. 2014). Most of these
processes begun during the period of perinatal development and persist through to the late
adolescence/adulthood (Sellner et al. 2016; Sierra et al. 2010; Ueno et al. 2013). Microglial
functions are based on the scavenging of cellular debris as well as the intense exchange

of communication between microglia and neurones, achieved through the production and
release of numerous neurotrophic mediators (Tay et al. 2017). This former property explains
the reason why microglial numerical preponderance occurs in areas containing debris or
apoptotic neurones as well as in regions with high density of neural precursor cells where
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microglia can drive neuronal turnover during development (Ayata et al. 2018; Cunningham
et al. 2013; Swinnen et al. 2013). Microglia can be considered as key contributors to normal
brain functioning, mainly because these cells regularly scan the surrounding environment
and adapt their morphology and functions to restore homeostasis. Therefore, dysfunctions
of microglial cells could have deleterious consequences at any stage of human life. During
the pre- and perinatal brain development, the modification of microglial functions could
impair essential processes such as neural connectivity and synaptic plasticity (Kettenmann
et al. 2013). In the same way during adult life, changes to microglial functions could cause
a remodeling of the neuronal circuits with serious consequences on learning and memory
(Weinhard et al. 2018). In conclusion, dysfunctional microglia play a fundamental role in
the onset, evolution, and outcome of neurological diseases throughout life span (Scuderi and
Verkhratsky 2020; Tay et al. 2018).

Oligodendrocyte and NG-2 Glia

Oligodendrocytes are cells of fundamental importance for the CNS because they form

the myelin sheath necessary for a fast and efficient transmission of the nervous impulse.
Oligodendrocytes originate from the oligodendrocyte precursor cells (OPCs) that arise

from multipotent neural stem cells (NSCs), mainly localized in the ventricular zones of

the brain from which they migrate to the developing CNS where they become active
oligodendrocytes. This process starts shortly before birth and continues throughout life
(Bergles and Richardson 2015) as a significant amount of OPCs persists in the adult brain.
These OPCs have been also identified as NG-2 glia because they express CSPG4, the NG2
chondroitin sulfate proteoglycan (Almeida and Lyons 2017). The differentiation of NG-2
glia into oligodendrocytes is essential for myelin repair in the adult brain (Ortiz et al. 2019),
and for ensheathing new neuronal connections with myelin in response to new experiences
(McKenzie et al. 2014; Xiao et al. 2016). These observations suggest that neurotransmission
drives the differentiation of NG-2 glia and are consistent with the evidence that NG-2

glia exhibit a wide range of ion channels and neurotransmitter receptors (Larson et al.
2016), and respond to synaptic transmission (Bergles et al. 2000). Despite these findings,
further studies are required to decipher how neuronal activity drives NG-2 glia conversion
in oligodendrocytes. Indeed, data acquired so far demonstrated that blocking, or stimulating,
synaptic signaling has only weak effects on NG-2 glia, suggesting that neurotransmitters
alone are not sufficient to start oligodendrogenesis (Butt et al. 2019).

Several factors modulate OPC migration, proliferation, differentiation, and myelination
(Elbaz and Popko 2019). These factors include extrinsic as well as intrinsic transcription
factors, epigenetic modulators, and signaling pathways (Elbaz and Popko 2019).
Oligodendrocytes express many receptors belonging to different classes suggesting that
these cells receive impulses from different signaling pathways indispensable for their
development and functions, mainly the formation of myelin (Butt et al. 2019; Habermacher
et al. 2019; Kiray et al. 2016; Patel and Klein 2011). For instance, it has been demonstrated
that the Wnt signaling controls OPC expansion throughout life (Azim et al. 2017) and that
estrogen favors oligodendrocyte differentiation and myelination by regulating cholesterol
homeostasis (Moskuhl et al. 2019).
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Myelin is mostly composed of lipids (about 70%, of which the primary component is
cholesterol) and proteins (about 30%, of which the main components are the myelin basic
protein and proteolipid protein) (Muller et al. 2013; Saher and Stumpf 2015). Although
oligodendrocytes seem capable of de novo synthesis of cholesterol, it has been suggested
that the lipid used to form the myelin sheath comes from astrocytes, as the blood-brain
barrier (BBB) does not allow dietary cholesterol to enter the CNS (Kiray et al. 2016).
Myelin also contains gap junctions formed by connexins, which are fundamental for

ion homeostasis and axonal metabolism and integrity (Vejar et al. 2019). Besides the
establishment of the optimal conditions for rapid electrical conduction, myelin is also
required for axonal integrity (Alexandra et al. 2018). The underlying mechanisms are not
fully clarified, but recent evidence indicates oligodendrocytes as essential for fulfilling
axonal metabolic needs. They indeed provide glucose (Meyer et al. 2018) and lactate

to axons (Funfschilling et al. 2012; Lee et al. 2012) depending on the axonal activity
requirements (Micu et al. 2018; Saab et al. 2016).

Given the above, dysfunction or loss of oligodendroglia or of their ability to make the
myelin sheath can cause devastating effects on CNS function and eventually lead to neuronal
death. Moreover, the pleiotropism of factors involved in oligodendrocyte development and
myelination helps to ensure that the disruption of any single factor does not result in their
loss of function. On the other side, they represent multiple targets that could be involved in
oligodendrocyte pathologies offering exciting new perspectives of research.

Astrocytes

Astroglia (to which astrocytes belong) are a class of highly heterogeneous in form

and function neural cells of the ectodermal, neuroepithelial origin; these cells maintain
homeostasis and defence of the CNS (Verkhratsky and Nedergaard 2018). Astrocytes

reside in the white and gray matter of the brain and the spinal cord (Verkhratsky and

Butt 2013). Numerous distinct morphological and functional subtypes of astrocytes have
been identified, including (i) protoplasmic astrocytes of the gray matter; (ii) fibrous
astrocytes of the white matter; (iii) velate astrocytes, localized in brain regions where
neurones are small and densely packed (e.g., the olfactory bulb or the granular layer of

the cerebellar cortex); (iv) radial glia, which are the pluripotent neural cell precursors that
mostly disappear at birth; (v) radial astrocytes, which comprise the cerebellar Bergmann
glia, the retinal Miiller glia, radial glia-like neural stem cells of the neurogenic niches,

and tanycytes; (vi) pituicytes, localized in the neurohypophysis; (vii) the iron-enriched
astrocytes, named Gomori astrocytes, localized in the hypothalamus and the hippocampus;
(viii) perivascular astrocytes, whose endfeet connect with blood vessels and are fundamental
for the establishment of the glia limitans barriers; (ix) juxtavascular astrocytes somata of
which are in close apposition with blood vessels; (x) ependymocytes, which are choroid
plexus cells, lining the ventricles and producing the cerebrospinal fluid, and retinal pigment
epithelial cells, which line up the retinal space; and specialized astrocytes observed only in
the brain of higher primates (including humans) which include (xi) interlaminar astrocytes,
(xii) polarized astrocytes, and (xiii) varicose profection astrocyte; functions of all these types
are still unclear (Colombo 2018; Verkhratsky et al. 2018, 2019).
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The heterogeneity of astroglia correlates with the multiplicity of functions that they perform.
For instance, astroglia (i) control the levels of neurotransmitters, ions, reactive oxygen
species, and metabolites (Deitmer and Rose 1996; Hertz et al. 1999; Kirischuk et al.

2007; Kofuji and Newman 2004); (ii) drive neurogenesis (Verkhratsky and Nedergaard
2018); (iii) regulate synapse formation, pruning, and elimination (Kettenmann et al. 2011,
2013; Pfrieger 2010); (iv) form and maintain the myelin sheath (Butt et al. 2019; Kuhn

et al. 2019); and (v) control the BBB and the blood flow (Abbott et al. 2010; Attwell

et al. 2010) (Fig. 2). The type and relative number of astrocytes vary among brain

regions (Verkhratsky et al. 2019). Despite their great variety of morphology and functions,
all astrocytes are best at performing their homeostatic function. To this end, astrocytes
cooperate to form, through gap junctions, cellular networks called syncytia, comprised of
apposing membranes of adjacent astrocytes pierced by hundreds of intercellular channels or
connexons (Giaume et al. 2010). Gap junctions represent highly specialized areas for the
transport of second messengers, ions, and bioactive molecules (Houades et al. 2008; Roux
et al. 2011). Networks between astrocytes and oligodendrocytes have been identified in both
the hippocampus and the neocortex (Butt and Ransom 1989; Griemsmann et al. 2015; Pastor
et al. 1998) and named “panglial syncytia.”

Astrocytic membrane carries a multitude of receptors for neurotransmitters and
neurohormones, ion channels, and membrane transporter systems. Astrocytes integrate the
signals from all other cells to operate their homeostatic function and foster neuronal activity.
Channels for K* (voltage-independent, voltage-gated and Ca2*-dependent K* channels), Na*
(voltage-gated, specific type of Na* channels regulated by extracellular Na* concentration
and epithelial Na* channels), and Ca?* (voltage-gated, Orai, and Ca?* release channels),
as well as for many other ions, have been registered (for a comprehensive review, refer

to Verkhratsky and Nedergaard 2018). Also, astrocytes express receptors for almost all
neuroactive agents (Kettenmann and Zorec 2013; Verkhratsky 2010), including adenosine
receptors (Dare et al. 2007; Pilitsis and Kimelberg 1998), purinoreceptors (Franke et al.
2001; Fumagalli et al. 2003; Verkhratsky et al. 2009), GABA receptors (MacVicar et

al. 1989; Nilsson et al. 1993), glycine receptors (Kirchhoff et al. 1996; Pastor et al.

1995), acetylcholine receptors (Graham et al. 2003; Sharma and Vijayaraghavan 2001),
monoamines receptors (Hertz et al. 2010; Miyazaki et al. 2004; Shelton and McCarthy
2000), cannabinoid receptors (Navarrete and Araque 2008; Navarrete and Araque 2010),
and both ionotropic and metabotropic glutamate receptors (Lalo et al. 2006; Sun et

al. 2013; Verkhratsky and Butt 2013; Verkhratsky and Chvatal 2020). Lastly, numerous
membrane transporter systems for different ions and neuroactive substances complete

the complex astrocytic machinery required to exert their homeostatic function, such as

the Na*-K* ATPase (Hertz et al. 2015), Ca2*-ATPases (Verkhratsky and Nedergaard
2018), as well as plasmalemmal transporters for GABA (Ribak et al. 1996), glycine
(Zafra et al. 1995), glutamate (Verkhratsky and Rose 2020), glutamine (Scalise et al.
2016), and monocarboxylates (Halestrap 2012). In this way, astrocytes control the CNS
microenvironment by adjusting extracellular neurotransmitters, ions, and pH, regulating
blood flow through the release of vasoactive molecules, and buffering reactive oxygen
species (Parpura and Verkhratsky, 2012). It has been demonstrated the ability of a single
astrocyte to be in contact with several neurones. In this way, they finely regulate synaptic
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transmission by tuning neurotransmitter levels in the synaptic cleft (Verkhratsky and
Nedergaard 2018). Astrocytes are fundamental components of the BBB where their presence
is essential for a protective function and the control of cerebral flow, thus regulating

the communication between the CNS and the periphery (Merkhratsky and Parpura 2015).
Astrocytes are also a part of the so-called gliocrine system, releasing around 200 molecules,
mainly neurotrophic factors, and energy substrates, fundamental for the maintenance of CNS
functions (Verkhratsky et al. 2016).

Given the above, all types of glial cells contribute to neuropathological developments.

As astrocytes are a part of neural networks, interacting with neurones, with other glial
cells, and with blood vessels, they are the key players in maintaining the structural and
functional integrity of the brain tissue. The role of astrocytes in driving neuronal function
and survival both in physiology and pathology has been widely documented (Verkhratsky
and Nedergaard 2018). The hypothesis that astrocyte dysfunctions allow the creation of a
disease-permissive context, which may favor neuronal deficits and death, has gained great
attention in the recent years. Here, we provide a brief recap of the evidence accumulated
so far on the active role of astrocytes in neuropsychiatric disorders, which are discussed in
detail in the following chapters.

Astrogliopathology in Neuropsychiatric Disorders

Considering the above-mentioned multiple homeostatic and supportive functions that
astrocytes perform, it becomes clear that any changes in the physiological performance of
these cells are having a role in the etiology or progression of neuropsychiatric pathologies.
Astrocyte impairments can be generic or disease-specific, and they often differ depending on
the stage of the disease (Pekny et al. 2016). To complicate this scenario, human diseases are
frequently modified both by age and by the presence of other comorbidities. Schematically,
we can divide astrogliopathies into three main categories: (i) reactive astrogliosis; (ii)
astroglial atrophy, characterized by degeneration and loss of function; and (iii) pathological
remodeling of astrocytes (Verkhratsky et al. 2017a, 2019) (Fig. 3). It should be remembered
that all three of these reactions are considered pathological, as well as that they can occur
simultaneously or singly.

Reactive Astrogliosis in Neuropsychiatric Disorders

Reactive astrogliosis represents the most studied type of astrocytic response (Escartin

et al. 2021), which has been considered for a long time the stereotypic and universal
response to pathology. According to the severity, reactive astrogliosis can be classified as
mild to moderate astrogliosis, diffuse severe astrogliosis, and severe astrogliosis with scar
formation (Sofroniew 2009, 2014). According to cellular morphology, two types of reactive
astrogliosis have been identified: the isomorphic one, which is reversible and characterized
by the preservation of the territorial astroglial domains, and the anisomorphic astrogliosis,
characterized by a lack of maintenance of the territorial domains, presence of cell migration,
territorial overlap, and ultimately scar formation (Pekny et al. 2016). Histopathologically,
reactive astrocytes display hypertrophic extensions due to the upregulation of vimentin and
glial fibrillary acidic protein (GFAP), two cytoskeletal intermediate filaments/proteins (Hol
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and Pekny 2015; Sofroniew 2014). Broadly speaking, reactive astrocytes undergo numerous
morphological and functional modifications, acquiring different phenotypes that are believed
to be disease specific (Pekny et al. 2016; Escartin et al. 2021).

Reactive astrogliosis is an evolutionary-conserved defensive program aimed at isolating the
damaged region, increasing neuroprotection, and starting the reparation of the damaged
nervous tissue, as well as the BBB. Growing experimental evidence supports this notion,
demonstrating that the suppression of reactive astrogliosis often increases the extent of

the traumatic brain injury, exacerbates post-traumatic synaptic loss, and aggravates disease
progression (Li et al. 2008; Okada et al. 2006; Pekny et al. 1999, 2014, 2016). Thus,
astrocytic reactivity is broadly considered neuroprotective, albeit in some circumstances,
especially if sustained for a too long time, it can become a maladaptive process, the
consequences of which may override the initial benefits.

Reactive astrogliosis has been widely documented in numerous neurological diseases,
including multiple sclerosis, Alzheimer’s disease, and autism spectrum disorders (Bronzuoli
et al. 2018a, b; das Neves et al. 2020; Scuderi et al. 2018; Scuderi and Verkhratsky 2020;
Tang et al. 2006; Zeidan-Chulia et al. 2014). Accumulating evidence indicates the presence
of reactive astrocytes even in the course of some neuropsychiatric disorders. For instance,
the astrocytic responses to chronic alcohol use may also lead to secondary activation

of gliosis-like astrocyte responses (Miguel-Hidalgo 2009; Miguel-Hidalgo and Rajkowska
2003).

Astrocyte Degeneration, Atrophy, and Loss of Function in Neuropsychiatric Disorders

Astrodegeneration is characterized by morphological atrophy and functional asthenia of
astrocytes. Thickness and extension of astrocyte branches appear reduced, while some of
their homeostatic functions are compromised. This astrocytic response has been detected in
several neurodegenerative and neuropsychiatric disorders (Heneka et al. 2010; Verkhratsky
et al. 2014; Verkhratsky et al. 2017b). Schizophrenia, major depressive disorder, alcohol
abuse disorder, and obsessive-compulsive disorders are all characterized by a reduction in
the number or the packing density of astrocytes, accompanied by failure of their homeostatic
function, especially in glutamate homeostasis (Aida et al. 2015; Czeh and Nagy 2018;
Korbo 1999; Rajkowska et al. 2002; Rajkowska and Stockmeier 2013). Aberrant glutamate
metabolism and transport, as well as the subsequent alteration in Ca?* homeostasis, likely
provoke an alteration in neurotransmission and excitotoxic neuronal death, both resulting
in psychotic symptoms (Verkhratsky et al. 2014). Of note, Miguel-Hidalgo in his chapter
published in this book offers evidence in the field of alcohol abuse disorder suggesting that
the reduced number of astrocytes and the shrinkage of their processes may impair some

of their critical functions. For instance, it has been shown that alcohol inhibits astrocyte
proliferation, as well as DNA and protein synthesis, in cultured neonatal astrocytes (Davies
and Cox 1991; Guerri and Renau-Piqueras 1997). Similar findings have also been achieved
analyzing postmortem human brain tissue (Kane et al. 1996). In the chapter by Kruyer and
Scofield, the emerging research highlighting the critical contribution of astrocytes to the
encoding and expression of motivated behaviors relevant to drug addiction is extensively
discussed. The chapter by Tanaka discusses the role of astrocytic control of the synaptic
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efficacy and its dysfunction in the pathophysiology of obsessive-compulsive and related
disorders.

Astrocyte Pathological Remodeling in Cognitive Disorders

Envoi

Astrocytes can undergo modifications in their intracellular cascade signaling or in their
functional properties acquiring a pathological phenotype. This process is called pathological
remodeling, and it has been implicated in the progression of several neurological diseases
(Ferrer 2018; Pekny et al. 2016). Astrocytic pathological remodeling has been documented
in diseases with severe damage to the developing white matter, mainly leukodystrophies.
These are a group of hereditary diseases characterized by the accumulation of substances

in the myelin that, therefore, gradually undergoes destruction. Alexander’s disease is a rare
neurodegenerative disease of astrocytes that display sporadically mutated GFAP gene that
causes early and severe leukomalacia (Messing et al. 2012). Pathological remodeling in
astrocytes has also been observed in other pathologies, that is, mesial temporal lobe epilepsy
and Van der Knaap disease (Bedner et al. 2015; Lanciotti et al. 2013; Verkhratsky et al.
2019).

We concisely examined the neuroglia, the origin of these cells, their classification, and some
of their functions. We have deepened the aspects connected to the homeostatic function

of astrocytes, and then we tersely reviewed the modification that astrocytes undergo in
neuropsychiatric diseases. In the follow-up chapters collected for this book, we explore

the role of astrocytes in the progression of neuropathological diseases, particularly in
neuropsychiatric disorders.
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Fig. 1.
Neuroglia classification
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ASTROGLIOPATHOLOGY
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Fig. 3.
Astrocyte contribution to neuropsychiatric disorders
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