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Abstract
Astrocytes regulate central nervous system development, maintain its homeostasis and orchestrate repair upon injury. Emerg-
ing evidence support functional specialization of astroglia, both between and within brain regions. Different subtypes of 
gray matter astrocytes have been identified, yet molecular and functional diversity of white matter astrocytes remains largely 
unexplored. Nonetheless, their important and diverse roles in maintaining white matter integrity and function are well rec-
ognized. Compelling evidence indicate that impairment of normal astrocytic function and their response to injury contribute 
to a wide variety of diseases, including white matter disorders. In this review, we highlight our current understanding of 
astrocyte heterogeneity in the white matter of the mammalian brain and how an interplay between developmental origins and 
local environmental cues contribute to astroglial diversification. In addition, we discuss whether, and if so, how, heterogene-
ous astrocytes could contribute to white matter function in health and disease and focus on the sparse human research data 
available. We highlight four leukodystrophies primarily due to astrocytic dysfunction, the so-called astrocytopathies. Insight 
into the role of astroglial heterogeneity in both healthy and diseased white matter may provide new avenues for therapies 
aimed at promoting repair and restoring normal white matter function.
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Introduction

Astrocytes are the most abundant glial cell type in the cen-
tral nervous system (CNS). They have long been considered 
as passive cells providing structural support to neurons, but 
are now recognized to exert numerous functions essential to 
support and maintain a healthy CNS [10, 127]. It remains 
debatable whether all astrocytes exert a variety of complex 
functions or functional specialization exists among distinct 
subtypes. Originally, two main subtypes were characterized: 
protoplasmic and fibrous astrocytes, residing in the gray and 
white matter (GM and WM), respectively [88]. Protoplasmic 

astrocytes show extensive branching of bushy processes 
oriented in a globoid distribution, which contact numer-
ous synapses and envelop blood vessels with their endfeet. 
Contrastingly, fibrous astrocytes have smaller, elongated 
cell somas and long, fiber-like processes that align with 
myelinated axons and contact blood vessels and axons at 
the nodes of Ranvier [127]. In addition to this, diversity can 
be appreciated at the molecular level regarding expression 
of glutamate transporters [50, 113], ion channels [108], gap 
junction proteins [94], and receptors [63]. These differences 
indicate that astrocytes may be specialized to their location 
in the CNS [28, 100].

The concept of astroglia heterogeneity only gained atten-
tion in the last 2 decades, resulting in the build-up of evi-
dence on diversity in morphology, gene expression profiles, 
and physiology, both between and within brain regions. 
This led to the identification of additional astrocyte sub-
types residing in GM regions [28, 42, 45, 60, 100]. Con-
trastingly, there still remains a lack of understanding on the 
molecular and functional diversity of astrocytes residing in 
the WM. WM astrocytes are crucial for maintaining healthy 
WM structure and function [9, 35, 82]. Accordingly, impair-
ment of normal astrocytic function and its response to injury 
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contribute to a wide variety of CNS diseases, including 
WM disorders [106, 145, 146]. Here, we discuss our cur-
rent understanding on astrocyte heterogeneity in the WM of 
the mammalian brain. We review how astrocytic diversity 
may arise and discuss what the implications are for WM 
structure and function in health and disease by focusing on 
the sparse human research data available. We also discuss 
how heterogeneity of astrocytes may contribute to selective 
vulnerability of white matter regions in the scope of several 
genetic WM disorders.

The rise of heterogeneous astrocytes

Mature astrocytes can generally be recognized by their star-
like appearance with radially oriented processes and expres-
sion of major intermediate filament glial fibrillary acidic 
protein (GFAP) [127]. Its expression, however, is not detect-
able in all healthy astrocytes and varies greatly according to 
CNS region [50, 65] and activation state [127]. Identification 
of new astrocyte markers over the past few years enabled the 
characterization of different astroglial subtypes, providing 
clues for their functions. These include S100 calcium-bind-
ing protein β, glutamate transporter 1 (GLT-1), glutamate 
aspartate transporter (GLAST), aldehyde dehydrogenase 1 
family member L1, aldolase C, aquaporin-4 (AQP4), and 
Sox9 [24, 90, 113]. Nevertheless, studying astroglial diver-
sity remains complicated due to the lack of markers that 
clearly distinguish between subtypes and developmental 
stages [90]. Here, we discuss our current understanding of 
the rise of heterogeneous astroglia and how an interplay 
between cell-intrinsic and cell-extrinsic factors determine 
their cell identity.

Cell‑intrinsic factors

Emerging evidence indicate morphological and molecular 
astroglia heterogeneity across CNS regions [6, 13, 24, 39, 
42, 113], but the mechanisms driving this diversification 
remain poorly understood. For neurons, it is well established 
that distinct subtypes are generated during early develop-
ment by patterning of the neuroepithelium into discrete 
progenitor domains by morphogens. As a result, these pro-
genitors express a unique combination of transcription fac-
tors, giving rise to diverse cell types in a region-dependent 
manner [12, 28, 90]. Regional diversity of astrocytes implies 
derivation from distinct progenitor pools, suggesting that 
the mechanisms driving neuronal diversity may similarly 
contribute to astrocyte diversification.

A major source of astrocytes during late embryonic 
development are radial glia in the ventricular zone, which 
are GFAP-positive cells derived from the neuroepithelium. 
Radial glia have multipotent neural stem cell (NSC)-like 

properties and give rise to neurons and, after a gliogenic 
switch, to oligodendrocytes and astrocytes (reviewed in 
[12]). In addition, progenitors in the subventricular zone 
(SVZ) that persist into adulthood can differentiate into 
interneurons, but also give rise to oligodendrocytes and 
astrocytes in GM or WM [131]. Radial glia and SVZ progen-
itors are organized into distinct spatial domains, suggesting 
that spatial patterning may indeed contribute to heterogene-
ity of astrocytes [12, 28, 60, 90, 131, 154]. In support of this, 
clonal analysis of the adult cortex revealed that protoplasmic 
and fibrous astrocytes are derived from separate cell line-
ages [48]. In addition, progenitors expressing proteoglycan 
neural/glial-antigen 2 (NG2), termed as NG2-glia or oligo-
dendrocyte precursor cells (OPCs), give rise to myelinating 
oligodendrocytes in the GM and WM throughout life. They 
were also shown to generate a subpopulation of protoplas-
mic, but not fibrous, astrocytes in the ventral forebrain [158]. 
By contrast, basic helix–loop–helix oligodendrocyte tran-
scription factor 2 (Olig2), which is expressed in a subset of 
progenitors in the neonatal and adult forebrain, is involved 
in the differentiation of oligodendrocytes [83, 104] and WM, 
but not GM, astrocytes [25]. Similarly, in glial progenitor 
pools in the dorsal mouse spinal cord, differential expres-
sion of transcription factor Ascl1 was shown to regulate the 
numbers of protoplasmic versus fibrous astrocytes [148]. 
These findings suggest that regionally distinct astrocytes, 
including GM and WM astrocytes, may derive from distinct 
cell lineages as a result of spatial patterning.

Importantly, spatial patterning of progenitor domains 
could also contribute to diversification of astroglia within 
the WM. A homeodomain code was shown to specify three 
distinct progenitor domains in the ventral spinal ventricular 
zone termed p1–p3, which give rise to three distinct astro-
cyte subpopulations in the WM termed VA1–VA3 [62]. 
Interestingly, the spatial organization of these WM astro-
cytes along the dorso-ventral axis mirrors the progenitors 
in the p1–3 domains [62], revealing that positional iden-
tity of progenitors may contribute to astroglial heterogene-
ity within the spinal cord WM. Taken together, increasing 
evidence indicate that developmental patterning followed 
by regional specialization could underlie astrocyte diver-
sity throughout the CNS [48, 92, 134]. Given that spatial 
allocation is retained into adulthood and during disease 
[134], the regional specification of astrocytes appears to be 
an intrinsic property contributing to regional variation in 
form and function.

Cell‑extrinsic factors

Astroglia also display diversity at a local level, with dis-
tinct subtypes co-existing within the same CNS region [42, 
45, 60, 100]. In the cerebral cortex, astrocytes are diverse 
in morphological, molecular and transcriptional properties 
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across its layers [64, 72, 93, 101]. Distinct astrocyte subtypes 
are also found in hippocampal subregions [42]. In addition, 
the cerebellar cortex reveals intraregional heterogeneity, 
where velate astrocytes and Bergmann glia are located in the 
granular and Purkinje cell layer, respectively. Despite deriv-
ing from the same progenitor pool, these subtypes harbor 
distinct morphological features and gene expression profiles 
in mice [67]. This suggests that local (micro-)environmental 
cues may induce functional adaptations in astrocytes tailored 
to the requirements of their local cellular environment. In 
support of this, signaling from adjacent neurons is crucial 
in determining the mature astrocyte phenotype in the adult 
mouse brain [72]. Neuron-derived morphogen Shh drives the 
distinct molecular and physiological profile of velate astro-
cytes and Bergmann glia in the mouse cerebellar cortex [44]. 
Similarly, Shh regulates the molecular diversity of spatially 
distinct astrocyte subpopulations within the mature mouse 
forebrain [49]. While human data on this subject are sparse, 
the extent of astrocyte diversity in form and function in the 
human brain, even within the same brain region [16, 100, 
101, 130], suggests that both developmental origin and local 
(micro-)environmental cues underlie their heterogeneity.

The concept that GM astrocytes adapt their molecular 
properties in response to cell-extrinsic factors raises the 
question whether WM astrocytes might have the same 
potential. So far, two types of GFAP-positive WM astrocyte 
populations have been identified in cultures of the develop-
ing rat optic nerve based on shape, antigenic properties, and 
growth characteristics, which were termed type 1 and type 
2 astrocytes [111]. These astrocyte subtypes remain to be 
confirmed in vivo. In conclusion, astroglial cell-fate speci-
fication depends on a combination of complex cell-intrinsic 
and cell-extrinsic mechanisms, including transcription factor 
expression, neuronal feedback, as well as epigenetic mecha-
nisms (reviewed elsewhere [132]). These mechanisms are 
highly regulated in time and space to ensure proper neural 
network formation and drive astroglial diversity in the mam-
malian brain.

Astrocyte diversity in healthy WM

Diversity in morphological and molecular features between 
distinct astrocyte subtypes implies functional specialization 
tailored to their surrounding tissue. Protoplasmic astrocytes 
tile the healthy GM in non-overlapping spatial domains 
[127], wherein they facilitate information processing by reg-
ulating blood flow and shaping synaptic transmission [107]. 
The functions of GM astrocytes are thought to be regionally 
specialized to support their surrounding neuronal subtype 
and neural circuit [12, 29, 55, 65]. In the WM, astrocytes 
show extensive intermingling of processes with neighboring 
astrocytes [101] and they support healthy WM development 

and function, including myelination [9, 35, 82]. But how do 
diverse astrocyte subtypes contribute to the maintenance of 
healthy WM?

The WM is largely composed of myelinated axons. 
Myelin sheaths are crucial for fast saltatory conduction of 
action potentials along the axons and support axonal integ-
rity and trophism [98]. WM astrocytes play important roles 
in both developmental myelination and remyelination fol-
lowing injury [82] (Fig. 1). They contribute to each step of 
the myelinating process (reviewed in [35, 82, 91]). In brief, 
astrocytes secrete growth and trophic factors, including 
brain-derived neurotrophic factor, ciliary neurotrophic fac-
tor (CNTF), insulin-like growth factor 1, fibroblast growth 
factor-2, leukemia inhibitory factor, and tissue inhibitor of 
metalloproteinase-1, that enhance myelination by promoting 
survival or differentiation of oligodendrocytes [9, 66, 78, 
91]. In addition, they provide metabolic support to oligoden-
drocytes by supplying energy substrates via gap junctions 
[78, 82]. Conversely, astrocytes can also inhibit myelina-
tion. Secretion of platelet-derived growth factor-α (PDGFα) 
prevents premature differentiation of OPCs, thereby regulat-
ing the timing of myelination in the developing CNS [84]. 
Astrocytes play dual roles in regulating oligodendrocyte sur-
vival and differentiation, and also myelination. In support of 
this, it has been shown that the astrocytic phenotype deter-
mines their ability to support myelination. Plating rat astro-
cytes on extracellular matrix (ECM) glycoprotein tenascin 
C induces a quiescent phenotype that inhibits myelination 
of spinal cord cultures in vitro, whereas treating astrocytes 
with cytokine CNTF induces an activated phenotype that 
promotes myelination [96]. This is in line with other stud-
ies reporting a pro-regenerative phenotype of CNTF-treated 
astrocytes (reviewed in [66]). These findings suggest that 
astrocytes can change their phenotype in response to envi-
ronmental factors and, depending on their activation state, 
may hamper or support myelination.

Regulation of myelination only represents part of the 
essential roles of astrocytes in maintaining WM homeosta-
sis (Fig. 2). Through bidirectional crosstalk with other cell 
types, including neurons, pericytes, endothelial cells, and 
other non-neural cells, astrocytes affect nearly all aspects 
of healthy WM functioning. Astrocytes regulate neurite 
outgrowth via secreted factors and ECM components [109, 
112] and interact with microglia during development (e.g., 
synaptogenesis and synapse pruning) [112]. In addition, 
they contribute to the induction and maintenance of the 
blood–brain barrier (BBB) [102] and regulation of blood 
flow [5]. Astrocytes are also involved in the production and 
recycling of several neurotransmitters, including glutamate 
via GLAST and GLT-1 transporters [151]. Moreover, they 
release gliotransmitters to signal to neurons [57] and shape 
neurotransmission and plasticity [151]. They play important 
roles in ion–water homeostasis, including spatial potassium 
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buffering via Kir4.1 channels, which is important for healthy 
WM function [78, 82, 122]. Astrocytes also serve as an 
energy supplier via uptake of glucose from the bloodstream 
and storage of glycogen, a function exclusive to astrocytes in 
the CNS [151]. Astrocyte-derived glycogen is released in the 
form of lactate and delivered to axons to support their high 
metabolic demands [8, 151] and to oligodendrocytes to use 
as substrate for myelin production [116]. They also provide 
many growth and trophic factors, including iron, to support 
surrounding cells in the WM [66, 78]. These complex func-
tions of WM astrocytes illustrate their important and diverse 
roles in supporting healthy WM structure and function.

Notably, the CNS WM is not a homogeneous struc-
ture, but consists of many different fiber tracts with their 
own unique organization, density and diameter of nerve 

fibers, myelin thickness, and functions. Different fiber 
tracts may require tailored and fine-tuned support from 
local astrocytes. In support of this, astroglial density var-
ies substantially across WM tracts, including relatively 
low density in the stria terminalis and high density in the 
optic tract [42]. In addition, astroglial calcium signaling 
properties may vary throughout the WM. Neighboring 
astrocytes are coupled in large complex networks via gap 
junction channels that allow intercellular passage of ions 
and small molecules. This includes rapid propagation of 
intracellular calcium waves, thereby enabling intercellular 
communication in the astrocyte network [119]. In mice, 
cortical astrocytes are highly coupled by gap junctions, 
which is required for calcium wave propagation. By con-
trast, gap junctions are rarely found in the corpus callosum 

Fig. 1  Supporting and detrimental functions of astrocytes on oligo-
dendrocyte survival, differentiation and myelination. (Left) Astro-
cytes support survival and differentiation of oligodendrocyte pre-
cursor cells (OPC) into myelinating oligodendrocytes via several 
secreted factors, including brain-derived neurotrophic factor (BDNF), 
ciliary neurotrophic factor (CNTF), insulin-like growth factor 1 (IGF-
1), fibroblast growth factor-2 (FGF-2), leukemia inhibitory factor 
(LIF), and tissue inhibitor of metalloproteinase-1 (TIMP-1). They 
also metabolically support oligodendrocytes by taking up glucose 
from the bloodstream through glucose transporters (GLUT1) and 
storing it in the form of glycogen. When demanded, glycogen can 

be transformed into pyruvate by astrocytes. This can subsequently 
be broken down into lactate, which is transported to oligodendro-
cytes. Astrocytes also support the maintenance of myelin and axonal 
integrity. (Right) Astrocytes can also have detrimental effects on oli-
godendrocytes and/or myelin, compromising the integrity of myelin 
and, consequently, the axons. Such astrocyte-derived factors include 
platelet-derived growth factor-α (PDGFα), tumor necrosis factor 
α (TNFα), interferon-gamma (IFNγ), C–X–C motif chemokine 10 
(CXCL10), bone morphogenetic proteins (BMP), and extracellular 
matrix (ECM) components such as hyaluronan. They also upregulate 
GFAP in response to damage and disease
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and calcium wave propagation here relies on ATP release 
[53]. Another study reported the strongest and highest 
degree of coupling in the rat optic nerve tracts compared 
to other CNS regions, including the spinal cord [73]. This 
argues that gap junction coupling of astrocytes may be 
varied throughout the WM. Although the precise func-
tional implications of these differences remain unclear, 

they support the view that WM astrocytes are tailored to 
the functional requirements of local WM tracts. In-depth 
characterization of their cellular diversity in the human 
brain will contribute to our understanding of the complex 
and multifaceted role of astrocytes in WM structure and 
function.

Fig. 2  Essential astrocytic functions in the CNS WM. Astrocytes play 
essential roles in the CNS WM through proliferation, support of oli-
godendrocytes and myelination of axons via secreted factors or direct 
astrocyte–oligodendrocyte and astrocyte–axonal interactions, gluta-
mate transport and glutamine synthesis, regulation of synaptic neu-

rotransmission and plasticity, support of ion and water homeostasis, 
regulation of neurite outgrowth, maintenance of the BBB, interaction 
with microglia to induce innate immune responses, and responses to 
injury and protection of healthy tissue, including formation of glial 
scar tissue surrounding the damaged area
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Astrocyte diversity in diseased WM

Diversity in reactive astrogliosis

Astrocytes react upon all types of CNS injury. During 
this response, also termed reactive astrogliosis, astrocytes 
undergo proliferation, cell hypertrophy, process extension 
and interdigitation, and profound changes in gene expres-
sion [127]. Astrogliosis is induced by various signaling 
factors released from inflamed and damaged areas and is 
a hallmark of diseased CNS tissue. Together with other 
glia, neural cells, and non-neural cells entering from the 
bloodstream, reactive astrocytes orchestrate a multicellu-
lar response aimed at restoring homeostasis by minimiz-
ing tissue damage and supporting repair [23, 125]. The 
functional implications of astrogliosis remain, however, 
debatable [106, 126, 127]. Astrogliosis has been consid-
ered a major limiting factor in CNS repair due to glial scar 
formation. It has been reported to hamper axonal regenera-
tion [121] and acts as a physical barrier for OPCs enter-
ing the lesion, resulting in remyelination failure [95]. In 
response to injury, astrocytes may also inhibit maturation 
of OPCs through overproduction of ECM components, 
including hyaluronan, which accumulates in demyelinated 
lesions and hinders myelin regeneration [7, 124]. Several 
other astrocyte-derived factors, including interferon-
gamma, tumor necrosis factor α (TNFα), C–X–C motif 
chemokine 10, and bone morphogenetic proteins (BMP) 
hamper remyelination by inhibiting OPC survival and/or 
preventing differentiation into mature oligodendrocytes [9, 
66, 78, 91, 149] (Fig. 1). In addition, reactive astrocytes 
promote an inflammatory response mediated by activated 
microglial cells that could exacerbate tissue damage and 
BBB disruption [102]. On the other hand, reactive astro-
gliosis can be beneficial and neuroprotective. Glial scar 
tissue restricts the spread of inflammatory cells into the 
surrounding healthy parenchyma and helps restore BBB 
integrity [126, 150]. Contrary to previous findings, astro-
gliosis has also been reported to aid, rather than prevent, 
axonal regeneration after spinal cord injury [4]. Further-
more, reactive astrocytes promote survival and repair of 
damaged tissue by providing trophic support to cells sur-
rounding the lesion [95] and facilitate remyelination by 
promoting OPC survival and differentiation into myelinat-
ing oligodendrocytes [91, 95]. They recruit and instruct 
microglia to clear myelin-debris, which is essential for 
remyelination [99, 123]. Moreover, ablation of reactive 
astrogliosis following CNS injury causes increased inflam-
mation, more severe demyelination and oligodendrocyte 
death, and worse clinical outcome [46, 147].

What drives these heterogeneous astrocyte responses to 
injury and disease? Astrogliosis is not a uniform response, 

but involves a spectrum of changes tailored to context, 
insult type, and severity [3, 127]. Two complementing 
studies described that astrocytes acquire distinct molecu-
lar states depending on the nature of the insult. Reactive 
astrocytes induced in a mouse model of ischemic injury 
upregulated neurotrophic factors and may thus promote 
CNS recovery and repair [80, 157]. By contrast, LPS-
induced neuroinflammation activated microglia that 
subsequently induced reactive astrocytes via secretion 
of specific cytokines. These latter astrocytes displayed 
a pro-inflammatory gene expression profile and caused 
loss of neurons and mature oligodendrocytes [80], con-
sequently contributing to failure of repair and restora-
tion of CNS homeostasis. Evidence on the existence of 
dichotomous reactive astrocytes, divided into ‘A1’ neuro-
toxic and ‘A2’ neuroprotective phenotypes in the human 
brain, are, however, largely absent, especially in vivo. 
Recent data on the diversity of reactive astrocyte states 
advocates that we should move beyond the concept of a 
mere binary division of (reactive) astrocytes (reviewed by 
[43]). Reactive astrogliosis likely involves a continuous 
spectrum of changes and encompasses a wide phenotypic 
diversity across diseases [2, 64, 153]. Moreover, signaling 
cascades inducing reactive gliosis may be beneficial in one 
disease context and detrimental in another. Signaling of 
STAT3, a transcription factor regulating astrogliosis and 
glial scar formation, was shown to restrict inflammation 
and lesion size in a mouse model of spinal cord injury 
[59]. In an Alzheimer’s disease (AD) mouse model, on 
the other hand, deletion rather than activation of STAT3 
was shown to ameliorate pathological hallmarks, decrease 
pro-inflammatory cytokine levels and attenuate spatial 
learning and memory decline [114]. Astrocytes may also 
be heterogeneous within one disease context. Different 
transcriptomic states of astrocytes have been identified in 
a mouse model of AD, including a shift from GFAP-low to 
GFAP-high astrocyte states with disease progression and a 
subset of disease-associated astrocytes specific to AD [54]. 
In addition, different morphologies and staining patterns 
of GFAP-positive astrocytes were found to be associated 
with different types of plaques in AD patient tissue [14].

Astrogliosis is also heterogeneous with respect to dis-
tance from the site of injury, with variation in prolifera-
tion rates, morphology and gene expression levels [127, 
150]. In areas close to the lesion site, severe astrogliosis 
is observed, whereas this is mild or moderate in areas dis-
tant from the lesion site (Fig. 3). In addition, the astrocytic 
response depends on the affected area. Reactive astrocytes 
appear at a faster rate in the subcortical WM tracts com-
pared to GM areas after diffuse traumatic brain injury of 
the rat brain in vivo and differ regionally in morphology 
and vimentin expression levels [61]. In addition, astrocytes 
across brain regions respond differently to scratch wound 
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injury and neurotrophins, with more rapid and beneficial 
responses in the striatum than in the hippocampus and cor-
tex in vitro [32]. Astrocytes across the WM may also show 
region-specific responses. After focal demyelinating injury, 
GFAP expression levels are more elevated in the spinal cord 
WM than in the corpus callosum in mice in vivo [156]. Inter-
estingly, heterogeneous astrogliosis is also observed at the 
local level. Intermingling reactive astrocytes show varying 
expression levels of cytokines when stimulated with inflam-
matory mediators in vivo [56]. In addition, expression lev-
els of pSTAT3, which regulates astrogliosis and glial scar 
formation, may vary at the single cell level after spinal cord 
injury in vivo [59]. Taken together, the astrocytic response 
to injury is diverse at multiple levels and can both hinder and 
support CNS repair, depending on the context.

Due to the heterogeneous nature of reactive astroglio-
sis and its dual effects on CNS repair, a tightly regulated 
response of astrocytes to injury is crucial for successful 
regeneration. It is, therefore, not surprising that dysfunction 

of astrocytes plays a pivotal role in a wide variety of CNS 
disorders [106, 145, 146]. Astrocytes contribute to CNS 
disease through loss of beneficial functions and/or gain of 
detrimental functions. As such, astrogliopathologies can 
manifest as (1) sustained reactive astrogliosis, with or with-
out glial scar formation, (2) glial asthenia or atrophy with 
loss of function, or (3) pathological remodeling [106, 146]. 
Compelling evidence suggest that glial asthenia with loss of 
function, rather than sustained reactive astrogliosis, is asso-
ciated with normal aging of the brain, as well as the devel-
opment of age-dependent neurodegenerative diseases [143, 
144]. Importantly, the diversity of astrocytes across CNS 
regions [100] suggests that they could respond differently to 
injury and disease. This implies that some subtypes might be 
more susceptible to become chronically activated and others 
functionally asthenic. This could consequently account for 
selective vulnerability of specific CNS regions to disease. 
Accordingly, WM astrocytes are supposedly more sensitive 
to ischemic injury than GM astrocytes [120]. Moreover, 

Fig. 3  Morphologic heterogeneity of astrocytes in CARASAL brain 
tissue with respect to distance from the lesion site. a Cathepsin 
A-related arteriopathy with strokes and leukoencephalopathy (CAR-
ASAL) is a recently identified adult-onset cerebral leukodystrophy 
due to mutations in the CTSA gene, encoding cathepsin A. The dis-
ease is characterized by tissue rarefaction and abnormal morphol-
ogy of astrocytes with enlarged nuclei. GFAP staining of CARASAL 

brain tissue shows reactive astrocytes with hypertrophied cell bod-
ies forming a glial scar at the border of the lesion site in the frontal 
subcortical WM. b Close to the lesion site, reactive, but non-gliotic, 
astrocytes can be observed. c Away from the lesion site, only few 
astrocytes are present in the WM that have a non-reactive morphol-
ogy. d In the corresponding cortex, gliotic astrocytes can be observed 
in areas close to the lesion site. Scale bar 20 µm
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frontal WM astrocytes appear to be more vulnerable to 
ischemic damage than temporal and parietal astrocytes [30], 
which might relate to frontal predominance of cerebrovas-
cular disease [152]. Even in normal aging, astrocytic tran-
scriptional profiles change in a region-dependent manner, 
with striking differences in reactive astrocyte phenotypes 
across CNS regions [13, 31]. While future studies should 
focus on further characterizing the heterogeneity of astro-
cytes and its physiological implications, the data discussed 
here clearly illustrate the diversity of (reactive) astrocytes 
and how this heterogeneity could drive the pathogenesis of 
several CNS disorders. Importantly, selective vulnerability 
of distinct astrocyte subtypes to pathological changes could 
at least in part explain regional variation in disease severity. 
Similarly, astrocyte heterogeneity could differentially impact 
on the process of reactive gliosis. This possibility, however, 
still awaits investigation.

Astrocyte diversity in leukodystrophies

Leukodystrophies are a group of genetically determined 
disorders with predominant involvement of the CNS 
WM [138]. They were originally considered to primarily 
involve myelin and oligodendrocytes. The emergence of 
more sensitive genetic tools combined with imaging pat-
tern recognition, however, revealed that surprisingly only 
few leukodystrophies are caused by mutations in myelin- 
or oligodendrocyte-specific genes. Many are rather caused 
by defects in other WM structural components, including 
axons, microglia, oligodendrocytes, and blood vessels. A 
subset of leukodystrophies, termed astrocytopathies, is due 
to primary astrocytic dysfunction [138]. By acting in cell-
autonomous or non-cell-autonomous ways, astrocytes have 
widespread effects on the structural integrity of the WM and 
might contribute to or even drive its degeneration [35, 78, 
138]. Remarkably, many astrocytopathies present with fron-
tal predominance [138], suggesting selective vulnerability 
of frontal WM astrocytes to pathological changes relative to 
those of other WM areas. In other words, astrocyte hetero-
geneity could perhaps in part explain the regional variation 
in disease severity in genetic leukodystrophies that affect all 
astrocytes. In light of this, we discuss four common astrocy-
topathies and highlight current insights on how heterogene-
ity of astrocytes could play a role in its pathogenesis.

Aicardi–Goutières syndrome (AGS) is an early-onset 
leukoencephalopathy characterized by neuropathological 
features that mimic a congenital viral infection [51]. These 
include progressive microcephaly, WM and basal ganglia 
calcifications, microangiopathy, cerebral and brain stem 
atrophy, inflammatory responses, and on brain imaging 
WM abnormalities primarily in the frontotemporal regions 
[11, 118] (Fig. 4). WM abnormalities include cavitation, 
lack of myelin with relative sparing of U-fibers, and reactive 

astrogliosis [68, 135]. AGS is a genetically heterogeneous 
disorder caused by autosomal recessive mutations in any 
of the following genes: TREX1, RNASEH2A, RNASEH2B, 
RNASEH2C, SAMHD1, ADAR1, and IFIH1/MDA5 [118], 
which encode proteins involved in nucleic acid metabolism. 
Dysfunction of these proteins may lead to nucleic acid accu-
mulation, triggering an autoimmune response [105, 155]. 
AGS is characterized by overproduction of the cytokine 
Interferon-α (IFNα) and its downstream effectors [118]. 
How IFNα drives AGS-associated brain pathology remains 
poorly understood. It is considered that increased IFNα lev-
els induce a cascade of events that trigger an innate immune 
response and subsequent WM damage [118]. Emerging evi-
dence suggest that astrocytes, the major source of IFNα in 
the brain, play a central role as they have been shown to 
overproduce IFNα in AGS [142]. In agreement with this, 
transgenic mice with astrocytes chronically producing IFNα 
develop clinical and neuropathological phenotypes resem-
bling human AGS [1, 26]. In addition, chronic treatment of 
cultured human NSC-derived astrocytes with IFNα reduces 
proliferation, increases reactivity, and dysregulates expres-
sion of astrocyte-specific proteins crucial for WM mainte-
nance [33]. Neuropathological examination of AGS brain 
tissue revealed apoptotic oligodendrocytes and markedly 
increased numbers of cells expressing OPC marker plate-
let-derived growth factor receptor alpha (PDGFRα) in the 
non-infarcted WM [68], providing a clue for the WM abnor-
malities in AGS. Taken together, overproduction of IFNα 
by astrocytes triggers neuroinflammatory events that could 
induce WM damage in AGS. Importantly, IFNα signaling 
also seems to drive phenotypic changes in astrocytes them-
selves that negatively affect their WM maintenance poten-
tial. An important question is whether astrocyte subpopula-
tions across the CNS are differently affected in AGS. Given 
the frontal WM predominance and relative sparing of the 
cerebellum (Fig. 4), astrocytes in the cerebral WM might be 
more susceptible to AGS-associated pathological changes, 
but this has yet to be confirmed.

Megalencephalic leukoencephalopathy with subcortical 
cysts (MLC) is a genetic infantile-onset disease character-
ized by macrocephaly, frontotemporal subcortical fluid 
cyst-like formation, and chronic WM edema with cerebral 
swelling followed by WM atrophy [136, 137] (Fig. 5). It is 
clinically characterized by delayed-onset neurological dete-
rioration, cerebellar ataxia, motor degeneration, spasticity, 
and epileptic seizures [136]. Histology shows numerous 
fluid-filled vacuoles within the outer layers of the myelin 
sheaths. Vacuoles are also apparent in astrocytic endfeet 
contacting capillaries [137] (Fig. 5). MLC is caused by 
mutations in the MLC1 or GLIALCAM gene, leading to loss 
of normal MLC1 protein function [74, 81]. MLC1 is a mem-
brane protein involved in astrocytic volume regulation [41, 
115] and is mainly expressed in astrocyte endfeet contacting 
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the BBB and the pial surface [15, 133]. GlialCAM is a glial 
cell adhesion-like molecule that traffics MLC1 and ClC-2, 
a chloride channel also involved in cell volume regulation, 
to cell–cell junctions [27, 41, 81]. Under normal conditions, 

astrocytes clear extracellular potassium ions released upon 
neuronal activity through spatial potassium buffering [70]. 
This is accompanied by water uptake and leads to astro-
cyte swelling, which can be counteracted by activation of 

Fig. 4  Radiological and neuropathological features of AGS. a 
T1-weighted sagittal MRI image of a 16-month-old patient with AGS 
shows a cyst in the anterior temporal region. The anterior temporal 
WM is swollen and rarefied. The lateral ventricles are enlarged and 
the cerebellar hemispheres are small. b On the T2-weighted image, 
the cerebral WM is reduced in volume and diffusely abnormal in sig-
nal intensity. c Susceptibility-weighted imaging (SWI) shows spots of 

low signal intensity in the cerebral WM, basal nuclei and cerebellar 
dentate nuclei, reflecting calcium deposits. d The calcifying micro-
angiopathy of the brain can be recognized on macro- and e micro-
scale. f AGS has frontotemporal predominance: in the frontal WM, 
conglomerates of IFNα- and g GFAP-positive astrocytes can be 
observed. h The cerebellar WM shows less affected GFAP-positive 
astrocytes and calcification of blood vessels. Scale bar 20 µm
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volume-regulated anion channels that decrease cell volume. 
In MLC, astrocytic volume regulation in response to osmotic 
changes is hampered [20, 27, 41, 115], causing defects in 
ion–water homeostasis. The defect in potassium buffering 
could contribute to hyperexcitability of neuronal networks 
and cause early-onset seizures in patients [40, 89]. Impor-
tantly, astrocyte abnormalities with swelling of processes 
are the earliest pathological change in Mlc1-null and Gli-
alcam-null mice. This is followed by intramyelinic edema 
and progressive WM vacuolization [20, 41], indicating that 

WM pathology is secondary to astrocyte dysfunction in 
MLC. Interestingly, the degree in severity of WM edema 
varies regionally, with anterior cerebral regions being more 
severely affected than posterior regions, followed by the cer-
ebellum, and relative sparing of the corpus callosum and 
brainstem [136]. The regional variation in WM vulnerability 
might correspond to regional heterogeneity of astrocytes. 
Since astrocytes differ in expression of ion channels, gap 
junction coupling, and electrophysiological properties across 
brain regions [100], ion–water homeostasis may be variably 

Fig. 5  Radiological and neuropathological features of MLC. a, b 
T1-weighted sagittal images of a 22-month-old patient with MLC 
show the swollen WM and a cyst in the anterior temporal region. The 
U-fibers of the occipital lobe, corpus callosum, brainstem and cer-
ebellum are relatively normal in signal intensity. c, d T2-weighted 
images show diffusely swollen cerebral WM. The posterior limb of 
the internal capsule is medially and laterally affected. The corpus cal-
losum is largely spared. e, f FLAIR images show the diffuse swell-

ing and involvement of the cerebral WM with tissue rarefaction in 
the subcortical areas of the frontal and parietal lobe, and bilateral 
pseudo-cysts in the anterior temporal lobes. g T2-weighted image 
shows severe signal abnormalities in the anterior temporal WM. In 
the cerebellum, the deep WM is mildly abnormal in signal, but not 
swollen. h In MLC, GFAP-positive astrocytes with swollen endfeet 
surrounding a blood vessel are often found, as in this section from the 
frontal subcortical WM. Scale bar 20 µm
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affected by loss of MLC1 function. In support of this notion, 
MLC1 expression in mice is the highest in the cerebellum 
[133]. This is also the most affected region in MLC mouse 
models, as mice virtually have no cerebral WM [20, 41]. 
This shows that regional astrocyte heterogeneity may under-
lie selective vulnerability of WM regions in MLC.

Alexander disease (AXD) is a degenerative disorder, 
of which the manifestation depends on the age of onset. 
Early-onset (type I) disease has a progressive course with 
macrocephaly, bulbar dysfunction, psychomotor regres-
sion, seizures, and usually leads to death within the first 2 
decades [117]. Type I disease shows widespread cerebral 
WM abnormalities with frontal predominance and, over 
time, cystic degeneration of frontal WM and cerebellar and 
brainstem atrophy on MRI [140] (Fig. 6). Contrastingly, late-
onset (type II) disease has a more heterogeneous disease 
course with generally less severe symptoms. MRI features 

of late-onset patients include WM lesions and atrophy pre-
dominantly in the medulla oblongata [138], demonstrating 
regional heterogeneity in disease severity depending on 
the age of onset. AxD is caused by gain-of-function muta-
tions in the GFAP gene [17]. The pathogenic mutations 
result in misfolding of GFAP and its accumulation in cyto-
plasmic Rosenthal fibers together with vimentin, plectin, 
ubiquitin, and small heat shock proteins (e.g., Hsp27 and 
αB-crystallin) [58, 110]. Rosenthal fibers are the pathologi-
cal hallmark of the disease found in astrocytes adjacent to 
damaged areas [52, 85] (Fig. 6). Additional pathological fea-
tures include loss of oligodendrocytes and myelin, as well as 
neurodegeneration [128]. How GFAP gene mutations lead 
to AxD-associated pathology remains to be elucidated. A 
toxic gain-of-function mechanism has been suggested, in 
which AxD astrocytes acquire abnormal morphology and 
function due to the disrupted intermediate filament network 

Fig. 6  Radiological and neuro-
pathological features of AXD. 
a T1-weighted sagittal MRI 
image of a 10-year-old patient 
with infantile-onset A × D 
shows marked hypointensity of 
the frontal WM with thinning 
of the corpus callosum and 
enlargement of the ventricular 
system. In the posterior frontal 
subcortical WM, an area of 
cavitation can be appreciated 
(arrow). b Axial T2-weighted 
image shows diffuse signal 
hyperintensity of the cerebral 
WM with a frontal predomi-
nance and involvement of the 
capsules, and relative sparing 
of the parietal and occipi-
tal U-fibers. c T1-weighted 
axial image after gadolinium 
administration shows punctate 
areas of contrast enhancement 
anterior to the anterior horns of 
the lateral ventricles and along 
the ventricular surface of the 
caudate nuclei. d H&E staining 
of the medulla oblongata shows 
rarefaction of the white matter 
surrounding the inferior olivary 
nucleus. e H&E staining of the 
cerebellar WM shows charac-
teristic protein inclusions called 
Rosenthal fibers. f Ubiquitin 
staining of the subventricular 
zone shows accumulation in the 
Rosenthal fibers at this site. g 
GFAP-positive astrocytes are 
dysmorphic and multi-nucleated 
in AxD. Scale bar 300 (d) and 
20 (e–g) µm
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[87]. In AxD mouse models, GFAP accumulation induces 
a phenotypic change of protoplasmic astrocytes to severely 
reactive astrocytes that are multi-nucleated and hypertrophic 
[129]. In addition, it causes cellular stress in astrocytes that 
leads to release of inflammatory molecules and microglia 
activation, thus triggering an immune response detrimental 
to neighboring cells [103, 128]. AxD astrocytes may also 
lose their normal supportive functions, as demonstrated by 
loss of GLT-1 [128, 129]. This could result in diminished 
extracellular glutamate clearance and eventually glutamate-
mediated excitotoxicity, hence explaining the loss of oli-
godendrocytes and neurons in AxD. AxD patient induced 
pluripotent stem cell (iPSC)-derived astrocytes inhibit pro-
liferation of iPSC-derived OPC and reduce their myelinating 
potential in vitro [79], indicating that AxD astrocytes lose 
their ability to support and maintain myelination. Further-
more, failure of other supporting functions of astrocytes, 
including extracellular potassium buffering via Kir4.1 and 
Na+, K+-ATPase activity, has been proposed to contribute 
to myelin degeneration [86]. Selective involvement of the 
CNS WM in AxD is in line with earlier studies showing 
higher GFAP expression in WM astrocytes compared to 
GM astrocytes [24, 50], making the WM more susceptible 
to gain-of-function GFAP mutations. It remains unclear if 
astrocyte subtypes across WM regions are equally affected 
by the mutations. Nevertheless, it is conceivable that differ-
ential expression of GFAP in astrocytes across WM areas 
contributes to regional vulnerability in AxD.

Vanishing white matter (VWM) is one of the most preva-
lent leukodystrophies. It mainly affects young children, but 
may present at any age [47, 141]. Clinical characteristics 
include cerebellar ataxia with slow progressive neurologi-
cal deterioration, spasticity, and seizures. Stresses as fever 
or minor trauma trigger episodes of rapid clinical decline, 
which may result in coma and death [141]. MRI shows dif-
fuse loss of cerebral WM, which is replaced by fluid over 
time, and relative sparing of the GM (Fig. 7). This is consist-
ent with neuropathological findings describing progressive 
WM rarefaction and cystic degeneration of tissue, mainly 
in the frontoparietal regions [18, 141]. VWM is caused by 
recessive mutations in any of the genes encoding the five 
subunits of the eukaryotic translation initiation factor 2B 
(eIF2B), which is essential for the translation of mRNA 
into proteins, and regulates the mRNA translation rate, also 
under cellular stress conditions [139]. It remains unclear 
how a genetic defect in eIF2B, a ubiquitously expressed fac-
tor with central housekeeping functions, leads to selective 
involvement of the CNS WM [22]. Accumulating evidence 
identify oligodendrocytes and astrocytes as predominantly 
affected cell types (reviewed in [22]). Around cavitating 
lesions, paucity of myelin is paradoxically accompanied by 
increased numbers of OPCs. They, however, fail to mature 
into myelinating oligodendrocytes [19], hence explaining 

the lack of myelin. In addition, the degree of reactive astro-
gliosis is disproportionally scarce considering the severity of 
WM degeneration [18]. This may reflect functional impair-
ment of the astrocytes, as they remain immature and are 
dysmorphic, with coarse, blunt cell processes [19]. They 
overexpress the GFAP δ-isoform relative to the α-isoform 
[19], indicating that a disrupted intermediate filament net-
work might contribute to their abnormal morphology and 
function. Recent findings implicate astrocytes as the pri-
mary drivers of VWM pathophysiology. Astrocytes of mice 
expressing VWM mutations were shown to inhibit WT 
mouse OPC maturation via secreted factors in vitro [36]. 
These findings suggest that VWM astrocytes fail in their 
mature functions to maintain WM integrity, with secondary 
effects on both oligodendroglia [36] and axons [69]. Notably, 
cerebellar Bergmann glia, retinal Müller glia, and spinal cord 
WM astrocytes are also affected in VWM [36, 75]. The dis-
ease severity shows regional dependency. The frontal WM 
is consistently severely affected, whereas the cerebellar WM 
is relatively spared [21]. Interestingly, the regional variation 
in disease severity co-varies with the degree in astrocyte 
abnormality in the corresponding areas (Fig. 7). In addition, 
accumulation of high molecular weight hyaluronan is more 
pronounced in the frontal WM compared to cerebellar WM 
in VWM [21]. Hyaluronan is mainly produced by astrocytes 
and inhibits OPC maturation [7, 124], which could in part 
explain the lack of mature oligodendroglia and WM repair 
in VWM [21]. These findings illustrate the diverse astrocyte 
phenotypes across WM regions in VWM, indicating that 
astrocyte heterogeneity may underlie the regional variability 
in disease severity.

Astrocytes as targets for therapy

For many years, oligodendrocyte and myelin dysfunction 
were recognized as primary drivers of WM diseases. Ther-
apies aiming at promoting remyelination by targeting oli-
godendrocytes, however, have yielded little success. This 
demonstrates that the deficits in these diseases are not nec-
essarily intrinsic to the myelinating cells. In fact, failure of 
WM repair may be the result of an unfavorable microenvi-
ronment. Disturbed crosstalk between cell types and factors 
present in the diseased microenvironment, including ECM 
components, may fail to support regeneration [35, 77, 78]. 
Since astrocytes dynamically regulate the microenviron-
ment and functionally interact with all other cell types, they 
are crucial in determining the outcome of the regenerative 
response [9, 35, 82] and represent an interesting target for 
therapies aimed at restoring WM integrity.

Currently, there are no curative treatments for astrocy-
topathies. Since they are caused by genetic defects [138], 
a possible therapeutic strategy is glial cell replacement 
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therapy [37]. In this, healthy glial precursor cells (GPCs) 
are transplanted into the CNS, where they differentiate into 
astrocytes and/or myelinating oligodendrocytes to replace 
their dysfunctional counterparts. Recent insights into the 
heterogeneous and dynamic nature of astrocytes [28, 45, 
100] have implications for the design of these treatment 
strategies. To promote successful regeneration, progenitors 
might require pre-differentiation into a specific astrocyte 

subtype before transplantation. This aspect remains chal-
lenging because it remains debatable which factors drive 
astrocyte diversification. So far, a few attempts have been 
made to generate distinct astrocyte subtypes in vitro. In one 
study, astroglial subtypes were generated from human iPSCs 
by patterning GPCs to regional identities with morphogens 
used for neuronal subtype specification. These subtypes dif-
ferentially express homeodomain transcription factors and 

Fig. 7  Radiological and neuropathological features of VWM. a Sagit-
tal T1-weighted image of a 6-year-old patient with VWM shows rar-
efaction of the frontal and parietal WM. b–d Axial FLAIR images 
confirm the diffuse rarefaction of the hemispheric WM with frontal 
predominance. The U-fibers show signal hyperintensity, but are not 
rarefied. Infratentorially, a signal hyperintensity without tissue rar-
efaction can be appreciate in the cerebellar hemispheric WM sur-
rounding the dentate nuclei and in the pontine tectum. e, f Axial 
T2-weighted images also show a diffuse signal hyperintensity in the 

cerebral hemispheric WM, with relative sparing of the U-fibers, and 
in the tegmentum and tectum of the pons and medulla oblongata. g 
H&E staining of the frontal WM reveals WM tissue rarefaction and 
dysmorphic astrocytes in VWM with few, short and blunt cell pro-
cesses. h The morphology of astrocytes is also abnormal in the rela-
tively preserved WM in VWM, together with increased OPC num-
bers, i compared to those of the cerebellar WM. Scale bars 20 (g, i) 
and 50 (h) µm



172 Acta Neuropathologica (2022) 143:159–177

1 3

are functionally diverse [71]. Astrocytes generated without 
addition of morphogens display a dorsal telencephalic phe-
notype, whereas retinoic acid and Shh induce astrocytes with 
spinal cord and ventral forebrain phenotypes, respectively. 
Notably, these astrocytes retained a stable and functional 
phenotype after transplantation into the mouse brain [71]. In 
another approach, GM and WM-like astrocytes were gener-
ated by stimulating iPSC-derived GPCs with fetal bovine 
serum or CNTF, respectively [76]. These astrocytes differed 
in size, morphological complexity, and expression profiles, 
resembling primary GM and WM astrocytes. Using this 
strategy, in vitro models for VWM were developed. Both 
human and mouse iPSC-derived WM-like astrocytes showed 
intrinsic subtype-specific responses to VWM mutations, 
including inhibition of OPC maturation into oligodendro-
cytes [76]. Another study reported functional differences 
between distinct astrocyte populations in the ability to pro-
mote CNS repair after transplantation. Human GPC-derived 
astrocytes pre-differentiated with BMP promoted behavioral 
recovery, neuronal survival, and axonal growth in the injured 
adult rat spinal cord, whereas astrocytes pre-differentiated 
with CNTF failed to do so [34]. These findings suggest that 
diversity of astrocytes may impact on their regenerative 
capacities, implying that optimized pre-transplantation dif-
ferentiation protocols should be implemented to increase the 
therapeutic benefit of glial replacement therapies. Finally, 
the influence of the diseased microenvironment should be 
taken into consideration. Since (reactive) astrocytes adapt 
their phenotype in response to environmental cues after CNS 
injury [97], cell replacement strategies could be combined 
with treatments that alter the microenvironment into a niche 
more permissive for recovery [38, 77].

Concluding remarks and future perspectives

Astrocytes are a heterogeneous cell population with distinct 
subtypes. Their diversity originates from spatial pattern-
ing of progenitor domains during brain development (i.e., 
cell-intrinsic factors), but is also acquired in response to 
local, micro-environmental cues (i.e., cell-extrinsic factors), 
emphasizing the dynamic nature of their cell identity. Impor-
tantly, their diverse morphological and molecular properties 
likely serve to fulfill specialized local functions to maintain 
a healthy CNS. In the WM, astrocytes play crucial roles in 
maintaining its integrity and function in health and disease. 
Although limited, compelling data suggest that astrocytes 
might be heterogeneous throughout the WM. Astrocytopa-
thies, a group of leukodystrophies caused by primary astro-
cyte dysfunction, provide a window for assessing how loss 
of physiological astrocytic functions or gain of detrimen-
tal functions affect CNS WM in a region-dependent man-
ner. Importantly, astrocyte heterogeneity may contribute to 

selective vulnerability of WM regions in astrocytopathies 
and, probably, in all leukodystrophies. The underlying mech-
anisms driving these regional variations in disease severity 
remain, however, unclear. Insight into the role of astroglial 
heterogeneity in both healthy and diseased WM may provide 
new avenues for therapies aimed at promoting repair and 
restoring normal WM function.
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