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The name neuroglia is generally translated as nerve glue. In the recent past, this has been used to describe passive structural cells. Presently, this
view has been challenged and the true dynamic and multifunctional nature of neuroglia is beginning to be appreciated. In the central nervous system,
the main kinds of neuroglia are astrocytes (the primary homeostatic cells that ensure synaptic transmission), oligodendrocytes (which form the myelin
that ensures rapid electrical transmission) and microglia (the main immune cells). In the peripheral nervous system, neuroglia comprise Schwann cells,
satellite glia and enteric glia. These functionally diverse and specialised cells are fundamental to function at the molecular, cellular, tissue and system
levels. Without nerve glue, the body cannot function and the future will begin to unlock their importance in higher cognitive functions that set humans
apart from other animals and their true potential as therapeutic targets in neurodegenerative and other diseases.
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Introduction

The name neuroglia is generally translated as nerve glue. In the
recent past, nerve glue has often been used as a derogatory term
to describe passive structural cells of little interest or importance
compared to electrically excitable neurons. The future will be
distinguished by a revalidation of this term — quite literally, the
brain falls apart without nerve glue. Neuroglia provide for the
homeostasis of the nervous system, its defence and structure, and
are central to all neuropathologies.

Neuroglia are sub-classified (Verkhratsky and Butt, 2013)
into glia of the central nervous system (CNS) and peripheral
nervous system (PNS; Figure 1). CNS glia comprise macroglia
and microglia. Macroglia are derived from neural stem cells and
are represented by astrocytes, oligodendrocytes and NG2-glia
(also known as polydendrocytes): astrocytes are the main homeo-
stasis cells; oligodendrocytes myelinate and support axons and
NG2-glia act as lifelong oligodendrocyte precursors. Microglia
have a myeloid origin and their precursors are foetal macrophages
originating from the yolk sac; these precursors enter the CNS in
the early embryonic period and disseminate more or less homo-
geneously through the CNS, where they acquire a microglial phe-
notype to become the main defensive and immunocompetent
cells of the CNS (Kettenmann et al., 2011; Figure 2). The PNS
neuroglia include (1) Schwann cells (further subdivided into
three: myelinated Schwann cells that cover axons with myelin;
non-myelinated Schwann cells that enwrap non-myelinated
axons and perisynaptic Schwann cells that cover neuromuscular
junctions), (2) satellite glial cells that support neurons in periph-
eral ganglia; (3) olfactory ensheathing cells and (4) enteric glia.

Together, CNS and PNS neuroglia, in the broadest sense, are
essential for normal bodily function.

Past

The concept of neuroglia was introduced by Rudolf Virchow in
the 1850s and most of the famous neuroanatomists, from Karl
Bergmann and Alfred von Kollicker to Camillo Golgi, Ernesto
Lugaro and Santiago Ramon-y-Cajal, have contributed to the
characterisation of glial cells and conjectured on their functions,
ranging from mechanical support of nervous tissue to metabolic
support, regulation of sleep and removal of toxic products (for a
detailed historical review, see Kettenmann and Verkhratsky,
2008; Verkhratsky and Butt, 2013: 27-49). The main peripheral
glial element, the Schwann cell, was named in 1871 by Louis
Antoine Ranvier (whom the node of Ranvier is named after) after
earlier discoveries by Robert Remak and Theodor Schwann, who
first described peripheral myelin and ascribed its formation to
specialised cells in 1838—-1839; the term myelin was introduced
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Figure 1. Neuroglial diversity. Neuroglia are sub-classified into CNS and PNS glia, but overall their functions are the same - to provide homeostatic,
structural and metabolic support of neurons, to meylinate their axons to ensure rapid signal transmission and to be the main defensive and
immunocompetent cells. In the CNS, the main glial cell types are astrocytes, oligodendrocytes and microglia. In the PNS, the main neuroglia

are Schwann cells, satellite glial cells within the ganglia and enteric glia, which support neurons within the enteric nervous system of the
gastrointestinal tract. The interface between the CNS and the PNS marks a change from an environment of astrocytes, oligodendrocytes and
microglia, to one of Schwann cells and satellite glia; there is no change in the axon as it passes from one domain to the other, and PNS and CNS
neurons are fundamentally the same. In the broadest sense, CNS and PNS neuroglia are essential for normal bodily function.

by Rudolf Virchow. Astrocytes were defined as stellate glia by
Michael von Lenhossek in 1895 and later Del Rio Hortega is
attributed with the identification of microglia and oligodendro-
glia in 1919. Prior to Rio-Hortega, the Scottish pathologist
William Ford Robertson made the first remarkably accurate
sketches of oligodendrocytes and their precursors in 1899,
although NG2-glia were not formally described until the 1980s
by William Stallcup and colleagues.

The first electrophysiological recordings from neuroglia in
both invertebrates and vertebrates (including mammals) were
performed in the 1950s by Walter Hild and colleagues, who
defined glia as electrically non-excitable cells. This concept of
passive and ‘silent’ glia became the text-book view and was not
seriously challenged for decades. Nevertheless, from the outset
astrocytes were shown to display slow and long-lasting changes
of membrane potential associated with neuronal activity; these
were later shown to be due to currents generated by potassium
and glutamate uptake, now known to be primary functions of
astrocytes and essential for CNS function and integrity. The criti-
cal role of astrocytes in potassium homeostasis was proposed by

Leif Hertz in 1965 and in 1966 the studies of Steven Kuffler,
John Nicolls and Richard Orkand led to the concept of potassium
spatial buffering. In 1969, the electron microscopy (EM) studies
of Milton Brightman and Tom Reese first identified gap junctions
as the substrate for the astroglial syncytium. In the late 1980s and
early 1990s, the advent of glial cell cultures, patch-clamp and
intracellular Ca?* probes finally led to the rejection of glia as
passive cells. First, the expression of ionotropic glutamate and
GABA receptors was found (by Helmut Kettenmann and Harald
Kimelberg) in astrocytes and oligodendrocytes in vitro, that is, in
the absence of possible neuronal influences. Second, astrocytes
were found to generate cytosolic Ca2* signals in response to
mechanical and neurochemical stimulation, which led to the dis-
covery in 1990 by Ann Cornell-Bell of astroglial intercellular
Ca?* waves. The idea of astroglial Ca?* excitability was formal-
ised in the late 1990s as Ca?* signals that propagate through the
astroglial syncytium via gap junctions and astroglial release of
neurotransmitters (Cornell-Bell et al., 1990). In 1995, Vladimir
Parpura, Philip Haydon and Maiken Nedergaard found that glial
Ca?™ signals trigger the excitation of neurons, thus indicating
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Figure 2. Neuroglia in the CNS. CNS glia are multifunctional cells specialised to enable neurons to perform their function of information transfer.
The division of labour between glia and neurons is fundamental to the evolution of the human brain into a supercomputer that fits within the small
space of the cranium. It has taken over 100years to redefine neuroglia as being more than brain glue. Nonetheless, the importance of glue should
not be underestimated - the disruption of neuroglia has devastating effects on the neuronal function and is involved in every neuropathology. Quite
literally, the brain falls apart without nerve glue and increased knowledge of glial cell biology is beginning to lead to a greater appreciation of the

true potential of glial cells as therapeutic targets.

active glial-neuronal communication. These experiments
led to the concept of the tripartite synapse, in which the astroglial
compartment is actively involved in neuronal synaptic transmis-
sion (Araque et al., 1999). This concept of gliotransmission
remains debatable to the modern days (Fiacco and McCarthy,
2018; Savtchouk and Volterra, 2018). One area of controversy
was that glial calcium signals were too slow to modulate synaptic
activity, appearing tens of seconds after synaptic activity.
However, this has now been laid to rest, using novel two-photon
imaging and genetically encoded calcium indicators, which
shows that astrocyte calcium responses following sensory stimu-
lation are fast enough (~120 ms) to play a role in synaptic modu-
lation and neurovascular coupling (Stobart et al., 2018).

Early studies on oligodendrocytes and Schwann cells focused
on their myelinating function, mainly through EM and biochemi-
cal analysis of myelin composition (for historical review of mye-
lin, see Boullerne, 2016). In 1884, the founder of neurochemistry
Johann Ludwig Thudichum characterised many lipids of myelin,
including galactocerebroside, but the composition of myelin only
became unravelled after William Norton developed methods for
purifying myelin in the 1970s. In the 1930s, Francis Otto Schmitt
using X-ray diffraction revealed that the myelin sheath is made up
of lipid bilayers intercalated with proteins and Fernandez-Moran
and Sjostrand confirmed the lamellar structure of myelin by EM

in the 1950s. Remarkably, the g-ratio which defines the relation-
ship between axon diameter and thickness of the myelin sheath
was first characterised around the turn of the 20th century, by
Henry Donaldson in 1905 and later by Schmitt in 1937. It was not
until the advent of EM that the cellular origins of PNS and CNS
myelin were confirmed to be Schwann cells and oligodendro-
cytes. In 1954, Betty Ben Geren showed by EM that the Schwann
cell wraps around the axon to form a spiral of compacted myelin.
Oligodendrocytes as the cellular origin of CNS myelin was con-
firmed in the 1960s by the Bunges, Hirano and Peters. The insu-
lating function of myelin was recognised from the earliest times,
and the saltatory transmission of nerve impulses, from node of
Ranvier to node, was suggested as early as 1925 by Ralph Stayner
Lillie; he noted that myelinated nerves transmit impulses 10-fold
faster (now known to be up to 100-fold) than unmyelinated fibres.
The idea of saltatory conduction was taken forward independently
by Ichiji Tasaki and Alan Hodgkin in the late 1930s, and by
Andrew Huxley and Robert Stampfli in the late 1940s, who devel-
oped the complex mathematical equations describing how con-
duction velocity is determined by the resistance and capacitance
of myelin. In the 1970s, Norton’s seminal work revealed that
myelin contains 70%—-85% lipid and 15%-30% protein depending
on the source, which remains a bedrock in teaching and launched
the modern molecular era of myelin research.
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Microglia were largely neglected until the late 1960s, when
Geor Kretiuzberg and his colleagues developed the facial nerve
lesion to study microglial activation in the CNS (Blinzinger and
Kreutzberg, 1968). Subsequently, microglial physiology has
been analysed by imaging and electrophysiology in vitro and in
isolated tissue, and more recently in vivo, showing that micro-
glial excitability is controlled by a mixture of receptors character-
istic for neural cells and for immune cells (for review, see
Kettenmann et al., 2011).

Present

Astroglia

Technological advances, such as high-resolution imaging,
optogenetics and designer drugs, have allowed the study of
astroglia in vivo in the brain, in both anaesthetised and awake
animals. Astroglia are now defined as cells responsible for CNS
homeostasis at all levels of organisation — molecular, cellular,
network, organ and system levels (Verkhratsky and Nedergaard,
2018). Astroglia possess a specific form of excitability mediated
by changes in cytoplasmic concentrations of Ca?* and Na*, the
former interacting with Ca?>*-dependent enzymes (or ‘Ca?* sen-
sors’), while the latter determines the activity (through the trans-
membrane concentration gradient) of multiple plasmalemmal
transporters that are essential for controlling the molecular com-
position of the CNS interstitium, which in turn determines neu-
ronal excitability and information transfer (Bazargani and
Attwell, 2016). Astrocytes are intimate elements of CNS syn-
apses, regulating their genesis, maturation, maintenance and
extinction, as well as releasing neurotransmitters directly to
regulate synaptic activity (Araque et al., 2014). This integrative
role of astrocytes at synapses has given rise to the concept of the
astroglial ‘synaptic cradle’ (Verkhratsky and Nedergaard, 2014).
Through multiple Na*-dependent transporters expressed in their
perisynaptic membranes, astrocytes regulate the ionic composi-
tion of the synaptic cleft, control the removal and catabolism of
major neurotransmitters (including glutamate, GABA, glycine
and adenosine) and maintain synaptic transmission by providing
neurons with glutamine, which is an obligatory precursor for
glutamate and GABA. Astrocytes are bona fide secretory cells in
the CNS and release ions, neurotransmitters, neurohormones,
trophic factors, immunoactive molecules and amino acids,
being (together with microglia) a part of the gliocrine system
(Verkhratsky et al., 2016). In the grey matter, astrocytes divide
the tissue into relatively independent neuro-glio-vascular units,
coupled to the vasculature through astroglial endfeet. The same
endfeet plaster the CNS blood vessels and form the basis of the
glymphatic system, which by utilising convection flow of cere-
brospinal fluid removes waste products from the CNS paren-
chyma. In sleep, the efficacy of the glymphatic system greatly
increases, thus facilitating the purge of potentially toxic mole-
cules from the nerve tissue (Iliff et al., 2013). Astroglia are also
critical for controlling global ionic composition in the brain and
spinal cord interstitium, thus being the main element of ion
homeostasis of the CNS. Dynamic changes in ion homeostatic
control in turn affect overall excitability and functional status of
the nervous tissue, which is well recognised in pathology, where
the disruption of astroglial potassium and glutamate regulation
results in a loss of neuronal function and integrity, as occurs in

epilepsy, ischemia and amyotrophic lateral sclerosis (ALS).
Astroglial functions also manifestly regulate behaviour, for
example, astrocytes are fundamental for adenosine metabolism
in the brain and hence contribute to the regulation of adenosine-
dependent sleep homeostatis. Finally, astrocytes are chemosens-
ing elements of the brain involved in glucose, oxygen, CO,
sensing and contributing to systemic homeostasis of ions,
metabolites and energy.

Astrocytes of higher primates and humans are substantially
larger and more complex compared to other species studied so
far. In addition, the humanoid brain contains several types of
astroglia (interlaminar astrocytes, polarised astrocytes and vari-
cose projection astrocytes) that do not appear in other species
such as rodents (Colombo, 2018; Verkhratsky et al., 2018).
Notably, human astrocytes grafted into the brains of mice
retained their specific morphological appearance and conferred
enhanced memory and the ability to learn. Whether this reflects
higher supportive abilities of human astroglia or indeed indi-
cates their contribution to higher cognitive abilities remains to
be addressed.

Unsurprisingly, in light of their essential homeostatic func-
tions, astrocytes are an important element of virtually all neu-
rological disorders (Pekny et al., 2016). Pathological changes
in astrocytes can be generally classified into reactive responses,
degeneration with morphological atrophy and loss of function
and pathological remodelling. Reactive astrogliosis represents
a complex remodelling of astrocytes, accompanied by changes
in gene expression and functional changes; astrogliosis is a
genuinely defensive and evolutionarily conserved response,
the inhibition of which, as a rule, exacerbates neuropathologi-
cal development and jeopardises post lesion regeneration
(Burda and Sofroniew, 2014). Hence, astrocytes are therapeu-
tic targets for promoting neuroprotection, for example, in
stroke and Parkinson’s disease (Song et al., 2018; Vermehren
et al., 2018). The astroglial component of neuropathology is
highly variable and is often disease specific. Astroglial atrophy
with loss of function is observed in major psychiatric diseases
(schizophrenia, temporal lobe epilepsy and major depressive
disorder), whereas astrodegeneration and compromised astro-
glial glutamate uptake plays a leading role in excitotoxicity in
ALS, in Korsakoff-Wernicke syndrome and in toxic encepha-
lopathies. Atrophic changes in astroglia are also observed in
several types of neurodegeneration including Alzheimer’s dis-
ease (AD; Rodriguez et al., 2016). Astroglial expression of
abnormal tau proteins seems to be the key element in astro-
gliopathy that underlies several types of age-related dementia.

Oligodendrocytes

The modern era has seen the recognition that without myelin
the human brain simply could not have evolved. Besides speed-
ing up electrical transmission up to 100-fold, which is essential
for the massive computing power of the human brain, myelin
also provides for the miniaturisation of this supercomputer — it
is calculated that without myelin each human optic nerve would
need to be 0.75m in diameter to conduct information as rapidly
as it does. The importance of myelin is profoundly demon-
strated in demyelinating diseases, such as multiple sclerosis
(MS), where the specific loss of myelin has devastating effects
on the CNS function and neurodegeneration. The development
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of transgenic mice has dramatically increased our knowledge of
the mechanisms regulating oligodendrogenesis and myelina-
tion. Fate-map studies in transgenic mice by Akiko Nishiyama,
William Richardson and others have demonstrated that new oli-
godendrocytes are generated throughout life from a pool of
adult precursor cells (NG2-glia; Nishiyama et al., 2016). The
lifelong generation of new oligodendrocytes in the adult is
essential in pathology and for continued growth and replace-
ment of myelin loss through natural ‘wear and tear’. A key find-
ing by Richardson and colleagues is that the generation of
oligodendrocytes in the adult is essential for the myelination of
new connections developed in response to new life experiences
and, what is more, the learning of new tasks is severely ham-
pered without adaptive myelination (Xiao et al., 2016). Notably,
in humans, white matter volume steadily increases until the age
of 50, but declines thereafter, and this is accompanied by cogni-
tive decline, which is accelerated in dementia; this has led to a
myelinocentric view of cognitive decline and neurodegenera-
tion (Rivera et al., 2016). This argument is strengthened by
studies in transgenic mice targeting specific myelin genes, such
as proteolipid protein (PLP) and 2',3'-cyclic nucleotide-3'-
phosphodiesterase (CNPase), which when ablated resulted in
axonal degeneration. Studies by Klaus-Armin Nave and others
have shown that oligodendrocytes via their myelin sheaths pro-
vide substrates and signals for axons that are essential for
axonal function and long-term integrity (Simons and Nave,
2015). One such mechanism is that myelinating oligodendro-
cytes release lactate which is then utilised by axons for mito-
chondrial adenosine triphosphate (ATP) generation. These
studies reaffirm that axons and oligodendrocytes are function-
ally interdependent units and that myelin is essential for axonal
function and long-term integrity.

NG2-glia (polydendrocytes)

NG2-glia are defined by their expression of the chondroitin
sulphate proteoglycan NG2 (cspg4) and are identified using
antibodies against NG2, which was discovered in the 1980s
and characterised in the 1990s by William Stallcup, Joel Levine
and Akiko Nishiyama. NG2-glia are oligodendroglial in line-
age and act as a pool of oligodendrocyte progenitor cells,
which were first described in the early 1980s by Martin Raff,
Charles ffrench-Constant, Mark Noble and colleagues. A major
advance in recent years has been the use of genetic fate-map-
ping in Cre-loxP mice, which demonstrated that NG2-glia gen-
erate oligodendrocytes in both grey and white matter of the
developing and adult brain (Nishiyama et al., 2016). Notably,
up to 30% of oligodendrocytes in the adult are generated from
NG2-glia after the age of 2—3 months in mice. In 2000, Dwight
Bergles showed that NG2-glia are unique among glia in that
they form direct synapses with neurons and display spontane-
ous and evoked synaptic currents ((Bergles et al., 2000). The
sensing of neuronal activity by neurotransmitter receptors and
ion channels in NG2-glia is likely to play an important role in
driving oligodendrocyte generation, which in turn is essential
for the learning of new tasks and higher cognitive function
(Bergles and Richardson, 2015). Hence, NG2-glia are essential
for the normal brain function and are inextricably involved in
neuropathology.

Microglia

Microglial cells are of myeloid origin; they originate from foetal
macrophages derived form the yolk sac; these macrophages
invade the CNS at the very early developmental stages (Ginhoux
et al., 2013). After entering the CNS, microglial precursors dis-
seminate through the parenchyma and undergo complex morpho-
logical and functional metamorphosis. In the healthy brain,
microglial cells appear in the ramified form with small cell body
and long and much elaborated thin processes with multiple
branches. Every microglial cell occupies its own territory, about
15-30 um wide, with a little overlap between neighbouring ter-
ritories. The processes of ramified microglial cells are constantly
moving through its territory. This movement occurs at a speed of
about 1.5pm/min and thus microglial processes represent the
fastest moving structures in the brain. At the same time, micro-
glial processes also constantly send out and retract small protru-
sions, which can grow and shrink by 2-3 um/min. Due to their
highly motile processes, microglia scan through their domains,
with particular attention to synaptic sites, where microglial pro-
cesses rest for periods of minutes. Considering the velocity of
this movement, the brain parenchyma can be completely scanned
by microglial processes every several hours. Microglial cells
express a full complement of receptors to neurotransmitters and
neurohormones that allows them to follow the activity of neu-
ronal networks (Kettenmann et al., 2011). Microglial cells secrete
numerous signalling molecules that can interfere with synaptic
transmission. In embryonic development, microglial cells con-
tribute to phagocytotic removal of apoptotic neurons and to syn-
aptic pruning, thus shaping neuronal networks.

In pathology, both in acute or chronic, microglial cells
undergo activation that changes their phenotype and function.
Activation of microglia is a multicomponent and complex pro-
cess that results in multiple activated phenotypes that are often
disease specific. Furthermore, it can be modified in the course of
pathological evolution. In certain conditions, it may produce neu-
rotoxic forms that exacerbate the disease, becoming a pathologi-
cal component per se.

Future

The most intriguing question facing glial biologists is to unravel
the role glial cells play in higher nervous function — cognition,
emotions and consciousness — the things that distinguish Homo
sapiens from other living forms. Recent studies in rodents have
provided direct evidence that astrocytes, oligodendrocytes and
NG2-glia play important roles in the learning of new tasks and
behaviour. However, it remains difficult to extrapolate from
mouse to man. Human astrocytes are much larger and much more
complex than astroglia in other mammals. On average, the vol-
ume of human protoplasmic and fibrous astrocytes is 15-20
times larger than that of rodent astroglial cells, and human astro-
cytes have 10 times more primary processes. As a result, a single
human protoplasmic astrocyte covers ~2 millions synapses, pro-
viding each astroglial cell with (potentially) exceptional integra-
tive capacity. Furthermore, brains of humans and higher primates
contain several types of specific astrocytes (such as interlaminar
astrocytes, polarised astrocytes and varicose projection astro-
cytes), which all send long processes possibly involved in the
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interlayer integration. Most intriguingly, implantation of human
glial cell progenitors into the mouse brain increased learning
abilities of the rodents; the human progenitor cells retained their
specific morphology and slowly replaced host astroglia (Han
et al., 2013). However exciting these data are, they do not answer
the ultimate question of the direct contribution of glia to intelli-
gence; the increased performance of ‘astroglia-humanised’ mice
may reflect higher homeostatic capabilities of human cells or
remodelling of the host neuronal circuitry in response to some
factors released by human grafted astrocytes. Similarly, micro-
glial cells are the most ‘receptive’ cells in the CNS and their
physiological role remains to be explored. The definitive experi-
ments on the physiological importance of glial cells in higher
brain functions lie ahead.

Perhaps, the major advance in the immediate future will be
the reconsideration of the importance of glia in neuropathology.
The neurocentric view has been challenged and the understudy of
neuroglia is beginning to be appreciated. However, it remains
that glial research is just a drop in the ocean compared to that on
neurons. Gliopathology is diverse and complex and is generally
represented by degeneration, a loss of essential homeostatic func-
tions and pathological remodelling, often in combination and in a
disease-specific manner. Degenerative changes in astrocytes and
oligodendrocytes are observed at the earliest stages of neurode-
generative diseases and are the leading morphological changes in
major psychiatric diseases and in the ageing brain. The role of
microglia in these events is in its infancy, but their activity deter-
mines the overall neuroprotective or neurodestructive status in
the CNS, and changes in the brain’s immune system are associ-
ated with ageing of the human brain. The true potential of glial
cells as therapeutic targets is largely untapped. It may be an over-
statement to suggest that the failure to cure neurodegenerative
diseases in the last 100 years is because most researchers have
been looking in the wrong direction, but for sure we cannot afford
to neglect nerve glue for another 100 years.
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