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Abstract
At the turn of the 21st century studies of the cells that resided in the adult mammalian subventricular zone (SVZ) charac-

terized the neural stem cells (NSCs) as a subtype of astrocyte. Over the ensuing years, numerous studies have further char-

acterized the properties of these NSCs and compared them to parenchymal astrocytes. Here we have evaluated the evidence

collected to date to establish whether classifying the NSCs as astrocytes is appropriate and useful. We also performed a meta-

analysis with 4 previously published datasets that used cell sorting and unbiased single-cell RNAseq to highlight the distinct

gene expression profiles of adult murine NSCs and niche astrocytes. On the basis of our understanding of the properties

and functions of astrocytes versus the properties and functions of NSCs, and from our comparative transcriptomic analyses

we conclude that classifying the adult mammalian NSC as an astrocyte is potentially misleading. From our vantage point, it is

more appropriate to refer to the cells in the adult mammalian SVZ that retain the capacity to produce new neurons and mac-

roglia as NSCs without attaching the term “astrocyte-like.”
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Introduction
Whereas the concept that new neurons were produced in the
adult mammalian brain was long a controversial topic, in
vitro studies in the early 1990s provided strong evidence
that neural stem cells (NSCs) resided within the central
nervous system (CNS) and that these NSCs also existed in
the human brain (Reynolds et al., 1992; Kirschenbaum
et al., 1994), although the latest studies show that these
adult human NSCs do not produce any new neurons
(Arellano et al., 2021; Sorrells et al., 2021). Some landmark
papers provided strong in vivo experimental evidence that
there were, indeed, NSCs residing within the adult mouse sub-
ventricular zone (SVZ; Bystron et al., 2008; Doetsch et al.,
1999a; Doetsch et al., 1999b). These studies showed that
the NSCs were situated immediately adjacent to the ependy-
mal layer lining the lateral ventricles and that they had a
single apical process that penetrated the lateral ventricle.
This process had a single short cilium that we now know
serves as a signaling hub to enable the NSCs to respond to
growth factors and cytokines that are produced by the
choroid plexus, which help to maintain those NSCs in a prim-
itive state (Liu et al., 2021). The basal process of the NSCs

typically ends upon capillaries (Liu et al., 2021). Within the
cytoplasm, the NSCs contained bundles of intermediate fila-
ments comprised of glial fibrillary acidic protein (GFAP), a
cytoskeletal intermediate filament protein that forms hetero-
dimers with either vimentin or nestin. On the basis of the mor-
phology of the cells at the light and electron microscopic level
and because they expressed GFAP, Doetsch and many other
colleagues classified the NSCs of the SVZ as a subtype of
astrocyte (e.g. Doetsch et al., 1999b; Gonzalez-Perez and
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Quiñones-Hinojosa, 2012; Liu et al., 2006; Magnusson et al.,
2020; Mizrak et al., 2020). Over the ensuing years, numerous
studies have further characterized the properties of the NSCs
and many investigators have continued to refer to them as
SVZ astrocytes (e.g. Andromidas et al., 2021; Gengatharan
et al., 2016; Georg Kuhn and Blomgren, 2011; Lee et al.,
2018; Platel and Bordey, 2016; Schaberg et al., 2022;
Urban et al., 2019). However, it is not clear that this designa-
tion is appropriate. Therefore, we have evaluated the evidence
collected to date to establish whether classifying NSCs as
astrocytes is appropriate and useful, for scientists newly enter-
ing this field or for non-specialists interested in NSCs.

Properties of SVZ NSCs
During CNS development, radial glial cells serve as progenitors
for multiple classes of neural cells that include astrocytes, oli-
godendrocytes, ependymal cells, and both pyramidal and non-
pyramidal neurons (Arellano et al., 2021). The term radial glial
cell was introduced by Pasko Rakic (Rakic, 1988) and these
proliferative cells were considered a subtype of glia in
keeping with the views of classical neuroanatomists who
called them “Kimzellen,” “Fetal Glia,” “Golgi Epithelial
Cells,” and “Spongioblasts” (Moossy, 1982). As development
proceeds, these progenitors cells become less prominent but
they persist in the forebrains of adult rats and mice where
their cell bodies reside in the SVZ (Breunig et al., 2011;
Bystron et al., 2008; Gubert et al., 2009; Sundholm-Peters
et al., 2004). While mitotic cells in the SVZ region of the
adult brain had been noted near the turn of the 20th century
(Allen, 1912; Schmechel and Rakic, 1979), the identities of
the cells within this region were not characterized until much
later (Arellano et al., 2021). With the advent of 3H-thymidine
to label dividing cells (Bryans, 1959; Smart, 1961), two differ-
ent cell types were originally described in the adult SVZ: cells
with light nuclei and cells with dark nuclei (Rakic, 2009;
Smart, 1961). Using electron microscopy, the classification
scheme was extended to include three types of astrocytes (pro-
toplasmic, fibrous, and intermediate), microglia, and mitoti-
cally active, undifferentiated subependymal cells (Blakemore,
1969). Neuropathologists often used the term “subependymal
cells” for this quiescent population in the adult human brain
that became active after damage to the overlaying cortex and
then generated progenitors that migrated to the site of the
lesion where they often differentiated into astrocytes
(Haymaker and Adams, 1982).

In 1997, Fiona Doetsch, Jose Manuel Garcia-Verdugo, and
Arturo Alvarez-Buylla revisited the ultrastructure of the SVZ
and divided the resident cells into six cell types (excluding
resident microglia). These cell types were the type B1 (pre-
sumptive NSCs) type B2 (immature astrocytes), type C (inter-
mediate progenitors, transit amplifying cells), type A
(neuroblasts), type D (tanycytes), and type E cells (ependymal
cells; Doetsch et al., 1997). Then, in 1999, Fiona Doetsch and
colleagues performed a series of elegant experiments that

definitively identified and characterized the adult NSCs of
the SVZ (Doetsch et al., 1999b). In that study, they infused
the anti-mitotic drug arabinosylcytosine (Ara-C) into the ven-
tricles, which dramatically depleted the SVZ, but the type B1
cells were resistant to this anti-mitotic drug treatment and as
they divided, they eventually repopulated the SVZ. They
first produced type C cells and then type A cells. Doetsch
et al., (1999b) also immunostained the SVZ cells following
the elimination of type A and C cells and showed that
GFAP was expressed by all of the type B1 cells. They also
showed that the type B1 cells were slowly dividing, “label-
retaining” cells. To demonstrate that their progeny could
form mature neurons they used transgenic mice where only
the GFAP-expressing cells could be infected with a green
fluorescence protein (GFP)-expressing replication-deficient
retrovirus that allowed them to fate map the progeny of
those GFAP + cells. Using this method, they showed that
the GFAP + type B1 cells produced first the type C cells
and subsequently the type A cells. Those type A cells then
migrated to the olfactory bulb where they differentiated into
post-mitotic interneurons.

Angelique Bordey’s laboratory further characterized the
mechanisms behind this proliferative activation of B cells in
a series of experiments showing that B1 cells have projections
ensheathing SVZ capillaries and can increase blood flow via
calcium signaling upon entering into the S-phase (Lacar
et al., 2012a, 2012b). Subsequent studies have further charac-
terized the NSCs of the SVZ to that show that there are mul-
tiple types of NSCs in the SVZ whose gene expression differs
depending upon whether they are quiescent or proliferating
(Dulken et al., 2017; Mizrak et al., 2020; Pastrana et al.,
2009). Furthermore, studies have shown that there is signifi-
cant heterogeneity amongst that NSCs in the SVZ based on
the cell types that they produce (Merkle et al., 2014). Below
we discuss both the similarities and differences with astro-
cytes that we will discuss in the following sections.

Key Features of Astrocytes
To establish whether the SVZ NSCs are astrocytes, it is neces-
sary to define an astrocyte. For the purpose of this article, we
will limit our discussion to astrocytes of the gray matter, fre-
quently referred to as protoplasmic or parenchymal astrocytes,
as opposed to the fibrous astrocytes of white matter.
Parenchymal astrocytes are a heterogeneous group of cells
that perform essential homeostatic functions. They signal to
each other and to the cells surrounding them and comprise
part of the brain’s defense mechanism (Clarke and Barres,
2013; Escartin et al., 2021; Iadecola and Nedergaard, 2007;
Kettenmann and Ransom, 2013; Kimelberg and Nedergaard,
2010; Nedergaard and Verkhratsky, 2012; Oberheim et al.,
2012; Parpura et al., 2012; Zhang and Barres, 2010).
Astrocytes also show morphological and regional heterogene-
ity, possessing different properties depending upon their geo-
graphical location within the brain (Zhang and Barres, 2010).
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Note, however, that their morphologies are not fixed as they
readily modify their shape in response to extracellular signals
and especially when CNS homeostasis is disturbed (Zhang
and Barres, 2010).

Mature astrocytes are quiescent cells and, thus, they do not
normally participate in cellular homeostasis. Rather they
provide morphological homeostasis in that they parcel the
gray matter through a process termed tiling into neurovascular
units, integrating astrocyte territorial domains with neuronal
and vascular components (Bushong et al., 2002; Iadecola
and Nedergaard, 2007; Nedergaard et al., 2003). These neuro-
vascular units create a functional integration where the astro-
cytes provide molecular homeostasis (e.g. regulating ion and
neurotransmitter concentrations in the CNS), metabolic
homeostasis (e.g. producing lactate that they can provide
neurons), and heterocellular signaling (Parpura and
Verkhratsky, 2012b, 2012c; Verkhratsky and Parpura, 2015).

Astrocytes are electrically non-excitable cells as they lack
high-density expression of voltage-gated channels and
because they robustly express Kir 4.1, which establishes
their highly negative resting potentials (Kucheryavykh
et al., 2007). These potassium channels also redistribute
potassium from sites of high extracellular potassium (e.g. sur-
rounding active synapses) to areas of low extracellular potas-
sium as the astrocytes take up the potassium that is then
dissipated within an astrocyte (referred to as syphoning) or
between astrocytes (referred to as buffering) through the
astrocyte “syncytium” to be released at their perivascular
end-feet. This scenario requires the astrocytes to be polarized
whereby their end feet highly express Kir4.1. Similarly, their
end feet highly express aquaporin 4 (AQP4), which is a water
channel that enables the astrocytes to regulate water homeo-
stasis in the CNS (Benfenati et al., 2011). Furthermore,
their end feet almost fully cover CNS capillaries to create
the perivascular “glymphatic” system that removes metabo-
lites from the CNS parenchyma (Iliff and Nedergaard, 2013;
Iliff et al., 2013). The astrocyte syncytium is maintained
via gap junction coupling, predominantly by connexin
43-containing gap junctions that appear during the first two
to three weeks of murine post-natal development. After that
period connexin 30 is produced and then also contributes to
this coupling (Kunzelmann et al., 1999; Nagy et al., 2001).

Astrocytes express a wide array of neurotransmitter recep-
tors that are tuned to sense neighboring neuronal transmission
(Parpura and Verkhratsky, 2012a; Verkhratsky et al., 2012b).
Activating these receptors triggers dynamic changes in cyto-
solic concentrations of ions, mainly Ca2+ and Na+, which rep-
resents astrocytes’ excitability and can regulate their functions
(Kirischuk et al., 2012; Parpura and Verkhratsky, 2012d;
Verkhratsky et al., 2012a). Some of those diverse functions
occur at the so-called tripartite synapse (Araque et al.,
1999). At the tripartite synapse, astrocytic excitability leads
to gliotransmission, that is, the release of gliotransmitter(s)
such as adenosine triphosphate and glutamate that can, in
turn, modulate synaptic transmission and plasticity of the

synapses within the reach of the astrocyte’s filamentous pro-
cesses (Halassa et al., 2007; Navarrete et al., 2013).

Astrocytes also regulate neurotransmitter production and
metabolism. They de novo synthesize glutamate owing to the
astrocyte-specific mitochondrial enzyme pyruvate carboxylase.
They remove glutamate, γ-aminobutyric acid (GABA),
glycine, and adenosine from the perisynaptic space through
the actions of specific plasmalemmal transporters. Upon inter-
nalizing neurotransmitters, astrocytes catabolize them. For
example, they can use glutamine synthetase to convert gluta-
mate to glutamine, which is then supplied to neurons as the obli-
gate precursor for glutamate and GABA synthesis (Verkhratsky
and Parpura, 2015). Astrocytes also catabolize adenosine by
phosphorylating it using adenosine kinase. Notably, both gluta-
mine synthetase and adenosine kinase are expressed almost
exclusively in astrocytes. Of note, glutamate uptake occurs in
astrocytes via the excitatory amino acid transporter 1 (EAAT1
in human vs. solute carrier family 1 member 3 (SLC1A3)
in murine terminology) and the excitatory amino acid trans-
porter 2 (EAAT2 in humans vs. solute carrier family 1
member 2 (SLC1A2) in mice). While EAAT1/SLC1A3 is
expressed by radial glia in the fetal brain, the NSCs of the
SVZ, and by immature astrocytes, EAAT2/SLC1A2 is only
expressed by mature astrocytes, with post-natal day 26 in
murine representing the transition point in their expression
(Furuta et al., 1997). Through their actions as CNS secretory
cells astrocytes not only release neuro-/glio-transmitters via
multiple mechanisms but also neuromodulators, hormones,
trophic, and immune factors (Malarkey and Parpura, 2008;
Verkhratsky et al., 2016; Zorec et al., 2016). Indeed, the secre-
tion of factors such as thrombospondins, cholesterol, and neure-
gulins is important for synaptogenesis, synaptic maturation, and
myelination (Camargo et al., 2017; Christopherson et al., 2005;
Eroglu and Barres, 2010; Eroglu et al., 2009; Kucukdereli et al.,
2011). Astrocyte secretion also plays a role in the formation of
the brain–blood barrier (Abbott et al., 2006, 2010) and in regu-
lating parenchymal arterial blood flow (Attwell et al., 2010).

Similarity Between SVZ NSCs and Mature
Astrocytes
Doetsch et al., (1999a) showed that all of the type B1 cells in
the adult mouse SVZ shared microscopic features with astro-
cytes that included expression of GFAP and processes
extended to blood vessels and, thus, referred to these cells
as SVZ astrocytes. Additionally, studies have shown that
type B1 cells express the glutamate transporter, SLC1A3
(Giachino et al., 2014; Liu et al., 2006). Astrocytes play a
crucial role in the process of glutamate uptake from the extra-
cellular space using two glutamate transporters, SLC1A2 and,
to a lesser extent, SLC1A3. The expression of both glutamate
transporters has also been found in SVZ NSCs (Table 1), as
identified by immunostaining and electrophysiological
recordings (Liu et al., 2006). The NSCs express functional
ion channels such as K+ rectifying channels and they
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respond to GABA further strengthening the connection
between NSCs and astrocytes.

Another hallmark characteristic of astrocytes is the pres-
ence of gap junctions between the astrocytes that are involved
in the cell–cell interaction and communication and as
reviewed above are crucial in the proper formation of the
functional syncytium of mature astrocytes. Dye-coupling
methods and co-immunostaining for connexin 43 and
SLC1A3 in GFAP-expressing cells indicated the presence
of gap junctions and connexin 43 within SVZ NSCs (Liu
et al., 2005). SVZ NSCs also express functional hemichannels
(Table 1), as identified by Liu et al. (2006) using dye uptake
assay and meclofenamic acid (MFA), a gap junction blocker
and uncoupler. Their results showed that the fluorescent dye
uptake between cells in a control environment of 0 Mg++/0
Ca++ solution (which aids the opening of connexons) was
much higher than cells in the same solution with the inclusion
of MFA (Liu et al., 2006). The dye reduction in the presence
of MFA not only indicates the presence of hemichannels but
also highlights their function, as MFA successfully inhibited
intracellular communication. The functional and electrophys-
iological similarities between SVZ NSCs, radial glia, and
astrocytes are summarized in Table 1.

Differences Between SVZ NSCs and Mature
Astrocytes
Despite their functional and morphological similarities, many
studies have highlighted the prominent differences between
SVZ NSCs and mature parenchymal murine astrocytes in

morphology as well as protein and gene expression. As Liu
et al. (2006) discuss the overall morphologies of the two
cell types are very different. GFAP + SVZ cells have a
simple morphology in that they possess one to two main pro-
cesses. Parenchymal murine astrocytes, by contrast, have a
complex morphology consisting of several main processes
and multiple short processes that branch extensively
(Moossy, 1982). While the NSCs extend processes to blood
vessels like astrocytes; those processes do not perform a
key function attributed to astrocytes. Astrocytes produce
transforming growth factor-β, glial-derived neurotrophic
factor, angiopoietin-1, and fibroblast growth factor-2, which
collaboratively induce the endothelial cells to form tight junc-
tions and form the blood–brain barrier (Abbott et al., 2006).
By contrast, studies have shown that while the NSCs in the
SVZ extend a process to the blood vessel; those blood
vessels are leaky (Tavazoie et al., 2008). As pointed out by
others, the NSCs of the SVZ resemble the radial glia of the
developing brain and the NSCs retain expression of molecules
expressed by their precursors. For example, radial glia express
SLC1A3 but not SLC1A2 (Shibata et al., 1997); whereas
most adult astrocytes are SLC1A2+ and many SLC1A3 neg-
ative (Rothstein et al., 1994). Thus, the glutamate transporter
expression of the NSCs is different from that of most astro-
cytes. Electrophysiologically, the NSCs have delayed rectify-
ing K+ conductances at rest like astrocytes; however, they
have a very low-level expression of the barium-sensitive
inwardly rectifying potassium currents (i.e. Kir4.1) that are
characteristic of mature, post-mitotic astrocytes (Bordey and
Sontheimer, 1997; Liu et al., 2006). While radial glia

Table 1. Functional and Electrophysiological Similarities Between Astrocytes, SVZ Neural Stem Cells, and Radial glia.

Astrocytes SVZ NSCs Radial glia Citations

Functional gap junction

coupling; express

connexin 43 and exhibit

dye coupling

Functional gap junction

coupling; express

connexin 43 and exhibit

dye coupling

Functional gap junction coupling;

express connexin 43 and

exhibit dye coupling

(Beckervordersandforth et al., 2010;

Dulken et al., 2017; Liu et al., 2006)

Inward/outward currents—

linear current–voltage

curve

Inward/outward currents—

linear current–voltage

curve

Voltage-dependent outward

currents

(Liu et al., 2006)

KIR4.1/2.1 key in K+

buffering, present in

SLC1A3+ cells

KIR4.1/2.1 present in

SLC1A3+ cells

Unknown (Liu et al., 2006)

High levels of SLC1A2,

lower levels of SLC1A3

High levels of SLC1A3 and

lower levels of SLC1A2

Express SLC1A3 only (Beckervordersandforth et al., 2010;

Furuta et al., 1997; Kugler and Schleyer,

2004; Liu et al., 2006)

GFAP intermediate filament

protein expression varies

GFAP intermediate filament

protein positive

Variable levels of GFAP

intermediate filament protein

depending upon species

(Doetsch et al., 1999a; Liu et al., 2006)

Express ALDH1L1.

Catalyzes conversion of

NADP+ to NADPH+

Express ALDH1L1.

Catalyzes conversion of

NADP+ to NADPH+

Express ALDH1L1. Catalyzes

conversion of NADP+ to

NADPH+

(Beyer et al., 2021; Tien et al., 2012)

Note. SVZ= subventricular zone; NSC= neural stem cell; NADP= nicotinamide-adenine-dinucleotide phosphate; NADPH = nicotinamide adenine

dinucleotide phosphate; GFAP= glial fibrillary acidic protein; ALDH1L1= aldehyde dehydrogenase 1 family member L1.
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expresses AMPA-type glutamate receptors as do subsets of
astrocytes, AMPA did not induce either inward currents or
increases in intracellular calcium ions from SVZ NSCs (Liu
et al., 2006; Platel et al., 2010) indicating that AMPA-type
glutamate receptors are not present in SVZ NSCs, highlight-
ing another difference from mature astrocytes (Mölders
et al., 2018).

NSCs and astrocytes also have marked differences in the
expression of specific cell markers. These differences were
uncovered by studies that combined genetic strategies and
immunolabelling to identify and characterize SVZ NSCs. In
a seminal study, Beckervordersandforth et al. (2010) gener-
ated a transgenic mouse expressing GFP driven by the
human GFAP promoter (hGFAP:GFP mice) and stained
these cells for multiple cell markers. SVZ cells co-expressing
GFAP and CD133 were defined as NSCs. That strategy was
used to characterize the morphology of the NSCs and to
isolate NSCs by fluorescence-activated cell sorting (FACS).
Transcriptomic analyses of FACS-isolated NSCs revealed
that several astrocyte markers, including S100β,
glutathione-S-transferase-µ, aldehyde dehydrogenase 1
family member L1 (ALDH1L1), and AQP4, were expressed
in astrocytes (GFAP-expressing only) but not in the SVZ
NSCs (Beckervordersandforth et al., 2010). However, a
more recent study has demonstrated ALDH1L1 expression
by mouse NSCs of the adult SVZ, but interestingly not the
NSCs of the hippocampal subgranular zone (Beyer et al.,
2021).

Along with differences in the expression of markers, there
were significant differences found between SVZ NSCs and
astrocytes in terms of molecular phenotype and neurogenic
potential. The protein markers, nestin, and LeX/CD15 have
been found to be associated with murine NSCs but not with
mature astrocytes (Imura et al., 2006). Imura et al. (2006) dis-
puted the idea that SVZ NSCs are astrocytes by highlighting
the functional and morphological heterogeneity between the
two cell types in terms of chemical marker expression and
neurogenic potential. Despite the presence of GFAP, they
found that about half of the GFAP-expressing cells from the
SVZ also co-expressed nestin and, from that group, only a
smaller sub-population expressed LeX/CD15. Investigating
the maturation of primary astrocytes in vitro, Imura et al.
(2006) found that after multiple passages, there was a signifi-
cant down-regulation in the expression of nestin and LeX/
CD15, accompanied by the loss of neurogenic potential and
reduced ability to form multipotent neurospheres (Imura
et al., 2006). Imura et al. (2006) further analyzed this relation-
ship between GFAP-expressing NSCs and GFAP-expressing
astrocytes and found that amongst the GFAP-expressing cells
within primary astrocyte culture only 1% had the ability to
behave as NSCs. Ultimately, Imura et al. (2006) argued that
due to the evident heterogeneity of GFAP-expressing cells,
particularly in phenotype, and the loss of neurogenic potential
after multiple passages of primary astrocytes, the majority of
GFAP-expressing cells are not multipotent NSCs. These and

other comparisons between astrocytes and NSCs are summa-
rized in Table 2.

Comparison of Gene Expression

Stem Cells and Resident Astrocytes in the SVZ Have
Distinct Gene Expression Profiles
Many studies have investigated the transcriptomic profiles of
SVZ-resident cell populations in rodents; unfortunately, to
date, similar studies have not yet been performed comparing
human SVZ NSCs to human protoplasmic astrocytes.
Different strategies have been employed to isolate cell types
and perform comparative expression analyses. The most
common approaches rely on initially using fluorescently-
activated cell sorting (FACS) to isolate target populations
based on surface markers prior to expression analysis
(Beckervordersandforth et al., 2010; Dulken et al., 2017), or
on unbiased single-cell RNA sequencing (scRNAseq) followed
by in silico techniques for sorting neural populations (Zywitza
et al., 2018). Regardless of the approach, NSCs and resident
astrocytes are consistently sorted and exhibit distinct gene
expression profiles. In two studies that used FACS to isolate
cell populations from mice, NSCs were identified by the
dual expression of GFP driven by the hGFAP promoter
and cell surface Prominin-1 (CD133), while astrocytes were
selected as Prominin-1 negative and hGFAP positive
(Beckervordersandforth et al., 2010; Dulken et al., 2017).
Transcriptomic analysis in these sorted populations
showed that even though NSCs and astrocytes have similar-
ities in their expression profiles, there are clear expression
differences that discriminate these cell types. A similar
pattern is observed in studies that used scRNAseq to iden-
tify SVZ-resident populations. Unbiased clustering of
sequenced cells using global gene expression consistently
identified distinct clusters representing NSCs and astro-
cytes (Zywitza et al., 2018). This approach allows for
even greater analysis depth, revealing multiple populations
of NSCs and astrocytes that may represent different activa-
tion states and steps in lineage progression.

Searching for genes specifically expressed by NSCs,
Qin et al. (2019) compared astrocyte and NSC gene expres-
sion profiles from two published mouse microarray studies
(Beckervordersandforth et al., 2010; Nakajima-Koyama et al.,
2015). Despite the differences in the origin of the samples in
these two studies, Beckervordersandforth et al. (2010) used
FACS-sorted cells from adult mice while Nakajima-Koyama
et al. (2015) used astrocytes derived from mouse induced plu-
ripotent stem cells (iPSCs), their bioinformatics analysis found
77 upregulated genes that overlapped. Upon further analyses of
protein–protein interaction networks and tissue expression pro-
files they identified 24 genes that were highly expressed by the
NSCs that included two key genes, KIF2C and TOP2A, that
not only distinguished NSCs from astrocytes at the RNA
level but also at the protein level (Qin et al., 2019).
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We extracted datasets from three studies that directly com-
pared gene expression between adult murine NSCs and niche
astrocytes (Beckervordersandforth et al., 2010; Dulken et al.,
2017; Zywitza et al., 2018). Differentially expressed genes
(DEGs) between NSCs and astrocytes were found in the

three studies, albeit with some interesting differences. The
number of DEGs reported varied from 181 (Zywitza et al.,
2018) to 479 (Dulken et al., 2017). Interestingly, there was
a very low overlap in the DEGs from these three analyses
(Figure 1A). These differences in reported DEGs can be

Table 2. Functional, Transcriptional, and Electrophysiological Differences Found Between Murine Astrocytes and SVZ NSCs.

Physiological differences

Astrocytes SVZ NSCs Citations

Bushy shape (in vivo) Unipolar or bipolar shape (Doetsch et al., 1999b; Fedoroff and Vernadakis, 1986)

Unable to produce

multipotential neurospheres

in vitro

Generate multipotent

neurospheres in vitro

(Imura et al., 2006)

Protein and transcriptional differences

Astrocytes SVZ NSCs Gene/protein function Citations

Lex/CD15 negative Express Lex/CD15 Lewis(x) is a cell-surface

carbohydrate that functions as a

cell–cell recognition molecule in

the CNS

(Imura et al., 2006)

Prominin-1/CD133 negative Express Prominin-1/CD133 Transmembrane glycoprotein that

suppresses differentiation

(Buono et al., 2012; Montana et al.,

2021)

Nestin negative Nestin positive Intermediate filament required for

proliferation of neural

progenitors

(Imura et al., 2006)

High expression of S100b No expression of S100b Cytoplasmic EF-hand

calcium-binding protein

(Beckervordersandforth et al.,

2010; Hachem et al., 2007)

High expression of

glutathione-S-transferase-µ

No expression of

glutathione-S-transferase-µ

Conjugates reduced glutathione in

antioxidant-responses

(Beckervordersandforth et al.,

2010)

High expression of glutamine

synthetase

No expression of glutamine

synthetase

Catalyzes the synthesis of glutamine

from glutamate

(Beckervordersandforth et al.,

2010)

Subsets express AMPA/Kainate

receptors (Kir4.1)

No expression of AMPA-type

glutamate receptors

Inwardly rectifying potassium

channel. Maintains astrocyte

resting membrane potential and

facilitates glutamate uptake.

(Lalo et al., 2006; Liu et al., 2006;

Nwaobi et al., 2016)

ADK positive ADK expressed at low levels Regulates adenosine homeostasis in

the CNS

(Beckervordersandforth et al.,

2010; Dulken et al., 2017)

SLC7A11 (cystine-glutamate

antiporter, system X(c))

positive

SLC7A11 expressed at low

levels

Sodium-independent channel

transports cysteine in exchange

for glutamate to maintain

extracellular glutamate levels

(Beckervordersandforth et al.,

2010; Bender et al., 2000;

Dulken et al., 2017; Sears et al.,

2021)

CD9 (tetraspanin) high CD9 low Cell surface glycoprotein that binds

to integrins to influence cell

interactions. Regulates

outgrowth of astrocytic

processes

(Llorens-Bobadilla et al., 2015;

Schmidt et al., 1996)

Low levels of nucleostemin

(GNL3)

High expression of

nucleostemin (especially in

aNSCs)

Nucleolar GTPase required to

maintain the proliferative

capacity of stem cells

(Beekman et al., 2006; Dulken

et al., 2017; Mizrak et al., 2019;

Tsai and McKay, 2002)

Low expression of KIF2C High expression of KIF2C Kinesin-like molecular motor with

microtubule depolymerizing

activity

(Qin et al., 2019)

Low expression of TOP2A High expression of TOP2A DNA topoisomerase that regulates

mitosis

(Qin et al., 2019)

Note. SVZ=subventricular zone; NSC= neural stem cell; CNS= central nervous system; ADK= adenosine kinase.; GNL3 = G protein nucleolar 3; aNSCs =
activated neural stem cells
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attributed to the particular strategies employed in each study.
Beckervordersandforth et al. (2010) profiled NSC and astro-
cyte transcriptomes using microarray, a technique restricted
by the number of probes in the geneset; by contrast, Dulken
et al. (2017) and Zywitza et al. (2018) used single-cell
sequencing, which offers improved specificity, sensitivity,
and dynamic range. Moreover, Beckervordersandforth et al.
(2010) and Dulken et al. (2017) employed genetically engi-
neered mice expressing GFP driven by the GFAP promoter
to FAC sort GFAP+/Prominin-1+NSCs, while Zywitza
et al. (2018) relied on in silico clustering and matching to pub-
lished marker gene sets to classify NSCs and astrocytes.

However, although the DEGs found in these studies were
mostly unique, gene ontology (GO) enrichment analysis in
these datasets revealed that these DEGs shared many of the
same GO terms (Figure 1B), suggesting that these genes are
part of similar signaling pathways and underlie the same cell
processes. Our GO enrichment analysis highlighted important
cellular processes shared by these DEGs, such as repression
of the cell cycle and microtubule organization in NSCs and
the silencing of neurogenesis regulatory pathways in astrocytes.

Analysis Comparing Lists of Upregulated Genes in
NSCs Versus List of Upregulated Genes in Astrocytes
To further compare the gene expression profiles of NSCs and
neighboring astrocytes, we analyzed the full lists of upregu-
lated genes in each of these populations when compared to
all sequenced cells, isolated either by FACS (Dulken et al.,

2017) or scRNAq strategies (Mizrak et al., 2019; Zywitza
et al., 2018). In this analysis, we performed novel compari-
sons between the full gene lists of NSCs versus astrocytes.
As expected, the transcriptomes of NSCs and astrocytes
have a high degree of overlap, sharing up to 50% of their
expressed genes (Figure 2A). These similarities are well in
line with the proximity of these cell types in the lineage pro-
gression toward mature astrocytes. However, as seen in the
example from Dulken et al. (2017; Figure 2A), NSCs
change their expression profiles during differentiation into
astrocytes, silencing many genes and activating entire new
gene sets, many associated with glial function. These
changes can be observed in comparative GO enrichment anal-
ysis to identify common and exclusive pathways emerging
from the NSC and astrocytes gene sets. Consistently, while
these cells present concurring pathways that support
common cell processes, both NSCs and astrocytes have exclu-
sively enriched signaling pathways that represent the specific
cell functions in each of these cell types. Among the more
prominent GO terms enriched in NSCs are those related to
the cell cycle, while astrocytes have a strong enrichment of
pathways associated with glial function and especially neuro-
transmitter uptake (Figure 2B).

Analysis Comparing Astrocyte Markers in NSCs and
Different Astrocyte Clusters
Many lineage-exclusive cell markers have been extensively
validated for immunohistochemical approaches. These

Figure 1. (A) Venn diagram for DEGs between NSC and astrocyte populations from the three studies, Beckervordersandforth et al. (2010;

blue), Dulken et al. (2017; yellow) and Zywitza et al. (2018; green). Each list represents a direct comparison in gene expression between

NSCs and astrocytes in the reference study. (B) Circos plot for the same gene lists as (A), representing shared genes (shaded orange and

purple lines) and shared GO terms (blue lines). GO enrichment analysis performed in Metascape.

DEG= differentially expressed genes; NSC= neural stem cell; GO= gene ontology.
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markers are cell-surface, cytoplasmic, or proteins that are
exclusively expressed in only one or a few specific cell
types. Common markers for astrocytes include GFAP (inter-
mediate filament), S100b (Ca2+ binding protein),
glutathione-S-transferase-µ (detox), glutamine synthetase
(synthesis of glutamine from glutamate), EAAT1/2 (plasma-
lemmal glutamate transporters), ALDH1L1 (dehydrogenates
aldehydes), and AQP4 (water channel). Therefore, the genes
that express these proteins represent a genetic signature
invaluable in the identification of astrocytes in RNA sequenc-
ing studies. Accordingly, these cell marker signatures also
further support the differences between NSCs and
SVZ-resident astrocytes and astrocyte progenitors. No genes
for astrocyte markers were detected in the expression profiles
of sorted NSCs reported by Beckervordersandforth et al.
(2010) while the cells identified as astrocytes in that study
had high expression of S100B, SLC1A3 (alias EAAT1/
SLC1A3), ALDH1L1, and AQP4. Similarly, both the NSCs
sorted by Dulken et al. (2017) and those identified in silico
by Zywitza et al. (2018) had only moderate expression of
glutathione-S-transferase µ1 (GSTM1) and SLC1A3 and no

expression of other astrocyte markers. When compared to
the astrocyte population in the respective studies all markers
were strongly downregulated in NSCs. Conversely, the astro-
cyte population in Zywitza et al. (2018) presented enrichment
of glutamate-ammonia ligase (GLUL; alias glutamine synthe-
tase) and AQP4 when compared to NSCs. Interestingly,
Mizrak et al. (2019) were able to achieve even greater resolu-
tion when clustering glial cells after scRNAseq (Mizrak et al.,
2019). The authors identified not only the NSC population but
also discriminated against five distinct astrocyte populations.
Notably, the NSCs lacked expression of any astrocyte
markers, while the five populations of astrocytes expressed
unique combinations of these markers, ranging from expres-
sion of all markers, that is, Cluster4: GFAP, S100b,
GSTM1, GLUL, SLC1A3, ALDH1L1, and AQP4, to only a
single marker, that is, Cluster5: SLC1A3. These differences
can represent either a spatial or temporal distribution of astro-
cytes and their progenitors in the SVZ. The expression of
these astrocyte markers also correlates with the relationships
between the expression profiles of the astrocyte clusters. We
compared the expressed genes in each of the astrocyte clusters

Figure 2. (A) Circos plot comparing full gene lists for NSCs (blue) and astrocytes (red) from Dulken et al. (2017). Shared genes are

represented by shaded orange and purple lines. (B) Heatmap representing the association of GO terms (by p-value) and clusterization of

GO terms between the same NSC and astrocyte populations as in (A). Astrocyte exclusive GO terms are highlighted in red. GO

enrichment analysis performed in Metascape.

NSC= neural stem cell; GO= gene ontology.
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and found that the populations had transcriptomic signatures,
with different subsets of exclusively expressed genes.
Moreover, the number of exclusively expressed genes and
the number of concomitant expressed genes seemed to corre-
late with the number of astrocyte markers found in these pop-
ulations (UpSet plot from Mizrak et al., 2019). For example,
astrocyte clusters 1 and 4 have the highest numbers of
uniquely expressed genes and also the highest number of
genes shared by two populations. These same clusters also
express the highest number of specific markers among the
astrocyte populations (Figure 3).

Human Brain Data: Delineating NCS from
Astrocytes
Most non-mammalian vertebrate species such as fishes,
amphibians, and reptiles produce neurons in the nervous
system throughout their entire lifespan. However, this capa-
bility decreases steadily during evolution so that in birds it
is much smaller, in rodents it continues only in the olfactory
system and the dentate gyrus of the hippocampus, and in
humans, it becomes undetectable (Arellano et al., 2022).
The nomenclature for the NSCs derives from classical work
on the developing human cerebrum (Bystron et al., 2008).
In nonhuman primates, the production of new neurons is
very small. In a recent study of the marmoset brain that
used dual thymidine analogs to study the production of new
neurons, the authors found that olfactory bulb and neocortical
neurogenesis decreased sharply by 4 months of age.
Furthermore, the vast majority of those neurons born postna-
tally in both the neocortex and hippocampus remained

doublecortin positive. Moreover, some of them expressed
Olig2 suggesting that they were not immature neurons but
glial progenitors (Akter et al., 2020). While the data show
that NSCs persist both periventricularly and in the hippocam-
pus into adulthood (Kukekov et al., 1999), the production of
new neurons in the adult human brain is basically extinct
(Duque et al., 2022; Paredes et al., 2016; Sanai et al., 2011;
Sorrells et al., 2021). It was proposed that the biological
basis for this decreased capacity for producing new neurons
may be essential to retain acquired complex knowledge
within a stable population of neurons and their synaptic con-
nections during the many decades of the human life span
(Rakic, 1985). Thus, in the human cerebrum, the progenitors
of the SVZ produce only astrocytes and oligodendrocytes, but
not new neurons (Nait-Oumesmar et al., 2007).

Some reports claim that neurogenesis is occurring in adult
humans using 14C to detect “new neurons.” However, this is
not adequate nor sufficient evidence, since the incorporation
of 14C into the DNA occurs not only at the time of cell divi-
sion, but also in post-mitotic neurons attempting to repair their
DNA as they are degenerating or during the process of apo-
ptosis (Guo et al., 2011). For example, hypoxia-ischemia in
the adult brain induces DNA synthesis in dying neurons in
the absence of proliferation (Kuan et al., 2004). Therefore,
older and dying neurons that re-enter the cell cycle can incor-
porate DNA replication markers used to label new neurons
(Arellano et al., 2022; Duque and Spector, 2019). A recent
analysis that used a single-cell transcriptome analysis could
not find evidence for newly formed neurons in the hippocam-
pus. While adult-generated neurons that expressed markers
characteristic of neuroblasts, such as DCX were found in
the adult hippocampus of mice, pigs, and macaques, no

Figure 3. Upset plot for the genes that characterize each of the five astrocyte populations identified by Mizrak et al. (2019). Blue bars

represent the total number of genes in each group. Red columns represent the number of common genes defined by the corresponding

relationship matrix (black connecting dots). Analysis performed in Intervene.
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such neuroblasts were detected in the adult human hippocam-
pus (Franjic et al., 2022). A thorough review of the literature
shows that there is little scientifically convincing evidence for
the generation and incorporation of new neurons into synaptic
circuitry of the adult human brain and that cells generated in
the SVZ of adult human cerebrum appear to generate exclu-
sively oligodendrocytes or astrocytes in response to lesions
and/or disorders of aging (Duque et al., 2022).

Discussion
Astrocytes are mature cell types that undergo a distinct differ-
entiation process to obtain their complex characteristics and
functionality within the CNS. Within the CNS they subserve
a number of functions that include inactivating neurotransmit-
ters, maintaining extracellular pH, regulating levels of potas-
sium, maintaining tissue osmolarity, detoxifying byproducts
of metabolism, detoxifying heavy metals, nourishing
neurons, and establishing and maintaining the blood–brain
barrier. They are morphologically diverse and perform region-
specific functions, as well. By contrast, NSCs are, by defini-
tion, undifferentiated cells, whose function is to slowly
divide to generate new cells across the lifespan. Thus, func-
tionally these cells are quite distinct, which is evident from
a review of Table 2.

As it turns out, however, even classifying a cell as an astro-
cyte can be complicated. A number of immunological
markers have been used over the years to identify astrocytes.
Astrocyte intermediate filaments are composed of GFAP and
vimentin, a less cell-specific filament protein (Antanitus et al.,
1975; Bignami et al., 1972; Dahl et al., 1981). Thus, a positive
immunohistochemical reaction for GFAP has often been used
as a major criterion for identifying astrocytes. However,
GFAP expression cannot be used as the sole criterion for iden-
tifying an astrocyte. For example, in early astrocyte develop-
ment, vimentin can be the major or only intermediate filament
expressed (Schnitzer et al., 1981). Furthermore, some gray
matter glia with the morphology and ultrastructural character-
istics of astrocytes lack intermediate filaments (Herndon,
1964; Palay and Chan-Palay, 1974). Such astrocytes would
be GFAP negative. Consistent with this observation, studies
on GFAP protein levels and in situ hybridization for GFAP
transcripts indicate that GFAP is expressed at lower levels
in gray matter than in white matter (Kitamura et al., 1987).
Further restraint is recommended in using GFAP as the gold
standard for astrocyte identification since some cells that
may wander into the brain, such as a subset of lymphocytes,
can express GFAP, and GFAP also is expressed by other
cells outside of the CNS, such as myoepithelial cells, osteo-
cytes, and chondrocytes (Hainfellner et al., 2001; Neubauer
et al., 1996). Consequently, molecular markers other than
intermediate filaments have been used to define astrocytes.
For example, S100b has long been used as a marker for astro-
cytes (Haan et al., 1982) and the enzymes aldolase C (Zebrin
II) and glutamine synthetase are enriched in astrocytes

t(Boyes et al., 1986; Cammer et al., 1989; Norenberg and
Martinez-Hernandez, 1979; Staugaitis et al., 2001). However,
these proteins also are not specific to astrocytes as S100b is
highly expressed by Schwann cells (Barber and Lindsay,
1982) and by some oligodendrocytes (Hachem et al., 2005),
glutathione-S-transferase µ is highly expressed by hepatocytes
(Warholm et al., 1981) and zebrin II is expressed by Purkinje
cells (Hawkes and Herrup, 1995). Thus, even with the avail-
ability of well-characterized markers, it can be difficult to
posit an astrocyte.

Conclusion
Human radial glial cells have long been known to express
GFAP (Levitt et al., 1981). However, the authors of this
classic paper did not call these radial glial cells “astrocytes.”
Rather, they understood that these radial cells, although
sharing some properties with astrocytes were a distinct type
of cell. Analogously, the NSCs of the adult SVZ do share
several features with astrocytes; however, there are distinct
differences that are functionally relevant. Perhaps we are
being anti-semantic (a term introduced by Dennis Steindler
when discussing this subject), but the evidence to support
the conclusion that the NSCs that persist in the adult mamma-
lian SVZ are astrocytes is, in our view, a potentially mislead-
ing classification that has been adopted without sufficient
examination of the utility of adopting this terminology.
From our vantage point, it is much simpler to call the cells
that function as NSCs in the SVZ “NSCs” without the associ-
ated term “astrocyte.”
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