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ABSTRACT

In the 21st century, neuroglial research has entered a period of Renaissance, extending the views of prominent neuroanatomists
and neurologists of the 19th and early 20th centuries, who assigned to glial cells numerous physiological functions and high-
lighted their fundamental role in the pathophysiology of nervous system diseases. Astrocytes are highly diversified in struc-
ture and function; they control brain homeostasis, support synaptic connectivity, and enable information processing in neural
networks. Evolutionary diversification of astrocytes, initially emerging as supportive cells of primitive sensory organs, drove a
continuous expansion of astroglial complexity and functional versatility, ultimately making them indispensable neuroprotec-
tors and homeostatic regulators. The large, morphologically elaborate astrocytes of the human brain arguably reflect an evo-
lutionary response to increased neuronal homeostatic demands. Astrocytes are indispensable for synaptic function, serving
as the principal regulators of neurotransmitter turnover and neuronal excitability. Astrocytes also govern brain energy me-
tabolism, mitochondrial dynamics, and calcium signaling, thereby actively shaping cortical plasticity and circuits. Astrocytes
are fundamental elements of the pathophysiology of neurological, neuropsychiatric, and neurodegenerative diseases, including
Alzheimer's and Parkinson's disease, amyotrophic lateral sclerosis, Rett syndrome, genetic astrocytopathies, and neurotrauma,
where they demonstrate complex reactive changes directed at tissue preservation and regeneration, but which can also contribute
to disease progression. Advances in single-cell transcriptomics, calcium imaging, chemogenetics, and iPSC-based models have
transformed our understanding of astrocyte diversity and disease-specific dysfunction, opening new avenues of investigation.
Given that no CNS disorder is known to occur without astrocyte involvement, multiple astrocyte-specific molecules represent
compelling targets for cell-directed therapeutic strategies.
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Practioner Points

« Astrocytes are active regulators of brain homeostasis
and synaptic function throughout a variety of species,
and their dysfunction drives pathology across the full
spectrum of neurological, neuropsychiatric, and neu-
rodegenerative diseases.

« Reactive astrogliosis is double-edged, initially neuro-
protective, but capable of contributing to disease pro-
gression in chronic conditions including Alzheimer's
disease, ALS, and Parkinson's disease.

« Multiple astrocyte-specific molecules represent com-
pelling targets for cell-directed therapeutic strategies
across CNS disease.

1 | Introduction

Astrocyte research has greatly benefited from the convergence
of technical advances including single-cell RNA sequencing,
spatial transcriptomics, advanced imaging, chemogenetics,
and human iPSC-based models, revealing layers of molecu-
lar complexity, functional diversity, and dynamic regulation
within these glial cells that were previously inaccessible. In
this review, we discuss key aspects of astrocyte biology span-
ning their evolutionary origins, developmental programs and
diversity, physiological roles in brain metabolism and neural
circuits, and their involvement in pathological conditions in-
cluding neurodegeneration, neurodevelopmental disorders,
and neurotrauma.

We trace the evolutionary trajectory of astroglia from pri-
mordial supportive cells in flatworms and nematodes to the
morphologically elaborate protoplasmic astrocytes of the
primate brain, with each human astrocyte contacting up to
two million synapses per cell. Astrocytogenesis is driven by
lineage-intrinsic programs and local neuronal cues, generat-
ing region-, layer-, and circuit-specific molecular identities
that are established early and maintained throughout life,
with individual astrocyte processes potentially functioning as
compartmentalized units at distinct synapse types. Astrocyte
physiology encompasses brain energy metabolism, mitochon-
drial dynamics, Ca* signaling, cortical plasticity, and ho-
meostatic control of feeding circuits. In pathological contexts,
astrocyte dysfunction emerges as an active contributor to dis-
ease onset and progression across hormone-related mood dis-
orders, Rett syndrome, Alzheimer's and Parkinson's disease,
amyotrophic lateral sclerosis (ALS), genetic astrocytopathies,
and neurotrauma.

Together, these sections build toward a central thesis: that the
evolutionary diversification and progressive specialization of
astrocytes (from primitive homeostatic cells to the morpholog-
ically and molecularly elaborate glia of the primate brain) is
exactly what made them indispensable neuroprotectors, and
consequently central contributors to the pathophysiology of
neurological, neuropsychiatric, and neurodegenerative dis-
eases. Understanding astrocyte biology in its full evolutionary
and functional complexity therefore represents one of the most
consequential frontiers in modern neuroscience, with direct

implications for therapeutic development across the entire spec-
trum of brain disorders.

2 | Astrocyte Evolution

Across evolution, astroglia—a broad class of homeostatic cells
of the CNS encompassing astrocytes, radial astrocytes, neu-
ral stem cells and ependymoglia [1]—diversified in parallel
with expanding cellular architecture of the nervous tissue.
The emergence of neuroglia as the class of supportive cells
reflects evolutionary specification and segregation of func-
tions associated with ever-increasing complexity of neural
circuitry and neural tissue [2]. The supportive neural cells,
which may be defined as primeval neuroglia, are found in
flatworms Acoelomorpha and in nematodes [3]. This prime-
val neuroglia (probably of mesenchymal origin) are associated
with terminals of sensory neurons and form sensory organs
known as sensilla [4-6]. Such glial-neuronal association is
evolutionarily conserved all the way to humans; as all organs
of special senses (taste buds, organ of Corti, olfactory systems,
etc.) contain supportive glial cells, which are indispensable
for the function of these organs [7]. The nervous system of
Caenorhabditis elegans also contains four cephalic glial cells
that project to neuronal cell bodies, providing them with
homeostatic support [6]. Platyhelmints developed a central-
ized nervous system composed of the anterior brain (a pair
of cephalic ganglia), the longitudinal nerve cords, and several
plexi distributed throughout the body. The cephalic ganglia
of platyhelminths contain glial cells of mesenchymal origin
that control the homeostasis of the neuropil [8, 9]. In Planaria
glial cells of the cephalic ganglia have characteristic morphol-
ogy with multiple processes and are endowed with glutamate,
GABA, and glucose transporters and glutamine synthetase,
which altogether indicate their contribution to neurotransmit-
ter homeostasis [9].

In Annelida, glial cells further diversify and contribute to nu-
merous homeostatic functions. In the earthworm, four distinct
types of neuroglial cells have been distinguished: neurilem-
mal, subneurilemmal, supporting-nutritive, and periaxonal
sheath-forming glia [10]. Neurilemmal glia are elongated
with long processes; subneurilemmal glial cells are small,
spindle-shaped, and sparsely branched; supporting-nutritive-
glia are glial fibrillary acidic protein (GFAP)-immunopositive
(GFAP being a widely used marker of mammalian astrocytes),
and form brush-like arrays along neuronal somata; sheath-
forming glia surround the giant axons [10]. In medicinal
leech, each segmental ganglia and both anterior and poste-
rior brains (essentially fused segmental ganglia) contain two
giant glial cells, along with two connective glial cells, which
ensheath axons, and six packet cells that cover neuronal cell
bodies [11, 12]. The giant glial cells, which dwell in the central
neuropil, have large somata (>100um in diameters) and ex-
tensively branched processes that appose synaptic structures.
These glial cells express a substantial variety of receptors to
neurotransmitters (including ionotropic and metabotropic
glutamate receptors, nicotinic acetylcholine receptors, iono-
tropic and metabotropic serotonin receptors, metabotropic pu-
rinoceptors, and metabotropic receptors to myomodulin), ion
channels and transporters, therefore, exerting homeostatic
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control of synaptic transmission, particularly by regulating
extracellular glutamate, choline and pH [11]. Packet glia buf-
fer extracellular K*, and giant glial cells extend processes that
contact neuronal dendrites and provide homeostatic control
over the neuropil [13-15]. All glial cells in the leech nervous
system are connected with innexin-based gap junctions thus
forming panglial syncytium [16].

In insects, neuroglial diversity is quite exceptional; they are
characterized by a wide array of names that reflect their lo-
cation and roles across the CNS, peripheral nervous system
(PNS) and sensory organs. A unifying modern framework
groups them into: surface glia, encompassing perineurial
and subperineurial layers that form the hemolymph-brain
barrier; cortex (cell-body/satellite) glia that ensheath neuro-
nal somata; neuropil glia, including epithelial, marginal, en-
sheathing, and astrocyte-like types; peripheral wrapping glia
that resemble nonmyelinating Schwann cells. Classic lam-
ina terminology also includes “pseudocartridge” and “fenes-
trated” surface glia, while other historical descriptors capture
region-specific morphologies such as “interface” glia. In par-
allel, sensory structures are supported by accessory cells—tri-
chogen, tormogen, and thecogen in olfactory sensilla—and
specialized chordotonal-organ cells such as cap and scolopale
cells; in the eye, pigment and Semper (cone) glia-like cells
provide additional support [17]. Together, this classification
captures a genuine diversity rather than mere nomenclature,
further reinforced by developmental and single-cell studies
in Drosophila [18-25]. In locusts the ultrastructural analysis
of the metathoracic ganglion revealed seven major forms (to-
gether with subdivisions) of neuroglia, illustrating how mor-
phological specializations map to function. These encompass
transport glia, subperineurial (barrier) glia, cell-body/satellite
glia—including a subset closely associated with large motor
neurons—axon-hillock glia, “glial-glia” that primarily con-
tact other glia, neuropilar glia within synaptic regions, and
tracheal-associated glia that ensheath tracheoles coursing
through nervous tissue [26].

In Drosophila melanogaster, a population of astrocytes-like glia
(ALG) cells that are somewhat similar to vertebrate astrocytes
has been characterized. ALG are part of the neuropil glia, as
they extend their processes deep into the neuropil where they
closely contact synapses to modulate their formation and func-
tion [27]. Their cell bodies, however, are mostly located in the
cortex [reviewed in [28]]. Drosophila ALG cells exhibit major
similarities to vertebrate astrocytes across morphological, func-
tional and molecular level, strongly suggesting a close similarity
between these cells [reviewed in [29]]. Specifically, like verte-
brate astrocytes, Drosophila astrocytes-like glia cells bear a
complex spongioform morphology characterized by an intricate
network of fine processes that tightly contact synapses, tile the
neuropil and occupy distinct territories with minimal overlap of
their projections [27, 30, 31]. Functionally, Drosophila ALG cells
play similar roles to those of astrocytes in vertebrates, includ-
ing the maintenance of ionic homeostasis [32], regulation of the
balance between inhibitory and excitatory neurotransmitters,
and clearance of glutamate and GABA (33, 34], both neurotrans-
mitters being inhibitory in Drosophila [35]. Additionally, ALG
cells are involved in synapse formation and refinement during
development [36]. In both larvae and adults, ALG cells express

molecular markers also found in vertebrate astrocytes includ-
ing GABA transporter (GAT) [33], excitatory aminoacidic trans-
porter 1 (EAATI) [31] and the glutamine synthetase 2 (Gs2) that
converts glutamate to glutamine [22]. Some crucial mechanisms
underlying gliogenesis, such as the role of Notch signaling in
the specification of both vertebrate and Drosophila astrocytes,
are evolutionary conserved [37]. Moreover, the generation and
expansion of astrocyte populations depend on intermediate
neural progenitors (INPs), derived from Type II neuroblasts in
Drosophila. These progenitors undergo amplification during de-
velopment to then differentiate into ALG cells [38].

Despite these similarities, notable differences between ver-
tebrate astrocytes and ALG cells must be considered when
using Drosophila as a model for investigating astrocyte de-
velopment and function. The most significant distinctions
arise during early phases of astrocyte development, including
progenitor expansion, stereotyped production, cellular migra-
tion and maturation. These differences stem primarily from
two factors. First, Drosophila brain has a markedly different
morphology from that of vertebrates, and the position and
migration pattern of neuropil-glia precursors in the embryo
are well characterized and highly stereotyped [38]. Second,
Drosophila neurodevelopment occurs in three different stages
encompassing the embryonic, larval and pupal stages. Larval
astrocytes-like glia cells originate from embryonic progenitors
but undergo apoptosis during early stages of metamorphosis
[36, 38, 39]. While the exact origin of adult ALG cells remains
largely unclear, Type II neuroblasts in the larval brain gen-
erate INPs that can differentiate into adult ALG cells [37].
Additionally, some larval neuropil glia, namely ensheathing
glia (EG), dedifferentiate during the pupal stage to give rise to
adult ALG cells [40].

While Drosophila studies have revealed conserved mech-
anisms of glial development, circuit assembly, and behav-
ior—and even on models that are relevant to disease—these
translational aspects are only briefly addressed here.
Similarities between insect astrocyte-like cells and vertebrate
astrocytes are best viewed as analogies: developmental control
differs fundamentally (e.g., insect gliogenesis hinges on glial
cells missing/gcm, encoding a key transcription factor without
a comparable CNS role in mammals), supporting the view that
glia most likely underwent divergent evolution across major
metazoan lineages [41, 42].

In vertebrates, the emergence of radial glia represents an evo-
lutionary novel ancestral astroglial form. Radial glia are phy-
logenetically ancient, emerging in echinodermata (sea urchin,
starfish, and sea cucumber, among the most ancient chordata)
[43, 44] and persisting as the principal glia in many lineages,
where they serve as progenitors and execute key astrocyte-
like homeostatic functions [45]. From their evolutionary ori-
gins in early chordates, where radial glia perform many of the
functions attributed to astrocytes, glial cells underwent sig-
nificant diversification in parallel with an increase in cortical
thickness and neural circuit expansion. In anamniotes such
as lampreys and teleost fish, radial glia persist throughout
life, functioning as both progenitors and homeostatic cells,
often carrying astrocyte-like functions including neurotrans-
mitter clearance, metabolic support, and water homeostasis
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FIGURE 1 | Astrocytes from different mammals. GFAP immunostaining tested on a wide variety of mammalian species (i.e., Mus musculus

(mouse), Macaca mulatta (Rhesus macaque), Macaca fascicularis (crabeating macaque), Homo sapiens (human), Pan troglodytes (chimpanzee),

Carollia perspicillata (Seba's short-tailed bat), Bos taurus (cattle), Tursiops truncatus (common bottlenose dolphin), Panthera leo (lion), Panthera tigris

(tiger), Panthera pardus (leopard)). On the right, indication of the correspondent orders. Color coded is as follows: Rodentia in gray; Primates in dark

yellow; Chiroptera in purple; Artiodactyla in blue; Carnivora in orange. (A-I) In green, immunostaining for Glial fibrillary acidic protein (GFAP)

labeling astrocyte intermediate filament-III; in blue, NeuroTrace labeling nuclei. Species of the brain sections are indicated per each micrograph.

Each micrograph is color labeled depending on the order the species belongs to. Scale bars =20 um.

[43, 46, 47]. In amphibians (like the African clawed frog) and
reptiles (like turtles), transitional forms emerge, where pro-
toplasmic astrocyte-like cells coexist with radial glia in the
postnatal brain, suggesting a gradual shift in glial identity and
anatomy [48].

In mammals, astrocytes diversify not only into classical proto-
plasmic and fibrous types (Figure 1), but also into specialized
radial derivatives (Bergmann and Miiller glia) and regionally
distinct parenchymal forms, supporting synaptic integration,
metabolic coupling, and neurovascular regulation in a domain-
organized manner [49-53]. Astrocyte size, complexity, and mo-
lecular programs then scale with brain expansion. Electron
microscopy in monotremes (platypus, echidna) first highlighted
how early-diverging mammals differ from therians: immature
monotreme brains contain a single macroglial population with
dense cytoplasm/nucleoplasm and microtubule organization un-
like therian oligodendrocytes (not circumferential) or astrocytes

(not filament-associated), suggesting a hybrid phenotype with
functions of both major glia; however, contemporary follow-up
data remain scarce [54]. In marsupials, the opossum (Didelphis
virginiana) exhibits astrocytes and “transitional” glia but lacks
typical adult ependymal cells; opossum astrocytes vary in soma
shape and extend processes to vessels, neurons, and neighboring
glia with region-specific distributions across hippocampus, neo-
cortex, and other areas [55]. Studies in cattle and horse similarly
emphasize expansive networks of protoplasmic and perivascular
astrocytes contacting pyramidal neurons and the vasculature in
the cortex and hippocampus, alongside “transitional” forms with
intermediate features between protoplasmic and fibrous astro-
cytes, or even between protoplasmic astrocytes and oligodendro-
cytes as described in classic histology [56, 57]. In carnivores, ferret
visual cortex astrocytes are roughly twice the size of rodent cor-
tical/hippocampal astrocytes yet smaller than human. Moreover,
ferret astrocytes also deviate from the canonical “tiling” model by
showing substantial overlap among neighboring territories [58].
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FIGURE2 | Phylogenetic overview of the species mentioned in the review. Phylogenetic tree of the species referenced in the “Astrocyte evolution”

section. Evolutionary tree made with https://phylot.biobyte.de/.

In primates, and particularly humans, astrocytes are structur-
ally and functionally more complex than in other mammals.
Human protoplasmic astrocytes are significantly larger than
those in rodents, with up to 2.5-fold more primary processes and
a tenfold greater volume, allowing them to contact and poten-
tially coordinate activity across hundreds of thousands of syn-
apses [51, 59]. Certain astrocyte subtypes, such as interlaminar
astrocytes that extend radially through multiple cortical layers
show primate-specific features in terms of density, morpho-
logical complexity, molecular markers and developmental tra-
jectories [49, 50]. These cell types arguably support long-range
coordination across cortical layers and columns, reflecting
an adaptation to the expanded and folded neocortex. Finally,
varicose-projection astrocytes had been thought to exist only in
humans and chimpanzees [51]; however they have been recently
shown to be present not only in other apes, including bonobo,
gorilla, and gibbon, but they have also been observed in other
mammals such as rodents (i.e., mice), and carnivores (i.e., tigers)
[60]. Recent advances in induced pluripotent stem cell (iPSC)-
based systems demonstrated that evolutionary changes in astro-
cyte biology can be modeled in vitro [59]. Comparative analyses
of human, chimpanzee, and macaque iPSC-derived astrocytes
revealed that human astrocytes recapitulate key evolutionary
features observed in vivo, including increased cell size and mor-
phological complexity. Mechanistically, these phenotypes were
linked to evolutionary activation of Hippo-TEAD signaling, as
inhibition of TEAD activity selectively reduced the complexity of

human astrocytes [59]. Human astrocytes have also been shown
to produce increased numbers of extracellular vesicles (EVs),
which carry signals that promote astrocyte growth and com-
plexity in recipient cells, suggesting that long-range intercellular
communication has contributed to astrocyte evolution [59]. At
the transcriptional level, genes associated with intellectual dis-
ability and chromatin regulation underwent pervasive changes
in expression during recent primate astrocyte evolution, indicat-
ing extensive remodeling of neuron-supportive and regulatory
programs [59]. Importantly, these genes encode factors essential
to maintain proper chromatin three-dimensional arrangement,
indicating an important role of proper DNA-regulatory dialogue
in primate brain evolution [59]. The iPSC-based models allow
the isolation and culture of astrocytes, which in turn enable de-
tailed profiling of regulomes and the identification of key DNA
elements that control gene expression. The recent comparative
epigenomic analyses identified an evolutionary gain in enhancer
activity linked to the acquisition of binding sites for broadly act-
ing “stripe” transcription factors, suggesting that rewiring of
the cis-regulatory architecture contributed to the emergence of
human-specific astrocyte states [59]. The iPSC-derived astro-
cytes (iAstrocytes) system offers the unique possibility to study
how human and nonhuman primate astrocytes impact neuronal
development and activity. The next steps in this research line are
to leverage iAstrocytes to investigate the potential implications
of evolutionary changes in human astrocyte biology for the reg-
ulation of how neuronal development unfolds over time.

Acta Physiologica, 2026

5 of 36


https://phylot.biobyte.de/

TABLE1 | Astrocyte-like glial cells across species: Evolutionary overview.

Common
Scientific name name Taxonomic group Summary of astrocyte/astrocyte-like cells information
Caenorhabditis Roundworm/ Nematoda Four cephalic glial cells projecting to neuronal
elegans Nematode cell bodies, providing homeostatic support. Glial-
neuronal sensilla associations in sensory organs.
Schmidtea Freshwater Platyhelminthes Cephalic ganglia glia: characteristic morphology with
mediterranea planarian multiple processes; glutamate, GABA, glucose transporters;
glutamine synthetase; all indicate contribution to
neurotransmitter homeostasis. Glial cells of mesenchymal
origin controlling neuropil homeostasis.
Lumbricus terrestris Earthworm Annelida Four types of neuroglial cells: neurilemmal, subneurilemmal,
(Oligochaeta) supporting-nutritive (GFAP-immunopositive), and
periaxonal sheath-forming glia. Supporting-nutritive
glia form brush-like arrays along neuronal somata.
Hirudo medicinalis Medicinal leech Annelida Each segmental ganglion: 2 giant glial cells (neuropil), 2
(Hirudinea) connective glia (ensheath axons), 6 packet cells (cover cell
bodies). Giant glia: > 100 um soma, branched processes,
diverse neurotransmitter receptors (ionotropic/metabotropic
GluR, nAChR, 5-HT, purinoceptors, myomodulin), regulate
extracellular glutamate, choline, and pH. Connected by
innexin gap junctions forming panglial syncytium.
Schistocerca Desert locust Insecta Metathoracic ganglion: seven major glial forms including transport
gregaria (Orthoptera) glia, subperineurial barrier glia, cell-body/satellite glia, axon-hillock
glia, glial-glia, neuropilar glia, and tracheal-associated glia.
Drosophila Fruit fly Insecta (Diptera) Astrocyte-like glia (ALG): spongiform morphology, tile
melanogaster neuropil, contact synapses, minimal territory overlap.
Express EAAT1, GAT, Gs2. Regulate ionic homeostasis,
glutamate/GABA balance, synapse formation. Gliogenesis
depends on gem transcription factor (not conserved in
mammals). Notch signaling conserved with vertebrates.
Strongylocentrotus Purple sea Echinodermata Radial glia-like cells present; among most ancient chordates to
purpuratus urchin show radial glia, serving progenitor and homeostatic functions.
Evidence for phylogenetically ancient origin of radial glia.
Patiria miniata Bat star Echinodermata Radial glia documented in nervous system; part of evidence
(starfish) base for ancient origin of vertebrate-type radial glia.
Holothuria sp. Sea cucumber Echinodermata Radial glia-like cells present; contributes to evidence
of radial glia emerging in echinoderms.
Petromyzon Sea lamprey Agnatha Radial glia persists throughout life; functions as progenitor
marinus (Petromyzontidae) and homeostatic cell with astrocyte-like roles including
neurotransmitter clearance, metabolic support, water homeostasis.
Danio rerio Zebrafish Actinopterygii Teleost radial glia persists into adulthood; performs astrocyte-
(Teleostei) like functions (neurotransmitter clearance, metabolic support,
water homeostasis). Model for radial glia-astrocyte continuum.
Elasmobranchii Sharks and rays Chondrichthyes GFAP, S-100, and glutamine synthetase immunohistochemistry
(subclass) used to characterize astroglia. Evolutionary changes in
astroglia compared to amniotes documented [47].
Xenopus laevis African Amphibia (Anura) Transitional forms: protoplasmic astrocyte-like cells
clawed frog coexist with radial glia in postnatal brain; suggests
gradual evolutionary shift in glial identity.
Chrysemys picta Painted turtle Reptilia Transitional glial forms; protoplasmic astrocyte-like cells
(Testudines) coexist with radial glia, indicating gradual shift from radial
glia to astrocyte-type glia characteristic of amniotes.
(Continues)
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TABLE1 | (Continued)
Common
Scientific name name Taxonomic group Summary of astrocyte/astrocyte-like cells information
Ornithorhynchus Platypus Mammalia Immature monotreme brains contain a single macroglial
anatinus (Monotremata) population with dense cytoplasm/nucleoplasm and
microtubule organization unlike therian oligodendrocytes
or astrocytes; may represent a hybrid phenotype.
Tachyglossus Short-beaked Mammalia Same hybrid macroglial phenotype as platypus;
aculeatus echidna (Monotremata) contemporary follow-up data remain scarce.
Didelphis virginiana Virginia Mammalia Exhibits astrocytes and “transitional” glia but lacks typical
opossum (Marsupialia) adult ependymal cells; opossum astrocytes vary in soma
shape and extend processes to vessels, neurons, and
neighboring glia with region-specific distributions.
Bos taurus Cattle Mammalia Expansive networks of protoplasmic and perivascular
(Artiodactyla) astrocytes contacting pyramidal neurons and
vasculature in cortex and hippocampus; “transitional”
forms with intermediate features described.
Equus caballus Horse Mammalia Protoplasmic and perivascular astrocyte networks
(Perissodactyla) documented; transitional forms between protoplasmic
astrocytes and oligodendrocytes noted in classic histology.
Mustela putorius Ferret Mammalia Visual cortex astrocytes roughly twice the size of
furo (Carnivora) rodent cortical/hippocampal astrocytes but smaller
than human. Deviate from canonical “tiling” model:
substantial overlap among neighboring territories.
Panthera tigris Tiger Mammalia Varicose-projection astrocytes recently reported [60], expanding
(Carnivora) their known distribution beyond great apes to carnivores.
Mus musculus Mouse Mammalia Primary model organism. Astrocytogenesis from E16; layer-
(Rodentia) specific transcriptional profiles; multiple molecularly defined
subtypes. Varicose-projection astrocytes also observed. Well-
characterized astrocyte lifecycle from birth to adult.
Rattus norvegicus Rat Mammalia Widely used in astrocyte physiology; rat cortical astrocytes used
(Rodentia) in metabolic, Ca2+ signaling, and pharmacological studies.
Macaca mulatta Rhesus macaque Primates iPSC-derived astrocytes compared with human and
(Cercopithecidae) chimpanzee: reveals evolutionary changes in astrocyte size,
morphological complexity, and Hippo-TEAD signaling.
Symphalangus Siamang gibbon Primates Varicose-projection astrocytes documented [60];
syndactylus (Hylobatidae) expanding known distribution across apes.
Gorilla gorilla Western gorilla Primates Varicose-projection astrocytes documented [60].
(Hominidae)
Pan paniscus Bonobo Primates Varicose-projection astrocytes documented [60].
(Hominidae)
Pan troglodytes Chimpanzee Primates Varicose-projection astrocytes originally thought unique to humans
(Hominidae) and chimps [51]. iPSC-derived astrocytes compared with human
and macaque for evolutionary analysis of Hippo-TEAD signaling.
Homo sapiens Human Primates Protoplasmic astrocytes: 2.5X more primary processes, 10X
(Hominidae) greater volume than rodents; contact up to 2 million synapses

per cell. Interlaminar and varicose-projection astrocyte
subtypes are primate-enriched. Evolutionary activation
of Hippo-TEAD signaling linked to increased complexity.
Genes for intellectual disability and chromatin regulation
underwent pervasive changes in primate astrocyte evolution.
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The evolutionary relationships among the species discussed
in this section are illustrated in Figure 2, and the key features
of their astrocyte-like glial cells are summarized in Table 1.
Together, these lines of evidence argue that the evolutionary
trajectory from invertebrate astrocyte-like glia to vertebrate
radial glia and, ultimately, to diversified mammalian astro-
cytes reflects both convergent solutions to core homeostatic
challenges and lineage-specific innovations tuned to circuit
scale and architecture. Building on this evolutionary founda-
tion, the sections that follow examine how developmental pro-
grams sculpt astrocyte diversity across species (with a focus
on mammals) and how these programs bear on function in
health and disease.

3 | Decoding Astrocyte Diversity: Developmental
Origins and Functional Implications

3.1 | Developmental Origins

Astrocytogenesis begins around embryonic day (E) 16 in mice
and continues postnatally [61]. This process involves progenitor
migration from the ventricular zone (E16 to postnatal day 3, P3)
to the cortical plate, clonal expansion of immature astrocytes
(PO to P7), and their progressive maturation into functional sub-
types (P7 to P21) [62, 63]. Single-cell RNA sequencing (sScRNA-
seq) has revealed extensive inter-regional heterogeneity, with
astrocytes from different brain regions, such as the cortex, stria-
tum, and hippocampus, exhibiting distinct molecular identities
[64-66]. This inter-regional diversity may reflect transcriptional
adaptation to local environmental cues, as demonstrated by
the role of Sonic Hedgehog signaling in establishing astrocyte
identity, but may equally arise from the distinct progenitor pools
from which regionally specified astrocytes originate, as evi-
denced by fate-mapping studies and cortical layering mutants
[64-67]. Of note, astrocytes partially align with the transcrip-
tional profiles of nearby neurons, further supporting the idea
that their molecular identity is closely linked to local neuronal
context and may influence their capacity for selective neuronal
reprogramming [68, 69].

Beyond regional differences, astrocytes also display pronounced
intra-regional heterogeneity. In the mouse cortex, protoplasmic
astrocytes exhibit layer-specific transcriptional profiles, dis-
tinct morphologies, and defined spatial organization [70, 71].
Integration of scRNA-seq with spatial transcriptomics has fur-
ther refined this view, identifying multiple molecularly defined
cortical astrocyte subtypes with consistent spatial distributions
across cortical layers [72]. Among these, a proliferative white
matter-associated population persists into adulthood [73].
Notably, the spatial organization and transcriptional identity of
these subtypes are already evident at early postnatal stages and
remain stable into adulthood, suggesting that astrocyte molec-
ular identity is established early during development and main-
tained over time.

Despite progress in characterizing cortical astrocyte diversity,
the mechanisms underlying its establishment during devel-
opment remain unresolved. Two mutually nonexclusive sce-
narios have been proposed: cell-intrinsic mechanisms which
pre-determine astrocyte identity through fate-restricted

progenitors, or cell-extrinsic factors that shape astrocyte
identities by guiding immature astrocytes to adapt locally, as
shown in Drosophila [74] and mice [70, 71]. While classical
lineage tracing yielded conflicting evidence [62, 75], recent
findings using TrackerSeq—a method combining genetic
barcoding with scRNA-seq [76] provided new insights into
astrocyte development. This approach revealed that cortical
astrocytes arise from two distinct lineages: S100al11 and Olig2
[72]. The S100all lineage originates from multipotent Emx1*
progenitors, sequentially generating neurons and astrocytes
through the neurogenic-to-gliogenic switch. In contrast, the
Olig2 lineage gives rise to a specific subset of astrocytes.
Notably, knockout of Olig2 in progenitors leads to a shift to-
ward S100a11 lineage at both the molecular and morphological
levels, highlighting the role of lineage-specific mechanisms in
maintaining astrocyte diversity. Understanding how astrocyte
heterogeneity emerges during development is fundamental to
deciphering their diverse roles in the CNS. Recent findings in-
dicate that astrocyte subtypes originating from S100all and
Olig2 lineages may have different regulatory functions at syn-
apses. Indeed, Olig2* astrocytes preferentially express genes
that promote synaptogenesis, whereas S100all* astrocytes ex-
press factors that suppress synapse formation [72]. These ob-
servations challenge the notion of astrocytes as functionally
redundant, instead highlighting their subtype-specific contri-
butions to neural circuit maturation.

Despite these advances, several fundamental questions re-
main. How do intrinsic lineage programs interact with extrin-
sic signals to establish astrocyte identity? How do different
subtypes adapt to environmental changes, and how does their
dysfunction contribute to neurological disorders? Addressing
these gaps is critical, particularly as growing evidence links
astrocyte dysfunction to neurodevelopmental and neuropsy-
chiatric conditions. Deciphering astrocyte diversity is not
merely an academic pursuit but a crucial step toward targeted
therapeutic strategies. Integrating single-cell multi-omics
with functional studies will be essential for defining astrocyte
subtype specification, plasticity, and dysfunction. Ultimately,
harnessing astrocyte diversity may open new avenues to mod-
ulate neural circuits in disease, positioning these glial cells at
the center of efforts to restore brain function and homeostasis.

Beyond developmental lineage, astrocytes are shaped by their
local environments and neuronal partners, acquiring distinct
molecular identities and functional roles across the brain. The
following section explores how astrocytes achieve such fine-
scale specialization—even down to individual processes within
a single cell.

3.2 | Diversification and Functional Specialization

Astrocytic diversity is perhaps best described in the mouse
cortex, where we arguably have the most comprehensive pic-
ture of the astrocyte life-cycle from birth to adult. Our un-
derstanding of astrocyte diversity has been revolutionized by
single-cell transcriptome sequencing and spatial transcrip-
tomics, revealing that cortical astrocytes exhibit layering dis-
tinct from the traditional neuronal laminae, aligning instead
with the synaptic layers in the adult brain [64, 70]. Crucially,
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adult astrocyte identity is largely determined by local micro-
environment and/or neuronal activity. Genetic manipulations
that disrupt cortical layering (as in the Reeler mouse model)
lead to aberrant astrocyte layering [70], whereas secreted fac-
tors such as glutamate [77] and Sonic Hedghog [67] signifi-
cantly influence astrocyte molecular identity. These findings
strongly suggest that neurons serve as an “instructional”
scaffold, that “sculpts” astrocytes to support the formation,
maintenance and function of specific synapses within distinct
microcircuits, fundamental units of information processing
in the adult CNS. This phenomenon may explain the differ-
ences in astrocyte morphology [67] and physiology [64] across
cortical layers, as well as differences in functional outputs,
given that astrocytes regulate synaptic transmission in both
a column- and layer-specific manner [78]. Interestingly, the
deletion of pCrystallin from a specific population of striatal
astrocytes resulted in profound effects, with mutant mice dis-
playing abnormal perseverative behavior, potentially linking
astrocyte molecular heterogeneity to neuropsychiatric disor-
ders, including autism and obsessive-compulsive disorder [79].

Another question concerns the level at which diversity arises
within astrocyte populations (Figure 3). Since astrocytes in the
rodent cortex occupy nonoverlapping spatial positions, each
astrocyte likely contacts tens if not hundreds of thousands of
synapses of mixed types. Astrocyte-neuron interactions at these
synapses are mediated through specialized molecular machin-
eries, such as neurexin-neuroligin interactions at excitatory
synapses [80] and NRCAMI1 at inhibitory synapses [81]. This
observation suggests that individual astrocyte processes are
specialized nanomachines that interact with synapses either at
their tips or en passant along their length [82]. It is plausible to
speculate that an individual process might be segregated into
multiple domains, each involved in interacting with different
synapse types. Although still in early developmental stages,
proximity biotinylation techniques show great promise in dis-
secting such subcellular heterogeneity [83].

As the structural and molecular diversity of astrocytes becomes
more apparent, so does their integrative role in shaping develop-
ing circuits. Astrocytes actively regulate numerous developmen-
tal processes, including synapse formation, neurotransmitter
recycling [84], and neuronal metabolic support [85] during early
developmental stages. Novel signaling pathways have been iden-
tified to mediate these developmental roles, some of which will
be discussed in the next section.

The Wnt/B-catenin signaling pathway is a fundamental regu-
lator of brain development, and multiple high-confidence risk
genes in this pathway are linked to neurodevelopmental disor-
ders, including autism spectrum disorder (ASD) [86]. Among
these, CTNNBI (encoding -catenin) and TCF7L2 stand out,
exhibiting roles that vary by cell type and developmental stage.
Canonical Wnt signaling involves -catenin translocation to the
nucleus, where it interacts with TCF/LEF proteins to regulate
gene expression [87]. TCF7L2, encoding a key Wnt effector, is
involved in brain development, influencing radial glia prolifer-
ation [88], oligodendrocyte maturation [89, 90], and neuronal
specification [91]. In both human and murine brains, TCF7L2
is expressed in neuroglia, and in astrocytes in particular, during
postnatal maturation. Despite extensive research, the role of

TCF7L2 in astrocyte maturation and its impact on neuronal
circuitry and behavior remains unclear, highlighting a crucial
gap in understanding the molecular underpinnings of ASD and
other psychiatric disorders.

TCF7L2 is highly expressed in human and rodent astrocytes
during brain development but diminishes with age, indicating a
role of the canonical Wnt/@-catenin signaling in postnatal astro-
cyte maturation [92]. Conditional knockout demonstrated that
astrocyte-specific deletion of Tcf712 led to impaired astrocyte
maturation, abnormal gene expression, reduced gap junction
coupling, and defective astrocyte tiling. These molecular and
morphological alterations are associated with aberrant astro-
cytic support, including synaptic development and function.

Conditional knockout of Tcf7I2 in astrocytes led to increased
excitatory synapse density, strength, and activity in the cortical
layer five pyramidal neurons. Electrophysiological recordings
revealed enhanced excitatory postsynaptic currents, suggesting
that neurotransmission is regulated by astrocytes in a Tcf712-
dependent manner [93]. Behavioral tests on conditional Tcf712
KO mice demonstrated hyper-sociability, characterized by
heightened social preference in both naturalistic and standard-
ized tests, such as the three-chamber apparatus and scent-based
assays. Deletion of Tcf7I2 selectively impacted social behaviors
without affecting learning and memory. Increased sociabil-
ity was observed in both male and female mice, indicating a
nonsex-specific role for Tcf712. These results highlight the dual
importance of astrocytic gene expression in shaping both synap-
tic architecture and behavior. Collectively, these findings estab-
lish Tcf712 as a critical astrocytic regulator of synaptic networks,
with significant implications for understanding its involvement
in neurodevelopmental disorders such as ASD.

In summary, astrocyte diversity emerges as a multi-scale phe-
nomenon rooted in early-established molecular identities that
are tightly linked to functional specialization across circuits
and synapses. This diversity is generated through the combined
action of developmental lineage programs, local environmental
cues, and activity-dependent signaling pathways. Understanding
how these mechanisms interact will be essential for elucidating
astrocyte contributions to brain function and dysfunction. Key
questions remain, including how subcellular specialization is
established and maintained, how it is modified in response to
local circuit activity across different levels, and how aging and
disease influence these processes [94].

4 | Astrocyte Physiology: From Metabolism to
Neural Circuits and Behavior

4.1 | The Astrocyte-Neuron Lactate Shuttle

Beyond their developmental regulation, astrocytes are es-
sential supporters of brain homeostasis. This begins at the
metabolic level: the brain's disproportionately high energy
demands require precise and continuous glial regulation, and
astrocytes are uniquely positioned to bridge glucose supply
with neuronal energy consumption, being at the interface be-
tween vasculature and synapses, and having the enzymatic
and structural machinery to both store and rapidly mobilize
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Possible levels of astrocyte heterogeneity in the mammalian brain. A number of different levels for astrocyte heterogeneity have been

proposed including (A) homogeneous (identical) astrocytes throughout the brain, (B) heterogeneity between brain regions, (C) heterogeneity within
brain regions and (D) heterogeneity at the level of individual astrocyte peripheral processes (colored segments). Each process may contain several
specialized sites that act as independent nanomachines, either making the same or different types of synaptic connections. Modified from Holt,

Essays Biochem, 2023.

energy substrates. Neuronal activity and long-term memory
formation are accompanied by a substantial increase in ex-
tracellular L-lactate [95-97]. The astrocyte-to-neuron lactate
shuttle (ANLS) hypothesis, first proposed in 1994, posited that
astrocytes serve as the primary producers of lactate, which is
then transferred to neurons to meet their energy demands
during activation [98]. This mechanistic metabolic coupling
is based on a combination of complementary properties: as-
trocytes preferentially express the low-affinity, high-capacity
lactate dehydrogenase isoform LDHS5 (which favors lactate
production) while neurons are enriched in LDH1, which fa-
vors lactate oxidation [85, 99-103]; astrocytes also maintain
a high NADH/NAD" ratio that thermodynamically favors
glycolysis [104]; and their uniquely large glycogen stores
[105, 106], concentrated within peri-synaptic processes [107],
enable rapid local mobilization of glucose equivalents pre-
cisely where neuronal demand is highest (reviewed by Brooks
[108]). While ANLS model has attracted considerable experi-
mental reinforcement, it has also been criticized [109], and an
alternative view has gained traction in recent years: neurons
may preferentially consume glucose and subsequently release
lactate back to astrocytes, effectively reversing the direction
of the shuttle under certain conditions [110-112]. The direc-
tionality of metabolic coupling has direct implications for how
energy availability is regulated during sustained activity, and
for which cell type becomes vulnerable under conditions of
metabolic stress. Adding further complexity, all major brain
cell types are now recognized as potential contributors to the
extracellular lactate pool [113-119]. This challenges the ex-
clusively astrocyte-centric interpretation of ANLS and points
toward a more dynamic, context-dependent model of cerebral
lactate metabolism in which the direction and magnitude
of inter-cellular lactate flux may shift depending on activity
state, region, and metabolic conditions.

Besides its role as an energy substrate, lactate appears to func-
tion as a bona fide extracellular signaling molecule, a distinction
of functional importance, as it implies that astrocyte-derived
lactate does not simply fuel neurons passively but actively mod-
ulates their activity. Stimulation of astrocytes with extracellu-
lar L-lactate elicits secondary messenger responses reminiscent
of those induced by noradrenaline [120, 121], and inhibition of

adenylate cyclase (AC) reduced stimulation-dependent cAMP
and lactate elevations, raising the possibility of receptor-
mediated lactate signaling. The hydroxycarboxylic acid recep-
tor HCA1 (formerly GPR81) has been implicated in this process.
HCAL1 is a Gi-coupled receptor that suppresses neuronal activ-
ity through the AC-cAMP-PKA pathway, providing a feed-
back mechanism by which rising extracellular lactate could
dampen neuronal excitability during high metabolic demand.
Conversely, in astrocytes, HCA1 activation elevates intracellular
cAMP and lactate levels, suggesting a cell-type-specific signal
amplification role [122, 123]. The persistence of these effects in
HCA1-knockout astrocytes [121], however, indicates that addi-
tional, as yet unidentified receptors contribute to this signaling
loop, and that astrocytic lactate sensing is likely mediated by a
multi-receptor system rather than a single molecular target.

A bioinformatic screen for alternative lactate-binding receptors
identified GPR27, a member of the super-conserved receptor
expressed in the brain (SREB) family, as essential for stimulus-
induced increases in cytosolic lactate. GPR27 is of particular in-
terest because, unlike HCA1, it appears to act on intracellular
rather than extracellular lactate dynamics, suggesting it may
serve a distinct role in regulating astrocyte-intrinsic lactate
homeostasis rather than mediating responses to the extracel-
lular lactate pool. The involvement of GPR27 was validated by
CRISPR-Cas9-mediated knockout in 3T3 cells, and two surro-
gate agonists (compounds 8535 and 8535n [124] were shown to
significantly increase intracellular lactate levels in rat cortical
astrocytes using FRET-based imaging [124, 125]). GPR27 has
also been proposed to modulate ERK and Akt signaling path-
ways [126], both of which intersect with glycolytic regulation,
positioning this receptor as a candidate mediator of astrocyte-
intrinsic lactate homeostasis.

Lactate signaling extends to the neuromodulatory system as well.
Extracellular L-lactate triggers noradrenaline release from locus
coeruleus projections in a concentration-dependent manner, an
effect that appears to involve K, channel inhibition down-
stream of imported lactate, and that may be partly independent
of direct lactate uptake through a cAMP-mediated, receptor-
dependent mechanism [127]. This provides a mechanistic link
between local metabolic state and global neuromodulatory tone:

10 of 36

Acta Physiologica, 2026



as astrocytic lactate release increases during periods of high syn-
aptic activity, rising extracellular lactate could simultaneously
signal energy availability to neurons and recruit noradrenergic
arousal circuits. Another possible mechanism of depolarization
involves K , .., channel inhibition downstream of imported lac-
tate, as it was proposed for orexin neurons in the hypothalamus
[128, 129]. Together, these observations recast astrocytic lactate
not merely as a metabolic byproduct, but as an active, multi-
target signal coordinating energy status with neuronal excitabil-
ity and neuromodulatory tone.

4.2 | Mitochondrial Dynamics and Metabolic
Flexibility in Astrocytes

The view on astrocytes as primarily glycolytic cells has been
substantially revised [130]. Astrocytes express genes associated
with a broad range of mitochondrial metabolic processes—in-
cluding oxidative phosphorylation (OXPHOS), glutamine oxida-
tion, the tricarboxylic acid (TCA) cycle, lipid synthesis, and fatty
acid p-oxidation (FAO)—and functional studies confirm that
they can actively deploy these pathways [131, 132]. This meta-
bolic flexibility allows astrocytes to adapt to changes in energy
demands and to respond to the metabolic needs of neighboring
neurons. Notably, several studies demonstrated that astrocytes
oxidize fatty acids through the FAO pathway [133-137], with a
particularly important role in detoxifying lipids derived from
stressed neurons [134, 136]. Knockout of a rate-limiting FAO
enzyme specifically in astrocytes impaired both working and
spatial memory in adult mice [138], underscoring the behavioral
relevance of astrocytic mitochondrial function.

Mitochondria in astrocytes are not static organelles but par-
ticipate in highly dynamic remodeling through fusion, fission,
and membrane restructuring that are tightly coupled to cellu-
lar function. Inhibition of mitochondrial network formation
significantly impairs astrocyte maturation and synaptogen-
esis during early postnatal brain development, in a manner
dependent on glutamatergic synaptic activity [139]. Consistent
with this, deletion of Dynamin-related protein 1 (Drpl), a key
effector of mitochondrial fission, in astrocytes adversely af-
fects their development across the postnatal maturation pe-
riod [140]. These findings collectively position mitochondrial
dynamics as a critical regulator of astrocyte identity, synapto-
genic capacity, and ultimately, brain circuit assembly. Future
work integrating transcriptomic profiling with functional
metabolic assays will be essential to resolve how mitochon-
drial state shapes astrocytic function across physiological and
pathological contexts.

4.3 | Astrocytic Ca** Signaling and Functional
Diversity

Astrocytic Ca?* signaling is a fundamental feature of glial
physiology, and extensive research over recent decades has
demonstrated its complex initiation, propagation, and down-
stream consequences at cellular, network, and behavioral lev-
els [141]. Unlike neurons, which use action potentials as their
primary signaling method, astrocytes rely on intracellular ion
(Ca?*, Nat, Cl-, and K*) transients as their principal mode of

excitability, enabling them to integrate synaptic inputs and
communicate across cellular networks without generating
electrical spikes. Vertebrate astrocytes display highly elabo-
rate morphologies characterized by fine protrusions known as
leaflets that pervade the neuropil; this structural complexity
enables them to sense synaptic activity and modulate neural
circuits in a spatially precise and temporally dynamic manner.
These Ca?* signals are not uniform: they range from highly
localized microdomains in individual leaflets, where astro-
cyte processes contact synaptic terminals, to large somatic
waves that can propagate across astrocytic networks via gap
junctions. This spatial hierarchy allows astrocytes to encode
information at multiple scales simultaneously, responding to
activity at a single synapse while also coordinating responses
across broader tissue domains. A central challenge in this field
has been the accurate quantification of Ca?* signals in these
submicron compartments, which are difficult to resolve with
conventional imaging techniques due to their small volume
and therefore their weak fluorescence signal.

Recent methodological advances have substantially improved
the resolution and interpretability of astrocytic Ca?* measure-
ments. Early approaches relied on fluorescent Ca®* indicators
such as fura-2, fluo-3, fluo-4, and Oregon Green 488 BAPTA-1
(OGB-1), which enabled observation of complex and asynchro-
nous Ca?* signaling within and between astrocytes in vitro,
in situ, and in vivo (reviewed in [142]). However, these meth-
ods are limited by incomplete loading, signal instability, and a
bias toward somatic signals, restricting their ability to resolve
fine astrocytic processes. The development of genetically en-
coded Ca?* indicators (GECIs), including FRET-based sensors
such as Cameleons [143] and single-wavelength indicators of
the GCaMP family [144], has enabled stable, cell-type-specific
labeling of astrocytes and improved visualization of Ca?* dy-
namics across their processes [145]. GCaMP indicators are
particularly well suited to detecting fast, dynamic Ca?* tran-
sients driven by IP,-mediated ER release or store-operated
Ca?* entry (the two dominant pathways for astrocytic Ca* el-
evation) but are less appropriate for absolute quantification. In
contrast, ratiometric approaches, based on fluorescence emis-
sion ratios, allow more reliable estimation of cytosolic or even
mitochondrial Ca2* levels [146, 147]. Furthermore, membrane-
targeted GECIs enhance detection of subcellular Ca?* signals
by increasing sensitivity to events in fine astrocytic compart-
ments, revealing more Ca?* transients than bulk-loaded dyes.
The distinction between these signal types matters function-
ally: localized leaflet Ca* transients have been linked to the
regulation of gliotransmitter release and synaptic strength
at individual synapses, whereas somatic Ca?* elevations are
more commonly associated with astrocyte-wide responses to
neuromodulators such as noradrenaline and acetylcholine,
suggesting that spatial compartmentalization of Ca* signals
allows astrocytes to decode distinct upstream inputs and gen-
erate distinct downstream outputs.

Building on these advances, analytical and imaging approaches
have further improved the detection of fine-scale Ca’* events.
The Multi-Threshold-based Event Detection (MTED) algorithm
incorporates signal strengths to enhance the quantitative anal-
ysis of Ca?* events across compartments [148]. Complementing
this, a ratiometric Ca* biosensor designed specifically for
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astrocytes was developed by covalently linking the genetically
encoded indicator GCaMP6s to the bright red fluorescent pro-
tein tdTomato [149]. This construct enables accurate measure-
ment of relative basal Ca?* levels across individual astrocytic
compartments and brain regions, revealing significant differ-
ences in resting [Ca**]; under both physiological and patholog-
ical conditions. When combined with machine learning-based
denoising and volume fraction analysis—a morphological strat-
egy capable of capturing fine astrocytic architecture beyond
the optical diffraction limit—these tools collectively provide
unprecedented resolution of astrocytic Ca?* dynamics, opening
new avenues to investigate how compartment-specific signals
translate into circuit-level and behavioral outcomes.

Given its central role in astrocyte physiology, the tight regu-
lation of astroglial Ca?* signaling is critical for maintaining
homeostasis, and its disruption has emerged as a common fea-
ture across multiple neurodegenerative diseases (reviewed in
[150]). Downstream of Ca?* elevations, astrocytes can release
gliotransmitters including glutamate, ATP, and D-serine, mod-
ulating synaptic transmission and plasticity, as well as trigger-
ing cytoskeletal remodeling, adjusting metabolic output, and
altering gene expression, illustrating that Ca®* functions as a
convergence point linking upstream neural activity to a broad
repertoire of astrocyte effector responses. However, it has been
noted that other ions, most notably Nat and Cl~ also act as sig-
naling molecules that define and regulate multiple astrocytic
functions [151, 152]. These ionic signals interact with Ca?* dy-
namics in ways that are still being defined: for example, Na*t
influx through glutamate transporters can influence mitochon-
drial Ca?* uptake and metabolic activity, while CI~ fluxes can
modulate membrane potential and thereby the driving force for
Ca?* entry, emphasizing that Ca?* signaling in astrocytes must
be understood within a broader ionic context rather than in iso-
lation [151, 152].

4.4 | Astrocyte Roles in Neural Circuits
and Cortical Plasticity

Distinct astrocyte subtypes integrate into specific local cir-
cuits and activate distinct intracellular signaling programs,
contributing to the remarkable functional heterogeneity of this
cell class. Chemogenetic approaches—particularly the use of
Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs)—have proven especially powerful in dissect-
ing how astrocyte-specific activation shapes Ca?* dynamics,
downstream signaling, and astrocyte-neuron communication
(reviewed in [153]). Astrocytes respond differentially to G;-
DREADD-mediated activation even within a single brain re-
gion, underscoring the complexity of their signaling repertoire.
Combining the DREADD approach with astrocyte subtype-
specific promoters thus offers a promising strategy for precise,
time- and region-resolved manipulation of astrocyte function in
both healthy and disease contexts.

The visual system has emerged as a particularly informative
model for probing astrocyte contributions to both developmen-
tal and adult neuroplasticity [153, 154]. Following monocular
enucleation (ME) in adult mice—a manipulation that causes
an immediate loss of neuronal activity in defined regions of the

visual cortex—a specific increase in Aldhl1l1-expressing astro-
cytes is detected in the visual cortex [155, 156]. Neuronal ac-
tivity levels recover over approximately 7weeks post-ME [156].
During this recovery period, the sign of DREADD-mediated as-
trocyte activation determines its effect on neural restoration: G -
DREADD activation compromises neuronal recovery, whereas
G-DREADD activation enhances it [155]. These contrasting
outcomes reflect the activation of distinct intracellular signal-
ing cascades within astrocytes and provide direct evidence that
astrocyte activity can either facilitate or impede adult cortical
plasticity, depending on the receptor pathways engaged.

Goal-directed actions (GDAs)—voluntary behaviors guided
by learned action—-outcome contingencies—depend on the in-
tegrity and plasticity of circuits spanning the cerebral cortex,
basal ganglia, and thalamus [65, 153, 157-159]. These circuits
require ongoing synapse formation and reshaping to support the
cognitive flexibility that allows individuals to adapt effort allo-
cation when contingencies change [155, 156]. Recent evidence
positions astrocytes as active participants in this process, acting
through secreted synaptogenic signals that regulate the struc-
tural remodeling of excitatory circuits.

A central molecular axis involves the astrocyte-secreted family
of thrombospondins (TSPs) and their neuronal receptor a28—1
[160-162]. The a28—1 receptor—originally identified as a sub-
unit of voltage-gated Ca?* channels but subsequently shown
to interact with multiple synaptic and synaptogenic proteins
including TSPs—is essential for the formation and maturation
of intracortical excitatory synapses during development [163]
and remains highly expressed in adult mouse cortex [36]. Its
synaptogenic function operates via Rac-1 signaling within cor-
tical neuron dendrites [30] and is independent of its role in Ca?*
channel trafficking [162, 164].

During operant training, new excitatory, but not inhibitory,
synapses are formed onto anterior cingulate cortex (ACC)
neurons projecting to the dorsomedial striatum (DMS). These
training-induced synapses are not required for learning the
action-outcome relationship per se but are necessary for adap-
tively adjusting effort allocation. «28—1 mediates this training-
induced excitatory synaptogenesis: in a28—1 knockout animal,
synaptogenesis is diminished and mice exert significantly more
effort to obtain the same reward [165]. Conversely, constitutive
knockout of TSP1 and TSP2 does not impair training-induced ex-
citatory synaptogenesis but reduces inhibitory synapse density,
leading to a net increase in excitation of ACC — DMS neurons
and consequently to reduced effort exertion [166]. Consistent
with this interpretation, optogenetic excitation of ACC —DMS
neurons is sufficient to reduce effort, whereas their inhibition
increases it [165]. These findings establish a direct mechanis-
tic link between astrocyte-secreted signals, structural synaptic
remodeling, and the allocation of cognitive and motor effort—
placing astrocytes at the heart of adaptive circuit function.

4.5 | Astrocytes and Behavior: Regulation of Food
Intake and Homeostatic Networks

Food intake is primarily orchestrated by the hypothalamus and
the brainstem dorsal vagal complex (DVC) [167, 168]. Astrocytes
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residing in these regions integrate circulating hormonal and
nutritional signals to modulate the activity of feeding-related
neural circuits [169]. In the mediobasal hypothalamus (MBH),
hormonal signaling through astrocytes is considered essential
for organizing the neural circuits controlling energy balance
[170, 171]. In response to ghrelin, released during fasting, MBH
astrocytes undergo structural changes that modulate synap-
tic plasticity and regulate the activity of agouti-related peptide
(AgRP)-expressing neurons [6] which are critical drivers of
food-seeking and consummatory behaviors [172, 173]. Although
hypothalamic astrocytes express ghrelin receptors and respond
directly to ghrelin [9], their activation in this context is primarily
driven by GABAergic signaling from ghrelin-excited AgRP neu-
rons [174]. Astrocytes thus operate as embedded sensors within
hunger-regulating circuits rather than as primary detectors of
peripheral hormonal signals. In addition, astrocyte-derived
transmitters such as prostaglandins further modulate AgRP
neuron activity and feeding responses [174, 175], although some
discrepancies across experimental conditions remain [176].

Astrocytes in the MBH are also implicated in modulating the
activity of pro-opiomelanocortin (POMC)-expressing neurons,
which attenuate food intake [172, 177]. Postprandial hypergly-
cemia induces retraction of astrocytic processes, with a con-
current increase in POMC neuron firing activity [178], though
this response is not observed following a fat-rich meal, which
also induces transient hyperglycemia [178], suggesting that di-
etary composition shapes the nature of astrocytic responses.
Furthermore, astrocyte-secreted acyl-CoA-binding protein
(ACBP)/endozepines may mediate satiety through direct action
on POMC neurons [179, 180], and selective expression of ACBP
in MBH astrocytes is sufficient to prevent diet-induced hyper-
phagia [179].

The brainstem DVC harbors astrocytes capable of integrating
diverse nutritional and hormonal energy-related cues [181].
For example, astrocytic metabolism in this region appears
necessary for glucagon-like peptide-1 (GLP-1) to effectively
attenuate appetite [182]. Chemogenetic activation of DVC
astrocytes reduces food intake and activates neurons in the
lateral parabrachial nucleus (IPBN) [183], consistent with
the known role of the DVC-IPBN connectivity in appetite
suppression [184, 185]. Activation of astrocytes in the IPBN
itself similarly reduces feeding and blunts ghrelin-induced
hyperphagia [186]. The consistent anorexigenic effects of as-
trocyte activation in both the DVC and IPBN likely reflect the
predominance of satiety-promoting neurons in these regions
[167], in contrast to the opposing neuronal populations in the
hypothalamus, where astrocytes must integrate competing
hunger- and satiety-promoting signals [168].

Taken together, these findings establish astrocytes as active
regulators of feeding behavior, operating at multiple levels of
the central feeding circuitry—from peptidergic hypothalamic
networks to brainstem satiety relays. Their capacity to sense,
integrate, and transmit metabolic signals positions them as key
nodes in the neural architecture governing energy homeostasis,
with emerging implications for understanding feeding disorders
and the mechanisms through which dietary state influences
brain function.

5 | Astrocytes in Pathophysiology

In pathological conditions, astrocytes exhibit extensive morpho-
logical, molecular, and functional alterations that significantly
shape disease initiation and progression [187, 188]. In response
to diverse insults—including protein aggregates, excitotoxicity,
neuroinflammation, and ischemia—astrocytes may lose sup-
portive and functional functions, gain neurotoxic properties, or
actively participate in tissue remodeling. Understanding these
context-specific astrocytic responses is crucial to deciphering
their dualistic roles in neurodegenerative diseases, stroke, and
other CNS pathologies, and to identifying new targets for thera-
peutic intervention.

5.1 | Astrogliain Aging

Aging is the major risk factor for neurodegenerative diseases,
and yet aging as such is a physiological process associated with a
functional decline of all organs and systems. The brain, surpris-
ingly, withstands aging better than other organs; indeed mental
capacity continues to rise well into middle age, whereas physi-
cal capabilities decline earlier [189]. Physiological aging of the
brain is not accompanied by prominent cell loss and represents
constant adaptive remodeling which sustains cognitive abili-
ties even into advanced years [190, 191]. This adaptive remod-
eling, achieved through neuroplasticity is very much defined
by the performance of neuroglia, which through regulation of
brain maintenance, resilience and brain compensation defines
the cognitive reserve, which translates into cognitive longev-
ity [192]. Neuroglia experience larger age-dependent changes
when compared to neurons [193]. In particular, transcriptomic
analyses revealed substantial changes in glial genes, whereas
changes in neuronal transcripts were much milder [194-196].
Oligodendrocytes suffer the most [197], and the white matter is
reduced by ~10% in old brains, while gray matter shrinks only by
~3% [198]; with total brain length of myelinated axons decreas-
ing from 176000km at the age of 20 to 97200km at the age of
80 in males, and from 149000km at the age of 20 to 82000km
at the age of 80 in females [199]. Microglia in the aged human
brain undergoes dystrophic changes with loss of neuroprotective
functions [200], astrocytic functions in the old brain are declin-
ing too.

Overall number and density of astrocytes does not change with
age in rodents, marmosets and humans [201-203]. Expression
of GAFP is generally believed to increase with age, although
the data remain contradictory [204]. Golgi staining of astro-
cytes did not reveal age-dependent changes [205], whereas
immunostaining with other markers such as glutamine syn-
thetase and protein S100B showed complex region-specific
alterations [206]. Detailed analysis of astrocytic morphology
with using cell perfusion with uorescent dyes and confocal
microscopy revealed widespread atrophy of astrocytes in
hippocampus and cortex; astrocytic territorial domains were
reduced; arborization complexity was simplified and leaflets
retracted thus affecting synaptic coverage, which translated
in the impaired synaptic plasticity [207-209]. Astrocytic at-
rophy was paralleled with loss of function (asthenia), with
all major homeostatic functions of astrocytes, including,

Acta Physiologica, 2026

13 of 36



glutamate clearance, K+ buffering, metabolism of neurotrans-
mitters, water transport, cholesterol synthesis and many more
are declining with advanced age. In summary the degree of
glial decline defines the brain resilience to age-dependent dis-
eases, while glial paralysis facilitates the development of neu-
rodegeneration [193, 204, 210].

5.2 | Astrocytes in Hormone-Related Disorders: A
Focus on Mood

Astrocytes are increasingly recognized as key mediators of
hormonal signaling in the brain, with emerging evidence link-
ing astrocyte dysfunction to a range of hormone-related psy-
chiatric conditions. Astrocytes possess an intrinsic capacity
to sense and respond to chronic hormonal stress, potentially
contributing to differential vulnerability in mood disorders.
Chronic exposure to the stress hormone cortisol induces dis-
tinct transcriptomic changes in human induced Pluripotent
Stem Cell (hiPSC)-derived human astrocytes, with differen-
tial regulation of genes involved in GPCR ligand binding, ion
transport, synaptic signaling, and neurotransmitter receptor
expression (e.g., serotonin receptor HTR1B and glutamate
receptors GRM1/GRMS8) compared with acute exposure.
This indicates that prolonged glucocorticoid exposure repro-
grams astrocyte gene networks relevant to mood and stress
responses [211].

Thyroid hormone is another crucial regulator for CNS function
that interacts closely with astrocyte biology and mood-related
behavior. Primary astrocytes isolated from postnatal mouse ce-
rebral cortex express key thyroid hormone receptors as well as
thyroid hormone transporters and deiodinases, and treatment
with tri-iodothyronine in vitro alters the expression of hundreds
of genes including those involved in transcriptional regulatory
pathways, suggesting that thyroid hormone directly regulates
astrocyte gene networks [212]. Supporting these findings, mouse
models with astrocyte-specific disruption of the enzyme type-2
deiodinase, which converts thyroxine to active T3 in astrocytes,
exhibit anxiety- and depressive-like behaviors alongside altered
expression of hippocampal genes implicated in mood regula-
tion, linking impaired astrocyte thyroid hormone signaling with
mood-related phenotypes [213].

Animal studies also have provided compelling mechanistic in-
sights into the role of astrocytes in hormone-sensitive disorders
such as postpartum depression. Postpartum depression is trig-
gered in part by the rapid withdrawal of reproductive hormones
following delivery, which disrupts neuroactive steroid signal-
ing and renders mood-regulating brain circuits vulnerable. For
instance, downregulation of lipocalin-type prostaglandin D,
synthase protein signaling in the central amygdala leads to Src
phosphorylation inhibition, which in turn induces astrocyte
atrophy and depressive-like behaviors in postpartum female
mice, implicating structural and signaling defects in astrocytes
as causal contributors to hormone withdrawal-linked mood
changes [214]. These findings suggest that preserving astrocyte
morphological integrity through the L-PGDS/PGD,/Src signal-
ing axis may represent a novel therapeutic strategy for postpar-
tum depression and related hormone withdrawal-associated
mood disorders.

Taken together, these findings position astrocytes as active and
hormonally sensitive cellular mediators in brain circuits govern-
ing mood. Expanding in vitro hormone-sensitivity paradigms to
include variable estrogen, progesterone, and neurosteroid reg-
imens alongside cortisol exposure could reveal whether astro-
cytes exhibit pathological hormonal sensitivity that predisposes
individuals to affective dysregulation. Multimodal approaches
combining transcriptomics, epigenomics, and functional assays
in human astrocytes will be essential for identifying biomarkers
and therapeutic targets specific to reproductive hormone-linked
mood disorders.

5.3 | Neurodevelopmental Disorders: A Focus on
Rett Syndrome

Corroborating the role of astrocytes as active regulators of brain
development, synaptogenesis, synaptic pruning, neurotrans-
mitter homeostasis, and synaptic circuits maturation, as exten-
sively discussed in the previous sections, astrocyte malfunction
has been implicated in various early-onset neurodevelopmental
disorders (NDDs) [215, 216]. Astrocyte maturation and mor-
phology are altered in NDDs. Astrocyte density is increased in
Down syndrome [217] whereas astrocyte reactivity, character-
ized by hypertrophy, hyperproliferation and higher GFAP ex-
pression have been reported in ASD and Fragile X syndrome
[218, 219]. In contrast, astrocytic atrophy, defined as a reduction
in astrocytic branching and domain extension, is commonly
found in Rett syndrome [220], leading to decrease in synapse
coverage by astrocytic leaflets, neuronal support and overall
brain homeostasis. Structural defects are paralleled by defective
Ca?* dynamic and gliotransmission in NDDs, ultimately caus-
ing a disruption of neuronal connectivity and plasticity [221].
Furthermore, impaired astrocyte-mediated regulation of extra-
cellular glutamate uptake and potassium buffering contribute to
excitatory/inhibitory imbalance, while abnormal inflammatory
responses exacerbate network instability [221]. In NDD with
identified genetic lesions, such as Rett syndrome, Fragile X syn-
drome and Angelman syndrome, astrocyte malfunction exerts
profound noncell autonomous effects on neurons, underscoring
the importance of a better understanding of astrocyte-neuron
crosstalk for future therapeutic strategies [218].

Rett syndrome is a rare and devastating neurodevelopmental
disorder being the most common genetic cause of severe intellec-
tual disability in girls. Mutations in the X-linked MECP2 gene,
which encodes the epigenetic regulator methyl-CpG-binding
protein 2 (MeCP2), are responsible for over 95% of classical RTT
cases [222]. Neurological defects are the primary manifestations
of RTT, with neurons exhibiting both structural and functional
abnormalities [223, 224]. Among the various affected cellular
compartments, synapses are particularly vulnerable, supporting
the notion of RTT as a synaptopathy [225]. However, neuronal
alterations in RTT are not solely attributable to MECP2 muta-
tions within neurons themselves; they may arise from malfunc-
tion in other cell types, especially astrocytes, which influence
neurons through noncell-autonomous mechanisms.

Indeed, in vitro studies have shown that Mecp2-mutant astro-
cytes provide insufficient support for neurons, negatively affect-
ing dendritic growth, synapse formation, and synaptic function
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[215, 226-228]. Strikingly, the selective re-expression of Mecp2
in astrocytes within an otherwise Mecp2-null mouse model is
sufficient to restore dendritic complexity and adequate expres-
sion of the vesicular glutamate transporter vGlutl, accompanied
by improvements in locomotor and anxiety-related behaviors,
corrected respiratory defects, as well as significantly extended
lifespan [229].

The detrimental effects of MeCP2-deficient astrocytes on neu-
ronal function and synapses result either from the release of
synaptotoxic factors and/or the absence of synaptogenic mole-
cules. Therefore, identifying these aberrantly secreted signals
may offer new avenues for pharmacological intervention in
RTT. Previous studies exploring the proteomic and metabo-
lomic profiles of RTT astrocyte-conditioned medium (ACM)
identified differentially expressed molecules and pathways that
partially explain the observed neuronal impairments [230-232].
However, these studies analyzed astrocytes in monoculture,
failing to capture their dynamic interactions with neurons and
the whole brain parenchyma, interactions known to strongly in-
fluence the phenotype and function of both cell types [233].

A transwell-based co-culture system, which allows molecular
exchange without direct cell contact, was developed to assess
how Mecp2-KO astrocytes affect WT neurons. It appeared that
KO astrocytes aberrantly secrete high amounts of interleukin-6
(IL-6), impairing synapse formation and function. Notably, this
IL-6 overproduction occurred only when KO astrocytes were
co-cultured with WT neurons and was absent in monocultures
or in cultures with KO neurons—underscoring the importance
of neuron-astrocyte communication in regulating cytokine re-
lease [226]. This result is particularly relevant in RTT, where
X-chromosome inactivation creates cellular mosaicism compris-
ing both WT and mutant MeCP2-expressing cells. Particularly
in Rett syndrome, disrupted astrocyte-neuron interactions are
central to the disease pathogenesis.

5.4 | Astrocytes and Aberrant in Ion and Water
Homeostasis: Molecular Insights From Studying
Rare Genetic Diseases

As illustrated throughout this review, astrocytes exert crucial
homeostatic role that supports brain function, with their dys-
function implicated in a wide range of neurological diseases. Yet
disentangling their primary contribution from secondary reac-
tive changes is often challenging: do astrocytes just react to inju-
ries to maintain/restore homeostasis, or can they also contribute
to driving the pathology? Genetic astrocytopathies—rare mono-
genic diseases in which astrocytes are the primary affected
cell type—offer much clearer mechanistic insight by revealing
which molecular pathways are indispensable for astrocyte func-
tion and, by extension, for normal brain physiology [234, 235].
They also demonstrate that secondary neuronal and oligoden-
drocyte involvement can follow as a downstream consequence.

Alexander Disease (AxD) is the prototypical genetic astrocytop-
athy. It is caused by dominant mutations in the gene encoding
GFAP, the major intermediate filament of astrocytes. These
mutations lead to abnormal GFAP aggregation, formation of
Rosenthal fibers, and profound astrocytic stress responses (for

review see Ref. [236]). Because white matter is particularly af-
fected, AxD is classified as a leukodystrophy, although this
label should not obscure the fact that gray matter pathology is
also present. Oligodendrocytes and neurons are secondarily af-
fected, demonstrating that astrocytic dysfunction alone can trig-
ger a devastating neurological disorder.

Beyond AxD, additional genetic astrocytopathies caused by mu-
tations in connexins, transporters, ion channels, and structural
molecules expressed by astrocytes were identified [237]. Many
of these disorders are likewise classified as leukodystrophies
because of their striking white matter changes on MRI, even
though underlying gray matter involvement is common. A re-
current theme in this group of diseases is the disruption of brain
ion and water homeostasis, highlighting the central role of as-
trocytes in this process.

Ion fluxes through the cell membrane drive the electrical activ-
ity of neurons. This mechanism inevitably moves osmotically
obliged water, and ion and water homeostasis are therefore
inseparably linked in brain physiology. Astrocytes not only
stabilize the extracellular ionic environment and prevent po-
tentially lethal brain swelling [238], they also shape large-scale
brain fluid circulation. Their specialized endfeet form a crucial
border of the perivascular pathways involved in cerebrospinal
fluid circulation and are central to the glymphatic hypothesis, a
proposed system for macroscopic brain fluid dynamics to clear
metabolic waste from the brain [239]. Endfeet are enriched with
aquaporin-4 (AQP4) water channels, K, 4.1 potassium channels,
chloride channels, adhesion molecules such as Glial CAM and
MLC1, and structural complexes like the dystrophin-associated
glycoprotein complex that maintain endfoot architecture.
Together, these proteins enable astrocytes to buffer ionic shifts,
maintain tissue stability, and link cellular processes to the
brain's global fluid circulation.

Distinguishing clearly between changes in total AQP4 protein
expression and changes in its subcellular localization when dis-
cussing AQP4 in relation to disease, brain water homeostasis, or
clearance is not trivial, as these are not equivalent and carry dis-
tinct functional consequences. It is the polarized enrichment of
AQP4 at perivascular astrocytic endfeet, not total protein abun-
dance, that most directly governs transcellular water exchange
at the blood-brain interface and supports glymphatic function.
AQP4 mislocalization away from endfeet can arise secondary to
neuroinflammation, mitochondrial stress, blood-brain barrier
dysfunction, or extracellular matrix remodeling, and has been
documented across conditions including epilepsy [240, 241],
Alzheimer's disease [242], traumatic brain injury [243], and
cerebrovascular disease [244]. Critically, such mislocalization
can occur without any equivalent change in total protein abun-
dance, meaning that assays measuring only bulk AQP4 expres-
sion may miss a functionally significant pathological shift. This
has been demonstrated in primary human cortical astrocytes
and extended to hypoxia-driven calmodulin-dependent AQP4
relocalization, where inhibiting this mechanism abrogated CNS
oedema in vivo ([245, 246], reviewed in [244]). In addition to
this, glymphatic clearance should avoid conflating transcel-
lular water movement with paracellular tracer flow, as these
are distinct processes. Classical fluorescent and gadolinium
tracers reflect paracellular routes that AQP4 cannot directly
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mediate, whereas H,'”O MRI captures AQP4-dependent tran-
scellular water exchange; AQP4 inhibition reduced parenchy-
mal water delivery by ~80% using this approach [247], an effect
gadolinium studies would underestimate. Both modalities are
AQP4-sensitive but through distinct mechanisms, and con-
clusions about AQP4's contribution to clearance should spec-
ify which process is being measured and by which technique
[244, 248, 249].

Megalencephalic leukoencephalopathy with subcortical cysts
(MLC) is a genetic astrocytopathy, which highlights the con-
sequence of disrupted astrocytic ion and water homeostasis. It
is caused by genetic defects that damage the endfoot proteins
MLC1 or GLIALCAM, resulting in impaired astrocytic volume
regulation and chronic white matter swelling. Clinically, MLC
is characterized by motor and mild cognitive impairment and
seizures [250].

Recent discoveries expanded the genetic landscape of MLC and
revealed additional components of the endfoot homeostatic com-
plex. Recessive pathogenic AQP4 variants that fully disrupt aqua-
porin-4 water channel function were recently shown to cause a
remitting form of MLC [251], offering the first insight into the
consequences of aquaporin-4 deficiency in humans. Similarly,
newly identified GPRC5B variants in rare MLC patients have in-
troduced a completely new player to brain fluid dynamics: the
orphan G protein-coupled receptor GPRC5B [251]. Although its
function in the brain was previously unknown, GPRC5B inter-
acts with MLC1 and GlialCAM [252], suggesting that it helps
orchestrate signaling pathways crucial for astrocytic volume
regulation and fluid homeostasis. Since GPCRs are highly drug-
gable, GPRC5B may even represent a therapeutic entry point for
modulating brain fluid flow and treating brain edema.

Other leukodystrophies further illustrate how defects in as-
trocytic ion and water regulation can produce diverse white
matter pathologies. For instance, CLCN2-related leukoenceph-
alopathy, caused by mutations in the CIC-2 chloride channel,
leads to white matter vacuolization without the chronic edema
seen in MLC [253]; a surprising finding given the physical
and functional interaction of CIC-2 with GlialCAM [254, 255].
Simultaneously, white matter diseases might also result from
distinct mechanisms involving genetic damage to Kir4.1 po-
tassium channels—causing a disruption in potassium homeo-
stasis—or connexins, which would impair panglial syncytial
coupling [237, 256]. Collectively, these disorders show that while
astrocytic ion and water regulation is a shared theme, its dis-
ruption leads to variable disease manifestations shaped by the
specific molecular players involved.

Studying such rare diseases is crucial for the development of
urgently needed therapies. Yet the insights extend far beyond
rare disorders. Brain edema is a common and life-threatening
feature of stroke, traumatic brain injury, and tumors [257], and
glymphatic dysfunction is implicated in a growing number of
brain diseases, including AD and PD [258, 259]. Intriguingly, re-
cent work in multiple sclerosis suggests that the autoimmune at-
tack in this common neuroinflammatory condition may not be
directed at myelin, but rather target endfoot proteins involved in
astrocytic ion and water homeostasis [260-262], suggesting that
disrupted astrocyte homeostasis is a primary driver of disease

[263]. Studying rare genetic astrocytopathies therefore can help
unveil fundamental principles by which astrocytes maintain
brain homeostasis, but also deepen our understanding of com-
mon neurological conditions.

5.5 | Reactive Astrogliosis

Astrocyte reactivity accompanies many disorders of the CNS
and it often influences disease outcomes. While historically
described as a uniform response to injury, it is now clear that
astrocyte reactivity is highly heterogeneous, context-specific,
and dynamically regulated [187]. Reactive astrocytes exhibit
transcriptional and morphological changes that can range from
hypertrophy and proliferation to the release of neurotoxic or
neuroprotective factors, depending on the type, severity, and
chronicity of the insult [187, 188]. In early studies, reactivity
was primarily characterized by GFAP upregulation and cellu-
lar hypertrophy; however, advances in single-cell and spatial
transcriptomics have highlighted the complexity of reactive
states and their diverse molecular signatures. Indeed, distinct
subtypes of reactive astrocytes have now been described in sev-
eral neuropathological contexts, including neurodevelopmental
disorders, neurodegenerative diseases, trauma, and infections.

Astrocytes are capable of rapidly detecting a wide range of
pathological stimuli and mounting a specific response, a process
known as reactive astrogliosis. This phenomenon, recognized
in 1920s [264] was observed in various pathological conditions,
including neurodegenerative diseases, stroke, brain tumors,
and trauma. Reactive astrocytes undergo morphological re-
organization associated with major transcriptional remodeling
and potential changes in their multiple functions. Some genes
induced in reactive astrocytes, such as GFAP, are commonly up-
regulated across many pathological contexts and are thus used
as markers of reactivity, albeit being imperfect. Depending on
the context, other genes may also be downregulated. Ultimately,
the impact on astrocyte physiology itself, and secondarily on
neighboring cells, is manifold. These changes may involve loss
or enhancement of normal astrocyte functions (e.g., neurotrans-
mitter uptake, metabolite detoxification, energy substrate
supply), as well as the gain of new functions (e.g., secretion of
bioactive or neurotoxic molecules).

Reactive remodeling is controlled by complex signaling path-
ways, including Ca?* signaling, intermediate protein phosphor-
ylation, second messenger induction, and finally activation of
transcription factors or epigenetic regulators that induce long-
lasting changes in astrocytes. The JAK-STAT3 and NF-kB path-
ways are some of the best characterized signaling pathways
controlling astrocyte states, yet their dynamics and potential
crosstalk remain incompletely understood [265]. Moreover, the
upstream signals that activate these pathways are often poorly
defined, especially in complex multifactorial diseases, where
several cell types may be dysfunctional and release bioactive
molecules. In contrast to the rapid kinetics of Ca?* changes,
transcription factor-based signaling pathways regulate gene ex-
pression over longer time scales—ranging from hours to days,
or even years in chronic diseases. Astrocytes therefore quickly
respond to pathological cues and often maintain their reactive
state until this homeostasis is restored [266, 267].
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This section provides an overview of astrocyte reactivity in pa-
thology, focusing on the molecular and functional changes that
define reactive states and on their impact on disease progression
and recovery. Building on the general features of astrocyte reac-
tivity outlined above, we next consider disease-specific manifes-
tations, with particular emphasis on Alzheimer's disease (AD),
Parkinson's disease (PD), Amyotrophic Lateral Sclerosis (ALS),
and neurotrauma.

5.6 | Astrocytes in Alzheimer's Disease

Alzheimer's disease (AD) is the predominant form of dementia,
affecting approximately one in nine individuals over the age of
65 [268]. The global incidence of AD is rising, which leads to
increased financial burdens for medical and social services and
family caregivers. Early-stage alterations in mood and social
behavior, anxiety and sleep disturbances are among the clini-
cal features commonly observed in AD patients, together with
progressive memory loss and emergence of more severe neu-
ropsychiatric symptoms [269]. Histologically, individuals with
AD exhibit accumulations of amyloid-£ (Af) plaques and neuro-
fibrillary Tau tangles in the brain, in addition to pathological ev-
idence of neuronal cell death, synapse loss, neuroinflammation,
vascular alterations and metabolism changes [270]. Whilst there
have been recent advances in antibody therapies that target and
sequester A to slow cognitive decline in patients, the effect size
is relatively small [271]. There is therefore a need to better un-
derstand the cellular mechanisms of AD to refine therapeutic
strategies and identify novel targets for intervention.

Astrocytes are emerging as central modulators of brain energy
metabolism, adapting their metabolic profile in response to neu-
rodegenerative insults. These changes are particularly evident in
AD, where astrocytic glycolysis and associated metabolic shifts
contribute to both neuroprotective and neurotoxic outcomes. As
key metabolic regulators in the brain, astrocytes play a crucial
role in sensing the organism's energetic state. These glial cells
monitor and integrate signals related to cellular energy de-
mands and relay this information to support the brain's adaptive
energy management strategies. Under diseased conditions, the
reactive states of astrocytes are accompanied by metabolic and
functional adaptations, including changes in glycolytic and lipid
metabolism, which are critical for meeting increased energy de-
mands and mediating roles in inflammation, neuroprotection,
or neurotoxicity [272, 273].

Reactive astrocytes enhance glycolysis to meet the elevated en-
ergy requirements associated with injury response, a phenome-
non observed during the early stages of AD [85]. This metabolic
shift drives the production of L-lactate, which serves as an en-
ergy substrate for neighboring neurons and supports their sur-
vival under pathological conditions [109, 274]. Recent FDG-PET
studies in humans identified hypermetabolic states—reflected
by increased glucose utilization—even in individuals with min-
imal amyloid burden, up to 25years before the clinical onset
of AD (275, 276]. Similarly, hypermetabolic brain states were
reported in several transgenic mouse models of AD (277, 278],
preceding the later-stage decline in glucose consumption.
Moreover, astrocytes derived from human induced pluripotent

stem cells (hiPSCs) carrying familial AD mutations exhibit en-
hanced glycolysis and oxidative glucose metabolism [279].

However, excessive glycolytic activity can also exacerbate in-
flammation, driving heightened astrocyte activation and con-
tributing to neuroinflammatory responses in certain brain
disorders [280, 281]. Reducing astrocytic glycolytic capacity by
GLUT]1 ablation improves both peripheral energy homeostasis
and cognitive performance [282]. Conversely, some studies have
reported a reduction in astrocytic glycolysis upon exposure to
proinflammatory signals [283]. This reduction, associated with
decreased glycogen and lactate levels, may represent a neuropro-
tective adaptation, although this mechanism has thus far been
observed primarily in primary cultures [284]. Over the course
of disease progression, reactive astrocytes may therefore transi-
tion from a hypermetabolic to a hypometabolic state, marked by
reduced glycolysis, diminished glycogen stores, and decreased
lactate production. This shift may serve to limit the inflamma-
tory cascade and protect the surrounding tissue. Overall, this
dynamic switch from hyper- to hypometabolism illustrates the
dual, context-dependent roles of astrocytes in balancing neuro-
protection and neurotoxicity throughout disease evolution.

In parallel with their metabolic remodeling, astrocytes in AD
are profoundly affected by disruptions in intracellular signal-
ing pathways, particularly those involving Ca?* homeostasis
and redox balance. Increasing evidence suggests that astrocytes
undergo functional impairments triggered by amyloid-beta spe-
cies—especially soluble oligomers. Understanding how Ao dis-
rupts resting astrocytic Ca?* dynamics is therefore essential to
elucidate their contribution to neuronal dysfunction and disease
progression in AD.

AP plaques have long been associated with astroglial dysfunc-
tion and disease progression; however, soluble Ao is now
widely recognized as the primary neurotoxic species [285]. In
astrocytes, these oligomers induce marked disturbances in Ca?*
homeostasis. In the APP/PS1 transgenic mouse model of cere-
bral f-amyloidosis, harboring mutations in the amyloid precur-
sor protein APP and presenilin-1 PS1, astrocytes exhibit globally
elevated resting cytoplasmic Ca** concentration ([Ca?*],) [286].
Similarly, in vivo application of naturally secreted Afo to the
healthy brain of wild type mice caused widespread increases
in resting [Ca?*]; all astrocytic compartments, including soma,
processes and endfeet [287]. Notably, these alterations occur
independently of astrocyte proximity to Af plaques, indicat-
ing that soluble Afo drives early and spatially diffuse astrocyte
Ca?* dysregulation. Together, these findings support a model in
which soluble Ao, rather than plaque deposition, initiates as-
trocytic dysfunction through widespread perturbation of Ca?*
signaling.

Besides alterations in basal [Ca®*], levels, the dysregulation
of astrocytic Ca?* dynamics is observed in AD models, fol-
lowing complex and often divergent trajectories depending on
the disease stage, brain region, and proximity to pathological
features. Astrocytic Ca?* abnormalities can manifest as hy-
peractivity, hypoactivity, or spatial reorganization, each with
distinct consequences for astrocyte function and circuit dynam-
ics. Understanding these patterns is crucial for elucidating the
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contribution of astrocytes to synaptic vulnerability and disease
progression.

Many studies report that astrocytic Ca?* signaling is altered
early in AD, often showing a trend toward increased sponta-
neous activity reminiscent of the neuronal hyperexcitability. For
example, in APPPS1 transgenic mice, a higher proportion of ac-
tive astrocytes and the emergence of long-distance intercellular
Ca?* waves have been observed in the somatosensory cortex,
linked to overactivation of purinergic receptor [286, 288]. These
findings are consistent with soluble Afo driving widespread,
spatially diffuse Ca?* elevations in astrocytes, independent of
plaque proximity [287], as mentioned before.

However, this hyperactivity is often accompanied by func-
tional impairments. Despite spontaneous hyperactivity, corti-
cal astrocytes in APPPS1 mice displayed reduced and slower
responses to sensory stimulation [289]. In the same mouse
model, reduced amplitude of astrocytic Ca?* signals—espe-
cially at the microdomain level—was associated with slow-
wave sleep disturbances [290]. Optogenetic activation of
astrocytes at slow-wave frequency restored network activity
and improved memory function. Early reduction in spon-
taneous activity in astrocytes was detected in the cingulate
cortex of APPNI'F mice [291], and early impairments in both
spontaneous and evoked signals were observed in astrocytes
from the somatosensory cortex of B6.152H (PS2APP) mice
[292]. In both mouse models, signal deficits were linked to
reduced Ca?* mobilization from the endoplasmic reticulum
(ER), though by distinct mechanisms. In APPNIF astrocytes,
decreased expression of InsP3R2 was implicated in dimin-
ished ER Ca?* release [291], whereas in PS2APP mice down-
regulation of the ER Ca?* sensor STIM1 led to decreased ER
Ca?* content, most likely via reduced store-operated Ca’*
entry [292]. Remarkably, restoring astrocytic Ca?* signaling,
either by chemogenetic activation or selective overexpression
of STIMI1, reversed network hyperactivity in APPNVF mice
and rescued plasticity deficits in PS2APP mice, reinforcing
the idea that reduced astrocytic signaling can significantly
impact brain performance in AD. In line with these defi-
cits, astrocyte Ca?* alterations also disrupt neurovascular
coupling: in vivo two-photon imaging in awake AD mice
shows that astrocytic endfoot Ca?* signals become uncou-
pled from adjacent arteriole dilations—exhibiting delayed
onset, reduced amplitude, and impaired synchrony—high-
lighting an early breakdown in astrocyte-vascular communi-
cation [291].

Taken together, the available evidence argues against a simplis-
tic or unidirectional model of astrocytic Ca?* dysregulation in
AD. Robust data support both Ca?* hyperactivity and hypoac-
tivity, depending on disease stage, brain region, and model. It
is increasingly clear that astrocyte dysfunction evolves dynam-
ically throughout disease progression, with both excessive and
insufficient signaling potentially harming brain function [293].
Studying astrocytes across different genetic models, brain areas,
and stages of pathology is thus essential to fully understand this
diversity. Factors such as disease-specific mutations, local cir-
cuit interactions, and inflammatory states are likely to shape
astrocytic responses and must be carefully considered when de-
signing targeted therapeutic strategies.

Aberrant Ca?* signaling in astrocytes has emerged as a central
contributor to the network dysfunction in AD, and its conse-
quences extend well beyond intracellular signaling. Astrocytes
are deeply integrated into the structural and functional orga-
nization of neural circuits, particularly through their intimate
relationships with synapses. Alterations in astrocytic Ca?*
dynamics can disrupt these interactions, potentially affecting
synapse formation, maintenance, and elimination. This raises
important questions about whether astrocyte dysfunction in AD
might also drive synaptic vulnerability—either directly through
aberrant secretory activity or indirectly via changes in morphol-
ogy and territory coverage [294].

In the TauP301S mouse, which models the aggregations of hy-
perphosphorylated tau protein as seen in AD patients, astro-
cytes contribute to synapse loss via activation of the classical
complement cascade [295]. Interestingly, astrocyte lysosomes in
the TauP301S model were found to be more enriched with ex-
citatory synapse proteins, whilst microglia were more enriched
with inhibitory synapse markers, suggesting divergent glial
mechanisms that contribute to the vulnerability of different
types of synapses. In an alternative study, astrocytic expression
of the Atypical Chemokine Receptor 3 (Ackr3) recognizes the
phosphatidylethanolamine-bound chemokine, Cxcl12, at excit-
atory terminals, leading to astrocytic engulfment of synapses in
the 5XFAD model of AD [296]. Importantly, these chemokine
receptors could be targeted to reduce synapse engulfment in
the AD mouse model, suggesting astrocyte-synapse engulfment
mechanisms could represent therapeutic targets.

Astrocytes participate in the removal of A@ from the brain pa-
renchyma [297, 298]. However, unlike microglia, astrocytes
tend to accumulate rather than degrade ingested Af [299].
The resulting intracellular load of Af impacts endo-lysosomal
function and exerts toxic effects on the astrocytes themselves
[300-302]. Consequently, astrocyte exposure to Af triggers not
only astrogliosis but also apoptotic cell death, as documented
in experimental models of AD and in the brains of AD patients
[268, 303]. Furthermore, exposure to Af induces the release of
pro-inflammatory factors from astrocytes [304, 305] which may
exacerbate neuroinflammation, neuronal death, and the pro-
gression of A and tau pathologies.

The significance of the astrocytic response to A for AD patho-
genesis is further supported by a recent study in which astro-
cytes were rendered hypersensitive to Af through the removal
of the protective sorting receptor SorCS2 [300]. These SorCS2-
deficient astrocytes exhibited increased uptake and intracellular
accumulation of AB, leading to enhanced reactivity, defects in
lysosomal acidification, and apoptotic cell death. In murine AD
models, this astrocytic hypersensitivity resulted in heightened
inflammation and massive amyloid and tau pathologies. The
underlying mechanism involved the APP-processing enzyme o
secretase, which was found to be elevated in neurons as a result
of crosstalk with AB-stressed astrocytes.

5.7 | Astrocytes in Parkinson's Disease

Parkinson's disease (PD) is the second most common neurode-
generative disorder, primarily affecting voluntary movements
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and significantly reducing quality of life [306, 307]. In PD, do-
paminergic (DA) neurons of the substantia nigra (SN), which
project to the dorsal striatum, are especially vulnerable to de-
generation. Neurodegeneration is thought to begin at striatal
synapses and then progress retrogradely toward the neuronal
soma in the SN [308], ultimately leading to DA neuron death.
The progressive loss of these neurons underlies the hallmark
motor symptoms of PD, including tremors and rigidity and as
the disease advances, additional faculties become affected, giv-
ing rise to additional clinical features such as cognitive impair-
ment and dementia [306, 307]. A defining pathological feature
of PD is the presence of Lewy bodies, primarily composed of
aggregated a-synuclein (a-Syn), in affected brain regions [309].
Alongside neuronal degeneration, widespread inflammation
and reactive gliosis are also prominent [310]. However, the pre-
cise mechanisms linking a-Syn aggregation, neuronal death,
and glial involvement remain poorly understood. Among the
various cellular and molecular contributors to PD pathology, as-
trocyte dysfunction has emerged as a key factor in both disease
onset and progression [311, 312].

Mounting evidence suggests that astrocytes contribute to
DAergic neurodegeneration by losing their homeostatic and
neuroprotective functions, including neurotransmitter recy-
cling, synaptic maintenance, blood-brain barrier regulation,
and antioxidant activity to support the high energy demands of
neurons [313]. iPSC-derived astrocytes from PD patients carry-
ing the LRRK2(G2019S) mutation exhibit atrophic morphology
and reduced branching compared to age-matched astrocytes
from healthy donors, suggesting impaired capacity to support
neuronal metabolism [313]. These findings were corroborated
in post-mortem human brain tissues (Braak stages IT/I1I), where
astrocytes in the basal ganglia and subthalamic nucleus showed
similar morphological alterations following GFAP immunos-
taining [313].

To further characterize astrocytic malfunction in PD, mitochon-
drial function and Ca?* homeostasis in iPSC-derived astrocytes
from PD patients with the LRRK2(G2019S) mutation have been
investigated [313, 314]. It is now recognized that the spacing be-
tween endoplasmic reticulum (ER) and mitochondria, referred
to as mitochondria-ER contact sites (MERCS), is essential for
efficient Ca?* transfer between these organelles. Using a novel
class of genetically encoded sensors (SPLICS), it was observed
disrupted ER-mitochondria interactions in PD astrocytes, in-
cluding altered MERCS distance (normally 40-50nm), along
with impaired mitochondrial bioenergetics [314]. Importantly,
these structural alterations were accompanied by impaired ER-
mitochondrial Ca?* transfer and defective mitochondrial Ca*
dynamics, indicating that disrupted organelle coupling directly
compromises Ca?*-dependent metabolic regulation. Restoring
ER-mitochondria coupling at optimal distances rescues Ca?*
flux and mitochondrial function, highlighting the causal role
of MERCS disruption in astrocyte dysfunction [314]. Taken to-
gether, these data indicate that the astrocytic deficits including
reduced homeostatic support, elevated oxidative stress, and im-
paired neuroprotective capacity may contribute to dopaminergic
neuron vulnerability.

In PD, astrocytes normally mitigate excitotoxicity by main-
taining glutamate homeostasis via EAAT2 transporters [315].

However, pathogenic variants such as LRRK2 G2019S impair
the trafficking and surface expression of EAAT2 [316], resulting
in reduced glutamate uptake, increased extracellular glutamate
spillover, neuronal damage, and exacerbated inflammation
[316]. Beyond glutamate regulation, the phagocytic roles of
both astrocytes and microglia are increasingly recognized as
pivotal for clearing pathological protein aggregates, such as the
a-synuclein fibrils seen in PD [296, 317]. The LRRK2 G2019S
variant impairs astrocyte-mediated uptake and degradation
of a-synuclein, in part through disruptions in annexin A2-
dependent endocytic pathways [318]. In addition, a-synuclein
accumulation has been shown to disrupt ER-mitochondria
interactions and Ca’* signaling, suggesting that impaired pro-
teostasis and organelle crosstalk may converge to exacerbate
astrocyte dysfunction [319, 320]. Notably, many endo-lysosomal
proteins—including those with PD-linked variants—are highly
expressed in glial cells, suggesting that lysosomal dysfunction
may underlie defective clearance mechanisms [317]. Enhancing
or restoring the clearance capacity of these glial cells could offer
promising strategies to slow or halt the neurodegenerative cas-
cade in PD, AD, and related disorders.

Emerging evidence highlights the importance of astrocyte-
derived extracellular vesicles (EVs) in PD. These vesicles com-
prise a heterogeneous population of lipid-bound nanocarriers
secreted by cells under both physiological and pathological
conditions [321, 322]. They transport a variety of bioactive car-
goes, including DNA, RNA, metabolites and proteins, and are
increasingly recognized as mediators of glia-to-neuron com-
munication [323]. Initially identified as a potential contributor
of a-Syn spread in the brain, astrocyte-derived EVs may also
exert neuroprotective effects in PD [324]. Under neurotoxic con-
ditions induced in vitro in DAergic-like SH-SY5Y neurons by
1-methyl-4-phenylpyridinium (MPP+), EVs isolated from cul-
tured primary astrocytes were able to counteract mitochondrial
complex I inhibition and improve ATP production, suggesting
the potential neuroprotective properties of astrocyte-derived
EVs in PD-related mechanisms [325]. Interestingly, primary
astrocytes cultured from the ventral midbrain produced a
greater content of EVs and exerted a more neuroprotective ef-
fect on cultured neurons, indicating a source for regional spe-
cific astrocyte-dependent neuroprotective mechanisms [325].
Therefore, astrocyte-derived EVs add a further layer of complex-
ity to the communication between the glial compartment and
neurons, which may play a fundamental role in the intricate
pathogenesis of PD.

5.8 | Astrocytes in Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron dis-
ease marked by the progressive degeneration of both upper and
lower motor neurons [326-328]. Clinically, ALS manifests as
adult-onset muscle weakness and atrophy, with frontotemporal
dementia occurring in 10%-15% of patients [329, 330]. The me-
dian survival time following symptom onset is approximately
3-5years [331]. ALS can be classified into familial (FALS) and
sporadic (SALS) forms. More than 30 genes have been implicated
in ALS, with the most common mutations found in genes encod-
ing C9orf72, TDP43, FUS, and SOD1. This genetic heterogeneity,
in addition to several proposed environmental factors, suggests
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that multiple, intersecting cellular and molecular mechanisms
contribute to disease onset and progression [332-336]. The fol-
lowing section explores how astrocytes contribute to ALS patho-
physiology through metabolic and inflammatory changes and
altered synaptic interactions, highlighting both regional hetero-
geneity and disease-stage-specific alterations in their function
and reactivity.

ALS astrocytes exhibit inflammatory signatures [337] have
been shown to induce neuronal loss of function in human iPSC-
derived models of the disease [338]. These findings imply that
astrocytes may be active participants in driving or exacerbating
ALS progression. One of the first clinical indications of astro-
cyte pathology in ALS was the observed loss of the glutamate
transporter GLT1 from the spinal cord [339] This loss of glu-
tamate regulation by astrocytes was thought to contribute to
glutamate-mediated excitotoxicity and subsequently neuronal
death. However, approaches in mouse models to increase GLT1
levels have failed to show therapeutic potential [340], indicating
that other mechanisms drive the pathology of ALS.

Distinct metabolic and structural abnormalities have been iden-
tified in astrocytes isolated from neonatal (P2) SOD16%A ALS
mice [341, 342]. Astrocytes obtained from both the motor cor-
tex and spinal cord exhibit ER enlargement and disrupted ER-
mitochondria contact sites, leading to elevated oxidative stress
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astrocytes significantly accelerated motor neuron death [344].
Notably, in vivo and ex vivo studies indicate that ALS astrocytes
display increased Ca?* microdomains driven by mitochondrial
dynamics and transient opening of the mitochondrial permea-
bility transition pore (mPTP), rather than global Ca?* elevation
or enhanced ER Ca?* release [345].

Together, these findings underscore the central role of astro-
cytes in shaping the pathological environment in ALS and sup-
port the concept that they acquire a disease- and region-specific
toxic phenotype. Nonetheless, rescuing the pathological pheno-
type of P120 spinal cord astrocytes reduces their neurotoxicity
in both murine and human in vitro models of ALS [344, 346].
These results strengthen the rationale for targeting astrocytes
as a therapeutic strategy to mitigate disease progression and im-
prove outcomes in ALS.

Prior to motor neuron loss in ALS, synaptic changes in the cen-
tral and peripheral nervous system are thought to contribute
to early-stage hyperactivity—suggestive of excitotoxic mecha-
nisms [347]. Synaptic pathology in ALS appears to occur con-
currently with astrocytic pathology [338, 348, 349].

Within spinal motor circuits, astrocytes modulate synaptic
activity through bidirectional signaling mechanisms; astro-
cytes provide inhibitory purinergic feedback to neurons in re-
sponse to neuronal glutamate-mediated activation of astrocytic
mGluRS5 receptors [348, 350]. Notably, several components of
this signaling pathway have been independently reported to
undergo alterations in ALS [350, 351], suggesting that disrupted
astrocyte-neuron communication at synapses may represent a
critical pathological feature of the disease.

A selective loss of multipartite excitatory synapses—that is,
glutamatergic synapses that were contacted by the perisynap-
tic astrocytic leaflet marker, Ezrin—was reported in the lumbar
spinal cord of SOD1°%3A ALS mice as well as in human post-
mortem spinal cord tissue from ALS patients [352]. This struc-
tural degeneration was corroborated by transcriptomic analyses
from both SOD1%%3A mice and ALS patient tissue, revealing
gene expression changes related to neuron-glia communication
[349]. Together, these data support the hypothesis that tripartite
synapses are an early and specific target of ALS pathology.

To investigate whether this synapse loss was driven by either
intrinsic astrocytic or neuronal factors, co-culture experiments
were performed using spinal neurons and astrocytes derived
from neonatal wild-type and SOD1%%34 mice. Surprisingly, these
in vitro assays did not reveal synaptic differences across geno-
type combinations [353], contrasting with the synaptic deficits
observed in vivo. This discrepancy may reflect the developmen-
tal timing of synaptic degeneration, which could emerge only
later in disease progression.

Synaptic alterations were studied in an inducible model of spo-
radic ALS (TDP-43"ANLS), in which neurons—but not neurog-
lia—display cytoplasmic mislocalization of the RNA-binding
protein TDP-43, a hallmark of ALS pathology [354]. In this model,
it has been observed substantial changes in excitatory and cho-
linergic synapses within the spinal cord, but no corresponding
astrocytic pathology or selective loss of tripartite synapses [355].

These findings suggest that synaptic degeneration may primar-
ily result from neuron-intrinsic mechanisms, and that astrocytic
contributions may depend on cell-autonomous dysfunction.

These findings point to a complex and context-dependent re-
lationship between astrocytes and synaptic integrity in ALS.
While synaptic degeneration may be neuron-driven in some
models, astrocyte-mediated mechanisms likely contribute in
others. Ultimately, a deeper understanding of basic tripartite
synapse biology and its contributions to the maintenance of neu-
ral circuits may help identify the mechanisms of its vulnerability
in ALS and thus guide the development of more targeted and
effective therapies.

5.9 | Astrocytes in Neurotrauma

Astrocytes, as part of the brain's defense system, respond to a
wide range of injuries that induce focal brain damage, including
mechanical (traumatic brain injury), ischemic damage (isch-
emic stroke), or autoimmune (Figure 4). In response to these in-
sults, astrocytes become reactive and erect a perilesional border
around the injured site [356, 357], where they form a glial bar-
rier. This barrier physically separates the lesioned area from the
surrounding healthy tissue, exerting protective effects by limit-
ing the spread of damage, but also incurring detrimental effects
by impeding tissue regeneration [188].

In addition to forming this barrier, astrocytes play key roles in
coordinating the inflammatory response, clearing cellular debris
by phagocytosis, remodeling the extracellular matrix (ECM),
and regulating angiogenesis. These reparative and immune-
related functions are largely mediated by a diverse repertoire of
biologically active molecules secreted into the interstitial fluid
of the brain. While microglia and infiltrating macrophages are
known for their rapid cytokine and chemokine release, astro-
cytes emerge as pivotal regulators that fine-tune inflammatory
signaling and orchestrate tissue remodeling during the subacute
and chronic phases following injury [267, 358-360].

These processes have been extensively studied in the context
of ischemic stroke [361-363]. Ischemia and injury-associated
cues released from damaged neurons and reactive microglia
instigate reactive astrogliosis (Figure 1). Reactive remodeling
leads to astrocyte proliferation and hypertrophy, accompanied
by upregulation of characteristic markers such as GFAP [364].
One key inducer of astrocyte activation is transforming growth
factor-beta (TGFp), which is markedly elevated in post-ischemic
brain regions [363]. TGFf drives GFAP expression, cellular hy-
pertrophy, and the enhancement of astrocytic secretory activ-
ity [365, 366].

Given the prolonged reactivity and robust secretory profile of
astrocytes after stroke [357, 367, 368], these cells are increas-
ingly recognized as central signaling hubs that shape the post-
ischemic brain environment and modulate the behavior of
surrounding cell types (Figure 1). Astrocytes play critical roles
in supporting post-stroke angiogenesis [228, 363], highlighting
their regenerative potential. However, this same secretory ac-
tivity can become maladaptive—excessive pro-inflammatory
signaling and deposition of ECM components can create a
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nonpermissive environment for axonal regeneration and hinder
functional recovery.

Therefore, a promising therapeutic strategy may lie in precise
modulation of astrocytic secretory functions to enhance regen-
eration while limiting detrimental effects. Yet, the intracellu-
lar mechanisms that govern astrocyte secretion remain poorly
characterized. For example, the identification of the sorting
receptor SorCS2 as a regulator of endostatin release suggests
that astrocytes may possess specialized trafficking and sorting
machinery to control their secretome [363]. Of note, SorCS2 ex-
pression is induced in the reactive astrocytes following ischemic
stroke, which points to the dynamic adjustment of the astrocytic
intracellular sorting machinery upon activation. Further re-
search is essential to elucidate the components and regulation
of this machinery, which could open new avenues for promoting
neurorepair in the aftermath of stroke.

6 | Cellular Models for Studying Astrocyte
Malfunction

Over the past decades, the study of astrocyte biology has been
advanced by a range of experimental in vitro models, each
with distinct advantages and limitations. Traditional two-
dimensional (2D) primary cultures, often relying on serum-
supplemented media [369], remain widely used but yield
immature astrocytes with transcriptomic profiles that differ
substantially from their in vivo counterparts [370, 371]. To
better approximate the mature, quiescent phenotype, serum-
free protocols supplemented with growth factors such as fi-
broblast growth factor 2 (FGF2) and epidermal growth factor
(EGF) have been developed; astrocytes cultured under these
conditions more closely resemble mature cells in vivo [372].
Chemically defined serum-free media also promote in vivo-
like homeostatic ion channel expression in primary astrocytes
[373]. Ex vivo preparations, such as brain slices, have addition-
ally provided insight into neuron-astroglia crosstalk in both
physiological and pathological settings [374].

Several two- and three-dimensional iPSC-based differentiation
protocols have been developed to generate functional human
astrocytes, ranging from long-term NPC-based approaches to
rapid one-step methods and 3D spheroid systems, with the re-
sulting cells demonstrating canonical astrocyte properties in-
cluding glutamate uptake, Ca* signaling, and synaptic support
[375-379].

Disease-specific iPSC-derived astrocytes have revealed how
astrocytes contribute to pathology across multiple neurological
conditions, including Alzheimer's disease [338, 380-384], amy-
otrophic lateral sclerosis [338], and Huntington's disease [381].

In addition, in a humanized tricellular transwell model com-
prising human brain microvascular endothelial cells, peri-
cytes, and astrocytes, photobiomodulation restored BBB
integrity following hypoxic injury by attenuating endothelial
thrombo-inflammatory signaling while simultaneously reduc-
ing oxidative stress across all three cell types, demonstrating
coordinated astrocyte participation in multicellular repair re-
sponses [385]. Complementing this, astrocyte enrichment of

microfluidics-generated 3D cortical constructs enhanced neu-
ronal maturation and viability in vitro, and following implan-
tation into mouse brains reduced lesion size, increased axonal
growth, and improved vascular coupling within the graft [386].
Together, these studies illustrate how astrocytes function as in-
structive contributors to neural repair and how human-relevant
platforms can bridge fundamental astrocyte biology to regener-
ative and therapeutic applications.

Together, these complementary models reflect a progressive
refinement in astrocyte biology research, with iPSC-derived
astrocytes proving particularly powerful in revealing patient-
specific, cell-intrinsic disease mechanisms. While limitations
such as epigenetic age resetting and lack of vascularization re-
main, ongoing advances in aging paradigms and assembloid
systems are expected to further improve their physiological rele-
vance and utility for therapeutic development.

7 | Conclusion

The picture of astrocytes that emerges from this review is one of
remarkable evolutionary conservation, cellular sophistication,
and functional versatility. From the primordial glia of flatworms
and astrocyte-like cells of Drosophila to the morphologically
elaborate, synapse-enwrapping protoplasmic astrocytes of the
human neocortex, a continuous thread of homeostatic innova-
tion runs through metazoan evolution. In mammals, and es-
pecially in primates, this trajectory peaks in a cell type whose
sheer structural complexity, thousands of fine perisynaptic leaf-
lets contacting hundreds of thousands of synapses per cell, po-
sitions it as an indispensable partner to neurons at every level of
brain organization. The sections of this review have traced how
those interactions are established during development, through
lineage-specific programs and local instructional cues from neu-
rons; how they are maintained in the adult brain through met-
abolic coupling, Ca* signaling, gliotransmission, and dynamic
synaptic remodeling; and how they break down in the spectrum
of disorders from neurodevelopmental conditions and hormonal
dysregulation to neurodegeneration, genetic astrocytopathies,
and acute injury. A unifying theme throughout is heterogeneity:
astrocytes are not a monolithic population but rather a constel-
lation of molecularly distinct subtypes shaped by region, layer,
developmental origin, and circuit context. Moreover, it is in-
creasingly clear that this diversity is functionally consequential
rather than merely descriptive. Equally important is the growing
recognition that many disease processes once attributed solely
to neurons are, in part, driven or amplified by intrinsic astrocyte
dysfunction, a realization with direct therapeutic implications.
Looking ahead, integrating single-cell multi-omics, spatial tran-
scriptomics, advanced imaging, and functional in vivo tools
will be essential to decode the full repertoire of astrocyte states
across health and disease. Astrocytes are one of the central play-
ers in brain biology, and harnessing their biology represents one
of the most promising frontiers in neuroscience.

Disclaimer

This review originates from the Astrocyte Cafe, an in-person meeting held
in Trieste in 2024, where astrocyte researchers gathered to discuss current
advances in astrocyte biology across a range of topics. The presenters at
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this meeting subsequently collaborated to produce the present review ar-
ticle, which synthesizes and expands upon the themes discussed during
the conference. The authors wish to emphasize that this is not intended as
a comprehensive review of the astrocyte research field. Rather, it reflects
the specific topics that were presented and debated at the meeting, shaped
primarily by the research backgrounds and expertise of the participating
scientists. The authors recognize that many important and valuable con-
tributions to astrocyte research exist beyond what is presented here, and
explicitly acknowledge that the absence of certain topics reflects the focus
of the meeting rather than a judgment on their scientific merit.
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