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A growing body of evidence indicates intra- and inter-regional heterogeneity of astrocytes in the brain. However,
because of a lack of an efficient method for isolating astrocytes from the spinal cord, little is known about how much
spinal cord astrocytes are heterogeneous in adult mice. In this study, we developed a new method for isolat-

ing spinal astrocytes from adult mice using a cold-active protease from Bacillus licheniformis with an astrocyte cell
surface antigen-2 (ACSA-2) antibody. Using fluorescence-activated cell sorting, isolated spinal ACSA-2" cells were
divided into two distinct populations, ACSA-2"9" and ACSA-2'°". By analyzing the expression of cell-type marker
genes, the ACSA-2"9" and ACSA-2°" populations were identified as astrocytes and ependymal cells, respectively.
Furthermore, ACSA-2"9" cells had mRNAs encoding genes that were abundantly expressed in the gray matter

(GM) but not white matter astrocytes. By optimizing enzymatic isolation procedures, the yield of GM astrocytes

also increased. Therefore, our newly established method enabled the selective and efficient isolation of GM astrocytes
from the spinal cord of adult mice and may be useful for bulk- or single-cell RNA-sequencing under physiological
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Introduction

Astrocytes, a type of glial cells, are distributed through-
out the central nervous system and are known to play
diverse roles in maintaining homeostasis [1]. For exam-
ple, astrocytes modulate extracellular pH and ion and
neurotransmitter concentrations through specific
channels and transporters that affect neuronal func-
tions in the brain and spinal cord [2]. Accumulating
evidence indicates that astrocytes exhibit intra- and
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inter-regional heterogeneity in terms of molecular,
morphological, and functional characteristics [3]. In
particular, recent advanced technologies have shed
light on astrocyte heterogeneity in individual brain
regions (e.g., the hippocampus [4, 5], cortex [6, 7],
hypothalamus [8], and amygdala [9]) and have cat-
egorized astrocytes into clusters based on their gene
expression profiles. In the spinal cord, astrocytes are
distributed in tile form in the white and gray matter
(WM and GM, respectively), and their morphology [10]
and gene or protein expression profiles [11] are quite
different from those of brain astrocytes. Recently, we
identified a population of spinal cord astrocytes defined
by the expression of hairy and enhancer of split 5
(Hes5). Hes5" astrocytes are selectively localized to the
superficial laminae (laminae I-IIIo) of the spinal dorsal
horn (SDH) and play a crucial role in modulating the
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processing of mechanical information from the periph-
ery [12]. Furthermore, another astrocyte defined by the
expression of GFP under the control of a lunatic fringe
promoter was recently found in laminae III-IV [13].
Despite recent progress, there have been no reports on
the comprehensive characterization of astrocytic het-
erogeneity in the spinal cord at the single-cell level, for
example, using single-cell RNA-sequencing (scRNA-
seq). One reason for this may be the lack of efficient
methods for isolating spinal astrocytes from adult mice.
Previously, spinal astrocytes have been isolated using
papain-based tissue digestion. However, the yield of
isolated astrocytes was much lower than that of brain
astrocytes [14]. Furthermore, the conventional cell dis-
sociation method using a protease requires heating,
which has been reported to artificially induce or change
the expression of genes, such as immediate early genes,
in several brain cells including astrocytes [9].

To overcome these limitations, we used a cold-active
protease from Bacillus licheniformis [15] with an astro-
cyte cell surface antigen-2 (ACSA-2) antibody [16]
and efficiently isolated astrocytes from the mouse spi-
nal cord in high yields using fluorescence-activated
cell sorting (FACS). We also found that the cells in the
ACSA-2Me" fraction were GM astrocytes. Thus, our
established method enables the selective and high-yield
isolation of GM astrocytes from the spinal cord of adult
mice and may be useful for further transcriptomic and
epigenetic analyses at the bulk and single-cell levels to
advance our understanding of astrocyte heterogeneity
under physiological and pathological conditions.
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Results

Selective immunolabeling of GM astrocytes in the spinal
cord by ACSA-2 antibody

Aldhl1l1-EGFP mice, in which almost all astrocytes
express EGFP reporter proteins [17], and an ACSA-2
antibody have been frequently used to isolate adult
mouse brain astrocytes using FACS [4, 16, 18, 19]. To
explore the best method of FACS isolation of spinal
astrocytes in adult mice, we first compared the distribu-
tion patterns of EGFP* and ACSA2™ cells using Aldh1l1-
EGFP mice. EGFP* cells in the lumbar spinal cord of
Aldh1l1-EGFP mice were ubiquitously observed in both
GM and WM (Additional file 1: Supplementary Fig. 1a).
The fluorescence intensity of EGFP in individual cells
was slightly higher in GM astrocytes than in WM astro-
cytes, and was not detected in wild-type (WT) mice
(Additional file 1: Supplementary Fig. 1b). EGFP™ cells
in the GM were co-labelled with the astrocytic marker
SRY-related high-mobility group box 9 (SOX9) but not
with SRY-related high-mobility group box 10 (SOX10,
for oligodendrocyte lineage cells), neuronal nuclear anti-
gen (NeuN, for neurons), or ionized calcium-binding
adapter molecule 1 (IBA1, for microglia) (Additional
file 1: Supplementary Fig. 1c). In the WM of the spinal
cord, some EGFP™ cells were co-stained with SOX9 and
others with SOX10 (Additional file 1: Supplementary
Fig. 1d). In contrast, ACSA-2 immunofluorescence in the
spinal cord was selectively observed in the GM (Fig. 1a).
However, by increasing the gain of image acquisition (at
a saturated level in the GM), weak immunofluorescence
signals of ACSA-2 were detected in the WM, which

Fig. 1 Specific ACSA-2-immunostaining in the gray matter (GM) of spinal cord in adult mice. a Immunolabeling with an ACSA-2 antibody

in the fourth lumbar (L4) spinal cord of Aldh1/1-EGFP mice. The dashed line indicates the boundary between GM and white matter

(WM). b Representative immunohistochemical images of ACSA-2 and matched IgG control antibodies in the spinal dorsal horn (SDH)

of Aldh111-EGFP mice. The immunofluorescence intensities of ACSA-2 and IgG was enhanced to a saturated level in the GM by increasing the gain

of image acquisition. Scale bars, 500 um (a) and 100 pm (b)
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was higher than that in the IgG control (Fig. 1b). These
results suggest that the ACSA-2 antibody is a useful tool
for selectively isolating GM astrocytes from the spinal
cord of adult mice.

Isolation of spinal astrocytes by FACS using ACSA-2
antibody

Papain is the most frequently used cysteine protease to
dissociate brain and spinal cord tissues to isolate astro-
cytes [13, 18, 19]. Heating tissue samples is needed to
achieve their highest enzymatic activity, but this has
been shown to allow for artificial changes in gene expres-
sion in several cell types, including astrocytes [9]. Thus,
we selected a cold-active serine protease purified from
the psychrophilic soil bacterium Bacillus licheniformis
[15]. The lumbar spinal cord tissues (the third and fourth
lumbar (L3/4) segments) were treated with this enzyme
at 4 °C for 20 min, myelin debris and oligodendrocytes
were removed from the suspension using myelin removal
beads (20 pL per one L3/4 spinal cord tissue), and ACSA-
2 cells were isolated by FACS (Fig. 2a-c). After doublet
exclusion, 7-aminoactinomycin D (7-AAD)-negative
viable cells immunolabeled with the ACSA-2 antibody,
but not the IgG control, were selected as ACSA-27" cells
(Fig. 2b). As ACSA-2 recognizes the cell surface protein
ATPase Na'/K*-transporting subunit beta 2 (ATP1B2),
the fraction of ACSA-27" cells may have included astro-
cytic process fragments. To purify the cell bodies of
astrocytes, we further treated the ACSA-2 antibody-
containing cell suspension with DRAQ5, a cell-perme-
able far-red fluorescent DNA dye [20] and found that
ACSA-2hg" and ACSA-2"" cells were clearly identifiable
(Fig. 2¢). Consistent with previous data [16], quantitative
polymerase chain reaction (qPCR) analysis of the sam-
ple extracted from ACSA-2* cells showed that astrocyte
(Sox9), but not other cell-types markers (SoxI0 for oli-
godendrocyte lineage cells, Mog for mature oligoden-
drocytes, Itgam for microglia, Rbfox3 for neurons and
Pecaml for endothelial cells except Cspg4 for perivas-
cular cells and oligodendrocyte precursor cells) were
enriched in ACSA-2" population compared with the
L3/4 spinal cord tissues (Fig. 2d). These results indicate
that this protocol enables the isolation and purification of
spinal astrocytes from adult mice.

Highly efficient isolation of the GM astrocytes

and ependymal cells from the mouse spinal cord

Based on the differences in ACSA-2 immunofluores-
cence in the lumbar spinal cord (Fig. 1a, b), we specu-
lated that the ACSA-2M#" and ACSA-2'°" populations
(Fig. 3a) could be GM and WM spinal astrocytes, respec-
tively. To characterize the populations of ACSA-2hieh
and ACSA-2"" cells, mRNA was extracted from these

Page 3 of 10

populations separately. The expression of alanine—ser-
ine—cysteine transporter-1 (ASC-1; encoded by Slc7a10),
an Na'*-independent amino acid transporter, is highly
specific to GM astrocytes in the spinal cord [21, 22]. As
expected, ACSA-2M#" but not the ACSA-2'°Y popula-
tion expressed Slc7a10 (Fig. 3b). Galectin-3 (encoded by
Lgals3) which is known to be expressed in WM astro-
cytes [23] was specifically detected in the ACSA-2°
population (Fig. 3b). However, in contrast to the expres-
sion of Sox9, Agp4 which is a marker of astrocytes, was
much lower in ACSA-2!°" cells than in ACSA-2"8" cells
(Fig. 3b). Immunohistochemical analysis showed that
galectin-3 and SOX9 were expressed in WM astrocytes
(Fig. 3c) and ependymal cells (Fig. 3d). Consistent with
this result, ACSA-2'°" but not ACSA-2"" cells highly
expressed Dynlrb2, a marker of ependymal cells [24, 25]
(Fig. 3e). By increasing the gain of image acquisition,
weak immunofluorescence signals of ACSA-2 were also
detected in the ependymal cells, the intensity of which
was higher than that in IgG control (Additional file 1:
Supplementary Fig. 2). These results suggest that the
ACSA-2"8" and ACSA-2'°Y populations are GM spinal
astrocytes and ependymal cells, respectively.

Optimized isolation procedure enhances the yield of GM
spinal astrocytes

To enhance the yield of ACSA-2Me" population, we
optimized the processes of myelin removal and enzy-
matic reactions. As the treatment with myelin removal
beads has been reported to affect the yield of astro-
cytes [26], we tested different volumes of myelin
removal beads (5, 7.5, or 10 pL per one hemi-section
of the L3/4 spinal cord). A low volume of myelin
removal beads slightly increased the number of ACSA-
2high cells (Fig. 4a). Furthermore, as a longer duration
of enzymatic treatment allowed for effective disso-
ciation at a lower temperature [9], we compared the
effect of three different dissociation periods (20, 40,
or 60 min) and found that enzymatic dissociation for
60 min enabled the isolation of the highest number of
ACSA-2Meh cells (Fig. 4b). In contrast to the ACSA-
2high cells, these procedures had non-significant effects
on the yield of ACSA-2"° cells (Additional file 1: Sup-
plementary Fig. 3a, b). Under this procedure (myelin
removal beads 5 pL, and enzymatic dissociation for
60 min), we confirmed that FACS-purified ACSA-
2hish cells (7079 +269 cells per L3/4 spinal cord tis-
sue, n=>5) highly expressed astrocytic markers (Sox9
and Agp4) and exhibited low expression of Sox10
and Cspg4 (Fig. 4c, d). Furthermore, the mRNAs of
Slc7al0 and Hes5 (a marker for our identified sub-
population of astrocytes in the SDH) were enriched in
the ACSA-2M8h population (Fig. 4d). In contrast, Sox9,
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of total cells in the L3/4 spinal cord sample. Data show mean + SEM.

Lgals3, and Dynlrb2 were enriched in the ACSA-2°¥
population (1355+56 cells per the L3/4 spinal cord,
n=5) (Additional file 1: Supplementary Fig. 3c). These
results indicate that our established method ena-
bles the highly effective and selective isolation of GM
astrocytes (and ependymal cells) from the spinal cord
of adult mice.

Discussion

Increasing evidence indicates molecular and functional
heterogeneity of astrocytes in the brain under physi-
ological and pathological conditions [3]. However, the
extent to which spinal cord astrocytes are heterogeneous
remains to be fully understood because there is a lack of
efficient methods to sort spinal cord astrocytes, which



lwasaki et al. Molecular Brain (2024) 17:25

»
1

ACSA-2°v

w
L

ol ol 4

SSC

(Relative to L3/4 spinal cord)
N

o
I

mRNA expression

Galectin-3

Sic7a10

Page 5 of 10

ACSA-2v

l ACSA-2high
8 - 2.0+ 1.5
(o] 6 -
o
. [ [RRRn o2..
44
0.54
2 4
1 EY | EErren
| QD 0
Lgals3 Sox9 Aqp4
e
< 60 -
]
[¢]
= o
=
2. 40 4
S0
& 23
Galectin-3 %9
/ 2
== s 8 20 -
o2
28
Yo
x 1
EC 0lllgq..
Dynirb2
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canal (d) of wild-type mice. e gPCR analysis of Dynirb2 mRNA in FACS-sorted ACSA-2"9" and ACSA-2'°" cells (n=5 mice). Scale bars, 100 pm (c)

and 20 pym (d). Data show mean + SEM

hinders a comprehensive analysis of astrocytic heteroge-
neity, such as scRNA-seq. Here, we established an opti-
mal method for the efficient and high-yield isolation of
GM astrocytes from the spinal cord of adult mice. The key
to this achievement was to employ cold-active protease-
based cell dissociation, cell body isolation using the DNA
dye DRAQ5, and cell labeling using an ACSA-2 antibody.
Using DRAQS5, the indistinct ACSA-2* cell population
was divided into two distinguished populations: ACSA-
2high and ACSA-2!°%. Thus, the ACSA-2" fraction may
include process fragments of astrocytes that were pro-
duced by the tissue dissociation procedure. Furthermore,
by analyzing gene expression, we demonstrated for the
first time that ACSA-2"e" cells in the spinal cord of adult
mice are GM astrocytes, enabling GM astrocyte-selective
analyses. Moreover, our method achieved a high-yield
isolation of GM astrocytes by optimizing the protocols
for enzymatic tissue dissociation and myelin removal
from cell suspensions. The optimized protocol yielded
approximately 7,000 cells per L3/4 spinal cord from one
mouse, which is much higher than the yield in a previous
report using the cysteine protease papain (approximately

9,000 cells per whole spinal cord tissue from one mouse).
The reason for this difference remains unclear. However,
the serine protease used in our study may be suitable for
cell dissociation to form a single-cell suspension from the
spinal cord tissues of adult mice.

The process in which oligodendrocytes are removed
from cell suspension by myelin removal beads is also
important for efficient astrocyte purification using
ACSA-2 antibody because, in addition to astrocytes,
Atplb2 mRNA has been reported to be expressed in
Cspgd™ or O1% cells, which are considered oligoden-
drocyte precursors and mature oligodendrocytes,
respectively [4, 16]. Compared to SoxI0 mRNA whose
expression level was low in the ACSA-2" population
(Fig. 2d), these cells expressed Cspg4 mRNA, a marker
of oligodendrocyte precursor cells and perivascular cells.
However, considering our further data showing that
ACSA-2Meh and ACSA-2'°Y cells had extremely low or
low levels, respectively, of Cspg4d mRNA (Fig. 4d), Cspg4
expression detected in the ACSA-2* population could be
due to the inclusion of a few pericytes. In fact, scRNA-
seq has revealed that brain cells isolated using the
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ACSA-2 antibody include mural cells [4] and astrocytes
and pericytes in the spinal cord express Atp1b2 [27].

An unexpected finding in this study was that cells in
the ACSA-2'°% fraction were ependymal cells, but not
astrocytes (Fig. 3 and Additional file 1: Supplementary
Figs. 2, 3). In fact, ACSA-2"" cells did not express the
astrocytic gene Agp4 but did Dynlrb2 which is a marker
of ependymal cells. Other astrocytic genes, Sox9 and
Lgals3 were detected in ACSA-2'°" cells, but SOX9 and
galectin-3 were also found in ependymal cells of the
central canal, which is consistent with previous data.
Considering our data, ACSA-2* cells isolated using
only ACSA-2 magnetic beads could be a mixture of
astrocytes and ependymal cells; thus, caution should
be exercised when interpreting data obtained from
non-fractionated ACSA-2" cells. However, because, to
our knowledge, there is currently no efficient isolation
method for ependymal cells by antibody-based FACS
in non-transgenic WT mice, our method could also be

useful for ependymal cell isolation, although there is
one previous report that isolated ependymal cells and
investigated their heterogeneity using a reporter pro-
tein-expressing transgenic mouse line [25].

A limitation of this study was that WM astrocytes
were not isolated from the spinal cord using our
method. A similar difficulty was also reported in the
optic nerve, which may be related to the dense myeli-
nation of these tissues [28]. Fluorescence-activated
nuclei sorting [29] or Ribo Tag immunoprecipitation
[30] may be used to overcome this limitation. Another
limitation was that this study examined only adult
mice because the expression of ATP1B2 in the brain is
detectable from embryonic day 18.5 (E18.5) [16]; how-
ever, its expression level and cell-type specificity in the
spinal cord remain to be determined. Further investiga-
tions are needed to clarify whether the current protocol
applies to pre- and postnatal or aged mice.
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An advantage of our method is to apply for isolating
spinal astrocytes from genetically modified mice (e.g.,
cell-type-specific conditional knockout mice or genetic
animal models of disease) because there is no need to
cross additional transgenic mice, such as Aldh1l1-EGFP
mice. Recent single-cell RNA-seq analysis revealed that
Atplb2 is predominantly expressed in astrocytes of the
marmoset [31], developing [32] and adult human spinal
cords [33]. Therefore, our established method can be
adapted to other species. Among more important chal-
lenges are to determine whether there is heterogene-
ity within the ACSA-2"¢" population in the spinal cord
by scRNA-seq analysis of isolated spinal astrocytes
using our established method, since a recent scRNA-
seq analysis of ACSA-2" brain astrocytes has revealed
that these cells are divided into several populations [4].
Furthermore, previous papers have shown that cultured
astrocytes acutely isolated from mice and human have
abilities to secrete molecules, promote neuron survival
and respond to various stimuli [34-36]. Thus, the func-
tional analysis of isolated spinal astrocytes using our
established method is also an important subject. Thus,
our technique will be useful for transcriptomic and epi-
genetic analyses at bulk and single-cell levels, deepen-
ing our understanding of spinal astrocyte heterogeneity
under physiological and pathological conditions.

Methods

Animals

Male C57BL/6 mice (CLEA Japan, Tokyo, Japan) were
used. Male and female Aldhil1-EGFP mice (B6;FVB-
Tg(Aldh1l1-EGFP/Rpl10a)JD130Htz/]) [17] were pur-
chased from The Jackson laboratory. All mice used were
8-10 weeks of age at the start of each experiment and
were housed at 22 +1 °C with a 12-h light-dark cycle. All
animals were fed food and water ad libitum. All animals
were housed in standard polycarbonate cages in groups
of same-sex littermates. All animal experiments were
conducted according to relevant national and interna-
tional guidelines contained in the ‘Act on Welfare and
Management of Animals’ (Ministry of Environment of
Japan) and ‘Regulation of Laboratory Animals’ (Kyushu
University) and under the protocols approved by the
Institutional Animal Care and Use committee review
panels at Kyushu University.

Immunohistochemistry

Mice were deeply anesthetized with intraperitoneal (i.p.)
injection of pentobarbital and transcardially perfused
with phosphate-buffered saline (PBS) followed by ice-
cold 4% paraformaldehyde (PFA)/PBS. The transverse
fourth lumbar (L4) segments of spinal cord was removed,
postfixed in the same fixative for 3 h at 4°C. According
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to a method of our previous paper [12], transverse sec-
tions of L4 spinal cord (30 um) were incubated for 48 h at
4°C with primary antibodies for ACSA-2-PE (1:50, 130-
116-244, Miltenyi Biotec, Bergisch-Gladbach, Germany),
IgG-PE (1:50, 130-113-450, Miltenyi Biotec, Bergisch-
Gladbach, Germany), polyclonal goat anti-SOX9 (1:2000,
R&D Systems, MN, USA), polyclonal goat anti-SOX10
(1:500, AF2864, R&D Systems, MN, USA), monoclonal
rabbit anti-NeuN (1:2000, ab17748, abcam, Cambridg,
UK), polyclonal guinea pig anti-IBA1 (1:2000, 234 00,
Synaptic Systems, Goettingen, Germany) and mono-
clonal rat anti-galectin-3 (1:500, CL8942AP, Cedarlane
Labs, Burlington, Canada). Tissue sections were incu-
bated with secondary antibodies conjugated to Alexa
Fluor 488 (1:1000, A-21208, Thermo Fisher), Alexa Fluor
546 (1:1000, A-11056, Thermo Fisher) or DyLight 405
(1:1000, 711-475-152 or 706-475-148, Jackson Immu-
noResearch) and mounted with or without 4,6-diamid-
ino-2-phenylindole (DAPL Vector Laboratories, USA).
Three sections from one tissue were randomly selected
and images were taken using an LSM700 Imaging System
(Zen 2012, Carl Zeiss) and BZ-X800 fluorescence micro-
scope (Keyence Corporation, Osaka, Japan).

Fluorescence activated cell sorting (FACS)

Mice were deeply anesthetized by i.p. injection of pento-
barbital and perfused transcardially with ice-cold PBS.
The L3/4 spinal cord was rapidly removed from the verte-
bral column and placed into ice-cold Hanks’ balanced salt
solution (HBSS) without Ca**, Mg?* (HBSS (-)). The dura
and pia matter and dorsal/ventral roots were carefully
removed from the spinal cord, and spinal cord tissue was
cut into 8 pieces. The spinal tissue pieces were treated
with ice-cold 1 mL enzymatic solution [10 mg/mL of pro-
tease from Bacillus licheniformis enzyme (Sigma-Aldrich,
P5380) with 125 units/mL of DNasel (Worthington Bio-
chemical Corporation) and 5 mM CacCl,] in HBSS (-) for
10 or 30 min at 4 °C. The tissues were homogenized by
passing through a 23G needle attached with 1 mL syringe
and were further incubated for 10 or 30 min at 4 °C. After
that, the tissues were homogenized by passing through a
26G needle, and the enzymatic reaction was stopped by
HBSS with Ca**, Mg?". After centrifugation (1000 X g,
5 min, 4 °C), the cells were resuspended in HBSS (-) with
0.5% BSA, 2mM EDTA and 10 or 20 uL Myelin Removal
Beads II (Milteny Biotec) for 15 min at 4 °C to remove
myelin debris and oligodendrocytes from the suspen-
sion. In the case of the hemi-section of the L3/4 spinal
cord, the tissue pieces were treated with ice-cold 0.5 mL
enzymatic solution for 20, 40 or 60 min at 4 °C and the
cell suspension was incubated with 5, 7.5 or 10 pL Myelin
Removal Beads II. After centrifugation (300 X g, 10 min,
4 °C), the cells were resuspended in HBSS (-) with 0.5%
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BSA and 2mM EDTA, and passed through a magnetic
cell sorting (MACS) LS column (Milteny Biotec) accord-
ing to the manufacturer’s protocol at 4 °C. After centrif-
ugation (300 X g, 10 min, 4 °C), the cell suspension was
blocked by incubating with Fc Block (1:200, 553142, BD
Biosciences) for 5 min and immunostained with IgG-
PE (1:200, 130-113-450, Miltenyi Biotec) or ACSA2-PE
(1:200, 130-116-244, Miltenyi Biotec) for 10 min at 4 °C in
the dark. After washing, the cell suspension was treated
with 7-aminoactinomycin D (7-AAD; 1:40, 00-6993-50,
eBioscience) and DRAQ5 (1:666, 130-117-343, Milteny
Biotec) and incubated for at least 15 min on ice for viabil-
ity and targeting cells with nucleus staining prior to cell
sorting. 7-AAD"8 DRAQ5" ACSA-27 cells were gated as
live cells and sorted depending on ACSA-2 fluorescent
intensity using cytoFLEX SRT (Beckman coulter, CA,
USA).

Quantitative polymerase chain reaction (qPCR)

The sorted cells were subjected total RNA extraction
using the Quick-RNA Micro-Prep kit according to the
manufacturer’s protocol (Zymo Research, CA, USA).
The extracted RNA from the sorted cells was trans-
ferred to reverse transcriptional reaction with Prime
Script reverse transcriptase (Takara, Japan). gPCR was
performed with Premix Ex Taq (Takara, Japan) using
QuantStudio3 (Applied Biosystems, MA, USA). Expres-
sion levels were normalized to the value for Gapdh
and values below detection level were regarded as
zero. The following primers and probes were obtained
from Integrated DNA Technologies (IA, USA): Sox9
(NM_011448; SRY (sex determining region Y)-box 9),
Sox10 (NM_011437; SRY (sex determining region Y)-
box 10), Mog (NM_010814; myelin oligodendrocyte
glycoprotein), ltgam (NM_001082960; integrin subunit
alpha M), Rbfox3 (NM_001039168; RNA binding protein,
fox-1 homolog (C. elegans) 3), Pecaml (NM_001032378;
platelet/endothelial cell adhesion molecule 1), Cspg4
(NM_139001; chondroitin sulfate proteoglycan 4), Agp4
(NM_009700; aquaporin 4), Slc7al0 (NM_017394; sol-
ute carrier family 7 (cationic amino acid transporter,
y+system), member 10), Hes5 (NM_010419; hairy and
enhancer of split 5) and Dynlrb2 (NM_029297; dynein
light chain roadblock-type 2). The sequences of TagMan
primer pairs and probe were described below.

Gapdh:  5'-FAM-ACCACCAACTGCTTAGCCCCC
CTG-TAMRA-3" (probe), 5 -TGCCCCCATGTTTGT
GATG-3’ (forward primer), 5'-GGCATGGACTGTGGT
CATGA-3’ (reverse primer).

Lgals3: 5-FAM-CCCGCTGGACCACTGACGGTG-
TAMRA-3’ (probe), 5-TCCTGCTGCTGGCCCTTAT-3’
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(forward primer), 5-TTCACTGTGCCCATGATTGTG-
3’ (reverse primer).

Statistical analysis

Quantitative data were expressed as the means + SEM.
Data were analyzed by one-way analysis of variance
(ANOVA) with the post hoc Tukey’s multiple com-
parisons test (Fig. 4a, b and Additional file 1: Supple-
mentary Fig. 3a), Kruskal-Wallis test with the post hoc
Dunn’s multiple comparisons test (Additional file 1:
Supplementary Fig. 3b), as appropriate, after deter-
mining the normality (Shapiro—Wilk test) and variance
(F-test or Brown—Forsythe test) of the experimental
data. Statistical analyses were performed using Prism 7
(GraphPad, CA, USA). Values were considered signifi-
cantly different at P<0.05.

Abbreviations

7-AAD 7-Aminoactinomycin D

ACSA-2 Astrocyte cell surface antigen-2

ASC1 Alanine-serine—cysteine transporter-1
ATP1B2 ATPase Na*/K* transporting subunit beta 2
FACS Fluorescence-activated cell sorting

GM Gray matter

HBSS Hanks'balanced salt solution

Hes5 Hairy and enhancer of split 5

IBAT lonized calcium-binding adapter molecule 1
MACS Magnetic cell sorting

NeuN Neuronal nuclear antigen

PBS Phosphate-buffered saline

PFA Paraformaldehyde

qgPCR Quantitative polymerase chain reaction
scRNA-seq  Single-cell RNA-sequencing

SDH Spinal dorsal horn

SOX9 SRY-related high-mobility group box 9
SOX10 SRY-related high-mobility group box 10
WM White matter

WT Wild-type

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513041-024-01097-3.

Additional file 1: Supplementary Fig. 1. EGFP expression in the GM and
WM of the spinal cord in adult Aldh1/1-EGFP mice. a, EGFP expression in
the L4 spinal cord of Aldh1/1-EGFP mice. b, Representative immunohisto-
chemical images of EGFP and SOX9 (magenta) in the SDH of Aldh1/1-
EGFP and wild-type mice. ¢, d, Immunohistochemical identification of
EGFP-expressing cells using cell-type markers (magenta; ¢ SOX9, SOX10,
NeuN, or IBA1; d SOX9 and SOX10) in the GM (c) and WM (d) of L4-SDH
sections. Scale bars, 500 um (a), 100 pm (b) or 20 um (c, d). Supplementary
Fig. 2. ACSA-2-immunostaining in the central canal (CC) of spinal cord

in adult mice. Representative immunohistochemical images of ACSA-2
and matched IgG control antibodies with SOX9 (magenta, ependymal
cells) at the CC of wild-type mice. The immunofluorescence intensities of
ACSA-2 and IgG was enhanced to a saturated level in the GM by increas-
ing the gain of image acquisition. Dashed lines indicate the boundary
between the CC and GM. Scale bar, 20 um. Supplementary Fig. 3. Effect of
optimized tissue processing on the yield of isolating ependymal cells from
spinal cord. a, b, Effects of myelin removal (a) and enzymatic reaction (b)
on the yield of isolated ACSA-2°" cells from the hemisection of the L3/4
spinal cord (n= 5 mice). ¢, gPCR analysis of cell type-specific markers in
FACS-sorted ACSA-2"" cells (n=>5 mice). Data show mean = SEM.



https://doi.org/10.1186/s13041-024-01097-3
https://doi.org/10.1186/s13041-024-01097-3

lwasaki et al. Molecular Brain (2024) 17:25

Acknowledgements
We thank Editage Group (https://www.editage.jp/) for editing a draft of this
manuscript.

Authors’ contributions

Rl performed FACS experiments, analyzed the data and wrote the manuscript.
YK performed histological experiments, conceived this project, designed
experiments, and wrote the manuscript. MT conceived this project, supervised
the overall project, designed experiments and wrote the manuscript. All
authors read and approved the final manuscript.

Funding

This work was supported by Japan Society for the Promotion of Science (JSPS)
KAKENHI Grants JP19H05658 (M.T.), JP20H05900 (M.T.), and JP24H00067 (M.T),
by the Core Research for Evolutional Science and Technology (CREST) pro-
gram from AMED under Grant Number JP24gm1510013h (M.T.) by Research
Support Project for Life Science and Drug Discovery (Basis for Supporting
Innovative Drug Discovery and Life Science Research (BINDS)) from AMED
under Grant Number JP24ama121031 (M.T.), and by the Uehara Memorial
Foundation (Y.K)).

Availability of data and materials
Requests for materials and correspondence should be addressed to M.T.
(tsuda@pharkyushu-u.acjp).

Declarations

Ethics approval and consent to participate
All required animal ethics approvals have been obtained for this research.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 4 March 2024 Accepted: 8 May 2024
Published online: 21 May 2024

References

1. Allen NJ, Barres BA, Neuroscience. Glia - more than just brain glue. Nature.
2009;457:675-7.

2. Verkhratsky A, Nedergaard M. Physiology of Astroglia. Physiol Rev.
2018;98:239-389.

3. Ben Haim L, Rowitch DH. Functional diversity of astrocytes in neural
circuit regulation. Nat Rev Neurosci. 2017;18:31-41.

4. Batiuk MY, Martirosyan A, Wahis J, de Vin F, Marneffe C, Kusserow C, et al.
Identification of region-specific astrocyte subtypes at single cell resolu-
tion. Nat Commun. 2020;11:1-15.

5. Karpf J, Unichenko P, Chalmers N, Beyer F, Wittmann M-T, Schneider J,
et al. Dentate gyrus astrocytes exhibit layer-specific molecular, morpho-
logical and physiological features. Nat Neurosci. 2022;25:1626-38.

6. Bayraktar OA, Bartels T, Kleshchevnikov V, Martirosyan A, Polioudakis D,
Ben Haim L, et al. Astrocyte layers in the mammalian cerebral cortex
revealed by a single-cell in situ transcriptomic map. Nat Neurosci.
2020;23:500-9.

7. Lanjakornsiripan D, Pior B-J, Kawaguchi D, Furutachi S, Tahara T, Katsuy-
ama Y, et al. Layer-specific morphological and molecular differences in
neocortical astrocytes and their dependence on neuronal layers. Nat
Commun. 2018;9:1-15.

8. Steuernagel L, Lam BYH, Klemm P, Dowsett GKC, Bauder CA, Tadross JA,
et al. HypoMap—a unified single-cell gene expression atlas of the murine
hypothalamus. Nat Metabolism. 2022;4:1402-19.

9. WuUYE, Pan L, ZuoY, Li X, Hong W. Detecting activated cell populations
using single-cell RNA-Seq. Neuron. 2017;96:313-329.e6.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 9 of 10

Endo F, Kasai A, Soto JS, Yu X, Qu Z, Hashimoto H, et al. Molecular basis of
astrocyte diversity and morphology across the CNS in health and disease.
Science. 2022;378:eadc9020.

. Rayaprolu S, Bitarafan S, Santiago JV, Betarbet R, Sunna S, Cheng L, et al.

Cell type-specific biotin labeling in vivo resolves regional neuronal

and astrocyte proteomic differences in mouse brain. Nat Commun.
2022;13:1-18.

Kohro Y, Matsuda T, Yoshihara K, Kohno K, Koga K, Katsuragi R, et al. Spinal
astrocytes in superficial laminae gate brainstem descending control of
mechanosensory hypersensitivity. Nat Neurosci. 2020;23:1376-87.
Akdemir ES, Woo J, Bosquez Huerta NA, Lozzi B, Groves AK, Harmanci AS,
et al. Lunatic Fringe-GFP Marks Lamina-specific astrocytes that regulate
sensory Processing. J Neurosci. 2022;42:567-80.

Rosiewicz KS, Crowley T, Saher G, Kerkering J, Alisch M, Siffrin V. Compari-
son of RNA isolation procedures for analysis of adult murine brain and
spinal cord astrocytes. J Neurosci Methods. 2020;333:108545.

Adam M, Potter AS, Potter SS. Psychrophilic proteases dramatically reduce
single-cell RNA-seq artifacts: a molecular atlas of kidney development.
Development. 2017;144:3625-32.

Batiuk MY, de Vin F, Duqué S|, Li C, Saito T, Saido T, et al. An immu-
noaffinity-based method for isolating ultrapure adult astrocytes

based on ATP1B2 targeting by the ACSA-2 antibody. J Biol Chem.
2017;292:8874-91.

Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, et al.
Application of a translational profiling approach for the comparative
analysis of CNS cell types. Cell. 2008;135:749-62.

Hasel P, Rose IVL, Sadick JS, Kim RD, Liddelow SA. Neuroinflammatory
astrocyte subtypes in the mouse brain. Nat Neurosci. 2021;24:1475-87.
John Lin C-C, Yu K, Hatcher A, Huang T-W, Lee HK, Carlson J, et al. Identifi-
cation of diverse astrocyte populations and their malignant analogs. Nat
Neurosci. 2017,20:396-405.

Smith PJ, Wiltshire M, Davies S, Patterson LH, Hoy T. A novel cell permeant
and far red-fluorescing DNA probe, DRAQ5, for blood cell discrimination
by flow cytometry. J Immunol Methods. 1999;229:131-9.

Ehmsen JT, Liu Y, Wang Y, Paladugu N, Johnson AE, Rothstein JD, et al. The
astrocytic transporter SLC7A10 (Asc-1) mediates glycinergic inhibition of
spinal cord motor neurons. Sci Rep. 2016;6:1-13.

Tatsumi K, Kinugawa K, Isonishi A, Kitabatake M, Okuda H, Takemura S,

et al. Olig2-astrocytes express neutral amino acid transporter SLC7A10
(Asc-1) in the adult brain. Mol Brain. 2021;14:163.

Matson KJE, Russ DE, Kathe C, Hua I, Maric D, Ding Y, et al. Single cell
atlas of spinal cord injury in mice reveals a pro-regenerative signature in
spinocerebellar neurons. Nat Commun. 2022;13:1-16.

Stenudd M, Sabelstrom H, Llorens-Bobadilla E, Zamboni M, Blom H,
Brismar H, et al. Identification of a discrete subpopulation of spinal

cord ependymal cells with neural stem cell properties. Cell Rep.
2022;38:110440.

Rodrigo Albors A, Singer GA, Llorens-Bobadilla E, Frisén J, May AP, Pont-
ing CP, et al. An ependymal cell census identifies heterogeneous and
ongoing cell maturation in the adult mouse spinal cord that changes
dynamically on injury. Dev Cell. 2023;58:239-255.e10.

Swartzlander DB, Propson NE, Roy ER, Saito T, Saido T, Wang B, et al.
Concurrent cell type-specific isolation and profiling of mouse brains in
inflammation and Alzheimer's disease. JCl Insight. 2018,;3:2121109.

Russ DE, Cross RBP, Li L, Koch SC, Matson KJE, Yadav A, et al. A harmonized
atlas of mouse spinal cord cell types and their spatial organization. Nat
Commun. 2021;12:1-20.

Mazumder AG, Julé AM, Cullen PF, Sun D. Astrocyte heterogeneity within
white matter tracts and a unique subpopulation of optic nerve head
astrocytes. iScience. 2022;25:105568.

Nott A, Schlachetzki JCM, Fixsen BR, Glass CK. Nuclei isolation of multiple
brain cell types for omics interrogation. Nat Protoc. 2021;16:1629-46.
Bravo-Ferrer |, Khakh BS, Diaz-Castro B. Cell-specific RNA purification

to study translatomes of mouse central nervous system. STAR Protoc.
2022;3:101397.

Lin J-P, Kelly HM, Song Y, Kawaguchi R, Geschwind DH, Jacobson S, et al.
Transcriptomic architecture of nuclei in the marmoset CNS. Nat Com-
mun. 2022;13:5531.

Andersen J, Thom N, Shadrach JL, Chen X, Onesto MM, Amin ND, et al.
Single-cell transcriptomic landscape of the developing human spinal
cord. Nat Neurosci. 2023;26:902-14.


https://www.editage.jp/

Iwasaki et al. Molecular Brain (2024) 17:25 Page 10 of 10

33. Yadav A, Matson KJE, Li L, Hua |, Petrescu J, Kang K, et al. A cellular tax-
onomy of the adult human spinal cord. Neuron. 2023;111:328-344.e7.

34, Ahn JJ, Islam Y, Miller RH. Cell type specific isolation of primary astrocytes
and microglia from adult mouse spinal cord. J Neurosci Methods.
2022;375:109599.

35. Freitag K, Eede P, Ivanov A, Sterczyk N, Schneeberger S, Borodina T, et al.
Diverse but unique astrocytic phenotypes during embryonic stem
cell differentiation, culturing and development. Commun Biology.
2023,6:1-12.

36. Zhang, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD, et al.
Purification and characterization of progenitor and mature human
astrocytes reveals transcriptional and functional differences with Mouse.
Neuron. 2016;89:37-53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	A method for selective and efficient isolation of gray matter astrocytes from the spinal cord of adult mice
	Abstract 
	Introduction
	Results
	Selective immunolabeling of GM astrocytes in the spinal cord by ACSA-2 antibody
	Isolation of spinal astrocytes by FACS using ACSA-2 antibody
	Highly efficient isolation of the GM astrocytes and ependymal cells from the mouse spinal cord
	Optimized isolation procedure enhances the yield of GM spinal astrocytes

	Discussion
	Methods
	Animals
	Immunohistochemistry
	Fluorescence activated cell sorting (FACS)
	Quantitative polymerase chain reaction (qPCR)
	Statistical analysis

	Acknowledgements
	References


