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SOX9 Is an Astrocyte-Specific Nuclear Marker in the Adult
Brain Outside the Neurogenic Regions
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Astrocytes have in recent years become the focus of intense experimental interest, yet markers for their definitive identification remain
both scarce and imperfect. Astrocytes may be recognized as such by their expression of glial fibrillary acidic protein, glutamine synthe-
tase, glutamate transporter 1 (GLT1), aquaporin-4, aldehyde dehydrogenase 1 family member L1, and other proteins. However, these
proteins may all be regulated both developmentally and functionally, restricting their utility. To identify a nuclear marker pathogno-
monic of astrocytic phenotype, we assessed differential RNA expression by FACS-purified adult astrocytes and, on that basis, evaluated
the expression of the transcription factor SOX9 in both mouse and human brain. We found that SOX9 is almost exclusively expressed by
astrocytes in the adult brain except for ependymal cells and in the neurogenic regions, where SOX9 is also expressed by neural progenitor
cells. Transcriptome comparisons of SOX9� cells with GLT1� cells showed that the two populations of cells exhibit largely overlapping
gene expression. Expression of SOX9 did not decrease during aging and was instead upregulated by reactive astrocytes in a number of
settings, including a murine model of amyotrophic lateral sclerosis (SOD1G93A), middle cerebral artery occlusion, and multiple mini-
strokes. We quantified the relative number of astrocytes using the isotropic fractionator technique in combination with SOX9 immuno-
labeling. The analysis showed that SOX9� astrocytes constitute �10 –20% of the total cell number in most CNS regions, a smaller
fraction of total cell number than previously estimated in the normal adult brain.
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Introduction
Astrocytes serve multiple functions, including modulating neuronal
activity (Nedergaard, 1994; Parpura et al., 1994; Kang et al., 1998;

Gourine et al., 2010; Takata et al., 2011), buffering potassium (Kuf-
fler and Nicholls, 1966), taking up synaptic glutamate (Bergles and
Jahr, 1997), maintaining endothelial tight junctions (Ballabh et al.,
2004), and clearing brain metabolic waste products (Iliff et al., 2012).
In fact, neurons have lost many basic cellular functions in the course
of evolution and may depend on their symbiotic relationship with
astrocytes for their function and survival. It is therefore not surpris-
ing that astrocytic dysfunction likely contributes to a host of neuro-
logical diseases, including Alzheimer’s disease, epilepsy, Parkinson’s
disease, amyotrophic lateral sclerosis (ALS), and Huntington’s dis-
ease (Benraiss et al., 2016; Verkhratsky et al., 2016), among others.
However, the cellular composition of the central nervous system
(CNS) is complex and identification of astrocytes, which are both
morphologically and functionally heterogeneous, has been challeng-
ing. Currently, a few astrocyte markers are used routinely, including
glial fibrillary acidic protein (GFAP), S100 calcium-binding protein
B (S100�), glutamate transporter 1 (GLT1) (Rothstein et al., 1994),
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Significance Statement

Astrocytes are traditionally identified immunohistochemically by antibodies that target cell-specific antigens in the cytosol or
plasma membrane. We show here that SOX9 is an astrocyte-specific nuclear marker in all major areas of the CNS outside of the
neurogenic regions. Based on SOX9 immunolabeling, we document that astrocytes constitute a smaller fraction of total cell
number than previously estimated in the normal adult mouse brain.
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aquaporin-4 (AQP4), connexin-43 (Cx43), connexin-30 (Cx30)
(Nagy et al., 1999), and, more recently, aldehyde dehydrogenase 1
family member L1 (ALDH1L1) (Cahoy et al., 2008). However, even
though transcription factors play key roles in cellular differentiation
and drive expression of phenotype-specific genetic programs, the
expression of astrocytic transcription factors beyond early develop-
ment has not been studied extensively.

Several recent studies have suggested that the transcription factor
SOX9 is highly enriched in astrocytes (Pompolo and Harley, 2001;
Lovatt et al., 2007; Barnabé-Heider et al., 2010; Molofsky et al., 2013;
Zhang et al., 2014; Farmer et al., 2016; Nagao et al., 2016; Zhang et al.,
2016). On that basis, here, we examined the expression pattern of
SOX9 in both young and aged wild-type mice, as well as in several
models of reactive astrogliosis, using genomics, immunohistochem-
istry, and transgenic reporter mice. Comparisons of the transcrip-
tomes of SOX9� cells and GLT1� cells indicated that these two
populations exhibited largely overlapping gene expression. Like
other currently used astrocytic markers, SOX9 specifically labels as-
trocytes outside of the neurogenic regions: the subventricular zone
(SVZ), the subgranular zone (SGZ) of the hippocampal dentate
gyrus, and the rostral migratory stream (RMS) of the olfactory bulb.
However, SOX9 also manifested several advantages in that respect,
including that its expression was not diminished by age or functional
status. It did not decrease during aging, remained nuclear in local-
ization in mature astroglia, and was upregulated in scar tissue, all of
which facilitated the identification of individual astrocytes. Indeed,
quantification of the relative number of astrocytes, based on com-
bining the isotropic fractionator technique with SOX9 immunola-
beling (Herculano-Houzel and Lent, 2005), showed that SOX9�
astrocytes constitute only �10–20% of total cells in most CNS re-
gions and that the relative percentage of SOX9� astrocytes is even
lower (�2–5%) in the olfactory bulb and cerebellum. These num-
bers are lower than typically reported, suggesting that use of a nu-
clear marker of astrocytic phenotype enables a more conservative
assessment of astrocytic phenotype than that achieved previously
using cytoplasmic markers, which do not permit such a high-
resolution assignment of individual cell identify.

Materials and Methods
Mice. Wild-type mice (C57BL/6J; The Jackson Laboratory), SOD1 G93A
mice (The Jackson Laboratory, stock #004435), BAC-GLT1-EGFP mice
(GLT1-EGFP, previously generated from Dr. Jeffrey D. Rothstein’s lab-
oratory; Regan et al., 2007), BAC-ALDH1L1-EGFP mice (ALDH1L1-
EGFP, kind gift from Dr. Jeffrey D. Rothstein’s laboratory), SOX9-EGFP
mice (University of California Davis MMRRC, strain 011019-UCD),
PDGFRA-EGFP mice (The Jackson Laboratory, stock #007669) were
used in this study. All mice were 2– 4 months old unless otherwise stated.
All experiments were approved by the University Committee on Animal
Resources of the University of Rochester and performed according to
guidelines from the National Institutes of Health.

Human samples. Human cortical tissue was obtained from surgical
specimens from patients with hippocampal malformations and absence
of gliosis in the surgically removed cortical tissue. Tissue samples were
collected with informed consent and tissue donation approval under
protocols approved by the Research Subjects Review Board of the Uni-
versity of Rochester Medical Center. For transcriptome studies, tissue
was kept on ice after harvest and dissociated immediately. For immuno-
fluorescent microscopy, tissue was immediately put in 4% PFA solution
and fixed for a maximum of 24 h. Samples with excessive or disorganized
GFAP� processes on histological analysis were excluded to avoid possi-
ble reactive gliosis.

Dissociation of human and mouse brain tissue followed by FACS. Dissocia-
tion of the human and mouse cortical tissue was performed as described
previously (Lovatt et al., 2007) with minor modifications. Wild-type mice or
GLT1-EGFP mice were anesthetized with pentobarbital (50 mg kg�1, i.p.),

perfused with cold HBSS, and decapitated. The brain was immediately re-
moved and cortex was dissected and cut into small pieces, which were di-
gested with 5 U/ml papain in Ca2�/Mg2�-free PIPES/cysteine buffer, pH
7.4, for 1 h at 37°C/5% CO2. After one wash, the tissue was then further
digested with 40 U/ml DNase I in Mg2�-containing MEM with 1% bovine
serum albumin (BSA) for 15 min at 37°C/5% CO2. The tissue was then
carefully triturated in cold MEM with 1% BSA and centrifuged over a 90%
Percoll gradient. Cells below and included in the lipid layer were collected,
washed, and centrifuged to collect the cell pellet. For wild-type mice, the cells
were labeled with rabbit anti-GLT1 antibody (1:150, custom made; Invitro-
gen) or rabbit IgG control followed by labeling with secondary donkey anti-
rabbit allophycocyanin (APC) (1:200). Cells were resuspended in cold MEM
with 1% BSA containing 5 �g/ml 4�,6-diamidino-2-phenylindole (DAPI) to
discriminate dead cells.

Cells were sorted using BD FACSAria III Cell Sorting System immedi-
ately. Single cells were discriminated using pulse width and height mea-
surements. APC was excited by a 633 nm laser, and emissions were
collected by a 660/20 nm band-pass filter. EGFP was excited by a 488 laser
and emissions were collected by a 530/30 nm band-pass filter and DAPI
was excited by a 407 nm laser and emissions were collected by a 450/40
band-pass filter. Dead cells were excluded according to positive DAPI
signal. GLT1� and GLT1� populations were gated according to isotype
control. Cells were sorted into cold MEM containing 1% BSA.

RNA processing, microarray, and quantitative PCR (qPCR). After
FACS, cells were immediately extracted for total RNA using either the
RNAqueous Micro kit (Life Technologies) or RNeasy Micro Kit (Qia-
gen). Mouse cortical and spinal cord tissue samples were collected after
transcardial perfusion of ice-cold HBSS and RNA was extracted with
RNeasy Plus Universal Mini Kit (Qiagen). RNA quantity was assessed
using the NanoDrop 1000 and RNA integrity was assessed using an Agi-
lent Bioanalyzer 2100. For microarray, 20 ng of total RNA was amplified
and labeled with biotin using the Ovation kit according to the manufac-
turer’s instructions and hybridized to the Affymetrix GeneChip Mouse
Genome 430 2.0 Array. For qPCR, total RNA was either reverse tran-
scribed with TaqMan Reverse Transcription Reagents or amplified using
Nugen Ovation RNA Amplification System V2. Relative quantity of tran-
scripts was assessed using Taqman Assays on Demand and the 7000
Sequence Detection System. 18S RNA or Gapdh served as an internal
control that all samples were normalized to before calculating relative
expression.

Focal cerebral ischemia (middle cerebral artery occlusion, MCAO). Adult
male mice were anesthetized with 3% isoflurane for induction and 1.5%
isoflurane for maintenance in 70% N2O/30% O2 via a face mask. Right
MCA was occluded for 45 min by a 7– 0 polypropylene monofilament
(Ethicon) coated with silicon resin was inserted through the external
carotid artery to the origin of the MCA. Cortical blood flow was contin-
uously monitored by laser Doppler flowmetry probe positioned 2 mm
posterior and 5 mm lateral from the bregma (Perimed). Rectal temper-
ature was maintained at 37 � 0.5°C using a feedback controlled heating
system (Harvard Apparatus).

Multiple ministroke model. Cholesterol crystals (Sigma-Aldrich) sized
40 –70 �m were collected as described previously (Wang et al., 2012).
Mice were anesthetized with ketamine and xylazine (50 and 10 mg/kg,
i.p). The right common carotid artery (CCA), internal carotid artery
(ICA), and external carotid artery (ECA) were carefully isolated under a
dissecting microscope. The extracranial branch of the ICA was ligated
with a 7– 0 suture and the distal portion of the ECA was permanently
ligated. Microvascular clips were applied to the CCA and the proximal
parts of the ECA and ICA and an incision was made between the ECA
ligation site and the ECA clip. Polyethylene (PE10) tubing was inserted
into the ECA toward the CCA and the microvascular clips were removed
to restore blood flow. A total of 3500 � 500 cholesterol crystals in 100 �l
of saline or 100 �l of saline alone (for sham animals) were injected via the
PE10 tubing. After injection, the tube was removed and the proximal
ECA was permanently ligated and the wound closed. After stroke induc-
tion, animals were alert and moving within 2 h and were closely moni-
tored for the first 12 h after stroke.

Immunofluorescence and confocal microscopy. Mice were anesthetized
with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and tran-
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scardially perfused with 0.01 M PBS solution followed by 4% PFA in 0.01 M

PBS. Mouse brain and spinal cord tissue, as well as human cortical tissue,
were postfixed in 4% PFA for a maximum of 24 h. For retina, the post-
fixation was 1 h. The tissue was then dehydrated for 48 h with 30%
sucrose in PBS solution, flash-frozen in optimal cutting temperature
medium (Tissue-Tek), and cut into 20 �m cryostat sections. Sections
were washed with 0.01 M PBS before incubating in blocking solution
containing 10% normal donkey serum (NDS) (Jackson ImmunoRe-
search Laboratories), 0.5% Triton X-100 (Sigma-Aldrich), and 0.01 M

PBS. Sections were then incubated in primary antibody in blocking so-
lution overnight at 4°C. Primary antibodies used included mouse
monoclonal anti-GFAP (mAB360; 1:500; Millipore), rabbit anti-SOX9
(sc-20095; 1:200; Santa Cruz Biotechnology), goat anti SOX9 (AF3075;
1:200; R&D Systems), mouse anti-HuD (A21271; 1:200; Invitrogen),
rabbit anti-tyrosine hydroxylase (AB152; 1:400; Millipore), and rabbit
anti NeuN (ABN78; 1:400; Millipore). Sections were then washed with
0.01 M PBS and incubated in Alexa Fluor-conjugated secondary antibod-
ies (1:500; Life Technologies) and then mounted in ProLong Gold Anti-
fade Mountant with DAPI (Life Technologies). Images were collected
with a confocal laser-scanning microscope (FV500; Olympus). For quan-
tification of the proportion of SOX9� cells in the GLT1� pool, the SOX9
channel was first made invisible and GLT1� cells that also exhibited
nuclei (DAPI�) were labeled and counted (as the denominator). The
GLT1 channel was then made invisible while SOX9� cells that were also
labeled as GLT1� were counted (as the numerator). The same method
was used to calculate the proportion of GLT1� cells in the SOX9 pool.
For comparison of SOX9 and GFAP levels between wild-type mice and
SOD1 G93A, sections were processed in parallel and images were col-
lected with exactly the same setting between pairs of samples.

Western blotting. Mice were anesthetized with ketamine (100 mg/kg,
i.p.) and xylazine (10 mg/kg, i.p.) and transcardially perfused with ice-
cold HBSS. Cortical or spinal cord tissues were collected and snap-frozen
on dry ice. Tissue was lysed in RIPA buffer (Thermo Scientific) with
EDTA-free protease inhibitor cocktails (Thermo Scientific) by disrup-
tion with a Bullet Blende homogenizer (Next Advance) and then incu-
bated for 15 min on ice. After centrifugation at 12,000 � g for 15 min, the
protein concentration was quantified using the Pierce BCA protein assay
kit. Protein samples were separated by 4 –12% Bis-Tris Gel (Life Tech-
nologies), transferred to PVDF membranes (Life Technologies), and
blocked in 5% nonfat dry milk (Bio-Rad) for 1 h before incubation with
primary antibodies against SOX9 (sc-20095, 1:500; Santa Cruz Biotech-
nology), GFAP (mAB360; 1:2000; Millipore), ALDH1L1 (ab87117,
1:500; Abcam) and �-actin (A5441, 1:2000; Sigma-Aldrich) at 4°C over-
night. Membranes were then washed and further incubated in blocking
solution with IRDye secondary antibodies (Li-Cor) and imaged with
Odyssey imager (Li-Cor). Fluorescent images were transformed into gray
scale and protein abundance was evaluated by analyzing the intensity
using the ImageJ program.

Isotropic fractionator and flow cytometry. Mice were anesthetized with
ketamine (100 mg/kg, i.p.) plus xylazine (10 mg/kg, i.p.) and transcardi-
ally perfused with 0.01 M PBS solution followed by 4% PFA in 0.01 M PBS.
Mouse brain and spinal cord tissue, were postfixed in 4% PFA for 24 h.
Fixation of no more than 24 h was critical for antibody recognition of
SOX9. The meninges were removed and the tissue was dissected into six
parts: olfactory bulb, cerebral cortex, hippocampus, cerebellum, the rest
of the brain, and the spinal cord. The tissue was then processed to achieve
a single nuclei suspension as described previously (Herculano-Houzel
and Lent, 2005). Briefly, single pieces of tissue were homogenized in a
hypotonic solution (40 mM sodium citrate and 1% Triton X-100) with a
7 ml glass Tenbroeck tissue homogenizer until the smallest visible frag-
ments were dissolved. The homogenate was then transferred to a 50 ml
centrifuge tube and centrifuged for 10 min at 4000 � g. The pellet was
resuspended with PBS containing 1% BSA. The nuclear suspension was
stained with DAPI (1 �g/ml) and counted under a fluorescent micro-
scope using a hemocytometer. Aliquots containing 5 � 10 6 nuclei from
each sample were immunostained for either SOX9 (AF3075, 1:200; R&D
Systems) or NeuN (ABN78, 1:400; Millipore) overnight, washed with
PBS containing 1% BSA, and then incubated with APC-conjugated sec-

ondary antibodies (1:200; Jackson ImmunoResearch Laboratories) for
1 h in PBS containing 10% NDS.

A BD Biosciences FACSAria III cell-sorting system was used to quan-
tify the proportion of APC� cells. First, the single nuclei population was
identified by the fluorescent intensity of DAPI and then this population
was further analyzed in a FSC-A versus APC-A plot. A positive popula-
tion was defined by its distinct distribution and increased fluorescent
intensity compared with control samples (stained with only secondary
antibodies). APC was excited by a 633 nm laser and emissions were
collected by a 660/20 nm band-pass filter. DAPI was excited by a 407 nm
laser and emissions were collected by a 450/40 band-pass filter. The data
were then further analyzed using FlowJo software.

Microarray data analysis. Microarray data were analyzed using Gene-
Spring GX Software. The data were normalized using the MAS5 algo-
rithm, followed by log2 transformation. To ensure reproducibility
among independent biological replicates in the genomic dataset, the cor-
relation coefficient was compared within groups of sorted cells. The de-
gree of similarity across all samples was assessed by hierarchical
clustering using Euclidean average distances. Signal intensity values for
probes of interest were further analyzed and visualized using GraphPad
Prism software.

RNA-seq data analysis. Total RNA was prepared for sequencing with
the Illumina TruSeq library prep kit and sequenced on an Illumina HiSeq
2500 (v4 chemistry) in paired-end mode with 125 bp read length. Se-
quencing yielded an average of 29.4 and 38.6 million 2 � 125 bp reads for
Glt1�/Glt1� and Sox9�/Sox9�, respectively. Reads were trimmed
with Trimmomatic to exclude any remaining adapter sequence, as well as
regions of low quality base calls that are sometimes observed at the end of
reads. Quality was assessed for each sample with FastQC before and after
trimming. Cleaned reads were aligned with STAR to the mouse genome
(GRCm38.p3) with annotation incorporated from Gencode Genes (ver-
sion M5). Transcript quantification to obtain gene-level TPM (tran-
scripts per kilobase million) values was performed with RSEM and reads
overlapping annotated features were counted with FeatureCounts from
the Subread package. Count and expression data were read into R statis-
tical software and filtered to exclude features aside from protein-coding
genes and lncRNAs. Further filtering was done to exclude unexpressed
genes by removing those with counts �10 across all samples. This filtered
subset of genes was then used to examine the clustering, marker expres-
sion, and correlation patterns between the sample groups in the R statis-
tical software environment with packages from Bioconductor.

Results
SOX9 mRNA is enriched in astrocytes
Mature astrocytes were acutely purified from adult brain tissue as
described previously (Sun et al., 2013) based on GLT1 expression.
Astrocyte transcriptome data were generated by both microarray
for human astrocytes and RNA-seq for mouse cells and used to
compare Sox9 expression with other frequently used astrocyte
markers, including Aldh1l1, Aqp4, Gfap, Gja1, S100�, and Slc1a2.
Microarray analysis showed that human cortical GLT1� cells
were 18.8 � 7.1-fold enriched in SOX9 mRNA compared with
GLT1� cells. Enrichment of other markers ranged from 4.5-fold
(S100B) to 288.6-fold (AQP4). The enrichment of SOX9 was
analogous to that of ALDH1L1, GFAP, GJA1, and S100B, but
significantly less than that of AQP4 (p 	 0.0052, n 	 3) and
SLC1A2 (p 	 0.0326, n 	 3) (Fig. 1A). In mouse GLT1� cells,
RNA-seq analysis showed that Sox9 mRNA was (30.1 � 7.6)-fold
enriched compared with GLT1� cells. Other markers were en-
riched in GLT1� cells between 8.9-fold (Gja1, Connexin-43) and
297.2-fold (Slc1a2, GLT1). Sox9 enrichment level was signifi-
cantly lower than Aqp4 (p 	 0.0002, n 	 3), Gja1 (p 	 0.0005,
n 	 3), and Slc1a2 (p 	 0.0001, n 	 3) in mouse cortical GLT1�
cells and significantly higher than S100� (p 	 0.0004, n 	 3) (Fig.
1B). Next, to verify RNA-seq findings, RNA from acutely isolated
GLT1� and GLT1� cells were collected for qPCR analysis (Fig.
1C). Sox9 was (8.3 � 0.9)-fold enriched in the GLT1� popula-

Sun et al. • Astrocyte-Specific Nuclear Marker J. Neurosci., April 26, 2017 • 37(17):4493– 4507 • 4495



tion, analogous to the relative enrichment of Aldh1l1 and Aqp4.
The enrichment was significantly higher than that of Gfap (p 	
0.0211, n 	 3) and S100� (p 	 0.0001, n 	 3), yet lower than
Slc1a2 (p 	 0.0001, n 	 3) and Gja1 (p 	 0.0047, n 	 3). There-
fore, transcriptome and qPCR analyses indicated that Sox9
mRNA is highly enriched in astrocytes to an extent comparable to
other canonical astrocyte markers.

Overlapping of SOX9 and GLT1 in major CNS regions
Next, we determined the percentage of astrocytes that express
SOX9 and whether SOX9 expression is specific to astrocytes. We
took advantage of the GLT1-EGFP mouse, in which EGFP ex-
pression is almost exclusively in astrocytes (Regan et al., 2007;
Scott et al., 2010). In addition, GLT1 tags a broader population of
astrocytes than GFAP in mouse CNS (Lovatt et al., 2007). GLT1
expression has been shown to largely overlap with that of another
astrocyte marker, ALDH1L1 (Yang et al., 2011). Immunofluores-
cence labeling against SOX9 in slices prepared from GLT1-EGFP
mouse brain and spinal cord sections was performed and quan-
tified blindly using SOX9 antibodies from different vendors. Be-
cause SOX9 as a transcription factor is expected to be mainly
localized in the nucleus, DAPI was used to counterstain the nu-
clei. The confocal analysis included all major CNS regions, in-
cluding the olfactory bulb, cerebral cortex, corpus callosum,
hippocampus, striatum, cerebellum, brainstem, and white and
gray matter of the spinal cord (Fig. 2A). Because SOX9 has been
reported to be expressed by adult neural progenitor cells and
ependymal cells of the ventricular wall, we excluded the rostral
migratory stream of the olfactory bulb, dentate gyrus of the hip-
pocampus, and forebrain SVZs from our analysis.

We found that GLT1� cell bodies were uniformly distributed
in all major CNS regions examined. EGFP signal was dense in the
cell body and main branches and evenly diffused in the processes,
creating a light green background in GLT1-EGFP reporter mice.
Most GLT1� cells exhibited nuclear staining of SOX9 that over-
lap with DAPI (Fig. 2A). The proportions of SOX9� cells among
all histologically identified GLT1� cells were as follows: olfactory
bulb: 80.61 � 7.18%; cerebral cortex: 95.04 � 7.82%; corpus
callosum: 86.25 � 11.36%; hippocampus: 91.36 � 12.54%; stria-
tum: 97.22 � 4.81%; thalamus: 92.23 � 7.33%; cerebellum:
98.49 � 3.03%; brainstem: 97.48 � 2.18%; spinal cord white

matter: 94.17 � 6.73%; and spinal cord gray matter: 97.47 �
0.82% (Fig. 2B). The proportions of GLT1� cells in the SOX9�
pools were as follows: olfactory bulb: 97.67 � 4.02%; cerebral
cortex: 100 � 0%; corpus callosum: 95.28 � 7.33%; striatum:
100 � 0%; thalamus: 98.33 � 2.89%; cerebellum: 99.17 � 1.67%;
brainstem: 100 � 0%; spinal cord white matter: 100 � 0%; and
spinal cord gray matter: 100 � 0% (Fig. 2C).

To extend this analysis to whole tissue, we next dissociated
SOX9-EGFP adult mouse cortex acutely and fluorescently la-
beled the cells using a GLT1 antibody. Flow cytometry was used
to examine the overlapping labeling of GLT1 with SOX9-EGFP.
We found that 90.53% of GLT1� cells were SOX9� and 90.13%
of SOX9� cells were also GLT1� (Fig. 2D). Due to cell loss
during the dissociation process, this method could not be used to
quantify the relative proportion of SOX9� or GLT1� cells
among all cells, but rather served as a validation of the histological
counts. Flow cytometry analysis documented the existence of a
small population of SOX9�/GLT1� cells, likely due to contam-
ination by the subependymal zone, which includes SOX9�/
GLT� cells. Together, these data indicate that SOX9 can be used
to identify the overwhelming majority of astrocytes in the adult
brain. We did not further examine the phenotype of the small
proportion of GLT1�/SOX9� cells, but several studies have sug-
gested that GLT1 may also be expressed by a small number of
oligodendrocytes and neurons (Schmitt et al., 1996; Berger et al.,
2005).

SOX9 colocalization with glial and neuronal markers
We first examined SOX9 colabeling with the intermediate filament
GFAP, the most commonly used astrocyte marker. GFAP was only
expressed by a small population of astrocytes in mouse cortex,
whereas GFAP�cells were more uniformly distributed in the mouse
hippocampus, as described previously (Bushong et al., 2004; Lovatt
et al., 2007; Sofroniew and Vinters, 2010; Molofsky et al., 2012).
However, nearly all GFAP� cells also expressed SOX9 and GLT1 in
both cortex and hippocampus (Fig. 3A). We next assessed whether
SOX9 expression overlapped that of the recently identified pan-
astrocyte marker ALDH1L1 (Cahoy et al., 2008). Slices prepared
from ALDH1L1-EGFP transgenic mice were immunolabeled
against SOX9, followed by confocal analysis. Almost complete coin-
cidence of SOX9� cells with ALDH1L1� cells was observed in the

Figure 1. RNA enrichment of Sox9 and other astrocyte markers in acutely isolated adult astrocytes. A, Microarray analysis of acutely isolated human astrocytes (GLT1� cells) compared with
astrocytes-depleted population (GLT1�). The ratios (GLT1�/GLT1�) of MAS5 normalized signal intensities are displayed on a log2 scale (y-axis) and represent the enrichment levels for each
marker gene (x-axis) in human astrocytes. B, RNA-seq analysis of acutely purified mouse astrocytes (GLT1� cells) compared with mouse astrocyte depleted population (GLT1�). The ratios
(GLT1�/GLT1�) of TPM counts are displayed on a log2 scale and represent the enrichment for each gene in mouse astrocytes. C, qPCR analysis on mouse cortical GLT1� cells versus GLT1� cells.
The relative quantification method was used for data analysis. Relative expression units are calculated by using Gapdh as an internal control. Log2-transformed ratios are shown. Error bars indicate
SD. n 	 3; *p � 0.05; **p � 0.01; ***p � 0.001, one-way ANOVA followed by Bonferroni multiple-comparisons test.
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Figure 2. Overlapping of SOX9� cells and GLT1� cells in different brain and spinal cord regions. A, GLT1-EGFP mice were used for immunofluorescence analysis of SOX9 (purple) and
GLT1 (green). DAPI (blue) was used to assist identification of brain and spinal cord regions. Overlapping of SOX9 and GLT1 signal can be seen in white. The 10 �m stack confocal images
were acquired at 1 �m steps. Representative images from olfactory bulb, cerebral cortex, corpus callosum, hippocampus, thalamus, striatum, cerebellum, brainstem, spinal cord white
matter, and gray matter are shown. A typical cell (arrowhead) is shown in the insert of each image. B, Percentages (y-axis) of SOX9 and GLT1 double-positive cells within total GLT1�
cell population were quantified manually for each region. C, Percentages of double-positive cells within total SOX9� cell population were also quantified using the same method. For
both B and C, data were collected from three mice with at least three images/mouse under a 40� objective lens for each region. Error bar indicates SD. *Rostral migratory stream was
excluded for the quantification of the olfactory bulb. **Dentate gyrus was excluded from the quantification of the hippocampus. Major scale bar, 50 �m; insert scale bar, 5 �m. D, Flow
cytometry analysis of acutely dissociated cells from adult murine cortical tissue. Sox9-EGFP mice were used for dissociation. EGFP was used to identify SOX9� cells and GLT1 antibody
labeling (with PE-labeled secondary antibody) was used to identify GLT1� cells. The plot on the left is a representative analysis for isotype antibody control. The plot on the right is a
representative analysis for GLT1 and EGFP double labeling.
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Figure 3. Colabeling of SOX9 with astrocyte markers. A, Immunofluorescence analysis of SOX9 colabeling with the astrocyte marker GFAP in the mouse cerebral cortex. Cortical sections
from GLT1-EGFP (green) mice were immunolabeled against SOX9 (purple) and GFAP (red). SOX9� cells also express GLT1 and GFAP. B, Immunofluorescence analysis of SOX9 colabeling
with astrocyte marker ALDH1L1 in the mouse cerebral cortex. ALDH1L1-EGFP mice were used to visualize ALDH1L1� astrocytes (green) and were immunostained against SOX9 (purple).
Representative confocal images show that SOX9� cells also express ALDH1L1. C, Total overlapping between SOX9-EGFP and SOX9 antibody labeling. Sections from SOX9-EGFP (green)
mice were immunolabeled against SOX9 (purple). Representative images from the cerebral cortex are shown. D, Sections prepared from GLT1-EGFP (green) mice were immunolabled
against NeuN (red) and SOX9 (purple). A representative image from the mouse cortex is shown. There is no overlap between SOX9� and NeuN� cells. E, F, Immuostaining of mouse locus
ceruleus (E) and substantia nigra pars compacta (F ) of neuronal marker HuD (red) and SOX9 (purple) on SOX9-EGFP (green) mice. G, H, Immunostaining of mouse locus ceruleus (G) and
substantia nigra pars compacta (H ) with TH (red) and SOX9 (purple) on SOX9-EGFP (green) mice. I, Sections prepared from PDGFRA-EGFP (green) mice were immunolabeled against SOX9
(purple). DAPI was used to stain the nuclei. A representative image from the cortex shows that no cell is colabeled with PDGFRA and SOX9. J, K, SOX9 expression in the human brain.
J, Human cortical sections were immunostained against SOX9 (purple) and GS (green). GS is shown to be expressed by astrocytes (star pattern) and oligodendrocytes (circular pattern).
Star-shaped GS� cells are positive for SOX9, whereas round-shaped GS� cells are not. K, Confocal imaging of human cortical tissue immunolabeled against SOX9 (purple) and the
astrocyte marker GFAP (green). SOX9� cells also express GFAP. Representative views of single cells are shown in the inserts. Scale bar, 50 �m. Confocal images were collected at 10 �m
depth using 1 �m steps.
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cortex (Fig. 3B). To verify that double labeling of SOX9 with GLT1,
GFAP, and ALDH1L1 was not an artifact, we also prepared sections
from SOX9-EGFP reporter mice (Gong et al., 2003). Again, an al-
most complete overlap of SOX9 immunoreactivity and EGFP signal
was noted in the cerebral cortex (Fig. 3C).

During embryonic development, SOX9 is expressed by neural
stem cells and plays a key role in the specification of glial lineage,
which includes both astrocytes and oligodendrocytes (Stolt et al.,
2003). We further investigated whether SOX9 labels neurons or
OPCs in the adult mouse brain. Cortical sections prepared from
GLT1-EGFP mice were immunostained against SOX9 and neuron-
specific nuclear protein (NeuN). No colocalization of SOX9 and
NeuN was observed in the mouse cortex (Fig. 3D). In addition, we
examined the mouse locus ceruleus and substantia nigra pars com-
pacta using SOX9 co-staining with the alternative neuronal nuclear
marker HuD, as well as the dopaminergic and adrenergic neuronal
marker tyrosine hydroxylase (TH), in SOX9-EGFP reporter mice.
We found no overlapping of SOX9 with either HuD or TH. For
identification of OPCs, a transgenic mouse carrying a human H2B
histone protein and EGFP fusion gene under the control of Pdgfra
promotor (PDGFRA-EGFP) was used. In this mouse strain, OPCs
have EGFP signaling only in the nuclei, which makes it easy to visu-
alize colocalization with SOX9, which also labels nuclei. However, in
the adult cortex (Fig. 3E), no colocalization of PDGFRA and SOX9
signal was observed. These observations are consistent with previous
reports that SOX9 expression is lost in oligodendrocyte progenitor
cells (Stolt et al., 2003). In summary, our study demonstrated that,
outside of the adult neurogenic regions, SOX9 is expressed exclu-
sively in astrocytes and SOX9, GLT1, and ALDH1L1 effectively co-
label the same population of astrocytes.

SOX9 expression by human astrocytes
We next assessed whether SOX9 is also expressed selectively by
astrocytes in the human brain. Human cortical samples collected
during surgery were immunostained for GFAP, SOX9, and glu-
tamine synthetase (GS), which label the astrocyte cell bodies and
major processes. The analysis showed that GS� cells exhibit two
kinds of morphology: circular and star shaped. The star-shaped
GS� cells with multiple branches are considered to be astrocytes,
whereas the circular-shaped GS� cells are considered other cell
types. Although the expression of GS in cells other than astrocytes
has been controversial, a recent detailed study of GS expression in
human brain found that subpopulations of oligodendrocytes,
neurons, and microglia may all express GS (Bernstein et al., 2014;
Zhang et al., 2016). We found that all GS� astrocytes coexpressed
SOX9 (Fig. 3F). SOX9� astrocytes also expressed GFAP (Fig.
3G). Combined, these findings suggest that SOX9 is expressed by
GS� and GFAP� human cortical astrocytes.

SOX9 expression in the neurogenic regions
According to previous reports, SOX9 is expressed by ependymal
cells and subependymal cells (Scott et al., 2010). We therefore
examined the adult neurogenic regions, including the RMS of the
olfactory bulb, SGZ of the hippocampus, and SVZ. GLT1-EGFP
mouse olfactory bulb was immunostained against SOX9. In con-
trast to the loose, even distribution of SOX9� astrocytes in the
non-neurogenic region of the olfactory bulb, SOX9� cells are
densely packed in the RMS. The RMS can easily be identified by
the lack of GLT1 and dense confluence of SOX9� cells (Fig. 4A).
In the dentate gyrus of the hippocampus, SOX9� cells can sim-
ilarly be observed in the SGZ, where they also express GFAP.

Figure 4. SOX9 is expressed in the adult neurogenesis region and in the retina. A, Sections of the olfactory bulb from GLT1-EGFP mice were immunolabeled against SOX9. Confocal images of the
rostral migratory stream showed a lack of GLT1 (green) signal in the rostral migratory stream, whereas SOX9� cells (purple) are densely distributed. B, In the dentate gyrus, SOX9-EGFP� (antibody,
purple; EGFP, green) cells are shown in the subgranular cell layer with their processes extending to the granular cell layer. Those cells also express GFAP (red). C, In GLT1-EGFP (green) mouse, SOX9
(purple) is highly expressed in the subventribular zone. Only a small portion of SOX9� cells in the SVZ express GLT1. Scale bar, 50 �m. D, In the subventricular region, SOX9� (purple) nuclei are
surrounded by GFAP (red) expression. E, In SOX9-EGFP mouse, the majority of the cells in the subventricular region express EGFP (green). EGFP� cells are also positive for SOX9 antibody labeling
(purple) and are surrounded by GFAP� fibers (red). F, In the GLT1-EGFP mouse, on the retina, SOX9� cells (purple) are also positive for Müller glia marker GS (red). GLT1 does not label Müller glia.
G, SOX9 expression in the retinal glial cells. ONL, Outer nuclear layer; INL, inner nuclear layer. Retina sections from SOX9-EGFP (green) mice were fluorescently labeled against SOX9 (purple) and GS
(red) antibodies. Müller glia express both SOX9 (purple and red) and GS. Scale bar, 50 �m.
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Immunolabeling of slices prepared from SOX9-EGFP mouse for
GFAP shows that SOX9� nuclei in the SGZ have long GFAP�/
EGFP� processes extending into the granular cell layer, a char-
acteristic feature of SGZ neural stem cells (Fig. 4B) (Filippov et
al., 2003; Kronenberg et al., 2003). On that basis, we next assessed
SOX9 expression in the SVZ, which is another major site of adult
neurogenesis in rodents. In GLT1-EGFP mice, only a few GLT1�
cells were scattered in the SVZ, but a thick layer of densely packed
SOX9� cells could be observed (Fig. 4C). Costaining of GFAP
and SOX9 showed that these SOX9� nuclei were enwrapped by
GFAP fibers (Fig. 4D). Using SOX9-EGFP mice, we found that
EGFP� cells overlapped SOX9� cells and were also surrounded
by GFAP fibers (Fig. 4E). Together, these results demonstrated
that SOX9 is expressed by cells in the adult murine SVZ, olfactory
bulb, RMS, and hippocampal SGZ in a distribution that suggests
its colocalization with neural stem and/or transit-amplifying pro-
genitor cells (Alvarez-Buylla and Temple, 1998; Horner and
Gage, 2000; Goldman and Sim, 2005), consistent with a previous
suggestion that SOX9 participates in neurogenesis in the adult
SVZ (Cheng et al., 2009).

SOX9 expression on the retina
SOX9 has also been reported to be expressed by retinal astrocytes
and Müller glial cells (Fischer et al., 2010). Analysis of retinal
slices prepared from GLT1-EGFP mice shows that GLT1 and
SOX9 signals do not overlap. GLT1 is expressed by a population
of cells in the outer nuclear layer, whereas SOX9 is most promi-
nent in the inner nuclear layer. Additional analysis using GS im-
munolabeling showed that SOX9� cells in the inner nuclear layer
coexpressed GS, which was histologically confirmed as Müller
glial cells, as described previously (Fischer et al., 2010) (Fig. 4F).
This conclusion was independently verified by immunostaining
for GS on retinal slices prepared from SOX9-EGFP transgenic

mice, in which the EGFP signal consistently overlapped with
those of GS and SOX9 (Fig. 4G).

Age-related changes of SOX9 expression in mouse cortex and
spinal cord
Age-related changes of SOX9 and GFAP expression were exam-
ined in the same samples. Wild-type 1-, 3-, 12-, and 18-month-
old mice were perfused with PBS and their cortices and spinal
cords were harvested for RNA and protein preparation. qPCR
analysis showed no significant changes in Sox9 mRNA expression
in animals from 3 to 18 month of age in either the cortex or the
spinal cord. However, Sox9 expression was significantly lower at 1
month of age compared with 3, 12, and 18 months of age in the
spinal cord. Similarly, in the cortex, there was a nonsignificant
trend toward a lower Sox9 mRNA expression at 1 month of age
compared with older age groups (Fig. 5A). Western blotting
showed that SOX9 protein increased with age in spinal cord sam-
ples; in the cortex, its expression similarly increased with age in
the 12- and 18-month-old samples (Fig. 5C,D). Interestingly,
both Western blotting and qPCR demonstrated that cortical ex-
pression of GFAP was dramatically less than that of the spinal
cord at all ages (Fig. 5B,C,E). Together, these results suggest that
the relative SOX9 expression increases from 1 to 3 months of
age, likely congruent with the postnatal addition of astrocytes,
whereas its expression level remained relatively stable with sub-
sequent aging.

SOX9 expression in reactive astrocytes
Astrocytes responded to both acute injury and chronic neurode-
generative diseases by increasing their expression of GFAP (Yang
and Wang, 2015) and their rate of proliferation (Bardehle et al.,
2013). Reactive astrocytes lose their domain organization and
their numbers are difficult to quantify due to the often extensive

Figure 5. Age-related changes of SOX9 and GFAP expression in the brain and spinal cord. A, B, mRNA expression of Sox9 and Gfap in the mouse cortex and spinal cord tissue was examined at 1,
3, 12, and 18 months of age using qPCR. Relative expression values were calculated using Gapdh as an internal control. C, Western blot analysis showing protein expression levels at 1, 3, 12, and 18
months of age. D, E, Quantification of Western blotting showed age-related changes of SOX9 and GFAP protein expression. Statistical analysis was done using two-way ANOVA followed by Bonferroni
posttests. n 	 3 mice; **p � 0.01; ***p � 0.001. Error bar indicates SD.
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intermingling of their strongly labeled GFAP� processes (Ober-
heim et al., 2008). A nuclear marker would therefore be a helpful
tool to study astrocytes in tissue with reactive astrogliosis. In a
mouse model of ALS (SOD1G93A), we found that SOX9 was
dramatically upregulated at the symptomatic stage in the spinal
cord, along with GFAP (Fig. 6A,B). Further validation based on
Western blotting confirmed the upregulation of both GFAP and
SOX9 compared with aged-matched littermates (Fig. 6C,D). In
addition, SOX9 upregulation were also observed in reactive as-
trocytes in the penumbral cortical regions after MCAO and after
multiple ministrokes (Fig. 6E,F). GFAP expression can be ob-
served in most SOX9� reactive astrocytes in the spinal cord in
SOD1G93A mice. In the cerebral cortex of MCAO mouse model,
we did observe a few SOX9� cells that were GFAP�, but almost
all of these cells expressed another astrocyte marker, S100� (Fig.
6E). This observation is consistent with previous reports showing
that a significant number of S100��/GFAP� astrocytes are pres-
ent even in pathological states (Walz and Lang, 1998; Wang and
Walz, 2003; Ruscher et al., 2009; Sirko et al., 2015).

RNA-seq comparing the transcriptome of SOX9� and
GLT1� cells
GLT1-EGFP and ALDH1L1-EGFP reporter mice are useful for
isolating astrocytes (Doyle et al., 2008; Heiman et al., 2008; Yang
et al., 2011). We next investigated whether SOX9-EGFP mice also
can be used to isolate astrocytes and, if so, whether the transcrip-
tomes of GLT1� and SOX9� cells are comparable. Cortical
tissues were dissociated from both mouse strains and then astro-
cytes (GLT1� cells or SOX9� cells) and astrocyte-depleted cells
(GLT1� or SOX9� cells) were collected for RNA-seq analyses. A
total of 20,118 genes were detected in at least one cell type. First,
we looked at the sample-to-sample distance matrix and unsuper-
vised hierarchical clustering of all detected genes for each sample
(Fig. 7A). We found that the gene expression profiles of SOX9�
cells and GLT1� cells were very similar to each other and SOX9�
cells and GLT1� cells were also very similar; in contrast, astrocytes
(GLT1� or SOX9�) and astrocyte-depleted cells (GLT1� or
SOX9�) were much further away from each other. We further
looked at the unsupervised clustering of samples based on the top
250 most variable genes determined by the coefficient of varia-
tion of each gene. Similarly, SOX9� cells and GLT1� cells clus-
tered together, whereas SOX9� cells and GLT1� cells were
clustered separately (Fig. 7C).

These data indicate that the variability between these groups
was determined primarily by the difference in cell types, not by
the markers used to purify them (GLT1 or SOX9). To further
look at the gene expression profile similarity between SOX9�
cells and GLT1� cells, log2-transformed gene expression values
for all SOX9� cells and GLT1� cells were plotted against each
other. We found that the two samples are highly similar in terms
of gene expression with a Spearman correlation coefficient of
0.97 and Pearson correlation coefficient of 0.92 (Fig. 7B). Finally,
we examined cell marker expression by the four cell populations.
We looked at multiple markers for astrocytes, microglia, endo-
thelial cells, mural cells (pericytes and smooth muscle cells), my-
elinating oligodendrocytes, oligodendrocyte progenitor cells,
and neurons. We found that SOX9� cells and GLT1� cells (and
also SOX9� cells and GLT1� cells) are almost identical in
marker gene expression levels. Both SOX9� cells and GLT1�
cells are high in astrocyte marker expression and low in the ex-
pression of markers for other cell types (Fig. 7D). Based on these
findings, we conclude that the mRNA profiles of SOX9� cells
reflect astrocytic gene expression.

Quantification of astrocytes using the isotropic
fractionator method
As noted above, ALDH1L1, GLT1, and SOX9 colabeled most
astrocytes. However, we noted that ALDH1L1�, GLT1�, and
SOX9� cells did not as a group comprise the majority of all cells,
calling into question the common notion that astrocytes are the
most abundant cell type in the CNS (Kandel et al., 2000; Neder-
gaard et al., 2003; Hilgetag and Barbas, 2009). Recent studies
using a method called “isotropic fractionator” in combination
with NeuN immunolabeling suggested that the neuron-to-glia
ratio (glia in this case a misnomer, including all non-neuronal
cells, such as astrocytes, oligodendrocytes, OPCs, microglia, en-
dothelial cells, and pericytes) is �1:1 and, furthermore, that
�80% of all neurons in the CNS reside in the cerebellum, includ-
ing in humans, nonhuman primates, and rats (Herculano-
Houzel and Lent, 2005; Azevedo et al., 2009). Although these
reports were initially considered controversial, subsequent work
validated this methodology using stereology (Bahney and von
Bartheld, 2014). Briefly, the isotropic fractionator technique con-
verts brain tissue into a homogenous nuclear suspension and the
nuclei are labeled with DAPI and counted manually using a he-
mocytometer. Neurons are identified by immunostaining of the
nuclei against NeuN. Combining isotropic fractionator with flow
cytometry (also called “flow fractionator”) has been shown to be
more accurate and efficient for cell quantification (Collins et al.,
2010).

On that basis, we took advantage of SOX9 as the first identified
astrocyte nuclear antigen to assess their relative percentage using
the flow fractionator technique. We examined the proportion of
astrocytes in the olfactory bulb, neocortex, hippocampus, cere-
bellum, and spinal cord in adult mice. We prepared single nuclei
suspension and identified DAPI� single nuclei using flow cy-
tometry (Fig. 8A,B). NeuN and SOX9 were then fluorescently
immunolabeled and analyzed separately to avoid antibody cross-
reaction. We found that the relative percentages of NeuN� cells
among all DAPI� cells were as follows: olfactory bulb: 57.6 �
0.7%; neocortex: 25.48 � 1.65%; hippocampus: 26.05 � 3.18%;
cerebellum: 76.28 � 5.43%; the rest of the brain (with the above-
mentioned structures removed): 28.59 � 3.35%; and spinal cord:
13.68 � 2.09%. These numbers are consistent with those noted in
a recent study of the mouse brain using isotropic fractionator (Fu
et al., 2015) (Fig. 8C,D). For SOX9� cells, the proportions
among all DAPI� cells were as follows: olfactory bulb: 3.22 �
0.48%; neocortex: 13.7 � 1.30%; hippocampus: 15.89 � 2.49%;
cerebellum: 3.7 � 0.51%; the rest of the brain: 13.1 � 2.15%; and
spinal cord: 13.2 � 1.87% (Fig. 8E,F). The nuclei not labeled by
either SOX9 or NeuN were composed of a mixture of nuclei from
the oligodendrocyte lineage cells, microglial cells, smooth muscle
cells, and endothelial cells based on previous reports (Pelvig et al.,
2008; Zeisel et al., 2015). The percentages of NeuN-defined neu-
rons were much higher in the olfactory bulb and cerebellum, in
which densely packed granule neurons predominate and in
which astrocytes are relatively scarce. Interestingly, our analyses
suggest that neocortex, hippocampus, and the rest of the brain
contain approximately similar proportions of neurons and astro-
cytes. The spinal cord contains similar proportions of astrocytes
as the neocortex, but its relative proportion of neurons is lower,
likely reflecting the large number of oligodendrocytes in its as-
cending and descending tracts. Overall, this analysis shows that
astrocytes constitute between �10% and 20% of all cells in the
CNS, except in the cerebellum and olfactory bulb, where only
�3–5% of cells are astrocytes.
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Figure 6. SOX9 is upregulated in reactive astrocytes. A, Spinal cord sections from 100-d-old wild-type (WT) littermates and SOD1G93A mice were immunostained against SOX9 (purple) and GFAP
(green). Both SOX9 and GFAP are strongly upregulated in the ventral horn of the SOD1G93A mice compared with WT littermates. B, Quantification of the images produced in A showing that both the
number of SOX9� cells and SOX9 expression intensity per cell, are significantly increased. n 	 3 mice; *p � 0.05. Error bar indicates SD. C, Western blotting using antibodies against SOX9 (green)
and GFAP (red). Beta-actin was used as an input control. D, Quantification of C showing that both SOX9 and GFAP are upregulated in the spinal cords of SOD1G93A mice at the symptomatic stage
compared with WT littermates. n 	 3 mice. *p � 0.05. Error bar indicates SD. E, Two weeks after MCAO, brain sections were immunostained against either SOX9 (purple) and GFAP (green) or SOX9
(purple) and S100� (green). Sections from noninjured brain were used as controls. F, Two weeks after diffuse infarction, sections from hippocampus were immunostained against SOX9 (purple) and
GFAP (green). Sections from a noninjured brain were used as controls.
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Discussion
In this study, we showed that both SOX9 mRNA and protein are
expressed almost exclusively by astrocytes in the adult murine
brain, including its expression by a population of glial lineage
cells (Doetsch et al., 1999), within the subependymal and sub-
granular neurogenic regions. Previous transcriptome analyses of
astrocytic genes have suggested that SOX9 is expressed specifi-
cally by astrocytes (Lovatt et al., 2007; Zhang et al., 2014; Farmer
et al., 2016; Zhang et al., 2016). However, detailed examination of
colabeling of SOX9 with other astrocyte markers in multiple CNS
regions, as well as at different ages and pathologies, is required to
validate SOX9 as an astrocyte-specific marker. For example,
GLT1 has been used widely to identify astrocytes due to its strong
expression and specificity in astrocytes, as well as its broader
coverage of astrocytes than GFAP (Lovatt et al., 2007). However,
GLT1 is regulated developmentally and may be modulated func-
tionally; for example, in reactive gliosis, GLT1 is downregulated

significantly (Dunlop et al., 2003; van Landeghem et al., 2006),
limiting its use in disease. GFAP is the most commonly used
astrocyte marker, but it only labels a small portion of astrocytes in
the normal mouse cortex (Wang and Walz, 2003; Sofroniew and
Vinters, 2010; Molofsky et al., 2012). In addition, S100� has been
shown to label astrocytes, but it is also expressed by oligodendro-
cytes and their progenitors (Steiner et al., 2007). This study is the
first, to our knowledge, to establish that SOX9 may be used as an
astrocyte-specific nuclear marker both across ages and through-
out the CNS. This study is also the first to demonstrate that GLT1,
SOX9, and ALDH1L1 are largely coexpressed by the same popu-
lation of cells and these three markers identify the vast population
of astrocytes in adult mouse brain. Moreover, whereas all three
may serve as pan-astrocyte markers, GLT1 and ALDH1L1 are
distributed evenly across the cell bodies and processes of astro-
cytes, whereas SOX9 is primarily localized in the nucleus. Identi-
fication of astrocytes by such a nuclear marker may provide

Figure 7. Comparison of RNA transcriptome profiles between SOX9� and GLT1� cells. A, Relationship of transcriptome profiles among GLT1�, SOX9�, GLT1�, and SOX9� samples.
Sample-to-sample Euclidean distance matrix with hierarchical clustering using rlog-transformed read counts of 20,118 detected transcripts. B, Scatter plot of log2 average transformed TPM values
from SOX9� cells and GLT1� cells. Spearman correlation coefficient is calculated and shown on the plot. C, Unsupervised hierarchical clustering of samples and heat map based on log2-
transformed TPM values of the top 250 variably expressed genes. D, Unsupervised hierarchical clustering of samples and heat map showing log2-transformed TPM values of marker genes for
different cell types.
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Figure 8. Quantification of the proportions of neurons and astrocytes using isotropic fractionator and flow cytometry. A, Single nuclei suspensions were prepared from the brain tissue and labeled
with DAPI. Flow cytometry was used for the identification of single nuclei. Fluorescence of DAPI (DAPI-A) is plotted against forward scatter (FSC-A). The DAPI� population containing single nuclei
was gated for further analysis. B, Representative view of DAPI-labeled single nuclei preparation. C, Proportions of NeuN� cells in the olfactory bulb, cortex, hippocampus, cerebellum, spinal cord,
and the rest of the brain. Fluorescence staining of NeuN was plotted against FSA. The first plot is a representative isotype control staining for the cerebral cortex. For each (Figure legend continues.)
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significant advantage in histological analysis, especially under
conditions in which astrocytes have lost their domain organiza-
tion. We found that SOX9 expression did not change with aging,
but was upregulated in reactive astrocytes in mouse models of
ALS and stroke, just as prior studies have shown that SOX9 is
upregulated after spinal cord injury (Barnabé-Heider et al., 2010;
McKillop et al., 2013; McKillop et al., 2016). In no case was SOX9
lost to histological detection. Although most SOX9� reactive
astrocytes also express GFAP, we observed SOX9�/GFAP� cells
in the cortex of the MCAO mouse model and these cells can be
labeled by a broader astrocyte marker, S100�. This is consistent
with previous reports that a substantial population of S100��/
GFAP� astrocytes near the injury site in mouse cortex maintain
a GFAP� phenotype after injury (Wang and Walz, 2003; Sirko et
al., 2015). Further comparison of the molecular features and func-
tions of SOX9�/S100�/GFAP� and SOX9�/S100�/GFAP� re-
active astrocytes in different CNS regions and in different disease
models can be helpful to understand the heterogeneous roles of
astrocytes in CNS disease.

Using SOX9-EGFP reporter mice, we purified SOX9� cells
and compared the transcriptional profiles of SOX9� and
GLT1� astrocytes. Sample distance analysis based on global gene
expression, unsupervised hierarchical clustering on top variable
genes, and marker gene expression supported the notion that the
transcriptome of SOX9� cells and GLT1� astrocytes are directly
comparable. Therefore, the SOX9-EGFP mouse can be used as a
new tool for isolating astrocytes for genomic studies, as well as in
vitro experiments. A recent publication showed that RNA profil-
ing from single nuclei is analogous to RNA harvested from
the whole cell (Grindberg et al., 2013). Isolation of SOX9-
immunolabeled nuclei could thereby potentially be useful for
RNA-seq and epigenetic studies in astrocytes harvested from the
human brain. One advantage of using nuclear RNA is that it may
be associated with fewer cell-loss-induced biases because nuclei
are more resistant to tissue dissociation than the plasma mem-
brane,and may still be isolated when the plasma membrane is
disrupted (Rowat et al., 2006; Matevossian and Akbarian, 2008).

SOX9 is a member of a highly conserved family of transcrip-
tion factors defined by their similarity to the high-mobility group
DNA-binding domain of SRY (sex-determining region Y). SOX9
was first identified as the gene underlying human haploinsuffi-
ciency disease campomelic dysplasia (CD), a severe dwarfism
syndrome featured by male sex reversal and skeletal malforma-
tion of endochondral bones, as well as mental retardation. Brain
abnormalities are observed in CD, including dilation of lateral
ventricles, hypoplasia of the corpus callosum, and cerebellum
defects (Houston et al., 1983). Other studies have documented
that SOX9 plays important roles during the development of ner-
vous system and especially in glial fate specification. SOX9 drives
fate specification of both astrocytes and oligodendrocyte lineage

cells during development (Stolt et al., 2003; Rowitch and Krieg-
stein, 2010; Molofsky et al., 2013; Bayraktar et al., 2014; Nagao et
al., 2016). For example, Molofsky et al. (2013) used transcrip-
tome analysis of Aldh1l1 precursors harvested from the develop-
ing spinal cord to identify candidate transcription factors that
serve as regulators of glial fate. The analysis revealed that the bZIP
transcription factor Nfe2l1 promotes glial fate under direct Sox9
regulatory control. Another study found that Sox9 and NFIA
associate physically and collaborate to control the induction and
choice of glial-specific genes. Functional analysis revealed that a
subset of these genes, Apcdd1 and Mmd2, play key roles in mi-
gration and metabolism during gliogenesis, respectively (Kang et
al., 2012). Therefore, it is increasingly acknowledged that SOX9 is
a key upstream player in the transcriptional cascades that coor-
dinate glial lineage development.

However, despite these findings, it is also clear that the func-
tion of SOX9 in the adult CNS is poorly understood. Our study
serves not to address this important question, but rather to define
SOX9 as an astrocyte-specific nuclear marker, as well as a marker
for astroglial lineage neural precursors within the neurogenic
zones of the adult murine brain. SOX9 has been proposed to be a
master regulator of extracellular matrix production by chondro-
cytes during chondrogenesis (Pritchett et al., 2011). Consistent
with this, it has been found recently that SOX9 is involved in the
production of axon-prohibitive extracellular matrix after spinal
cord injury and that conditional ablation of SOX9 expression
improved functional recovery (McKillop et al., 2013). Accord-
ingly, SOX9 may also regulate extracellular matrix production in
astrocytes, which in turn modulate synaptic plasticity under
physiological conditions (Faissner et al., 2010). Conversely,
SOX9 is downregulated in the dorsal lateral prefrontal cortex of
individuals who died after suicide compared with sudden death
controls (Ernst et al., 2011; Nagy et al., 2015). The above study
suggested a role of SOX9 and thereby of astrocytes in psychiatric
disease.

Capitalizing upon our identification of SOX9 as an astrocyte-
specific nuclear marker, we used the isotropic fractionator tech-
nique in combination with SOX9 immunolabeling to quantify
the relative proportion of astrocytes in multiple regions of the
mouse brain. Our analysis suggests that the relative fraction of
astrocytes is lower than expected. SOX9� cells account for �10 –
20% of all cells in most regions of the CNS and only �3–5% in the
olfactory bulb and cerebellum. Herculano-Houzel and Lent
(2005) and Azevedo et al. (2009) first established the technique of
isotropic fractionator and suggested that the human brain con-
tains an approximately equal total number of non-neuronal cells
(glial) and neurons. The 1:1 ratio of neurons to non-neuronal
cells (glia) was recently validated by stereology (Bahney and von
Bartheld, 2014). Another stereological study quantified glia sub-
types in postmortem human neocortex based on morphology
and reported that astrocytes comprise only �20% of all glial cells
(Pelvig et al., 2008), similar to our data (Fig. 8E,F). Together,
these observations suggest both the validity and utility of SOX9-
based astrocytic identification and isolation.
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Zeisel A, Muñoz-Manchado AB, Codeluppi S, Lönnerberg P, La Manno G,
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