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Executive Summary

Glial cells (neuroglia) are non-neuronal cells that constitute roughly half of the brain’s cellular makeup (/"
pme.nchinim.nih.gov) (2 www.scientificamerican.com). Long characterized as merely “support cells” (the term
neuroglia means "nerve glue") (‘! pmc.ncbi.nim.nih.gov), glia are now understood to actively regulate virtually
every aspect of nervous system function. Astrocytes, oligodendrocytes, microglia, and ependymal cells in the
central nervous system (CNS) — plus Schwann cells and satellite cells in the peripheral nervous system - each
perform distinctive roles in homeostasis, metabolism, and signaling. Astrocytes maintain extracellular ion and
neurotransmitter balance, support the blood—-brain barrier (BBB), and modulate synaptic transmission (\*
pme.nebi.nlm.nih.gov) (*°) www.nebi.nim.nih.gov). Oligodendrocytes (and Schwann cells in the PNS) form myelin
sheaths around axons, enabling rapid saltatory conduction (‘! pmc.nebinim.nin.gov) (1 www.nebi.nlm.nih.gov).
Microglia are the brain's resident immune cells (yolk-sac—derived macrophages) that constantly surveil the
parenchyma and mediate neuroinflammatory responses (\°/ pmec.ncbi.nim.nin.gov). Ependymal cells line the
ventricles and produce cerebrospinal fluid (CSF) () www.ncbi.nim.nih.gov). These glial populations outnumber or
match neurons in most brain regions — in cortex, glia-to-neuron ratios can exceed 3:1 (/%!
www.scientificamerican.com) () www.scientificamerican.com) — and differ by region (e.g. cerebellum has far more

neurons than glia) ('°) www.scientificamerican.com).

This report provides a thorough, evidence-based overview of glial cells. After reviewing their historical discovery
and evolving concepts, we detail each major glial subtype: morphology, origin, and function. We examine
modern data on glial cell counts and neuron-to-glia ratios ("'! pmc.ncbi.nim.nin.gov) (%
www.scientificamerican.com), and summarize specialized glial functions (synapse modulation, metabolic support,
myelination, immune surveillance) with current research findings. We include data tables comparing glial types
and glia-versus-neuron properties, and describe case studies such as therapeutic glia transplantation and
ablation experiments. We discuss glial involvement in neurological diseases (from multiple sclerosis to
Alzheimer's disease) and emerging glia-targeted interventions. Throughout, claims are supported by peer-
reviewed sources. Finally, we consider future directions: glia as therapeutic targets, single-cell glial research,
and unanswered questions about glial contributions to learning, cognition, and brain repair.

Introduction and Background

Glial cells (from Greek glia, meaning “glue”) were first described in the 19th century and originally thought to be
a passive scaffold supporting neurons. Rudolf Virchow coined the term neuroglia in 1856, conceiving of it as a
connective tissue with cellular elements (www.networkglia.eu). Indeed, early investigators like Remak (1838)
and Miller (1851) noted nerve sheath cells (Schwann cells) and retinal Mller cells, and Deiters provided first
drawings of star-shaped brain “glia” (www.networkglia.eu). Pio del Rio-Hortega (1921) later identified
oligodendrocytes as a distinct glial cell type, and he also defined microglia around the same time
(www.networkglia.eu). For many decades, neurons were considered the exclusive functional units of the brain,
while glia were relegated to a structural or “gluing” role. Classic textbooks asserted that the human brain
contained ~100 billion neurons and roughly ten times as many glia (x1 trillion) (" pmc.ncbi.nim.nih.gov). However,
this 10:1 glia-to-neuron ratio has since been overturned: modern isotropic-fractionator cell counts show humans
have on the order of 85-90 billion neurons and a similar number of glia (~1:1 ratio), with regional variation ("’
pme.nebi.nim.nih.gov) () www.scientificamerican.com). Notably, the cerebral cortex contains ~60.8x10"9 glial
cells and only ~16.3x1079 neurons (a ~3.8:1 ratio) (“O] www.scientificamerican.com), whereas the cerebellum has

[10]

far more neurons than glia ('’ www.scientificamerican.com). Thus, glia are at least as numerous as neurons in the

brain as a whole (["! pmc.ncbi.nim.nih.gov) (121 www.scientificamerican.com).
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Over the past two decades, a major paradigm shift has recast glia as active participants in neural circuitry ("""
pme.nchi.nim.nih.gov) (! pme.ncbi.nim.nih.gov). Contemporary research reveals that glia “perform an extensive
set of functions” beyond mere support (\'?) pmc.nebi.nim.nih.gov). Astrocytes, for example, regulate
extracellular ion balance, recycle neurotransmitters, and form the BBB ("*! pmc.nchi.nim.nih.gov) (©°!
www.nebinlm.nin.gov). Oligodendrocytes insulating axons optimize conduction velocities ('
pme.nchi.nlm.nih.gov). Microglia constantly survey the CNS and respond to injury with phagocytosis and cytokine
release ([81 pmec.nchi.nlm.nih.gov). Collectively, glia maintain homeostasis, modulate synaptic plasticity, and
influence development and repair (\'?! pmc.ncbi.nim.nih.gov) (! pme.nebinim.nih.gov).This report examines glial
biology from historical, cellular, physiological, and pathological perspectives, with extensive references to the
latest literature.

Classification and Types of Glial Cells

Central Nervous System (CNS) Glia

CNS glia include astrocytes, oligodendrocytes, microglia, and ependymal cells, each with unique origins and
roles:

Astrocytes. Astrocytes are star-shaped cells with elaborate processes. Their distal “endfeet” enclose brain
capillaries, forming a crucial component of the blood-brain barrier (BBB) ('°! www.nchi.nlm.nih.gov). The highly
branched morphology allows one astrocyte to contact many synapses, neuronal somata, and blood vessels

[5]

simultaneously (*7' www.nchi.nlm.nih.gov). Astrocytes are extremely abundant (often cited as the most numerous
glial type ("'} www.ncbi.nlm.nih.gov)) and come in subtypes (gray-matter “protoplasmic” versus white-matter
“fibrous"” astrocytes). Key functions of astrocytes include regulation of extracellular ion (e.g. potassium) and
neurotransmitter levels, metabolic support of neurons (e.g. glycolytic supply of lactate) (/"%
pme.ncbi.nim.nih.gov) (%! pme.nebi.nim.nih.gov), maintenance of the BBB and neurovascular coupling, and
participation in the “tripartite synapse” (modulating synaptic transmission) (! pmc.ncbi.nim.nih.gov) (\'?!
pmec.nchi.nlm.nih.gov). Astrocytes engage in synaptic pruning during development and can become “reactive” in
response to injury or disease (upregulating GFAP and altering gene expression). For example, astrocytes supply
lactate as fuel for neurons (I'°!
neurotransmitter from synapses. Astrocytes possess sensors (e.g. glutamate receptors, channels) and respond

pmc.nchi.nlm.nih.gov), and they express glutamate transporters that clear

via calcium signaling, influencing neuronal networks.

Oligodendrocytes. Oligodendrocytes arise from neural precursors and wrap CNS axons with myelin sheaths.
One oligodendrocyte extends many processes that insulate multiple axons. Myelination dramatically increases
axonal conduction speed via saltatory conduction (W pmc.ncbi.nlm.nih.gov) and also provides metabolic support
to axons. (In the PNS, the analogous cells are Schwann cells; each Schwann cell myelinates only a single
peripheral axon (/! www.nchi.nlm.nih.gov).) Most CNS axons are eventually myelinated by oligodendrocytes (!'°
pme.ncbi.nim.nih.gov) (‘) pme.ncbi.nim.nih.gov), a process essential for rapid signaling and long-term axon health.
“NG2 glia" (oligodendrocyte precursor cells) persist in adult brain as a proliferative pool that can generate new

oligodendrocytes.

Microglia. Microglia are the resident immune cells of the CNS, derived from yolk-sac macrophages during
development (1°) pmc.nebi.nim.nih.gov). They populate all brain regions, each cell occupying a local territory with
dynamic, mobile processes. In the healthy brain, microglia constantly “survey” the environment via motile
filopodia (°) pme.nebi.nim.nih.gov). Upon infection, injury, or disturbances in homeostasis, microglia become
activated: they change to an amoeboid morphology, proliferate, phagocytose debris, and secrete cytokines or
growth factors. Microglia mediate inflammatory responses and synaptic remodeling (for instance, pruning weak
synapses during development ('°! pmc.nchinim.nih.gov)). They express markers such as Ibal and CD11b. Unlike
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other glia, microglia originate from mesoderm (the embryonic yolk sac) rather than neuroectoderm (-°!

pmc.ncbi.nlm.nih.gov).

Ependymal Cells. Ependymal cells line the brain’s ventricular system and central canal of the spinal cord. They
form a simple cuboidal or columnar epithelium that often bears motile cilia. Ependymal cells (including

specialized choroid plexus epithelia) secrete cerebrospinal fluid (CSF) and help regulate its composition (\”
www.ncbi.nlm.nih.gov). They create a semi-permeable barrier between CSF and brain, filtering substances and

participating in clearance. Ependymal cells also contribute to subventricular neural stem cell niches.

Peripheral Nervous System (PNS) Glia

In the PNS, major glial types include Schwann cells and satellite cells. Schwann cells myelinate peripheral

axons one-to-one (versus oligodendrocytes/myelinate-many in CNS) (/) www.ncbi.nim.nih.gov). They also exist in

a non-myelinating form (Remak Schwann cells) that enwrap multiple small axons. Satellite glial cells (in dorsal
root and autonomic ganglia) envelop sensory neuron cell bodies, regulating their microenvironment. Though

outside the CNS, PNS glia share many roles (e.g. support, signaling) with CNS glia.

Table 1 below summarizes the principal glial cell types, locations, and functions.

Glial Cell Type

Astrocytes

Oligodendrocytes

Microglia

Ependymal Cells

Schwann Cells
(PNS)

Satellite Glia
(PNS)

© 2026 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved.

Location/Origin

CNS; neural
ectoderm

(neuroepithelium)

CNS;
neuroectoderm

CNS; yolk-sac
macrophages
(mesoderm)

CNS;
neuroectoderm

PNS; neural crest

PNS; neural crest

Key Functions

lon/water/neurotransmitter
homeostasis; BBB
maintenance; metabolic
support; synapse modulation
(4 pmc.ncbi.nim.nih.gov)

([5] www.ncbi.nlm.nih.gov)

Myelin formation (insulation of
axons); metabolic/structural
support ([6]
pmc.ncbi.nim.nih.gov) (“5]

pmc.ncbi.nim.nih.gov)

Innate immune surveillance;
phagocytosis of debris;
synaptic pruning;
neuroinflammation ([8]
pmc.ncbi.nlm.nih.gov) ([161

pmc.ncbi.nim.nih.gov)

Line ventricles, produce CSF;
fluid—brain barrier; contribute

to stem cell niches ([9]

www.ncbi.nlm.nih.gov)

Myelinate PNS axons (one per
cell) (/!
www.ncbi.nlm.nih.gov);
support/regenerate axons

Support and insulate neuronal
cell bodies in ganglia; regulate
microenvironment

Markers/Features

Star-shaped with many
processes; GFAP+;
endfeet on capillaries ([5]

www.ncbi.nlm.nih.gov)

Small cell body with
multiple processes; MBP+
myelin sheaths ([6]
pmc.ncbi.nim.nih.gov)

Small, ramified
morphology;
Iba1+/CD11b+; dynamic
processes ([8]
pmc.ncbi.nim.nih.gov)

Single-layer ciliated
epithelium; GFAP- (except
tanycytes)

Wrap single axons; S100+;
basal lamina layer

Surround ganglion cells;
similar markers to
Schwann

Associated
Pathology

Reactive gliosis in
injury; astrocytoma
(glioma)

Demyelinating
disorders (MS);
oligodendroglioma

Overactivation
(neuroinflammation)
in AD, PD;
microgliopathies

Hydrocephalus;
involvement in
neurogenesis

Peripheral
neuropathies;
schwannoma

Contribute to chronic

pain;
ganglioneuromatosis
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Glial Cells: Types, Function & Role in the Brain

Table 1: Summary of major glial cell types, their CNS/PNS classification, and principal functions.

Quantitative Aspects: Glia versus Neurons

The human brain's cellular composition has been re-evaluated in recent years. Instead of the classic “10:1" ratio,

modern counts show glia and neurons are roughly equal in total number ( ) (
). A typical adult human brain has on the order of 170-180 billion cells, with ~85-90

billion neurons and a similar number of non-neuronal (mostly glial and endothelial) cells (

) ( ). The glia-to-neuron ratio (GNR) varies by region: it is >3:1

in the cortex but ~0.05 in cerebellum (where granule neurons vastly outnumber glia) (

brain is implausible; instead, humans and other primates have a GNR near 1:1 (

) ( ). Recent analyses emphasize that a 10:1 ratio around the

). This

overturning of textbook dogma means that glial numbers in larger brains scale with brain size more like neurons

do (

).

Table 2 contrasts key features of glial cells vs neurons from the above data and established neurobiology:

Feature

Percentage of
brain cells

Electrical
excitability

Communication

Primary roles

Regenerative
capacity

Origin

Typical lifespan

Response to
injury

Neurons

~50% (86+ neuro) (

) (
)

Generate action potentials and synaptic
output

Chemical/electrical synapses between cells

Information processing and transmission

Limited (postmitotic; minimal division)

Neuroectoderm (most)

Long-lived (life of organism)

Vulnerable (degenerate with damage)

Glia (non-neuronal cells)

~50% (84+ glia) ( )

Generally non-excitable; no action potentials (except
maybe NG2 cells)

Gap-junction coupling & paracrine signaling; indirect

modulation of synapses ( )

Supportive/regulatory: metabolic support, ion
homeostasis, myelination, protection (

)

Many retain mitotic ability; can proliferate (esp.
microglia, astrocytes)

Most from neuroectoderm (astrocytes,
oligodendrocytes, ependyma); microglia from yolk-sac
( )

Also long-lived, but can renew (e.g., microglia turnover;
astrocyte hypertrophy/reactivity)

Reactive changes (gliosis): astrocytes form scar,
microglia activate, oligodendrocyte precursors
remyelinate

Table 2: Comparison of general properties of neurons and glial cells. Sources: quantitative counts (
) ( ) and functional roles (' ) (

).

Functions of Glial Cells
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Homeostasis and Metabolic Support

Astrocytes and other glia maintain the neuronal microenvironment. They buffer extracellular K*+ after neuronal
firing, clear neurotransmitters (glutamate uptake via astrocytic transporters), and regulate pH and water
balance. They store glycogen and can supply neurons with lactate as an energy substrate (

). Astrocytic endfeet encasing capillaries convey blood-derived nutrients to neural tissue
and help control cerebral blood flow (neurovascular coupling). In summary, glia actively regulate homeostasis:
“{in the CNS} they regulate homeostasis in the extracellular environment, provide metabolic support to neurons,
[and] modulate neuronal activity” ( ).

Synaptic and Network Modulation

Glial cells also influence synaptic function. Perisynaptic astrocyte processes sense neurotransmitter release and
can release "gliotransmitters” (e.g. D-serine) that act back on receptors, modulating synaptic plasticity (

) ( ). For example, astrocyte-derived D-serine is a co-agonist at
NMDARs and is important for hippocampal long-term potentiation (LTP) and memory formation (

). Both microglia and astrocytes contribute to synaptic pruning—removing excess synapses
during development and onto adulthood ( ). This process is essential for neural circuit
refinement; indeed, aberrant glia-mediated pruning has been implicated in diseases (see below).

Insulation — Myelination

Oligodendrocytes (CNS) and Schwann cells (PNS) form myelin sheaths. These lipid-rich wraps insulate axons
and enable saltatory conduction. Rapid saltatory conduction is facilitated by the fact that “the vast majority of
axons in the ... CNS are eventually myelinated by oligodendrocytes” ( ). Myelin not only
speeds signal transmission but also conserves energy and provides trophic support to axons. During learning
and development, new myelination (and activity-dependent myelin remodeling) is a form of plasticity. Loss of
myelin, as in multiple sclerosis, leads to conduction block and neurological deficits.

Immune Surveillance and Inflammation

Microglia are the principal immune effectors. They patrol the brain parenchyma and, upon detecting pathogens
or damage signals, shift into an activated state. Activated microglia phagocytose debris and secrete
cytokines/chemokines, recruiting peripheral immune cells if needed. Microglia thus orchestrate inflammation:
this is protective in acute injury, but chronic or excessive microglial activation can contribute to
neurodegeneration ( ). Astrocytes also participate in innate immunity — they upregulate
inflammatory mediators (e.g. complement proteins, cytokines) when reactive.

Development and Repair

Glia guide neuronal development. Radial glia (embryonic glia) act as scaffolds for migrating neurons in cortex
formation and give rise to neurons and glia. In the adult, neural stem cells in subventricular and hippocampal
zones share glial markers (some are glial-like stem cells). After injury, astrocytes, oligodendrocyte precursors,
and microglia respond: astrocytes form a “glial scar” that walls off damage ( ) but may
also inhibit axon regrowth ( ). New oligodendrocytes can remyelinate axons, and reactive
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astrocytes can influence repair. Glia thus play dual roles in regeneration: both protective and, at times,
constraining.

Evidence and Data Highlights

o Neuron-to-Glia Ratios: Bartheld et al. review of 150 years of cell counting shows the long-held belief in 10:1 glia:neuron
was mistaken ( ). Advanced methods (isotropic fractionator) now yield ~85 billion neurons vs ~84
billion glia in humans ( ). Herculano-Houzel and colleagues stress that the ~1:1 ratio is

typical for primates: “the human ratio of non-neuronal to neuronal cells of 1is similar to that of other primates” (

).

e Astrocyte Functional Diversity: Astrocytes exhibit enormous heterogeneity. Aged mammalian astrocytes show region-

dependent changes in morphology and gene expression ( ). Different astrocyte subtypes can have
distinct roles — for example, recent studies identify “A1" (neurotoxic) versus "A2" (neuroprotective) reactive astrocytes. A2

astrocytes upregulate neurotrophic factors, whereas A1 secrete inflammatory signals ( ).

e Case Study — Astrocyte Transplantation: Chang et al. (2023) transplanted lab-generated A2 astrocytes into mice after
spinal cord injury. Mice receiving A2 astrocytes showed significantly improved locomotor recovery (stride length and width)

compared to controls or A1-astrocyte grafts ( ). Histology showed reduced lesion size and less

glial scarring. Notably, A2 grafts inhibited microglial accumulation at the injury site ( ). This
experiment illustrates glial therapy: specific astrocyte subtypes can promote repair in vivo.

e Case Study — Microglial Transplantation: Transplantation of microglial cells has shown benefit in animal models. For
example, Kou et al. (2020) injected primary microglia into rats with spinal cord injury, resulting in improved motor function

and reduced lesion area versus controls ( ). In rodent stroke models, transplantation of oxygen-
glucose-deprived (OGD)-preconditioned microglia improved neurological scores and protected tissue (

). These and other studies support that healthy glial transplants can mitigate CNS injury.

e Glia-Synapse Interactions: Experiments demonstrate astrocytic Ca”2+ signaling can regulate synaptic strength, and
ablation of specific glia alters neuronal circuits. In genetic glia-ablation studies, removing astrocytes or oligodendrocyte

progenitors in adult mice leads to deficits in synaptic regulation and conduction ( ).

Glial Cells in Disease (Selected Perspectives)

Pathological conditions often involve maladaptive glial responses:

e Alzheimer’s Disease (AD): In AD brains, amyloid-f (AB) plaques are surrounded by activated microglia and “reactive”
astrocytes. Microglia cluster at plaques (a process involving the TREM2 receptor) and initially may help clear AB, but chronic

activation contributes to neuroinflammation ( ). Reactive astrocytes express higher GFAP and

secrete inflammatory mediators around plaques ( ). Glial dysfunction may worsen tau pathology
and synapse loss. Therapeutically, modulating microglial phenotype to enhance AR clearance (while reducing inflammation)

is under study ( ).

e Multiple Sclerosis (MS): MS is characterized by autoimmune attack on myelin. Here, oligodendrocytes are destroyed,
leading to demyelination and axon damage. Astrocytes become reactive around lesions (forming glial scars), influencing

inflammation (via cytokine release) ( ). Microglia and infiltrating macrophages engulf myelin
debris. Without oligodendrocytes, remyelination depends on NG2 precursor cells. MS therapies target immune components,
but glial support and remyelination remain major research areas.
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e Traumatic Injury and Stroke: After traumatic brain or spinal cord injury, astrocytes form a dense scar, which contains

inflammation but also inhibits axonal regrowth ([zﬂ pmec.nchi.nlm.nih.gov). Microglia rapidly invade and clear debris, but
may contribute to secondary damage via inflammatory signals. In stroke, astrocytes around infarcts swell and upregulate
survival factors, while microglial activation exacerbates injury . Glial cell transplantation (e.g. astrocytes or microglia as
noted) is being explored to promote recovery (case studies above).

e Gliomas (Glial Tumors): Many primary brain tumors originate from glial cells. Astrocytomas (including glioblastoma) arise
from astrocyte lineage; oligodendrogliomas come from oligodendroglia; and mixed oligo-astrocytomas have both. These
malignant gliomas are notoriously aggressive and are defined by glial markers (e.g. GFAP in astrocytomas). Microglia can

also infiltrate tumors, influencing their growth. Understanding the “glial blueprint” of tumorigenesis is a major field ([30]

pmec.ncbi.nlm.nih.gov), though detailed discussion is beyond this report.

These examples underscore that glial cells, once overlooked, are central players in neuropathology. Glia are not
only affected by disease, but can drive disease progression or recovery through their actions.

Implications and Future Directions

Research Trends: Current research emphasizes glial heterogeneity (single-cell profiling shows many
astrocyte/oligodendrocyte subtypes), glia—neuron signaling, and glial roles in cognition and disease. Innovative
tools (e.g. cell-specific manipulation, imaging of glia activity) have revealed functions once attributed solely to

[12]

neurons (! pmc.ncbinim.nih.gov) (!"?! pme.ncbi.nlm.nih.gov). There is growing interest in “glial memory” and

gliotransmission, although the latter remains controversial (:°") pmc.nebi.nim.nih.gov).

Therapeutic Targeting: Glial cells are attractive therapeutic targets. Approaches include: modulating microglia
(anti-inflammatory drugs, TREM2 agonists), promoting beneficial astrocyte phenotypes, and enhancing
remyelination (oligodendrocyte precursor stimulation). Cell therapy is another frontier: transplanting healthy
astrocytes or oligodendrocyte precursors may aid repair (e.g. A2 astrocyte grafts improved spinal injuries (/*°/
pme.nchi.nlm.nih.gov)). Even in vivo glia-to-neuron reprogramming is being explored (e.g. converting astrocytes
into neurons in Parkinson’s models ("*) pmc.nebinim.nin.gov)).

Unresolved Questions: Major open questions include the extent of glial involvement in higher brain functions
(learning, behavior) and how systemic factors (aging, systemic inflammation) alter glial physiology. The
“tripartite synapse” model predicts glia contribute to information processing, but quantifying that influence
remains challenging. Another future direction is the use of glial biomarkers in neuroimaging and CSF to diagnose
disease (given glial cells secrete unique factors when reactive).

Conclusion: In summary, glial cells are far more than “glue”: they are active, versatile regulators of nervous
system health. Modern neuroscience increasingly views the brain as an interplay of neurons and glia, each
indispensable. As summarized in this report, decades of research now support a comprehensive model of glia in
development, physiology, and pathology. Ongoing studies continue to uncover new glial mechanisms and
suggest novel therapies. A complete understanding of brain function will require integrating neuronal and glial
perspectives.

References:[All claims above are supported by peer-reviewed sources, including recent reviews and primary
research (2l pmc.ncbi.nim.nih.gov) (" pme.nebi.nim.nih.gov) (*! pmc.ncbi.nim.nih.gov) (1! pmc.ncbi.nim.nih.gov)
(%1 pme.nebi.nim.nih.gov). For brevity, citations are embedded in the text. Additional references are available on
request or in the bibliography. This report has drawn on comprehensive review articles and classical studies to
ensure accuracy and depth.**
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