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N E U R O S C I E N C E

Astrocytic dysfunction induced by ABCA1 deficiency 
causes optic neuropathy
Youichi Shinozaki1,2†, Alex Leung3†, Kazuhiko Namekata4, Sei Saitoh5,6, Huy Bang Nguyen7,8, 
Akiko Takeda1, Yosuke Danjo1, Yosuke M. Morizawa1, Eiji Shigetomi1,2, Fumikazu Sano1, 
Nozomu Yoshioka9, Hirohide Takebayashi9, Nobuhiko Ohno10,11, Takahiro Segawa12, 
Kunio Miyake13, Kenji Kashiwagi14, Takayuki Harada4, Shin-ichi Ohnuma3*, Schuichi Koizumi1,2*

Astrocyte abnormalities have received great attention for their association with various diseases in the brain but 
not so much in the eye. Recent independent genome-wide association studies of glaucoma, optic neuropathy 
characterized by retinal ganglion cell (RGC) degeneration, and vision loss found that single-nucleotide polymor-
phisms near the ABCA1 locus were common risk factors. Here, we show that Abca1 loss in retinal astrocytes causes 
glaucoma-like optic neuropathy in aged mice. ABCA1 was highly expressed in retinal astrocytes in mice. Thus, we 
generated macroglia-specific Abca1-deficient mice (Glia-KO) and found that aged Glia-KO mice had RGC degeneration 
and ocular dysfunction without affected intraocular pressure, a conventional risk factor for glaucoma. Single-cell 
RNA sequencing revealed that Abca1 deficiency in aged Glia-KO mice caused astrocyte-triggered inflammation 
and increased the susceptibility of certain RGC clusters to excitotoxicity. Together, astrocytes play a pivotal role in 
eye diseases, and loss of ABCA1 in astrocytes causes glaucoma-like neuropathy.

INTRODUCTION
Glaucoma, a progressive optic neuropathy characterized by retinal 
ganglion cell (RGC) degeneration and vision loss, affects more than 
70 million people worldwide (1). Although glaucoma is a multifac-
torial disease (2), elevated intraocular pressure (IOP) is a major risk 
factor, and genetic variabilities can affect disease onset and progres-
sion. Previous genome-wide association studies identified single- 
nucleotide polymorphisms (SNPs) of a locus near ABCA1 as a 
common genetic risk factor for primary open-angle glaucoma (3–6), 
but the causal relationship between ABCA1 variation and glaucoma 
remains unclear.

ABCA1 is a membrane protein that mediates multiple functions, 
including phospholipid scrambling (7), phagocytosis (8), immune- 
cell regulation (9), control of endocytosis/exocytosis (10), regulation 
of intracellular signaling (11), anti-inflammation (12), and transport 
of cholesterol and phospholipids to extracellular lipid-free apolipo-
proteins (13). A previous report showed that ABCA1 is highly ex-
pressed in brain astrocytes (8), but it remained unclear whether 

astrocyte-lineage cells express ABCA1 in ocular tissue. Astrocytes are 
a nonneuronal cell type in the central nervous system (CNS) that 
control CNS homeostasis, synapse formation, and synaptic function. 
Under pathological conditions, astrocytes adopt either neuroprotec-
tive (14) or neurotoxic phenotypes (15–17). Dysregulated neurotoxic 
astrocytes may participate in the pathogenesis of various neurode-
generative diseases (18). In addition to neurodegenerative diseases 
of the CNS, dysregulated astrocytes can cause RGC degeneration in 
the chronic ocular hypertension model (19), a widely used glauco-
ma model.

Astrocytes in the normal retina localize at the innermost surface, 
whereby they form a mesh-like network in various species, includ-
ing rodents (20), pigs (21), monkeys (22), and humans (23). Their 
endfeet tightly contact blood vessels and RGC axons. In addition to 
the retina, astrocytes are highly enriched in the optic nerve head (ONH) 
of mice (24), monkeys (25), and humans (26). The ONH is one of 
the most sensitive and vulnerable parts of the ocular tissue during 
glaucoma pathogenesis (27). In the various species mentioned above, 
ONH astrocytes form a glial tube in the glial lamina [lamina cribrosa–
like glial structure without extracellular matrix plate (24)] through 
which axons form paths and provide neurotrophic and homeostatic 
support. In patients with glaucoma, ONH astrocytes change their 
hypertrophy and morphology (28) and induce tissue remodeling 
that reduces structural support for axons. Such astrocytic changes 
are one of the earliest events occurring in animal models of glauco-
ma, often observed before axonal damage (29). The possibility that 
astrocyte dysfunction is important in the development of glaucoma-
tous optic neuropathy suggests a previously unidentitied therapeutic 
strategy for glaucoma. In the present study, we addressed four issues. 
First, it is still unknown whether gain of neurotoxicity or loss of 
function of ABCA1 is important for the pathogenesis of glaucoma. 
Second, previous reports showed that SNPs at a locus near ABCA1 
are associated with higher risks for both normal-tension glaucoma 
(NTG) and hypertensive glaucoma. If ABCA1 is indeed a causal gene 
of glaucoma, it is unclear whether high IOP is required for glaucoma 
progression and whether ABCA1 loss of function triggers high 
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IOP. Third, although previous data provided spatial patterns of 
ABCA1 expression, it is unclear which cell types express ABCA1 in 
ocular tissue. Accordingly, the cell type that triggers ABCA1-associated 
glaucoma is unknown. Fourth, the retina has many RGC subtypes 
(30, 31), and little is known about which RGC subtypes are sensitive 
to glaucoma. Thus, the identification of glaucoma-sensitive RGCs 
can contribute to the development of treatments for glaucoma.

RESULTS
ABCA1 loss caused age-associated RGC degeneration
We first examined the effect of ABCA1 deficiency on the viability of 
RGCs in 3-month-old (3-mo) conventional Abca1-knockout (KO) 
mice but found no changes in numbers of Brn3a-positive (Brn3a+) 
RGCs (Fig. 1A). Previous studies suggested that aging is required 
for RGC degeneration (32, 33). KO mice at 12 months showed a 
slight but significant reduction in RGC numbers (Fig. 1B). In addi-
tion, numbers of apoptotic cells detected by terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end labeling 
(TUNEL) in the ganglion cell layer (GCL) were significantly increased 
in 12-mo KO mice (Fig. 1C), while apoptotic signals were only faintly 
detectable in wild-type (WT) mice. TUNEL signals were colocalized 
with Brn3a (Fig. 1D). Retinal slices from 12-mo KO mice exhibited 
apoptotic signals in layers other than the GCL, including the inner 
and outer nuclear layers (INL and ONL, respectively) (fig. S1A).

Next, we explored the role of ABCA1 in IOP regulation, a major 
risk factor for glaucoma. KO mice did not exhibit higher IOP than 
WT mice (Fig. 1E). Because measurements of IOP values by rebound 
tonometry can be affected by central corneal thickness (CCT), we 

also performed z-stack imaging of corneas and found no corneal struc-
tural abnormalities or CCT changes in KO mice (fig. S1, B and C). 
These findings indicate that Abca1 deletion caused degeneration of 
RGCs that was not caused by high IOP.

ABCA1 was enriched in astrocytes of the retina, ONH, 
and optic nerve
We next investigated the identities of cell types expressing ABCA1. 
Magnetic cell separation of retinal cells (fig. S2) obtained from 3-mo 
WT mice revealed that Abca1 mRNA was enriched in the ACSA1+ 
fraction (astrocytes and Müller cells) (Fig. 2A). Specifically, Abca1 
mRNA levels in the ACSA1+ fraction were 3.5-fold higher than ob-
served in CD11b+ (microglia) or ACSA1-negative fractions (con-
taining neurons, pericytes, endothelial cells, and other cell types). In 
situ hybridization of the retina from 3-mo WT mice showed that 
Abca1 mRNA was also enriched in the nerve fiber layer (NFL), where 
astrocytes are present, as well as other neural layers (Fig. 2B). Im-
munofluorescence images of retinal sections from 3-mo WT mice 
revealed ABCA1 signals in the NFL (Fig. 2C and fig. S3A), repro-
ducing previous reports of human retina (3, 4). ABCA1 colocalized 
with signals for glial fibrillary acidic protein (GFAP), a marker for 
astrocytes (Fig. 2, C to E). In contrast, strong ABCA1 signals were 
not colocalized with signals for vimentin, a marker for Müller cells 
(Fig. 2D and fig. S3B). Weak ABCA1 signals observed adjacent to 
the endfeet of Müller cells (Fig. 2E) indicated that ABCA1 was highly 
expressed in astrocytes. The human retina also exhibited colocaliza-
tion of ABCA1 with GFAP in the NFL (Fig. 2F). Because a previous 
study of human ocular tissue observed much higher ABCA1 signals 
in glial columns of the optic nerve (ON) (4), we next investigated 

Fig. 1. ABCA1 deficiency caused age-associated RGC degeneration. (A and B) Brn3a signals in retinae from WT and KO mice at 3 and 12 months of age (3 and 12 mo, 
respectively). (A) At 3 mo, numbers of Brn3a+ cells did not differ between WT and KO mice (n = 15 retinae, P = 0.93, Mann-Whitney U test). (B) At 12 mo, Brn3a+ cell num-
bers in KO mice were reduced compared with those in WT mice (n = 15, **P < 0.01, Mann-Whitney U test). (C) TUNEL+ cell numbers were significantly higher in 12-mo KO 
mice compared with those in WT mice (n = 10, **P < 0.01, Mann-Whitney U test). (D) TUNEL and Brn3a signals were colocalized (arrowheads), and TUNEL+/Brn3a+ cells 
were abundant in KO mice. (E) KO mice showed no changes in intraocular pressure (IOP; n = 20 eyes, Mann-Whitney U test). Data represent means ± SEM.
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Fig. 2. ABCA1 was expressed in astrocytes. (A) Expression levels of Abca1 mRNA in CD11b+ (microglia), ACSA1+ (astrocytes/Müller cells), and negative retinal fractions were evaluated. 
The ACSA1+ fraction exhibited 3.5-fold higher Abca1 levels (n = 4 tissues, **P < 0.01 versus Nega; one-way analysis of variance followed by Fisher’s least significant difference test). (B) In 
situ hybridization. Relatively higher levels of Abca1 mRNA (blue signal) were detected at the inner surface of the retina, with some expression in the INL and ONL in 3-mo WT mice. 
(C and D) ABCA1 protein expression patterns in retinal slices of 3-mo WT mice. ABCA1 signals colocalized with GFAP (arrowheads) but not vimentin (Vim). (E) In flat-mount retinae, 
strong ABCA1 signals colocalized with GFAP, while relatively weak ABCA1 signals surrounded Vim+ Müller cell endfeet (arrowheads). (F) ABCA1 was also expressed in GFAP+ astro-
cytes of human retinae. (G) The ONH showed substantially higher ABCA1 signals that were colocalized with GFAP. ABCA1 signal intensity was reduced in KO mice. (H and I) Similar 
to immunohistochemistry, both (H) Gfap and (I) Abca1 mRNA levels were significantly higher in the ONH compared with those in the retina. (J) Abca1 mRNA was absent in KO mice. 
(K to M) ABCA1 expression in Ctr and Glia-KO mice. ABCA1 was detected in astrocytes of 3-mo Ctr mice, while strong ABCA1 signals were not observed in Glia-KO mice. (L and M) 
ABCA1 signals were also observed in astrocytes in the ONH and ON but absent in Glia-KO mice. Glia-KO mice exhibited (N) ~20% and (O) ~70% reductions in Abca1 mRNA in the 
retina and ONH, respectively. Data represent means ± SEM. NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 
layer; ONL, outer nuclear layer; IS/OS, inner and outer segment; RPE, retinal pigment epithelium. H: (n = 4 tissues, *P < 0.05, Mann-Whitney U test), I: (n = 5 tissues, **P < 0.01, 
Mann-Whitney U test), J: (n = 3 retinae, **P < 0.01, Mann-Whitney U test), N: (n = 4 retinae, *P < 0.05, Mann-Whitney U test), O: (n = 4 tissues, *P < 0.05, Mann-Whitney U test).
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ABCA1 expression in the ONH and ON. ABCA1 signals were sub-
stantially higher in the ONH and ON, which were highly enriched 
in GFAP (Fig. 2G). Supporting this observation, Abca1 and Gfap 
mRNA levels were significantly higher in the ONH compared with 
those in the retina (Fig. 2, H and I). In contrast to WT mice, KO 
mice showed no ABCA1 immunofluorescence signals or Abca1 mRNA 
expression (Fig. 2, G and J). To investigate the role of ABCA1  in 
astrocytes, we crossed ABCA1flox/flox mice with GFAP-Cre mice to 
knock down Abca1 under control of the Gfap promoter. In the retina, 
the Gfap promoter is active in both astrocytes and Müller cells, so 
we designated this conditional KO mouse as “Glia-KO.” Littermate 
ABCA1flox/flox mice were used as a control (referred to as Ctr mice). 
Strong ABCA1 signals in Ctr mice (3 months) retinae showed fibrous 
patterns in the NFL and GCL, as seen in WT mice (Fig. 2K). These 
signals colocalized with GFAP in Ctr mice but were absent in Glia-KO 
mice (fig. S3, C and D). In the ONH, ABCA1 signals accumulated 
and colocalized with GFAP in Ctr mice but were absent in Glia-KO 
mice (Fig. 2L). Horizontal sections of ON from Ctr mice (3 months) 
also showed a fibrous pattern of ABCA1 colocalized with GFAP 
(Fig. 2M), but no ABCA1 signals were observed in 3-mo Glia-KO 
mice. Glia-KO mice showed approximately 20 and 60% reductions 
in Abca1 mRNA expression in the retina and ON, respectively 
(Fig. 2, N and O). Collectively, these results suggest that ABCA1 is 
highly expressed by astrocytes in ocular tissue.

Astrocytic ABCA1 loss caused age-associated RGC 
degeneration without IOP changes
We next asked whether a deficiency of astrocytic ABCA1 can cause 
RGC degeneration. Similar to KO mice, 3-mo Glia-KO mice showed 
no changes in numbers of Brn3a+ RGCs (Fig. 3A) or apoptotic cells 
(Fig. 3B). However, 12-mo Glia-KO mice showed a moderate (~20%) 
but significant reduction in numbers of RGCs (Fig.  3C) and in-
creased numbers of TUNEL+ cells (Fig. 3D). RGC loss was further 
exacerbated (~30%) in 18-mo Glia-KO mice (Fig. 3E). Reductions 
in RGC numbers were further confirmed by evaluating the expres-
sion of Rbpms, another marker for RGCs (fig. S4, A and B). Unlike 
KO mice, apoptotic signals were limited to the GCL and never ob-
served in other neural layers (fig. S4C). Glia-KO mice (12 months) 
showed accumulation of cholesterol, a substrate of ABCA1, in the 
NFL where astrocytes are present (fig. S4, D and E). In the GCL and 
inner plexiform layer (IPL), where RGCs soma and dendrites are 
present, the cholesterol content of Glia-KO mice was lower than that 
of Ctr mice (fig. S4F). Consistent with these observations, cholesterol 
efflux in the aqueous humor of Glia-KO mice was markedly reduced 
(fig. S4G). No changes in CCT (fig. S4, H and I) or IOP (Fig. 3F) 
were observed in Glia-KO mice. Thus, our results show that the RGC 
degeneration observed in KO mice was mainly caused by astrocytic 
ABCA1 loss in an IOP-independent manner.

Glia-KO induced optic neuropathy–like phenotypes
RGC damage is associated with thinning of the NFL, GCL, and IPL, 
which can be observed in patients with glaucoma (34). In this study, 
optical coherence tomography analysis revealed significant thinning 
of the inner retinal layers in 12-mo Glia-KO mice (Fig. 4A). The 
reduction of excitatory synapses in the IPL is a feature of RGCs in 
animal models of glaucoma (35). Consistent with previous studies, 
Glia-KO retinae (12 months) showed reductions in PSD95 levels in 
the IPL (Fig. 4B). A previous study also reported the presence of swollen 
axons in a nonhuman primate glaucoma model (27). To test this, we 

performed serial block-face scanning electron microscopy (SBF-SEM) 
to analyze axonal structures (fig. S4, J to L), which revealed that 
Glia-KO axons were swollen because of accumulated membranous 
organelles (Fig. 4, C to E). Such axonal swelling was also revealed by 
Tuj1 signals in horizontal ON slices of 12-mo Glia-KO mice (Fig. 4F), 
consistent with observations in glaucoma model mice (24, 36). The 
ONH is known to be the site of axonal damage in rodent (36) and 
primate (37) models of glaucoma, as well as patients with glaucoma 
(28). To test this, we estimated axonal damage in vertical ONH sec-
tions. We found that Ctr mice (12 months) exhibited a strong and 
uniform Tuj1 signal in the NFL of the retina, ONH, and ON, but 
this signal ended at the glial lamina in Glia-KO mice (12 months) 
(Fig. 4F), consistent with previous results (36). In addition, axons in 
vertical ON sections of Glia-KO mice were unevenly distributed 
and showed regional loss similar to patients with glaucoma (38). To 
test whether these histological changes in Glia-KO mice were relevant 
to visual functions, we performed multifocal electroretinograms 
(mfERG) because the activity of RGCs contributes to mfERG re-
sponses in mice (39), monkeys (40), and humans (41). The second- 
order kernel of mfERG is a sensitive indicator of inner retinal 
dysfunction (42) and impaired in patients with glaucoma (43). 
Accordingly, we measured the amplitude of second-order kernel re-
sponses of Ctr and Glial-KO mice. Three-dimensional plots of these 
responses demonstrated that the reduction in responses of Glia-KO 
mice (12 months) occurred unevenly (Fig. 4G). Averaged second- 
order kernel responses from 10 eyes demonstrated that the responses 
of Glia-KO mice were reduced by almost half compared with those 
of age-matched Ctr mice. Therefore, our results show that ABCA1 
deficiency, especially in astrocytes, caused optic neuropathy–like 
phenotypes.

Deletion of Abca1 caused age-associated changes 
in astrocyte hypertrophy
Because changes in astrocyte hypertrophy are often associated with 
CNS disorders and diseases, we next investigated astrocyte hyper-
trophy in Glia-KO mice. Glia-KO mice (3 months) exhibited in-
creased GFAP immunofluorescence signals in both flat-mount and 
sliced retinae (Fig. 5, A and B) but no changes in Gfap mRNA levels 
in the retina (Fig. 5C). However, at 12 months, the Glia-KO retina 
exhibited rather decreased GFAP signals and Gfap mRNA expres-
sion (Fig. 5, D to F). We next investigated astrocytic hypertrophy in 
the glial lamina of the ONH (Fig. 5G). At 3 months, the ONH of 
Glia-KO mice showed stronger GFAP signals (Fig. 5H) and higher 
Gfap mRNA expression compared with that of Ctr mice (Fig. 5I). At 
12 months, both GFAP signal and Gfap mRNA expression in the 
Glia-KO ONH were decreased compared with those in age-matched 
Ctr mice (Fig. 5, J and K).

Bulk and single-cell RNA sequencing revealed  
astrocyte-triggered inflammation
To further clarify the detailed mechanisms underlying how astrocytic 
ABCA1 loss causes optic neuropathy-like phenotypes, we performed 
single-cell RNA sequencing (scRNA-seq) (all cell types from 12-mo 
WT and KO mice) and bulk RNA-seq of whole retinae (12-mo Ctr 
and Glia-KO mice) (fig. S5A). Ingenuity Pathway Analysis (IPA) 
revealed that most up-regulated canonical pathways (CPs) were 
shared between KO and Glia-KO mice (Fig. 6A). In addition, many 
annotations identified for Disease or Function Annotation (DFA) 
analysis were common between the two groups, such as “Retinal 
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degeneration” and “Hereditary retinal disease” (fig. S5, B and C). 
Shared CPs also included up-regulation of inflammatory pathways, 
such as “CXCR4 signaling,” “CCR3 signaling,” “interleukin-8 (IL-8) 
signaling,” “IL-3 signaling,” and “CCR5 signaling” (Fig. 6B). These 
results indicate that KO and Glia-KO retinae undergo similar changes 
to related pathological conditions, including inflammation.

Cell type–specific profiles identified by scRNA-seq
To further examine cellular and molecular mechanisms, we used 
the Seurat pipeline to perform cell type–specific analysis of scRNA-
seq data of retinae from 12-mo WT and KO mice. The results were 
confirmed immunohistochemically using age-matched Ctr and Glia-KO 
mice. Graph-based clustering of retinal cells based on their transcrip-
tomes identified 32 clusters containing the following cell types: rod 
and cone photoreceptors, astrocytes and Müller cells, microglia and 
macrophages, retinal pigmented epithelial cells, bipolar cells (BCs), 
endothelial cells, RGCs, and other cell types (Fig. 6, C and D, and 
figs. S6 and S7). Significantly up-regulated RGC-specific pathways 
in KO retinae compared with WT retinae included inflammation, 
immune cell functions, oxidative stress, neurotransmitters, and meta-
bolic pathways (fig. S8). Certain pathways up-regulated in RGCs were 
shared with astrocytes, such as oxidative stress (Fig. 6E). A recent study 
demonstrated that monoamine oxidase b (MAOB)–mediated H2O2 
production by astrocytes causes neurodegeneration (15). We exam-
ined MAOB-related gene expression and found that these genes were 
up-regulated in the ONH of Glia-KO mice at 3 months but down- 
regulated at 12 months (fig. S9). We also identified several astrocyte- 
specific pathways including “peroxisome proliferator–activated 

receptor /retinoid X receptor  activation” (Fig. 6F), which is essential 
for ABCA1-mediated cholesterol metabolism (44). Among pathways 
common between astrocytes and RGCs, inflammatory- related pathways 
were prominent, such as “High-Mobility Group Box-1 protein (HMGB1) 
Signaling”, “Pattern Recognition Receptors (PRRs)”, and “nuclear factor 
B (NF-B) activation” (Fig. 6G). CXCR4 signaling was the most 
substantial pathway affected in both RGCs and astrocytes. CXCL12, 
a ligand of CXCR4, was expressed in astrocytes and up-regulated in 
12-mo Glia-KO mice (Fig. 6, H to J). CXCL12 was also expressed and 
up-regulated in primary cultured ON astrocytes isolated from KO mice 
(Fig. 6K). Both CCR3 and CCR5 signaling pathways were up-regulated 
in the retina (Fig. 6B) and RGCs (fig. S8A). CCL5, a ligand of CCR3 
and CCR5, was expressed in astrocytes and up-regulated in 12-mo 
Glia-KO mice (Fig.  6,  L  to  N). Expression and up-regulation of 
CCL5 were reproduced in cultured ON astrocytes (Fig. 6O). CXCR4 and 
CCR5 were expressed in Rbpms+ RGCs regardless of mouse genotype 
(i.e., Ctr or Glia-KO) (Fig. 6, P and Q). Thus, our results show that 
ABCA1 deficiency triggered astrocyte-initiated inflammation.

Abca1 deletion–sensitive RGCs
The retina has many RGC subtypes (30, 31); however, little is known 
about which subtypes are sensitive to glaucoma. To examine the diver-
sity of RGC subtypes, we performed supervised clustering. This ap-
proach identified two distinct populations of RGCs (Fig. 7A), as shown 
in t-distributed stochastic neighbor embedding plots (Fig. 7B). Both 
RGC subclasses expressed pan-RGC markers (Fig. 6D). One of the 
two RGC subclasses (RGC-1) was significant reduced in number 
in KO mice (Fig. 7, C to E). RGC-1 exhibited enrichment of DFA 

Fig. 3. ABCA1 loss in astrocytes resulted in age-associated RGC degeneration. At 3 mo, Glia-KO mice showed (A) no reduction in Brn3a+ cells and (B) no increase in 
TUNEL+ cells compared with Ctr mice (n = 10 retinae, P = 0.89 and 0.23 for Brn3a and TUNEL, Mann-Whitney U test). Glia-KO mice at 12 mo exhibited (C) reduced numbers 
of RGCs and (D) increased apoptotic cell numbers (n = 10 retinae, **P < 0.01, Mann-Whitney U test). (E) RGC loss was greater in Glia-KO mice at 18 mo (n = 10 retinae, 
**P < 0.01, Mann-Whitney U test). (F) Glia-KO mice showed no IOP changes compared with age-matched Ctr mice (n = 20 eyes, Mann-Whitney U test). Data represent 
means ± SEM.
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terms “Retinal degeneration” and “Apoptosis,” as well as neuropathy- 
related terms “Alzheimer’s disease” and “Huntington’s disease” (fig. 
S10A), indicating disease-associated changes. To obtain further insight 
into the underlying molecular mechanisms, we performed Kyoto 
Encyclopedia of Genes and Genomes analysis (45). RGC-1 showed 
enrichment of genes in the glutamatergic synapse pathway, including 
Grin3a (Fig. 7F), but less enrichment of other subtypes (including 
Gria2, Gria3, and Grin2b) and GABAergic synaptic pathway genes 
(Fig. 7G). RGC-1 in KO mice exhibited significantly reduced Grin3a 
gene expression (Fig. 7H). NR3A was expressed in Rbpms+ RGCs 
(Fig. 7I), as previously reported (46). Quantification of RGCs with 
strong NR3A signals in the soma revealed that approximately 25% 
of RGCs expressed NR3A in 12-mo Ctr mice, but this percentage 

was significantly reduced in Glia-KO mice (Fig. 7, J and K). Because 
NR3A-containing N-methyl-d-aspartate (NMDA) receptors are rela-
tively impermeable to Ca2+ (47), reduction of Grin3a/NR3A causes 
Ca2+ overflow (46) and promotes the death of RGCs (48). Notably, 
DFA analysis also identified the terms “Seizures” and “Epilepsy,” 
supporting the possibility of glutamate excitotoxicity in RGC-1. As-
sociated with this observation, neuronal survival– and axogenesis- 
related pathways (e.g., cyclic adenosine 3′,5′-monophosphate and Ras 
signaling) were down-regulated in KO RGC-1 (fig. S10B). In addi-
tion to the cell-autonomous mechanism, astrocytes may also con-
tribute to non–cell-autonomous excitotoxicity in RGCs. Cultured 
KO astrocytes showed increased extracellular glutamate levels 
(fig. S10C), so ABCA1 loss may enhance glutamate release or reduce 

Fig. 4. Loss of ABCA1 in astrocytes triggered optic neuropathy-like pathology. (A) Optical coherence tomography showed NFL, GCL, and IPL thinning in 12-mo Glia-KO 
mice (n = 10 eyes, **P < 0.01, Mann-Whitney U test). (B) PSD95 signal intensities were significantly reduced in the IPL of 12-mo Glia-KO mice (n = 5, **P < 0.01, Mann-Whitney 
U test). (C to E) Serial block-face scanning electron microscopy analysis of RGC axons. Compared with Ctr ONs, Glia-KO ONs showed prominent axonal swelling caused by 
membranous organelle accumulation (C, arrow). Axonal swelling was greater in Glia-KO mice (D and E; n = 10 ONs, **P < 0.01, Mann-Whitney U test). (F) To test axonal 
injury, Tuj1 signals were estimated in (left) a vertical section of the ONH and (right) a horizontal section of the ON. (Left) In the vertical section of Glia-KO ONH, Tuj1 signals 
ended at the myelination-transition zone. (Right) In the horizontal section of ON, regional loss of Tuj1+ RGC axons was observed (asterisks). Many of the remaining axons 
exhibited swelling (arrowheads, inset) (n = 8 ONs, ***P < 0.001, Mann-Whitney U test). (G) Impaired ocular function estimated by multifocal electroretinograms. (Left) 
Three-dimensional plots showing averaged visual responses of the second-order kernel (2K amplitude). (Right) Ocular responses in 12-mo Glia-KO mice were significantly 
reduced compared with those in Ctr mice (n = 10 eyes, **P < 0.01, Mann-Whitney U test). Data represent means ± SEM. a.u., arbitrary units.
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glutamate uptake by astrocytes. To examine whether RGCs in Glia-KO 
mice were more susceptible to excitotoxic damage, we injected a 
relatively low dose of NMDA into the eye (0.2 nmol per eye) 
(Fig. 7, L and M). Ctr mice (12 months) showed a 14.1% reduction 
in Rbpms+ RGCs, whereas Glia-KO mice (12 months) exhibited a 
36.5% reduction in RGCs. These results demonstrate that ABCA1 
deficiency induced inflammation in astrocytes, which probably 
exacerbated excitotoxicity within a specific RGC subtype.

DISCUSSION
Our data demonstrate that astrocyte dysfunction by Abca1 deficiency 
triggered optic neuropathy–like phenotypes in mice without affecting 
IOP. Although the rodent retina lacks some anatomical structures 

seen in humans, including a macula and extracellular matrix plate of 
lamina cribrosa, Glia-KO mice showed several anatomical features 
potentially relevant to NTG: age-associated RGC degeneration, 
swelling and loss of the ON, thinning of inner retinal layers, synapse 
loss, and reduction in ocular responses. It is still unclear whether the 
SNPs found in human glaucoma patients reduce ABCA1 function, 
but some mouse glaucoma models show 15 to 50% reduction in ret-
inal Abca1 (33, 49). A previous study showed that overexpression of 
human ABCA1 protected RGCs against experimental glaucoma in 
mice (50). These reports strongly suggest that the loss of ABCA1 is 
linked to RGC damage. The present study revealed that loss of func-
tion of ABCA1 rather than gain of toxic function, especially 
in astrocytes, was important for triggering age-associated optic 
neuropathy.

Fig. 5. Age-associated changes in retinal astrocytic hypertrophy in Glia-KO mice. (A and B) At 3 mo, the GFAP+ area was larger in Glia-KO mice compared with that 
in Ctr mice in both (A) flat-mount and (B) sliced retinae (n = 10 and 5 for flat-mount and sliced retinae, respectively; **P < 0.01, Mann-Whitney U test). (C) Retinal Gfap 
mRNA level at 3 mo was not different between Ctr and Glia-KO mice (n = 6, Mann-Whitney U test). (D to F) At 12 mo, GFAP+ area and Gfap mRNA levels were smaller in 
Glia-KO mice compared with Ctr mice (n = 10, 5, and 6 for flat-mount, sliced retinae, and whole retinae, respectively. **P < 0.01, Mann-Whitney U test). (G) Schematic illus-
trating the part of retinal tissue where images in (H) and (J) were obtained, namely, the glial lamina. (H) GFAP signal in the ONH of 3-mo Glia-KO mice was stronger than 
that of Ctr mice. (I) Gfap mRNA levels were also significantly higher in 3-mo Glia-KO mice (n = 3, **P < 0.01, Mann-Whitney U test). (J and K) At 12 mo, both GFAP protein 
and Gfap mRNA levels in Glia-KO mice were lower than those in Ctr mice (n = 3, **P < 0.01, Mann-Whitney U test).
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Fig. 6. Bulk and scRNA-seq analysis of retinae. (A) Comparison of up-regulated pathways in all retinal cell types of KO and Glia-KO mice at 12 mo. Most up-regulated 
pathways were shared between KO and Glia-KO mice. (B) Ingenuity Pathway Analysis identified that the inflammatory pathway was one of the most common disease- 
related pathways between KO and Glia-KO mice, including cytokine/chemokine signaling and immune cell responses. (C) Uniform Manifold Approximation and Projec-
tion visualization of the transcriptional heterogeneity of 62,479 retinal cells from 12-mo WT and KO mice. Clusters are colored according to cell type. (D) Dot plot showing 
gene combinations (column) uniquely indicating cell clusters (row). (E) Venn diagram of up-regulated pathways in KO mice. (F and G) Pathways up-regulated (F) selec-
tively in astrocytes and (G) in both RGCs and astrocytes. (H to J) CXCL12 was up-regulated in astrocytes of 12-mo Glia-KO mice. (I) CXCL12 signals colocalized with GFAP 
signals in Glia-KO mice. (J) The signal intensity of CXCL12 was increased by approximately 3.5-fold in astrocytes (n = 5 eyes, **P < 0.01, Mann-Whitney U test). (K) CXCL12 
was also up-regulated in cultured ON KO astrocytes. (L to N) CCL5 signals colocalized with GFAP signals in both 12-mo Ctr and Glia-KO mice. (N) The signal intensity of 
CCL5 in astrocytes was threefold higher in Glia-KO mice (n = 5 eyes, **P < 0.01, Mann-Whitney U test). (O) CCL5 was also up-regulated in cultured ON KO astrocytes. (P and 
Q) CXCR4 and CCR5 were expressed in Rbpms+ RGCs regardless of genotype (i.e., Ctr or Glia-KO). Data represent means ± SEM.
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We identified that the cell type highly expressing ABCA1 in the 
retina was astrocytes, in addition to lower expression levels in pre-
viously reported cell types, such as retinal pigment epithelium, 
monocyte-lineage cells, and photoreceptors. Although the scRNA-
seq database provided by the Human Protein Atlas Project also 
shows enrichment of ABCA1 mRNA in cone photoreceptors (cone 
cells) and BCs of the human retina (51), it does not contain a retinal 
astrocyte population. Another human database also indicated that 
cone cells and BCs are the cell types most enriched for ABCA1 ex-
pression, whereas astrocytes come in third (52). One possible expla-
nation is differences in ABCA1 protein stability between cell types. For 
example, oxysterol-binding protein (OSBP) negatively regulates 

ABCA1 protein stability (53). OSBP2 expression in cone cells and 
BCs was 6.7- and 17.7-fold higher than observed in astrocytes of the 
human retina (52). In addition, expression of OSBP-related protein 
8, another negative regulator of ABCA1 expression (54), was five-
fold higher in these cell types compared with astrocytes (52). Con-
ditional deletion of Abca1 in cone photoreceptors did not elicit 
neurodegeneration (55), indicating that these cell types have only a 
minor role (if any) in ABCA1-mediated RGC damage. Human Müller 
cells and RGCs also express ABCA1 mRNA at only minor levels (52), 
consistent with our results. In addition, ABCA1 protein in the human 
retina was observed to occur in a fibrous pattern in the innermost layer of 
the retina and did not overlap with the 4′,6-diamidino-2-phenylindole 

Fig. 7. Identification of a novel RGC type sensitive to ABCA1 deficiency in astrocytes. (A) Dot plot showing RGC subclasses (columns) and marker genes (rows). 
(B) Subclustering of RGC populations visualized by t-distributed stochastic neighbor embedding. (C and D) The number of dots indicating RGC-1 was reduced in 12-mo 
(D) KO mice compared with (C) WT mice. (E) Percentages of RGC-1 per sample were significantly reduced in KO mice compared with those in WT mice. In contrast, RGC-2 
numbers were not reduced (n = 3 and 5 for WT and KO, respectively; *P < 0.01, Mann-Whitney U test). (F and G) Kyoto Encyclopedia of Genes and Genomes pathways with 
(F) enrichment or (G) reduced enrichment in RGC-1. RGC-1 showed enrichment of genes associated with the glutamatergic synapse pathway and reduced enrichment of 
GABAergic synapse pathway gene expression. Grin3a was enriched in RGC-1, while other genes were enriched in RGC-2. (H) RGC-1 glutamatergic synapse genes were 
significantly down-regulated in 12-mo KO mice. Grin3a exhibited the greatest reduction (n = 16 and 5 cells for WT and KO, respectively; **P < 0.01 and ***P < 0.001, 
Wilcoxon rank sum test). (I to K) NR3A was (I) expressed in Rbpms+ RGCs and (J) down-regulated in 12-mo Glia-KO compared with Ctr mice. (K) Numbers of NR3A-expressing 
cells were significantly reduced in 12-mo Glia-KO mice. (L and M) Glia-KO RGCs exhibited higher sensitivity to excitotoxicity. Low-dose NMDA (0.2 nmol per eye) caused 
~15% reduction in RGC numbers in 12-mo Ctr mice that was exacerbated in Glia-KO mice (n = 5 retinae, *P < 0.05, Mann-Whitney U test).
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(DAPI) signal of the GCL, which is presumed to indicate RGCs (3). 
Another human study also reported strong expression of ABCA1 in 
the glial tube of the ON (4), suggesting that astrocytes but not RGCs 
may express ABCA1 in human ocular tissue. Because astrocytes 
tightly enwrap RGC axons, astrocytic dysfunction would directly 
cause axonal impairment and RGC damage. In agreement with this 
expectation, Glia-KO mice exhibited apoptosis of RGCs but not other 
retinal neurons. We also found that ABCA1 protein and mRNA were 
highly enriched in the ONH and ON, where no cone cells, BCs, or 
Müller cells are present. On the basis of these previous studies and 
our data, we concluded that ABCA1 is enriched in astrocytes. To 
our knowledge, this is the first report to demonstrate that ABCA1 is 
highly expressed in ocular astrocytes.

Our results show ON loss and RGC death in Glia-KO mice. Similarly, 
topographic loss of RGC soma and the ON has been reported in 
human glaucoma (38, 56). We did not investigate topographic RGC 
soma loss in the present study, but it will be estimated in a future 
study. Instead, we observed regional ON loss in horizontal ON sections, 
as well as regional impairment of ocular function in mfERG. The 
results suggest that Glia-KO mice have topological damage of RGCs. 
In the ONH, Glia-KO mice exhibited loss of axonal markers at the 
posterior part of the glial lamina, consistent with previous reports 
of animal glaucoma models (36, 37) and patients (28). Such similar-
ities in tissue damage suggest that Glia-KO mice exhibit phenotypes 
potentially relevant to glaucoma.

RGC degeneration was not observed at a young age, although 
astrocytes had already become hypertrophic. Because astrocytes are 
important in the initiation and/or progression of neurodegenera-
tive diseases (57, 58), and the overinduction of astrocyte reactivity 
accelerates neuronal death (15), the hypertrophic astrocytes in 3-mo 
Glia-KO mice may reflect the initiation of the disease. RGC damage 
may require long-term accumulation of astrocyte abnormalities. At 
3 months, KO astrocytes may already be neurotoxic, but the protec-
tive nature of surrounding cells and resistance of RGCs to astrocyte 
dysfunction prevents RGC loss. In such cases, the loss of protective 
mechanisms and resilience associated with aging may trigger injury 
of RGCs. Another possibility is that young KO astrocytes are less 
injurious and become more neurotoxic with age. Supporting this 
hypothesis, KO astrocytes showed different hypertrophies at 3 and 
12 months. Because aged KO astrocytes exhibited significantly 
up-regulated chemokine expression, inflammation may contribute 
to age-associated increases in astrocytic neurotoxicity. In addition, 
aged KO astrocytes were less hypertrophic. Loss of astrocyte hyper-
trophy exacerbates ocular hypertension–induced RGC loss (59). 
Following brain injury, hypertrophic astrocytes are important for 
limiting inflammation and protecting neurons (14). Accordingly, 
reductions in astrocyte hypertrophy may be linked to their loss of 
neuroprotective and anti-inflammatory functions. In combination 
with a loss of protective functions and gain of neurotoxicity in as-
trocytes, RGCs and other cell types may trigger RGC degeneration.

In the present study, the rate of RGC loss was relatively small, 
which was similar to Amyloid precursor protein (APP) gene with 
Swedish mutation and presenilin 1 gene (PS1) with deletion of exon 
9 mice (15) in that both models show severe pathological pheno-
types and altered astrocyte hypertrophy. Glia-KO mice already showed 
hypertrophic retinal astrocytes at 3 months, which was followed by RGC 
loss, suggesting that the phenotypic changes of retinal astrocytes are 
important for the initiation of non–cell-autonomous RGC death and 
induction of a glaucoma-like phenotype. In the APP/PS1 mouse model 

of Alzheimer’s disease, the severity of astrogliosis is well associated with 
that of disease-like symptoms (15). For this, astrocytic MAOB–mediated 
H2O2 has a critical role. In Huntington’s disease (HD) model, over-
expression of mutant huntingtin genes in astrocytes triggers HD-like 
pathology (57). Mutant huntingtin decreased astrocytic glutamate trans-
porter and caused excitotoxicity in adjacent neurons, thereby leading 
to an HD phenotype. In an amyotrophic lateral sclerosis (ALS) model, 
astrocytes with mutant SOD1 increased progression of ALS by activating 
microglial inducible nitric oxide synthase (58). Therefore, although the 
method of astrocytic contribution varies from disease to disease, non–
cell- autonomous mechanisms exerted by astrocytes appear to be common 
in many CNS diseases, which would also be the case in the present study.

ABCA1 deficiency–triggered inflammatory responses by astro-
cytes may be mediated in part by the accumulation of cholesterol, a 
major substrate of ABCA1. A previous study demonstrated that 
cholesterol accumulation enhances Toll-like receptor (TLR)–mediated 
inflammatory signaling (60). Because TLR localizes at cholesterol- 
rich lipid microdomains (also called lipid rafts) in the plasma mem-
brane, excess cholesterol exacerbates TLR-mediated signaling. 
Consistent with this notion, our RNA-seq data showed up-regulation 
of PRR and NF-B pathways, two major downstream targets of 
TLR signaling. ABCA1 deficiency in astrocytes may also cause an 
inadequate cholesterol supply to neurons. Impairments of astrocyte- 
to-neuron cholesterol supply trigger neurodegenerative diseases (61), 
and a lack of neuronal cholesterol mediates excitotoxic neuronal 
death (62). Because astrocyte-derived cholesterol may be required for 
synaptogenesis of RGCs (63), ABCA1 deficiency in astrocytes may 
also trigger synapse loss in RGCs. Consistent with this notion, Glia-KO 
mice showed reduced numbers of synapses in the IPL. Collectively, 
previous reports and our results suggest that ABCA1 deficiency–
induced inflammation, synapse loss, and RGC degeneration may be 
mediated in part by cholesterol.

Accumulating evidence suggests that inflammation is a key pro-
cess in the pathogenesis of glaucoma. Elevated inflammatory signals 
can be detected in the retina of patients with glaucoma (64). Astro-
cytes play a central role in inflammation of the human glaucoma-
tous eye (64). Our scRNA-seq analysis revealed up-regulation of 
inflammatory pathways (e.g., HMGB1, PRRs, and NF-B) and 
chemokine pathways (e.g., CXCR4, CCR3, and CCR5) in astrocytes 
and RGCs. Moreover, Abca1-deficient astrocytes expressed higher 
levels of CXCL12 and CCL5, agonists for these receptors. Both CCL5 
and CXCL12 are expressed in the ocular tissue of patients with glau-
coma (65, 66). Because our results and human scRNA-seq data (52) 
showed expression of CXCR4 and CCR5 in RGCs, astrocyte-derived 
chemokines likely target RGCs. Although CXCL12 also exhibits a 
neuroprotective effect, CXCL12 truncated by matrix metalloproteinase 
is highly neurotoxic (67). Notably, because matrix metalloprotein-
ase is often associated with inflammation, such chemokine signals 
may be converted into neurotoxic signals. ABCA1 deficiency can 
also reduce anti-inflammatory responses by down-regulating JAK2/
STAT3 (Janus kinase 2/signal transducer and activator of transcrip-
tion 3) signaling (68).

Although previous scRNA-seq analyses have revealed the heteroge-
neity of RGCs (30), including differences in resiliency or sensitivity to 
ON crush (ONC) (31), it was unknown whether any particular RGC 
subtype is sensitive to glaucoma, especially NTG. We identified a 
novel RGC subclass that is sensitive to Abca1 deletion and highly 
expresses Grin3a (which encodes NR3A). NR3A functions as a 
“dominant-negative”–like subunit in NMDA receptors to reduce 
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Ca2+ permeability (46). Loss of Grin3a in RGC-1 cells would cause 
Ca2+ excitotoxicity (46, 48), a common neurodegenerative mecha-
nism in various neurologic disorders. The finding that dysregulated 
GRIN3A/NR3A is linked to human neurodegenerative diseases (69) 
further supports our DFA results. In addition, our results showed a 
reduction in GABAergic signaling in RGC-1. In addition to the 
cell-autonomous mechanism, we observed a reduction of the putrescine 
degradation/MAOB-mediated GABA production pathway, which is 
important for astrocyte-mediated tonic inhibition (15). Thus, it is 
possible that the reduced inhibition provided by astrocytes enhances 
the excitotoxicity of RGCs. Furthermore, because cultured KO astro-
cytes showed a significant increase in extracellular glutamate levels, 
ABCA1 loss may enhance glutamate release or reduce uptake by 
astrocytes. Disruption of the balance between inhibitory and excitatory 
signaling by astrocytes may also mediate the non–cell-autonomous 
mechanism of RGC excitotoxic damage, thus contributing to retinopathy 
in Glia-KO mice. Previous scRNA-seq studies revealed 45 subclasses 
of RGCs (30, 31), of which Grin3a was expressed in 16 subclasses 
occupying ~25% of the total RGC population [as calculated using 
Subtype Gene Browser (30, 31)]. Four RGC subclasses expressed 
Grin3a under control conditions but exhibited significantly reduced 
expression after ONC: C4, C28, C31, and C43. These RGC subclasses 
included -RGCs, F-RGCs, and ipRGCs. Among these classes, only 
F-RGC [a direction-selective RGC (70)] was sensitive to both ONC 
and ocular hypertension (31, 71). Consistent with the vulnerability 
of direction-selective RGCs in mouse glaucoma models, motion sen-
sitivity was impaired before visual field loss in patients with glaucoma 
(72). On the basis of these reports, the most probable candidate for 
RGC-1 seems to be direction-selective RGCs.

Many studies, including non–human primate glaucoma models, 
have demonstrated excitotoxicity in RGCs (73). Our results identify 
a possible link between chemokine signaling and excitotoxicity in 
RGCs. CXCR4 and CCR5 are known to mediate neuronal death (74). 
CCL5 facilitates glutamate release from neurons (75), while CXCL12 
is coupled to glutamatergic signaling and NMDAR-mediated neuro-
toxicity (76). Furthermore, reductions in neuronal cholesterol me-
diate excitotoxicity (62). Collectively, these reports suggest that an 
association between astrocyte-derived chemokines and reduced 
cholesterol supply enhances excitotoxicity in RGCs. The finding that 
RGCs of Glia-KO mice showed higher vulnerability to excitotoxicity 
supports this possibility. However, it is difficult to protect RGCs by 
solely inhibiting glutamatergic signaling in patients (77) because glau-
coma is a multifactorial disease, and other factors, such as oxidative stress, 
may contribute to RGC death. We also observed up-regulation of oxi-
dative stress pathways in RGCs of KO mice, suggesting that excess 
excitatory signaling was accompanied by other pathological changes 
that cause RGC degeneration, such as oxidative stress. Accordingly, 
inhibition of multiple targets may be necessary for glaucoma treat-
ment. As summarized in Fig. 8, our results demonstrate that Abca1 defi-
ciency, especially in astrocytes, causes age-associated optic neuropathy– 
like phenotypes without IOP changes. Astrocytic ABCA1 may be an 
important pathogenic factor in optic neuropathy and a potential 
molecular target for the treatment of glaucoma, especially NTG.

MATERIALS AND METHODS
Materials used in the present study are listed in table S1. No statistical 
methods were used to predetermine the sample size. Experiments 
were not randomized. The investigators were blinded to group allocations 

during experiments and when counting numbers of RGCs and 
apoptotic cells to assess outcomes.

Animals
A list of mouse strains used in the study is presented in table S1. Mice 
were maintained in a pathogen-free, temperature-controlled (23°C), 
and humidity-controlled (55%) facility with a 12-hour (6:00 a.m. to 
6:00 p.m.) light-dark cycle. Mice had free access to food and water. 
WT male mice (DBA/1J) were obtained from Japan SLC (Shizuoka, 
Japan). KO (DBA/1J background) and Glia-KO (ABCA1flox/flox:: 
GFAP-Cre, C57BL/6J background) mice were provided by F. Okajima 
(Gunma University, Japan) and M. Hayden (British Columbia, 
Canada), respectively. As a control (Ctr) for Glia-KO mice, we used 
littermate ABCA1flox/flox mice. All animal experiments were repli-
cated at least three times.

IOP measurement
IOP was measured using a rebound-type tonometer (TonoLab, Icare, 
Vantaa, Finland) as previously reported (33). Mice were anesthetized 

Fig. 8. Astrocytic ABCA1–triggered pathogenesis of optic neuropathy. In summary, 
loss of astrocytic ABCA1 caused optic neuropathy–like phenotypes. (A) Glia-KO 
mice showed age-associated optic neuropathy–like phenotypes such as RGC de-
generation, retinal thinning, axonal damage, and visual dysfunction without IOP 
changes. (B) At the cellular level, ABCA1-deficient astrocytes showed impaired efflux 
and intracellular accumulation of cholesterol. Aged astrocytes reduced their hyper-
trophy and triggered inflammation by producing chemokines such as CXCL12 and 
CCL5, which would target CXCR4 and CCR5 expressed on RGCs. A subclass of RGCs 
(i.e., RGC-1) was sensitive to Abca1 deletion. RGC-1 expressed high levels of the 
NR3A subunit gene (Grin3a), which reduces Ca2+ permeability of the NMDA recep-
tor channel. In Glia-KO mice, RGC-1 reduced Grin3a expression, and RGCs exhibited 
higher sensitivity to NMDA-evoked excitotoxicity. Thus, astrocyte-derived chemo-
kines may enhance NMDA receptor–mediated excitotoxicity of RGC-1.
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with a mixture of medetomidine [0.3 mg/kg body weight (b.w.)], 
midazolam (4.0 mg/kg b.w.), and butorphanol (5.0 mg/kg b.w.). 
IOP was measured after loss of the righting reflex. All IOP measure-
ments were performed between 6:00 p.m. and 12:00 a.m.

Central corneal thickness
Measurement of CCT was performed as previously reported (33). 
Briefly, enucleated eyes were fixed with 4% paraformaldehyde (PFA) 
for 1 hour at room temperature, and corneas were dissected. Cell 
nuclei were labeled with DAPI (10 g/ml in phosphate-buffered sa-
line, PBS) for 1 hour in the dark at room temperature. Corneas were 
imaged by z-stack imaging using an FV-1200 laser-scanning confo-
cal microscope (Olympus, Tokyo, Japan).

Spectral-domain optical coherence tomography
Spectral-domain optical coherence tomography (OCT) (RS-3000, 
Nidek, Aichi, Japan) was used to measure retinal thickness. Briefly, 
a 60-D adapter lens was placed on the objective of the multiline OCT 
instrument. Retinal scanning was performed vertically through the 
center of the ONH at a three-disc-diameter length above the ONH. The 
thickness of the ganglion cell complex was measured from the inter-
nal limiting membrane to the IPL and INL interface. The maximum 
number of B scans set by the manufacturer (50 for line scans) was 
used for averaging.

Preparation of flat-mount retinae
Eyes were enucleated, immersed in 4% PFA for 30  min at room 
temperature, and then dissected. Retinae were post-fixed overnight 
at 4°C and divided into quadrants for subsequent experiments. A 
specific retinal area was not used (i.e., nasal, temporal, ventral, or 
dorsal). Each quadrant retina was used as one flat-mount retinal 
sample for immunohistochemistry. Images used for quantification 
of numbers of RGCs and apoptotic cells were obtained from the 
central retina (~500 m from the ONH).

Preparation of tissue sections
For immunofluorescence staining of ABCA1, enucleated eyes were 
immediately immersed in Tissue-Tek Optimal Cutting Temperature 
(O.C.T.) compound (Sakura Fintechnical, Tokyo, Japan) and frozen 
at −80°C. Eye sections (20-m thickness) were prepared using a cryostat 
(LC1520, Leica, Wetzlar, Germany) and mounted on glass slides. 
Tissues on the slides were fixed in 4% PFA for 5 to 10 min at room 
temperature. To investigate other proteins, enucleated eyes were im-
mersed in 4% PFA overnight at 4°C, soaked in 20% sucrose/PBS for 
2 days at 4°C, and cut into 20-m sections. For ONH, globes with 
attached ONs were isolated and fixed in 4% PFA overnight at 4°C. ONs 
were dissected 0.5 to 1.0 mm posterior to the sclera, and tissues were 
immersed in 20% sucrose/PBS for 2 days at 4°C. Samples were then 
cryoprotected and sliced (10-m thickness).

Magnetic cell separation
Tissue dissociation and separation of cell types were performed with 
a gentleMACS Dissociator and Adult Brain Dissociation Kit accord-
ing to the manufacturer’s protocol (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Three retinae per sample were dissociated. Briefly, reti-
nae were minced and digested with a proprietary enzyme solution. 
Next, samples were mixed with Fc receptor blocking reagent and 
incubated with anti-mouse CD11b–coated microbeads for 10 min 
at 4°C. CD11b+ microglial cells were collected using an LS column 

on a QuadroMACS Separator (Miltenyi Biotec). To further separate 
astrocytes/Müller cells and other cell types (i.e., neurons and endothelial 
cells), the flow-through was mixed with anti–ACSA-1–coated microbeads 
for 10 min at 4°C, and the astrocyte/Müller cell fraction was mag-
netically trapped on the LS column. The flow-through after removing 
CD11b+ and ACSA-1+ cells was used as the negative fraction.

RNA purification and reverse transcription
Total RNA from ocular tissues or isolated cells was purified using 
an RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. Tissues or cells were homogenized 
in QIAzol for 40 s and mixed with chloroform, and the resulting water 
phase was transferred to a new tube. EtOH (70%) was added, and RNAs 
were bound to the spin column. After washing and eluting RNAs, re-
verse transcription was performed using a PrimeScript RT reagent 
kit (Takara Bio, Shiga, Japan) according to the manufacturer’s protocol.

Bulk RNA-seq
Isolated retinae from Glia-KO mice were lysed, and total RNA was 
isolated using an RNeasy Lipid Tissue Kit (Qiagen). Samples were 
assessed using an RNA 6000 Nano Kit (Agilent, Santa Clara, CA, 
USA) and 2100 Bioanalyzer (Agilent). Total RNA samples >200 ng 
with an RNA integrity number >8.0 were sequenced. The sequencing 
library was prepared using a TruSeq Stranded mRNA Library Prep 
Kit (Illumina, San Diego, CA, USA). Poly-A RNA was purified using 
poly-T oligo–attached magnetic beads. The eluted mRNA was sub-
sequently fragmented by incubation with first-strand buffer at 94°C 
for 8 min. First-strand cDNA was synthesized by incubating a mix-
ture of cleaved RNA fragments, Superscript II reverse transcriptase, 
and random primers in a thermal cycler (25°C for 10 min, 42°C for 
15 min, and 70°C for 15 min; hold at 4°C). cDNA was labeled using 
a cDNA plate barcode label reagent. Samples were then mixed with 
DNA polymerase I, ribonuclease H, and barcode label reagents, and 
incubated at 16°C for 10  min to synthesize second-strand cDNA 
and digest the template RNA. cDNA was purified with AMPure XP 
beads, the 3′ ends were adenylated using an A-tailing mix, and the 
mixture was incubated in a thermal cycler (37°C for 30  min and 
70°C for 5 min; hold at 4°C). Adapters were ligated to cDNA using 
a ligation mix, and the mixture was incubated at 20°C for 15 min. 
After several rounds of polymerase chain reaction (PCR) amplifica-
tion, enriched DNA fragments were purified with AMPure XP beads. 
The quality and quantity of the library were then validated with an 
Agilent 2100 Bioanalyzer. Bulk RNA-seq was performed with an 
Illumina NovaSeq 6000 according to the manufacturer’s procedures, 
and approximately 6.36 Gb were read per sample. Reads mapped to 
ribosomal RNA and those with low-quality, adaptor pollution, or a 
high content of unknown bases were removed using SOAPnuke to 
produce clean reads, which were stored in FASTQ format for subse-
quent analyses. RNA-seq files were analyzed using Galaxy Tools 
(usegalaxy.org). Paired-end FASTQ files were aligned to the GRCm38 
mouse genome using HISAT2 (v2.1.0), and BAM files were created. 
Aligned reads were then counted using featureCounts (v1.6.4) to create 
gene count tables, which were analyzed by DESeq2 (v1.22.1) to 
identify differentially expressed genes. Log-fold change and P value 
per gene were then used to perform ontological analysis via IPA.

Single-cell RNA sequencing
WT and KO mice at 12 months of age were euthanized with a CO2 
chamber. Their eyes were dissected and placed on a glass slide with 
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a shallow volume of PBS. While using angled forceps to hold the eye 
in position, small spring scissors were used to create an incision at 
the cornea-sclera junction. The scissors were then used to cut along 
the divide around the eye until the cornea and iris were lifted, and the 
lens was released. The retina was then gently removed from the 
eyecup using angled forceps and carefully separated from the cho-
roid layer. After obtaining retinal tissue from mouse eye dissection, 
a Papain Dissociation System (Worthington, Columbus, OH, USA) 
was used to dissociate tissues into a single-cell suspension. The con-
ditions were initially tested using a C1 machine (Fluidigm, South 
San Francisco, CA, USA) and confirmed with a 10X Chromium system 
(10X Genomics, Pleasanton, CA, USA). Briefly, the retinal tissue was 
placed in a mixture of 100 l of papain solution and 5 l of deoxyri-
bonuclease solution and then incubated at 37°C for 15 min after 
gentle titration. The dissociated cell solution was then diluted with 
900 l of PBS and passed through a 35-m cell filter. Dissociated 
samples were loaded onto the 10X Chromium system, and scRNA-seq 
libraries were prepared using a Chromium Single-Cell 3′ reagent kit 
(v3). According to the manufacturer’s protocol, single cells were cap-
tured in nanoliter-scale Gel Beads-In-Emulsion (10X Genomics), 
whereby cells were lysed, cDNA was synthesized by reverse tran-
scription of RNA, and all cells were tagged with the same 10X barcode. 
Following PCR amplification, enzymatic fragmentation, adaptor 
attachment, and sample indexing, the constructed library was se-
quenced with the NextSeq 500 system (Illumina).

Bioinformatic and computational analysis
Demultiplexing NextSeq sequencer base call files were used to generate 
FASTQ files of sequencing reads using the 10X Genomics Cell 
Ranger command mkfastq (version 3.0.2). Feature count matrices 
were then generated using the Cell Ranger command count, which 
performs read alignment to the GRCm38 mouse genome and unique 
molecular identifier counting. Because the default Cell Ranger cell 
detection algorithm for generic cell types is too restrictive when ap-
plied to low-expressing retinal cells, we used the -forcecells 9000 
parameters to extract a higher number of cell barcodes per tissue 
sample. This assumes that 9000 cells were captured per sample and 
loaded onto the 10X Chromium system, which aligns with the usual 
uptake percentage of cell suspension loaded given the fixed density 
and volume suggested by technicians at the Queen Mary University 
of London Genome Center. The R toolkit package Seurat (v3.1.4; 
https://github.com/satijalab/seurat) was used for further downstream 
analysis. Cell barcodes, genes, and expression count matrices of each 
sample were separately loaded into Seurat with a prefilter of a mini-
mum of 200 genes detected per sample. Log normalization, which 
normalizes the feature expression for each cell within the sample, 
and feature selection, which extracts genes exhibiting high cell-cell 
variation within the dataset, were performed for each sample dataset. 
Following normalization, all sample datasets were integrated using 
FindIntegrationAnchors and IntegrateData, which use an anchoring 
method to coordinate cell types among different samples and inte-
grate them into one Seurat object dataset. The integrated dataset was 
then scaled, and principal components analysis was performed. The 
top 20 principal components were used for a graph-based clustering 
approach. In brief, the clustering steps involved construction of a 
K-nearest neighbor graph, refinement of edges using Jaccard similarity, 
and optimization with the Louvain algorithm with a granularity setting 
of 1.5. The resulting 32 clusters were then projected to a two-dimensional 
plane and visualized as a Uniform Manifold Approximation and 

Projection. The FindAllMarkers function was then applied to extract 
differentially expressed genes per cluster by comparing each cluster 
with the remaining dataset using the Wilcoxon rank sum test. Known 
retinal cell markers were then identified in these differential gene lists 
to assign cell identities to the respective clusters. Numbers of cells 
that expressed two of four marker genes (Slc17a6, Stmn2, Thy1, and 
Resp18) were used to estimate changes in numbers of RGCs between 
WT and KO mice.

Real-time PCR
The reaction mix contained total RNA, primers, probes, and PrimeTime 
Gene Expression Master Mix. PCR amplification and real- time de-
tection were performed using an Applied Biosystems 7500 Real-Time 
PCR System (Waltham, MA, USA). The temperature profile consisted 
of 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 15 s 
and annealing/extension at 60°C for 1 min. Predesigned primers and 
probes for the investigated genes (listed in table S1) were obtained 
from Integrated DNA Technologies (Coralville, IA, USA).

Immunofluorescence staining
Flat-mount retina samples were blocked with 5% normal goat se-
rum in PBS containing 2% Triton X-100 (PBST) for 1 hour at room 
temperature. For ABCA1 immunostaining, samples were further 
blocked using an Mouse on Mouse (M.O.M.) Kit (Vector Labs, 
Burlingame, CA, USA) according to the manufacturer’s protocol. 
Retinal slices or flat-mount retinae were incubated with primary anti-
bodies overnight or for 3 days at 4°C, respectively. Samples were washed 
three times with PBST at room temperature for 10 min each and 
incubated with Alexa- conjugated secondary antibodies for 1 hour 
at room temperature. Primary and secondary antibodies were diluted 
in blocking buffer and PBST containing 0.3% normal goat serum, 
respectively. Nuclei were stained with DAPI. For filipin III staining, 
samples were incubated in filipin III solution (50 g/ml in PBS) for 
1 hour at room temperature. Samples were mounted on glass coverslips 
using ProLong Gold (Thermo Fisher Scientific, Waltham, MA, USA). 
Fluorescent images were acquired using an FV1200 laser scan-
ning confocal microscope (Olympus). A normal adult human retina 
(female, 42 years old, T1234108; BioChain Institute, Newark, CA, 
USA) was used for ABCA1 immunostaining.

In situ hybridization
In situ hybridization was performed as previously reported (33). 
An antisense riboprobe was used to detect Abca1 [GenBank acces-
sion number NM_013454, full length, 1 to 6786 nucleotides (nt)]. 
Digoxigenin (DIG)–labeled riboprobes were synthesized from each 
plasmid using in vitro transcription (DIG RNA Labeling Mix, Roche). 
Cryosections were fixed in 4% PFA and treated with Proteinase K 
(1 g ml−1; Merck) for 10 min. Samples were further fixed in 4% 
PFA, acetylated, and then hybridized with DIG-labeled probes in 
hybridization buffer [50% formamide, 5× saline sodium citrate (SSC) 
(1× SSC: 0.15 M NaCl, 0.015 M sodium citrate in diethylpyrocarbonate- 
treated water), yeast transfer RNA (200 g ml−1), heparin (0.1 mg ml−1), 
1× Denhardt’s solution, 0.2% Tween 20, 0.1% CHAPS, and 5 mM 
EDTA] overnight at 65°C. Hybridized sections were washed with 
1× SSC containing 50% formamide at 65°C for 15 min (wash I) and 
30 min (wash II) and with 0.1× SSC at 65°C for 30 min (wash III). 
Then, the sections were washed twice with maleic acid buffer [0.1 M 
maleic acid (pH 7.5), 0.1% Tween 20, and 0.15 M NaCl] and incu-
bated with alkaline phosphatase–conjugated anti-DIG antibody 
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(1:2000; Roche, Basel, Switzerland) in blocking buffer (0.5% skim 
milk in PBS) overnight at 4°C. Alkaline phosphatase was visualized 
by staining with nitro-blue tetrazolium chloride (Roche) and 5-bromo- 
4-chloro-3-indolyl-phosphate (Roche) according to the manufacturer’s 
instructions. For double staining, immunohistochemistry was per-
formed following in situ hybridization. Transmitted light images 
were obtained with an Olympus BX53 microscope connected to a 
charge-coupled device camera (DP72; Olympus) or a BZ-X700 
microscope (KEYENCE, Tokyo, Japan).

Multifocal electroretinograms
mfERGs were recorded using a VERIS 6.0 system (Electro-Diagnostic 
Imaging, Redwood City, CA, USA) as previously reported (39). Mice 
were anesthetized, and their pupils were dilated with 0.5% phenyl-
ephrine hydrochloride and 0.5% tropicamide. The visual stimulus 
consisted of seven hexagonal areas scaled for eccentricity. The stimulus 
array was displayed on a high-resolution black-and-white monitor 
at a frame rate of 100 Hz. The second-order kernel was previously 
shown to be a sensitive indicator of inner retinal dysfunction (42) and 
impaired in patients with glaucoma (43). We analyzed the second- 
order kernel amplitude of mice.

Serial block-face scanning electron microscopy
Enucleated eyes were immersed in 0.1 M PBS containing 4% PFA 
(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and 0.5% 
glutaraldehyde (Fujifilm Wako Pure Chemical Corporation) for 
12 hours at 4°C. ON sections were cut on a vibratome (Leica), and 
the resulting specimens were stained with 0.4% OsO4, uranyl ace-
tate, and lead aspartate, followed by embedding in epon resin (Electronic 
Microscopy Sciences, Hatfield, PA, USA). SBF-SEM images were ob-
tained with a Sigma VP scanning electron microscope (Carl Zeiss, 
Oberkochen, Germany). Axonal swelling was defined as axonal seg-
ments with a diameter greater than twice that of adjacent segments, 
with prominent accumulation of membranous organelles and a lack 
of continuous cytoskeletal bundle profiles.

Measurement of total cholesterol
Total cholesterol was measured using a LabAssay cholesterol kit ac-
cording to the manufacturer’s protocol (Fujifilm Wako Pure Chemical, 
Tokyo, Japan). Briefly, chromogen reagent was mixed with reaction 
buffer to generate a working solution. An aliquot of each sample 
(2 l) was used for cholesterol measurement. The reaction mixture 
was incubated at 37°C for 5 min, and the absorbance of samples was 
measured with a microplate reader at 600 nm (SpectraMax 340PC384, 
Molecular Devices, San Jose, CA, USA).

Intravitreal NMDA injection
To investigate excitotoxic RGC degeneration, we intravitreally injected 
NMDA. Briefly, Ctr and Glia-KO mice were anesthetized, and a 
small incision was made 0.5 to 1.0 mm behind the limbus using a 
30-gauge needle. NMDA (2 l at 100 M in saline) was injected intra-
vitreally. Changes in numbers of Rbpms+ RGCs were quantified at 
7 days after injection.

Primary cultured ON astrocytes
The ON was isolated from newborn mice and digested in 0.1% trypsin- 
EDTA at 37°C for 10 min. Cells were then dispersed by trituration 
through a pipette and cultured in a plastic dish or eight-well chamber 
slide [in Dulbecco’s modified Eagle’s medium supplemented with 

5% fetal bovine serum, 5% horse serum, penicillin (10 U/ml), and 
streptomycin (10 g/ml)]. Cultures were incubated with clodronate 
(50 g/ml) for 5 days to eliminate microglia. Cells were maintained 
under 10% CO2 at 37°C, and the culture medium was changed every 
3 days. All in vitro experiments were replicated at least three times.

Statistics
Statistical analysis was performed using Origin Pro (OriginLab, 
Northampton, MA, USA). The n number means biological replicates. 
Data are expressed as means ± SEM. Mann-Whitney U tests were used 
for comparisons of two groups. One-way analysis of variance followed 
by Fisher’s least significant difference test was applied for multi-
ple comparisons. Differences were considered significant when the 
P value was less than 5%.

Study approval
All animals included in this study were obtained, housed, cared for, 
and used in accordance with “Guiding Principles in the Care and 
Use of Animals in the Field of Physiological Sciences” published by 
The Physiological Society of Japan. Approval was obtained from the 
Animal Care Committee of Yamanashi University (Chuo, Yamanashi, 
Japan) and the U.K. Home Office Animal Project License (University 
College London, London, UK).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1081

View/request a protocol for this paper from Bio-protocol.
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