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Abstract Glaucoma is the leading cause of irreversible blindness worldwide. In the pathogen-
esis of glaucoma, activated microglia can lead to retinal ganglion cells (RGCs) apoptosis and
death, however, the molecular mechanisms remain largely unknown. We demonstrate that
phospholipid scramblase 1 (PLSCR1) is a key regulator promoting RGCs apoptosis and their
clearance by microglia. As evidenced in retinal progenitor cells and RGCs of the acute ocular
hypertension (AOH) mouse model, overexpressed PLSCR1 induced its translocation from the
nucleus to the cytoplasm and cytomembrane, as well as elevated phosphatidylserine exposure
and reactive oxygen species generation with subsequent RGCs apoptosis and death. These
damages were effectively attenuated by PLSCR1 inhibition. In the AOH model, PLSCR1 led
to an increase in M1 type microglia activation and retinal neuroinflammation. Upregulation
of PLSCR1 resulted in strongly elevated phagocytosis of apoptotic RGCs by activated microglia.
Taken together, our study provides important insights linking activated microglia to RGCs death
in the glaucoma pathogenesis and other RGC-related neurodegenerative diseases.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
sion

lindole
fluorescein diacetate

tent stem cells
g adaptor molecule 1

privation/

se 1

ator of viability and

se chain reaction

s
s

scription-polymerase

TB toluidine blue
TG transgenic
TUNEL terminal deoxynucleotidyl transferase biotin-

UTP nick end labeling
WT wild-type
Background

Glaucoma, the leading cause of irreversible blindness
worldwide, is characterized by progressive retinal ganglion
cells (RGCs) degeneration and death and impairment of
visual function.1e3 The pathogenesis of RGCs degeneration
and death is complex. The pathophysiology of glaucoma-
tous damage is multifactorial and not completely under-
stood. Activation of retinal microglia has been found to
promote RGCs apoptosis and death in the pathogenesis of
glaucoma.4,5 However, the underlying molecular mecha-
nisms are still largely unknown.

Microglia are resident immune cells in the human and ro-
dent retina.6 Inphysiological conditions,microgliaare located
in the ganglion cell layer (GCL), inner plexiform layer (IPL),
and outer plexiform layer (OPL) with ramifiedmorphology.4 In
inherited photoreceptor degeneration, activated microglia
could facilitate rod death via phagocytosis and secretion of IL-
1b.7 In the glaucomatous retina, activated microglia could
progressively migrate to GCL, which is thought to be delete-
rious in the process of retinal degeneration.4

Recent studies indicate that lipid metabolism and turn-
over play a critical role in the pathogenesis of glaucoma.8,9

Phospholipid scramblase 1 (PLSCR1), associated with lipid
metabolism is a calcium-dependent type II single-pass
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transmembrane protein. Activation of PLSCR1 promotes
phosphatidylserine (PS) to expose from the inner leaflet to
the outer leaflet of plasma membrane, which is one of the
characteristics of early apoptosis and an “eat-me” signal
for microglia to recognize and engulf stressed cells.10,11

PLSCR1 might be associated with neuron death, as
increased PLSCR1-immunoreactive neurons were observed
in the human hippocampus after cerebral ischemia.12

Though downregulated expression of PLSCR1 could inhibit
microglial activation for the clearance of virus transduced-
astrocytes in the central nervous system (CNS),13 it has not
been investigated whether PLSCR1 is directly involved in
the microglia activation and neuron death.

In this study, we explored the connection between
PLSCR1 and retinal microglia, and revealed their relation-
ships with RGCs death. Our study points out that PLSCR1 is a
pivotal regulator promoting RGCs apoptosis and their
clearance by activated retinal microglia. Our findings pro-
vide novel insights into the mechanisms of microglial acti-
vation in glaucoma pathogenesis, which might contribute to
potential therapeutic interventions for glaucoma and other
RGC-related neurodegenerative diseases.
Materials and methods

Reagents and resources

The detailed information on reagents and resources,
including antibodies, chemicals, sequences, and other
materials related to our study are listed in the Supple-
mentary Information.

Retinal progenitor cells (RPCs) and cell culture

Human induced pluripotent stem cells (hiPSCs) were pur-
chased from Saibei company (Beijing, China). The proced-
ure of hiPSCs differentiation into RPCs was modified as
previously described.14,15 Briefly, hiPSCs were cultured
using retinal induced medium (RIM) in a 12-well culture
plate for five days. RIM was change every day. From the
sixth day, hiPSCs were cultured using the retinal differen-
tiation medium (RDM) for seven days. From day 12, the cells
were transplanted to the retinal progenitor cell differen-
tiation medium (RPCDM). The RPC-like cells were me-
chanically enriched by scraping out with non-RPC
morphology. Enriched RPCs were cultured in retinal pro-
genitor cell medium (RPCM) for three days. Then the RPCs
were cultured in Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (DMEM/F12) supplemented with 10%
fetal bovine serum (FBS) and maintained at 37 �C in an
incubator at 5% CO2. The hiPSCs exhibited typical clonal
morphology and were characterized by traditional plurip-
otent stem cell markers OCT4 and Tra-1-60, while RPCs
differentiated from hiPSCs were characterized by Pax6,
Nestin, CHX10, and LHX2. Flow cytometry was applied to
validate differentiation efficiency from hiPSCs to RPCs
(Fig. S1). The detailed composition of the cell culture me-
dium was listed in Supplementary information.
Adenoviral transfection and RNA interference

For the adenoviral transfection, the adenovirus packaging
expressing PLSCR1 (pAd-PLSCR1) and the control (pAd-NC)
vector were obtained from Vigene Biosciences Company
(Shandong, China). All the plasmids were verified by DNA
sequencing. The adenoviruses were added into the RPC
culture medium at a multiplicity of infection (MOI) of 30.

For the RNA interference, effective small interfering RNA
(siRNA) targeting human PLSCR1 (si-PLSCR1) and a negative
control scrambled siRNA (si-NC) were purchased from Gen-
ePharma Company (Shanghai, China) and transfected using
Lipofectamine� RNAiMax (Invitrogen, USA) according to the
manufacturer’s instructions. The transfection was conduct-
ed 24 h prior to oxygen and glucose deprivation/reoxyge-
nation (OGDR) treatment. The expression levels of PLSCR1
were verified by Western blot. The sequences used were
listed in the Supplementary Information.

OGDR model

To establish the OGDR model, the culture medium of RPCs
was replaced with glucose-free DMEM (Gibco) after washing
cells twice with PBS. Then, the cells were placed in a 5%
CO2 and 95% N2 atmospheric incubator chamber under
hypoxic conditions for 3 h at 37 �C. After that, RPCs were
cultured in the normal medium again and maintained in a
normoxic (5% CO2 and 95% air) atmospheric incubator for
24 h. Control groups were cultured in the normal medium in
a normoxic atmospheric incubator for the same duration.

Mice

All the animal procedures were approved by the Animal
Care and Ethics Committee of Zhongshan Ophthalmic Cen-
ter, Sun Yat-Sen University (Guangzhou, China), and all the
Use of Animals were performed in accordance with the
Association for Research in Vision and Ophthalmology
(ARVO) statement. C57BL/6J wild-type (WT) mice and
transgenic PLSCR1 (TG-PLSCR1) mice produced on the
C57BL/6J background were generated from Gempharma-
tech Co., Ltd (Jiangsu, China). Two mouse lines showed
PLSCR1 overexpression in the retina identified by immu-
nostaining and Western blot were selected to further
breeding. Mice aged from 4 to 6 weeks were examined in
this study. In all procedures, mice were weighed and
anesthetized by intraperitoneal injection of 1% pentobar-
bital sodium (50 mg/kg, Sigma, USA) and topically anes-
thetized with 0.5% proparacaine hydrochloride eye drops
(Alcon, USA). Their pupils were dilated with topical
administration of tropicamide phenylephrine eye drops
(Santen, Japan). Animals were maintained on a 12-h
lightedark cycle and housed in the Animal Laboratory of
Zhongshan Ophthalmic Center.

Acute ocular hypertension (AOH) mouse model

The procedure of AOH model was carried out as our previ-
ous study described.3 To establish the AOH model, the WT
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mice and TG-PLSCR1 mice were anesthetized and their
pupils were dilated. The anterior chamber of the right eye
was cannulated with a 30-gauge infusion needle connected
to a 150-mL bottle of normal saline solution, which was
elevated to the height of 150 cm to maintain an IOP of
110 mmHg for 60 min. The left eye without AOH was served
as the control group. After the procedure, tobramycin
ointment (Alcon, USA) was applied to the eye surface for
preventing postoperative infection. Eyes without cataracts,
iris injury/bleeding, anterior chamber leakage, or in-
fections were collected for further study.

Optic nerve crush (ONC) injury mouse model

The ONC surgery was performed as previously described.16

After general and topical anesthetization, a small incision
was made in the superior-external conjunctiva and orbital
muscles were gently put aside with fine forceps to expose
the optic nerve. The optic nerve was clamped with self-
clamping forceps at about 1 mm behind the eye globe for 5 s.
The left eye without crushing served as control. Eyes were
harvested on the fifth day after treatment.

Western blot analysis

Western blot analysis was performed as previously
described.17 After extraction from RPCs or mouse retinas,
the concentrations of the proteins were measured. Equal
amounts of proteins were separated on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis resolving gel
and 5% stacking gel and transferred onto polyvinylidene
fluoride (PVDF) membrane. PVDF membrane was blocked
with 5% skim milk in Tris-buffered saline plus 0.1% Tween-20
(TBST) for 1 h at room temperature (RT), and then incu-
bated with primary antibodies (rabbit anti-PLSCR1, 1:1000,
Proteintech; rabbit anti-Tubulin,1:1000, Abcam) at 4�C
overnight. Then the membranes were incubated with sec-
ondary antibodies (HRP-goat anti-rabbit IgG, 1:2000) for 2 h
at RT. Proteins signals were developed with SuperSignal�
West Femto Maximum Sensitivity Substrate (Thermos Fisher
Scientific) and imaged using a chemiluminescence system
(Bio-Rad Laboratories, USA).

Flow cytometry

Cell apoptosis and reactive oxygen species (ROS) were
detected by flow cytometric analysis using Annexin V-FITC/
PI and 20,70-dichlorodihydrofluorescein diacetate (DCFH-
DA), respectively. Approximately 1 � 106 RPCs cultured in a
6-well plate were transfected with adenoviral or siRNA for
48e72 h. The cells were digested by 0.25% trypsin, washed
twice with PBS, and then incubated with Annexin V-FITC/PI
(Annexin V-FITC Apoptosis Detection Kit, BD Biosciences,
USA) or 10 mM DCFH-DA (Reactive Oxygen Species Assay Kit,
Beyotime, China) for 20 min. All groups in the experiment
were repeated in triplicate. Cell apoptosis and intracellular
ROS level were detected by a flow cytometer (BD Bio-
sciences, USA). Data were analyzed by the BD FACSDiva
8.0.1.
Immunofluorescence staining

In cells: Cultured iPSCs and iPSC-RPCs were washed with
PBS and fixed with 4% paraformaldehyde (PFA) for 15 min,
then washed twice with PBS. Then the cells were incubated
in 0.1M PBS containing 3% bovine serum albumin (BSA) and
0.5% Triton X-100 at RT for 1 h. Followed by incubation with
primary antibodies (rabbit anti-OCT4, 1:400; mouse anti-
Tra-1-60, 1:200; rabbit anti-Pax6, 1:400; mouse anti-CHX10,
1:400; mouse anti-LHX2, 1:400; rabbit anti-nestin, 1:400;
rabbit anti-PLSCR1, 1:200) overnight at 4�C, cells were
washed with PBS, and incubated with secondary antibodies
(1:500) and DAPI (1:5000). Images were captured with a
confocal scanning microscope LSM800 (Carl Zeiss,
Germany).

In tissues: The mice were overdosed with anesthesia and
transcardially perfused with 4% PFA and PBS. The eyes were
enucleated and immersed in 4% PFA for 40 min at RT. For
frozen cryosections, the eyecups were dehydrated in 10%
sucrose, followed by 20% and 30% sucrose, embedded in
OCT compounds, frozen, and cut as a 10-mm-thick section.
For retinal flat mounts, the retinas were mounted and
dissected into a four-leaf clover shape. The superior leaves
were labeled by the preservation of the surrounding retinal
pigment epithelium and dissected into the largest piece for
orientation. The tissues were incubated with primary an-
tibodies (rabbit anti-PLSCR1, 1:200; rabbit anti-RBPMS,
1:300; mouse anti-Brn3a, 1:500; goat anti-IBA1, 1:100; rat
anti-CD68, 1:300) overnight (cryosections) or for 72 h
(retinal flat mounts) at 4 �C. After washing in PBS, tissues
were incubated with secondary antibodies (1:500) for 2 h at
RT and counterstained with DAPI (1:2000). Six images were
captured at 300 mm from the optic nerve head of each
cryosection, while three images were captured from cen-
tral to peripheral regions in four quadrants of each retina
(Fig. 4C). The whole retinal mount and representative im-
ages of RBPMS labeled RGCs were acquired by a Zeiss Axio
Observer Inverted Microscope (TissueGnostics, Austria)
running the TissueFAXS 7.0 software with a 20� objective.
Orientation was indicated with S (superior), I (inferior), N
(nasal), and T (temporal) axes (Fig. 4D).

Phosphatidylserine (PS) exposure assay

In vitro, we performed polarity-sensitive indicator of vari-
ability and apoptosis (pSIVA-IANBD, Novus Biologicals, USA)
in the calcium-dependent states, which can bound to
apoptosis cells and be detected by fluorescence. Before
commencement of the experiments, cells were washed
twice with desktop fluid and supplemented with 2 mM CaCl2
in desktop fluid warmed to 37 �C for 10 min. pSIVA and
propidium iodide (PI) were added and incubated in a dark
condition at 37 �C for 5 min according to the manufac-
turer’s instructions. The PS on the extracellular face of the
plasma membrane was binding by pSIVA, and the damage or
necrotic cells were detected by PI. Hoechst (Invitrogen,
Thermo Fisher Scientific, USA) reagent was added to stain
cell nuclear. We then track the progression and timing of
PLSCR1 effect on RPCs apoptosis by live-cell imaging. To
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visualize PS exposure in vivo, mice were anesthetized and
injected 1.5 mL pSIVA solution into the vitreous one day
after AOH. The eyes were collected 2 h after pSIVA injec-
tion and fixed with 4% PFA for 20 min. The retinal flat
mounts were immediately observed by a confocal scanning
microscope.

Terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL)

To perform TUNEL staining of the retinal cryosections, the
cryosections were dried and permeabilized with 0.1%
Triton-X100 in PBS for 30 min at RT. After PBS rinsing, the
sections were incubated in dark places with TUNEL (In situ
Cell Death Detection Kit, Roche Life Science, Switzerland)
reaction mixture for 1 h at 37 �C and subsequently incu-
bated with DAPI for 10 min. For the retinal flat mounts, a
30 ml mixture per retina was used for incubation for 2 h at
RT in dark places before secondary antibodies incubation.
The images were captured with a confocal microscope as
above described.

Dihydroethidium (DHE) staining

The 10-mM thick retinal cryosections from different exper-
imental groups were taken to and then covered with a
10 mM DHE solution (Invitrogen). The slides were incubated
in a light-protected humidified incubator at 37 �C for
30 min. Sections were mounted with Fluoromount-G and
covered with coverslips. Images were taken using an
LSM800 confocal scanning microscope.

Histological assessment

The procedure of histologic sections was prepared as
described previously.18 Briefly, animals were sacrificed on
the fifth day after AOH. A suture was placed on the edge of
the inferior conjunctiva to identify the inferior portion of
the eye. Eyes were enucleated and fixed in FAS eye fixation
solution (Servicebio Technology, China) overnight at RT.
After dehydrated in an ethanol series, eyeballs were
embedded in paraffin, cut in 4-mm sections through the
suture and at the point of the optic nerve head, and
mounted on glass slides. Histology sections were stained
with hematoxylin and eosin (H&E). The microscopic image
of each section was captured at 1 mm on both sides from
the optic disc and the thickness of the whole and each layer
of the retina were measured using Image J software.

The axon damage of RGCs was evaluated by toluidine
blue (TB) staining on the seventh day post-AOH. After 4%
PFA perfusion, the mouse optic nerves were cut approxi-
mately 1 mm behind the globe, fixed by 2.5% glutaralde-
hyde for 2 h at RT, and transferred to 4 �C overnight.
Followed by washing with phosphate buffer, optic nerves
were placed in 1% OsO4 for 2 h at RT and dehydrated with a
series of ethanol and isoamyl acetate. The nerves were
then embedded in epoxy medium, cut sections at 1 mm with
an ultramicrotome, and enhanced with osmium tetroxide-
induced myelin staining using 1% TB. Optic nerve was
observed under light microscopy and the axon damage was
assessed using a semiquantitative optic nerve grading
scheme in accordance with previous studies.19,20

Image analysis

The number of interested cells (RGCs, microglia, and
apoptosis cells) from each field was counted using Image J
software (LOCI, University of Wisconsin, USA) to obtain the
average quantification. Areas of immunopositivity (pSIVA,
DHE, and CD68) were derived by thresholding images
captured under uniform imaging conditions. The unit of
each visual field used in statistics was under 20 � objec-
tive of an LSM800 confocal scanning microscope
(319.45 � 319.45 mm2 per field).

Quantitative real-time reverse transcription-
polymerase chain reaction (qRT-PCR) and
quantitative PCR (qPCR)

Total RNA was extracted from retina samples using TRIzol�
reagent, and the final concentration was quantified with a
Nanodrop spectrophotometer (ND-1000; NanoDrop Technol-
ogies, USA). Next, cDNA was synthesized with a qPCR RT Kit
(TOYOBO, Japan). The cDNA was then diluted with SYBR
Green Supermix (Bio-Rad) and was analyzed by qPCR for
changes in gene expression. GAPDH mRNA was used as an
internal control. The primer sequences are listed in Supple-
mentary Information. Each cDNA samplewas run in triplicate,
superimposed on a standard curve to determine absolute
transcript quantities. The relative mRNA expression levels
were calculated with the 2�DDCt method as in previous
research.21 Data were analyzed using Bio-Rad CFX manager
software.

RNA-seq analysis

The RNA-seq analysis was conducted by Berry Genomics
Corporation (Beijing, China) as our previous study.22 RNA
was extracted from the retinas of WT and TG-PLSCR1 mice
with AOH treatment. A total amount of 1 mg RNA per sample
was used as input material. Sequencing libraries were
generated using NEBNext� Ultra� RNA Library Prep Kit for
Illumina� (NEB, USA) following the manufacturer’s recom-
mendations, and index codes were added to attribute se-
quences to each sample. The clustering of the index-coded
samples was performed on a cBot Cluster Generation Sys-
tem using TruSeq PE Cluster Kit v3-cBot-HS (Illumia). Then
the library preparations were sequenced on an Illumina
NovaSeq platform and 150 bp paired-end reads were
generated. Clean data with high quality after processed
raw data were aligned with TopHat (v2.0.11) to the mouse
genome (GRCm38/mm10). HTSeq v0.6.1 was used to count
the reads numbers mapped to each gene. Ingenuity
pathway analysis (IPA) (Qiagen Inc., Hilden, Germany)
software was applied to analyze each sample’s expression
values and detect significant differences in gene transcript
expression between groups. Sequences have been depos-
ited in the NCBI Gene Expression Omnibus (GEO) database
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(https://www.ncbi.nlm.nih.gov/geo/). The GEO accession
is GSE186750.

Statistical analysis

SPSS software (version 21.0; IBM SPSS Inc., USA) and
GraphPad Prism (version 9.0; GraphPad Inc., USA) were
used for statistical analysis and graphics. The summarized
data were expressed as mean � SD obtained from at least
three independent experiments. The differences between
different groups were calculated by the two-tailed Stu-
dent’s t-test. NS indicates P � 0.05, *indicates P < 0.05,
**indicates P < 0.01, and ***indicates P < 0.001.

Results

Overexpressed PLSCR1 leads to its translocation in
RPCs

To verify the PLSCR1 expression in RPCs, we evaluated the
protein expression level of PLSCR1 in the blank group, pAd-
NC group, and pAd-PLSCR1 group by Western blot.
Compared with the blank group, the expression of PLSCR1
was significantly increased in the pAd-NC and pAd-PLSCR1
groups, especially in the pAd-PLSCR1 group (Fig. 1A, B).
Then we performed immunostaining of PLSCR1 to investi-
gate its subcellular location in RPCs. In the blank and pAd-
NC group, PLSCR1 was expressed in the nucleus, cytoplasm,
and cytomembrane of RPCs; whereas in the pAd-PLSCR1
group, PLSCR1 was not expressed in the nucleus but mainly
localized in the cytoplasm and cytomembrane (Fig. 1C).
These findings show that a much higher expression of
PLSCR1 would trigger its translocation from the nucleus to
the cytoplasm and cytomembrane in RPCs.

PLSCR1 regulates PS exposure, cell apoptosis, and
ROS generation in RPCs

As PLSCR1 can process PS exposure as an immune response
to viral infection,23,24 we use pSIVA, a fixable green fluo-
rescent polarity sensitive indicator of viability and
apoptosis, to bind exposure PS and PI to probe death cells
to evaluate the effect of PLSCR1 on RPCs function. In the
blank group, few RPC was detected with pSIVA/PI fluores-
cence signal. The pSIVA/PI signals were significantly
augmented in the virus-infected groups, of which the pAd-
PLSCR1 RPCs demonstrated more striking fluorescence sig-
nals (Fig. 2A).

We then used flow cytometry of Annexin V-FITC/PI to
detect the rate of cell apoptosis and death on RPCs.
Consistently, RPCs treated with pAd-PSLCR1 had the highest
degree of cell apoptosis among the three groups (Fig. 2B).
The early and late apoptotic ratio in the blank group was
6.7% and 12.6% in the pAd-NC treated group, while the
percentage of apoptotic cells increased to 19.2% in the pAd-
PLSCR1 group (Fig. 2C). For further study, we detected the
ROS generation by flow cytometry using DCFH-DA.
Compared with the blank group, cytosolic ROS production
was significantly elevated in the pAd-NC and pAd-PSLCR1
groups. Among them, the highest cytosolic ROS level was
observed in the pAd-PSLCR1 treated RPCs (Fig. 2D, E).

Using RNA interference to knock down PLSCR1 expres-
sion in RPCs (Fig. S2), we then investigated whether PLSCR1
inhibition could ameliorate RPCs damage under OGDR
conditions. As an in vitro model mimicking AOH, OGDR
treatment could enhance pSIVA/PI fluorescence signal, cell
apoptosis rate, and ROS accumulation in RPCs. PLSCR1 in-
hibition by si-PLSCR1 substantially alleviated damage and
death of RPCs (Fig. S3). From the above results, we
demonstrate that PLSCR1 regulates PS exposure, cell
apoptosis, and ROS generation in RPCs.

Upregulated PLSCR1 contributes to its
translocation in the retina and optic nerve of TG-
PLSCR1 mice

To explore the roles of PLSCR1 in retinal degeneration, TG-
PLSCR1 mice were generated using a cDNA coding human
PLSCR1 gene transferred into mouse embryos. Increased
expression of PLSCR1 was verified by Western blot in the TG-
PLSCR1mice retina (Fig. 3A, B). Then,we use immunostaining
of PLSCR1 to examine its distribution in mice retinas. In the
retina of WTmice, PLSCR1 was mainly expressed in the GCL
and inner nuclear layer (INL). However, in the retina of TG-
PLSCR1 mice, PLSCR1 was not only expressed in the GCL and
INL, but also expressed in the retinal nerve fiber layer (RNFL),
IPL,OPL, andouter nuclear layer (ONL).Also, in the retinaand
optic nerve of WT mice, PLSCR1 was mainly expressed in the
nucleus. Whereas in the retina and optic nerve of TG-PLSCR1
mice, PLSCR1 was expressed in the nucleus and cytoplasm
(Fig. 3C).

We also examined the distribution of PLSCR1 in the
brain and liver tissues from WT and TG-PLSCR1 mice. In WT
mice, PLSCR1 was located in the cell nucleus of brain and
liver. In TG-PLSCR1 mice, PLSCR1 was expressed in both
nucleus and cytoplasm in brain cells, whereas it was
translocated to cytoplasm and cytomembrane in liver cells
(Fig. S4). These findings demonstrate that overexpressed
PLSCR1 contributes to its translocation at the subcellular
level in tissue.

Overexpression of PLSCR1 aggravates RGCs damage
and death after acute ocular hypertension (AOH)

As the expression of PLSCR1 is elevated in neurons in the
cerebral ischemia condition,12 we thus investigated
whether PLSCR1 was involved in the glaucomatous damage
by detecting its transcriptional expression in the retinas of
AOH and ONC model. Our findings revealed that the mRNA
level of PLSCR1 significantly increased after treatment
(Fig. S5), suggesting that PLSCR1 might be a potential
manipulator of retinal injury and neuron death.

To identify the effects of PLSCR1 in the glaucomatous
retina, we performed AOH treatment in both WT and TG-
PLSCR1 mice to assess the pathological change. The

https://www.ncbi.nlm.nih.gov/geo/


Figure 1 Overexpressed PLSCR1 leads to its translocation in RPCs. (A) Western blot shows the protein expression of PLSCR1 in
RPCs without pAd treatment (Blank), and RPCs treated with pAd-NC and pAd-PLSCR1. (B) Statistic analysis of the relative protein
expression of PLSCR1 normalized to b-Tubulin in RPCs demonstrates the expression increases in pAd-NC and pAd-PLSCR1 groups.
Two-tailed Student’s t-test (n Z 3 for each experiment). *P < 0.05, ***P < 0.001. Data are mean � SD. (C) Immunofluorescence
shows that PLSCR1 locates in the nucleus, cytoplasm, and cytomembrane in RPCs without pAd treatment and RPCs infected with
pAd-NC, while it is translocated from the nucleus to the cytoplasm and cytomembrane with enhanced immunofluorescence in RPCs
infected with pAd-PLSCR1. Scale bars, 20 mm.
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thickness of each layer of the retina, number of RGCs, and
axon damage were evaluated. Before AOH treatment, the
morphology of the retina and optic nerve exhibited no
difference between WT and TG-PLSCR1 mice (Fig. 4A, F).
However, compared with WT mice, TG-PLSCR1 mice
showed the whole retinal thickness dramatically decreased
after AOH, especially in the RNFL, IPL, and INL (Fig. 4A, B).
Also, the number of RBPMS labeled RGCs markedly
decreased in TG-PLSCR1 mice (Fig. 4D, E). TB staining of
optic nerve showed TG-PLSCR1 mice had much severer axon
damage of RGCs after AOH, assessed by semiquantitative
grading (Fig. 4G).



Figure 2 Overexpressed PLSCR1 promotes phosphatidylserine (PS) exposure, cell apoptosis, and reactive oxygen species (ROS)
generation in RPCs. (A) Live-cell imaging using the polarity sensitive indicator of viability and apoptosis (pSIVA) and propidium
iodide (PI) shows the PS exposure and cell death increases in RPCs treated with pAd-NC and pAd-PLSCR1. Scale bars, 100 mm. (B)
Apoptosis of RPCs (Blank), and RPCs treated with pAd-NC or pAd-PLSCR1 were evaluated by Annexin V-FITC and PI by flow
cytometry. (C) Quantification analysis of the early and late apoptotic rate in RPCs (Blank), and RPCs treated with pAd-NC or pAd-
PLSCR1. (D) The production of ROS using 20,70-dichlorodihydrofluorescein diacetate (DCFH-DA) is detected by flow cytometry. (E)
Statistic analysis of the mean intensity of DCFH-DA fluorescence value in different groups shows PLSCR1 significantly increased the
ROS generation in RPCs. (A, B, D) RPCs are infected with pAd-NC and pAd-PLSCR1 for 48 h. (C, E) Statistic analysis shows two-tailed
Student’s t-test (n Z 3 for each experiment). *P < 0.05, **P < 0.01. Data are mean � SD.
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Figure 3 Upregulated PLSCR1 contributes to its translocation in the retina and optic nerve of TG-PLSCR1 mice. (A) Western blot
results show the PLSCR1 protein expression elevates in the retina of TG-PLSCR1 mice compared with WT. (B) Statistic analysis of
PLSCR1 normalized expression level. Two-tailed Student’s t-test (nZ 3 for each experiment). ***P < 0.001. Data are mean � SD. (C)
Immunofluorescence images of PLSCR1 in the retina and optic nerve of WT and TG-PLSCR1 showed different expression and
localization. Scale bars, 50 mm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve.
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Figure 4 Overexpression of PLSCR1 aggravates RGCs damage and death after AOH. (A) H&E staining shows the thickness of the
retina in different groups. Scale bars, 20 mm. (B) Statistic analysis shows the thickness of different layers of the retina significantly
decrease in AOH-treated TG-PLSCR1 mice. (C) Indicative map demonstrates that three images (central, middle, and peripheral)
were captured in every quadrant of the whole mount retina. A total of 12 fields were assessed for each retina. (D) Immunofluo-
rescence images show that the number of RBPMS labeled RGCs (red) decreased in the AOH-treated mice (5 days). The change is
more pronounced in TG-PLSCR1 mice. The upper row shows the density distribution of RGCs in the whole mount retina (Scale bars,
1 mm). The lower row exhibits the magnified micrographs from the middle region in the superior quadrant of the corresponding
retinas (white box) (Scale bars, 50 mm). (E) Statistic analysis shows the average survival RGCs numbers from 12 fields per retina. (F)
Toluidine blue staining images of optic nerve transverse section demonstrate axon damage in the AOH-treated mice, manifesting
reduced axon density, myelin disruption, and fields with gliosis (Scale bars, 5 mm). (G) Statistic analysis of axon damage grade shows
TG-PLSCR1 mice have much severer axon damage than WT mice. (B, E, G) Two-tailed Student’s t-test (B and G: n Z 4; E: n Z 5 for
each experiment). *P < 0.05, **P < 0.01, ***P < 0.001, and NS indicates difference not significant. Data are mean � SD. RNFL,
retinal nerve fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
S, superior; I, inferior; N, nasal; T, temporal.
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Altogether, these findings show that PLSCR1 exerts
deleterious effects on the glaucomatous retina and optic
nerve.
Elevated PLSCR1 facilitates PS exposure, cell
apoptosis, and ROS production in RGCs after AOH
treatment

Taken overexpressed PLSCR1 promotes PS exposure,
apoptosis, and cytosolic ROS in RPCs, we explored whether
PLSCR1 overexpression had a similar effect in RGCs of AOH-
treated retina. Using pSIVA to label exposed PS, we
demonstrated an increased pSIVA signal in GCL one day
after AOH, and TG-PLSCR1 mice show a higher level of
pSIVA-immunopositivity than WT mice (Fig. 5A, D). Then we
used TUNEL staining and DHE to detect cytosolic apoptosis,
and ROS in the AOH retinas, respectively. The results
showed a significant increase in the number of TUNEL
labeled apoptotic cells in the retinas one day after AOH
treatment (Fig. 5C). More apoptotic cells were observed in
the GCL and INL of TG-PLSCR1 mice than those in the WT
mice (Fig. 5C, F). ROS production of the retinas was also
assessed on the first days after AOH. Notably, the retinas of



Figure 5 Elevated PLSCR1 facilitates PS exposure, cell apoptosis, and higher ROS production after AOH treatment. (AeC)

Immunofluorescence images of annexin-based fluorescent indicator polarity sensitive indicator of viability and apoptosis (pSIVA) in
the ganglion cell layer (A), dihydroethidium (DHE) (B), and TUNEL staining (C) shows that PS exposure, ROS level, and retinal cell
apoptosis markedly increased in TG-PLSCR1 retinas after AOH. Scale bars, 50 mm. (DeF) Statistic analysis of pSIVA immunopositivity
(D), ROS level (E), and TUNEL staining cell number (F) shows two-tailed Student’s t-test (n Z 3 for each experiment). *P < 0.05,
**P < 0.01, ***P < 0.001, and NS indicates difference not significant. Data are mean � SD.
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TG-PLSCR1 mice with AOH treatment exhibited the highest
ROS level (Fig. 5B, E). Our findings indicate overexpression
of PLSCR1 aggravates PS exposure, cell apoptosis, and ROS
level of RGCs in glaucomatous damage.

Overexpressed PLSCR1 promotes activated
microglia with increased phagocytosis, M1
polarization, and pro-inflammatory cytokines
secretion

On the third day after AOH, we observed the retinal
microglia infiltrating the GCL had morphology changed,
from ramified shape to ameboid or rod shape (Fig. 6A).
Then we performed immunostaining of IBA1 and CD68 to
evaluate the number and phagocytic function of microglia,
respectively. Our results showed that the number of
microglia had no difference between WT and TG-PLSCR1
groups before treatment, yet the TG-PLSCR1 retinas had
more microglia compared with the WT retinas after AOH
(Fig. 6A, B). CD68 is a lysosome-associated membrane
protein and scavenger receptor, and a marker for M1 type
microglia.25,26 In both WT and TG-PLSCR1 retinas, the
expression of CD68 increased markedly in the GCL co-
localized with Iba1 three days after AOH and the AOH-
treated TG-PLSCR1 group exhibited a much higher immu-
nopositivity level (Fig. 6A, C).

To assess M1 and M2 microglia polarization, we used a
qPCR screen to determine gene expression changes in the
retina of AOH-treated WT and TG-PLSCR1 mice. The mRNA
level of M1 type microglia markers, such as TNF-a, iNOS,
and CD86, were distinctly upregulated in the AOH-treated
TG-PLSCR1 group, but the mRNA levels of CCL-3 and CCL-5
showed no significant difference (Fig. 6D). The mRNA level
of M2 type microglia markers, such as IL-10, YM-1, and
CD206, had no significant difference between the two
groups (Fig. 6E).

To gain better insight into the pathological neuro-
inflammation caused by PLSCR1, we performed RNA-seq
analysis on retinal tissue from WT and TG-PLSCR1 mice with
AOH treatment. As the PLSCR1 pathway has been reported
to be involved in microglial activation in neuro-
inflammation, we investigated the microglia associated
molecules and found that the mRNA level of genes in the
pathway of immune system process, response to stimulus,
cytokine production, response to stress, and inflammatory
response were notably upregulated in AOH-treated TG-
PLSCR1 mice (Fig. 6F). qPCR validated the gene expression
of RNA-seq (Fig. 6G). These data indicate that over-
expression of PLSCR1 enhances the inflammatory response
in AOH injury by facilitating microglia to exhibit an active
state, phagocytic function, and M1 polarization.

PLSCR1 facilitates clearance of apoptotic RGCs by
microglia phagocytosis after AOH

According to the above results, the presence of an “eat-
me” signal on RGCs and the expression of phagocytic mol-
ecules in activated microglia suggests that microglial
phagocytosis of RGCs may contribute to RGCs injury and
death. To investigate and confirm the interaction between
microglia with RGCs, we performed Iba1, TUNEL, and
RBPMS immunostaining to label microglia and apoptotic
RGCs, respectively. On the third day after AOH when
microglia infiltrated the GCL, we observed that Iba1 labeled
activated microglia contained DAPI labeled cells that were
immunopositive for TUNEL and RBPMS, confirming the
microglial engulfment of apoptotic RGCs in both WT and
TG-PLSCR1 retinas with AOH treatment (Fig. 7AeC).
Assessment of the number of TUNEL- and RBPMS-positive
cells, as well as TUNEL-, RBPMS-, and IBA1-positive cells,
revealed that TG-PLSCR1 AOH-treated retinas showed
significantly more apoptotic RGCs and phagocytosed
apoptotic RGCs than WT AOH-treated retinas (Fig. 7D).

Our results indicate that PLSCR1 promotes RGCs death
and clearance by microglial phagocytosis and provide direct
evidence of intercellular interaction of activated microglia
and apoptotic RGCs in retinal neurodegeneration (Fig. 8).
Discussion

In the current study, we provide evidence that PLSCR1 is
involved in the interactions between microglia and RGCs,
the secondary nerve cells of retina. PLSCR1 promotes PS
exposure, cell apoptosis, and ROS generation in vitro and in
vivo. Upregulation of PLSCR1 in the AOH-treated retina
aggravates M1 type microglia activation and phagocytosis of
RGCs.

Accumulating studies show that retinal microglia acti-
vated and neuroinflammation occurr in the glaucomatous
retina, resulting in retinal injury and RGCs death.5,27e30

Several genes and signaling pathways are found participating
in the activation of retinal microglia and RGC pathogenesis,
such as CX3CR1, nucleotide-binding leucine-rich repeat-
containing receptor (NLR) family, Toll-like receptor (TLR)
pathway, and Jak-Stat pathway.28,29,31e33 However, the
direct intercellular interaction between retinal microglia
and damaged RGCs is unrevealed.

Phospholipid scramblase activity is involved in the
collapse of phospholipid asymmetry at the plasma mem-
brane leading to the externalization of PS, which provides a
signal for the recruitment of macrophages or microglia to
bind to and engulf the apoptotic cells.34 PLSCR, TMEM16,
and XKR family members are specific phospholipid scram-
blases that contribute to neurodegeneration. PLSCR1 has
been found to increase after ischemia injury and modulate
microglia-mediated virus infected cell clearance in
CNS.12,13 PLSCR3, localized in the mitochondrial mem-
brane, is associated with neuronal vulnerability to brain
ischemia.35,36 Deficiency of TMEM16F could relieve the
microglial phagocytosis in the pathogenesis of neuropathic
pain and cerebral ischemia.37,38 XKR8, a caspase-activated
scramblase, is implicated in regulating bipolar cell death
and axon clearance.39,40 Also, rhodopsin and other G pro-
tein-coupled receptors (GPCRs) are constitutively active as
phospholipid scramblases in neurons.41,42 Located on the
membrane of photoreceptor disc, rhodopsin is thought to
play a role in re-modelling cell membranes and its consti-
tutive activation will lead to retinal degenerations.42,43 The
titer of anti-rhodopsin antibodies is found high in normal
tension glaucoma patients’ serum.44,45 A Genome-wide as-
sociation study identifies phospholipid scramblase activity
and phospholipid scrambling pathways possibly correlate



Figure 6 Overexpressed PLSCR1 promotes activated microglia with increased phagocytosis, M1 polarization, and pro-inflam-
matory cytokines secretion. (A) Immunofluorescence images of retinal flat mounts show microglia infiltrating the ganglion cell layer
(GCL) with ameboid morphology and upregulation of the phagocytic molecule marker CD68 (green) on the third day after AOH. The
immunostaining of CD68 (green) is co-localized within IBA1 labeled microglia (red). Scale bar, 50 mm. (B) Statistic analysis shows the
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Figure 7 PLSCR1 facilitates clearance of apoptotic RGCs by microglia phagocytosis after AOH. (A) Retinal flat mounts from TG-
PLSCR1 mice three days after AOH shows more activated microglia and more apoptotic RGCs than WT AOH-treated mice. Microglia
labeled with IBA1 (purple), apoptotic cells labeled with TUNEL (green), and RGCs labeled with RBPMS (red). Arrowhead indicates
the apoptotic RGCs phagocytosed by microglia. Scale bar, 20 mm. (B, C) Three-dimensional images reconstruction of the indicated
area (white box in A) confirm the apoptotic RGCs inside the soma of microglia. Scale bar, 2 mm. (D) Statistic analysis for TUNEL
labeled RGCs with or without microglial phagocytosis in WT and TG-PLSCR1 mice. Two-tailed Student’s t-test (n Z 3 for each
experiment). ***P < 0.001. Data are mean � SD.
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with high IOP and glaucoma in Westerners.46 Whereas, the
specific role of phospholipid scramblase underlying glau-
coma pathogenesis remains unidentified.

Taken the essential role of PLSCR1 in the recognition and
clearance of stressed cells by microglia in the CNS, we
investigate the function and potential mechanism of PLSCR1
in glaucoma pathogenesis and attempt to clarify the inter-
cellular interaction between microglia and stressed RGCs.

In leukemic cells and breast cancer cells, endogenous
PLSCR1 is mainly located in the cytoplasm, and it traffics to
number of IBA1 labeled microglia increases after treatment and mo
with WT mice. (C) Statistic analysis shows that the immunopos
microglial activation is much more pronounced in the TG-PLSCR1
treatment are isolated from the mouse retinas. qPCR data show h
CD86, CCL2, CXCL10, IL-1b, and IL-6) in TG-PLSCR1 mice compared
markers (IL-10, YM-1, TGF-b, CD206, and Fizz-1) shows no significa
significant upregulated microglia-mediated inflammation gene tra
microglial inflammatory response in TG-PLSCR1 retinas compared w
RNA-seq data. (BeE, G) Two-tailed Student’s t-test (B and C: n Z 4;
***P < 0.001 and NS indicates difference not significant. Data are m
the nuclear under some conditions.47,48 Different from the
distribution in leukemic cells and breast cancer cells,
endogenous PLCSR1 is distributed in the whole cell of RPCs,
and overexpression of PLSCR1 leads to its translocation
from the nucleus to the cytoplasm and cytomembrane. In
the retina, endogenous PLSCR1 is located in the cell nu-
cleus of GCL and INL, whereas overexpression leads to its
distribution in the cell nucleus and cytoplasm of RNFL, IPL,
OPL, and ONL. As the distribution of PLSCR1 in neurons has
not been reported previously, our study suggests that
re activated microglia in the GCL of TG-PLSCR1 mice compared
itivity of CD68 is significantly enhanced, demonstrating that
mice. (D, E) The mRNA of WT and TG-PLSCR1 mice with AOH
igher mRNA levels of M1 type microglia markers (TNF-a, iNOS,
with WT mice; whereas the mRNA level of M2 type microglia
nt difference between groups. (F) RNA-seq analysis identifies
nscripts suggesting a higher level of microglial activation and
ith controls. (G) qPCR analysis verifies the genes expression in
D, E, and G: n Z 6 for each experiment). *P < 0.05, **P < 0.01,
ean � SD.



Figure 8 Schematic illustrating the activated retinal microglia contribute to RGCs death by phagocytosis and secreting pro-in-
flammatory cytokines in AOH, and overexpression of PLSCR1 exacerbates this pathological process. In the AOH retina, RGCs become
damaged (orange box) marked by exposed phosphatidylserine (PS), TUNEL, and reactive oxygen species (ROS) staining, which
induce microglia recruitment. Ramified microglia infiltrate the ganglion cell layer (GCL) three days after AOH, showing ameboid
morphology, upregulated phagocytic molecules (CD68), M1 phenotype activation markers (e.g., CD86 and CXCL10), and pro-in-
flammatory cytokines (e.g., TNF-a and iNOS). The activated microglia, on the one hand, phagocytose a subset of TUNEL labeled
RGCs (purple box); on the other hand, additionally influence and potentiate the apoptotic route for RGCs death via pro-inflam-
matory cytokines secretion, such as TNF-a and IL-1b (grey box). Overexpression of PLSCR1 in the AOH-treated eye increases the PS
exposure, apoptosis, and ROS generation of RGCs, and therefore intensifies microglia activation in phagocytosis and pro-inflam-
matory cytokine production, which aggravates RGCs clearance and death.
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PLSCR1 might exhibit different functions with the variation
of distribution and expression level after overexpression in
neurons.

In many pathological conditions, the intracellular cal-
cium homeostasis is disrupted and subsequently the cal-
cium-mediated signaling cascades activate. PLSCR1 can be
activated in the presence of increased cellular calcium
and enhances IP3R expression, in turn, influencing intra-
cellular calcium homeostasis.49 Both pAd-NC and pAd-
PLSCR1 infection of RPCs can upregulate PLSCR1 expres-
sion, PS exposure, cell apoptosis, and ROS generation,
while overexpressed PLSCR1 exacerbates these effects.
The virus infection of RPCs can be taken as a stimulus,
which elevates the expression of PLSCR1 by disrupting
intracellular homeostasis, such as the induction of ROS
and the activation of apoptotic signals, thus causing PS
exposure. Overexpression of PLSCR1 aggravates the
intracellular calcium dysregulation and thereby exerts
further deleterious effects. Inhibition of PLSCR1 in the
OGDR model, nevertheless, could attenuate the RPC
damage and apoptosis.

In the mouse retina, AOH and ONC treatment lead to
upregulated expression of retinal PLSCR1. Although the
distribution of retinal PLSCR1 was distinctly different be-
tween WT and TG-PLSCR1 mice, there was no difference in
retinal and optic nerve morphology between the two groups
before AOH treatment. However, compared with WT mice,
the retinas of TG-PLSCR1 mice exhibited more deleterious
damage with AOH treatment. In TG-PLSCR1 mice, more PS
exposure and TUNEL signals were observed in the GCL on
the first day after AOH treatment, and the number of RGCs
and the thickness of RNFL and GCL were significantly
decreased on the fifth day after AOH treatment. Axon
damage was much severer in TG-PLSCR1 mice than controls
in the AOH model as well. These findings indicate that
PLSCR1 might be served as a stress-responsive gene in
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glaucomatous neuropathy and overexpression of PLSCR1
will promote the progression of RGC pathogenesis.

On the first day after AOH, the acute hypertension
stimulation affected the RGC function and initiated the
apoptosis process, presenting as PS exposure and TUNEL
signal in the GCL. PS exposure occurred in RGCs can be
induced by oxidative stress, such as ROS, which then
attracted and activated microglia translocating from the
outer layer to the GCL. Then the activated microglia infil-
trated the GCL on the third day after AOH with ameboid
morphology and upregulation of phagocytic molecules,
CD68. Consequently, on the fifth day after AOH, the number
of RGCs and the thickness of RNFL and GCL were decreased.
TG-PLSCR1 mice showed more serious damage compared
with WT mice, implicating that overexpression of PLSCR1
further aggravates the pathological process.

Activated microglia can be divided into two major sub-
types, M1 and M2 type.25,50 The markers of M1 polarization
are mostly mediators of pro-inflammatory responses
whereas M2 markers are considered neuroprotective. It is
known that the products of M1 microglia can lead to RGCs
death via proinflammatory and oxidative stress pathways in
the glaucomatous retina.5,51 Here, M1 types of microglia
were significantly increased in the TG-PLSCR1 retinas than
WT in the AOH model, whereas there was no difference in
the M2 types of microglia. These findings indicate that
overexpressed PLSCR1 predominantly promotes retinal
microglia polarization towards the M1 phenotype in glau-
comatous damage, which can be validated by upregulated
expression of microglia-mediated inflammation genes and
complement cascade components in the RNA-seq results.

Our three-dimension reconstruction images reveal for
the first time the microglia-RGCs interactions during the
glaucomatous process. We observe that there is a greater
number of infiltrating microglia and apoptotic RGCs in the
TG-PLSCR1 AOH-treated retina, and the activated microglia
execute the damaged RGCs by phagocytosis its soma.
Nonetheless, there are still some apoptotic RGCs that are
not phagocytosed by microglia in AOH-treated retinas. We
suppose that the rest of apoptotic RGCs without being
phagocytosed might be partially caused by the upregulated
pro-inflammation cytokines, such as TNF-a and iNOS,
secreted from M1 type activated microglia. More M1 type
microglial cells are activated by upregulated expression of
PLSCR1, which will subsequently trigger more severely
retinal damage via phagocytosis and secreting pro-inflam-
mation cytokines.
Conclusions

In summary, we demonstrate that PLSCR1 is a key regu-
lator in promoting RGCs apoptosis and clearance by M1
type microglia, which leads to the retina and optic nerve
injury and visual function impairment. Our study points
out the connection between PLSCR1 and retinal microglia
and their interactions with RGCs degeneration, which will
contribute to a better understanding of glaucoma patho-
genesis and provide potential therapeutic targets for the
treatment of glaucomatous damage or other RGC-related
neurodegeneration.
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25. Franco R, Fernández-Suárez D. Alternatively activated micro-
glia and macrophages in the central nervous system. Prog
Neurobiol. 2015;131:65e86.

26. Holness CL, da Silva RP, Fawcett J, Gordon S, Simmons DL.
Macrosialin, a mouse macrophage-restricted glycoprotein, is a
member of the lamp/lgp family. J Biol Chem. 1993;268(13):
9661e9666.

27. Oikawa K, Ver Hoeve JN, Teixeira LBC, et al. Sub-region-spe-
cific optic nerve head glial activation in glaucoma. Mol Neu-
robiol. 2020;57(6):2620e2638.

28. Lozano DC, Choe TE, Cepurna WO, Morrison JC, Johnson EC.
Early optic nerve head glial proliferation and Jak-Stat pathway
activation in chronic experimental glaucoma. Invest Oph-
thalmol Vis Sci. 2019;60(4):921e932.

29. Yang X, Luo C, Cai J, et al. Neurodegenerative and inflamma-
tory pathway components linked to TNF-a/TNFR1 signaling in
the glaucomatous human retina. Invest Ophthalmol Vis Sci.
2011;52(11):8442e8454.

30. Yuan L, Neufeld AH. Activated microglia in the human glaucom-
atous optic nerve head. J Neurosci Res. 2001;64(5):523e532.

31. Breen KT, Anderson SR, Steele MR, Calkins DJ, Bosco A,
Vetter ML. Loss of fractalkine signaling exacerbates axon
transport dysfunction in a chronic model of glaucoma. Front
Neurosci. 2016;10:526.

32. Chen H, Deng Y, Gan X, et al. NLRP12 collaborates with NLRP3
and NLRC4 to promote pyroptosis inducing ganglion cell death
of acute glaucoma. Mol Neurodegener. 2020;15(1):26.

33. Chi W, Li F, Chen H, et al. Caspase-8 promotes NLRP1/NLRP3
inflammasome activation and IL-1b production in acute glau-
coma. Proc Natl Acad Sci U S A. 2014;111(30):11181e11186.

34. Kodigepalli KM, Bowers K, Sharp A, Nanjundan M. Roles and
regulation of phospholipid scramblases. FEBS Lett. 2015;
589(1):3e14.

35. Dave KR, Bhattacharya SK, Saul I, et al. Activation of protein
kinase C delta following cerebral ischemia leads to release of
cytochrome C from the mitochondria via bad pathway. PLoS
One. 2011;6(7):e22057.

36. Kowalczyk JE, Beresewicz M, Gajkowska B, Zabłocka B. Associ-
ation of protein kinase C delta and phospholipid scramblase 3 in
hippocampal mitochondria correlates with neuronal vulnera-
bility to brain ischemia.Neurochem Int. 2009;55(1e3):157e163.

37. Zhang Y, Li H, Li X, et al. TMEM16F aggravates neuronal loss by
mediating microglial phagocytosis of neurons in a rat experi-
mental cerebral ischemia and reperfusion model. Front
Immunol. 2020;11:1144.

38. Batti L, Sundukova M, Murana E, et al. TMEM16F regulates
spinal microglial function in neuropathic pain states. Cell Rep.
2016;15(12):2608e2615.

39. Sapar ML, Ji H, Wang B, et al. Phosphatidylserine external-
ization results from and causes neurite degeneration in
Drosophila. Cell Rep. 2018;24(9):2273e2286.

40. Kautzman AG, Keeley PW, Ackley CR, Leong S, Whitney IE,
Reese BE. Xkr8 modulates bipolar cell number in the mouse
retina. Front Neurosci. 2018;12:876.

41. Li T, Chiou B, Gilman CK, et al. A splicing isoform of GPR56
mediates microglial synaptic refinement via phosphatidylser-
ine binding. EMBO J. 2020;39(16):e104136.

42. Goren MA, Morizumi T, Menon I, et al. Constitutive phospho-
lipid scramblase activity of a G protein-coupled receptor. Nat
Commun. 2014;5:5115.

43. Ernst OP, Menon AK. Phospholipid scrambling by rhodopsin.
Photochem Photobiol Sci. 2015;14(11):1922e1931.

http://refhub.elsevier.com/S2352-3042(22)00171-4/sref1
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref1
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref1
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref1
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref2
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref2
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref3
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref3
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref3
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref3
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref4
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref4
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref4
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref5
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref5
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref5
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref6
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref6
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref6
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref7
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref7
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref7
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref7
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref8
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref8
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref8
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref8
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref9
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref9
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref9
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref10
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref10
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref10
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref10
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref10
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref11
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref11
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref11
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref12
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref12
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref12
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref12
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref12
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref13
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref13
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref13
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref13
http://refhub.elsevier.com/S2352-3042(22)00171-4/optVMzXYD0go6
http://refhub.elsevier.com/S2352-3042(22)00171-4/optVMzXYD0go6
http://refhub.elsevier.com/S2352-3042(22)00171-4/optVMzXYD0go6
http://refhub.elsevier.com/S2352-3042(22)00171-4/optVMzXYD0go6
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref14
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref14
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref14
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref14
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref15
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref15
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref15
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref16
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref16
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref16
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref17
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref17
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref17
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref17
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref18
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref18
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref18
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref18
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref18
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref19
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref19
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref19
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref19
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref19
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref20
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref20
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref20
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref21
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref21
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref21
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref22
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref22
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref22
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref22
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref23
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref23
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref23
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref23
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref24
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref24
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref24
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref24
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref25
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref25
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref25
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref25
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref25
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref26
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref26
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref26
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref26
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref27
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref27
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref27
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref27
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref27
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref28
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref28
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref28
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref28
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref28
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref29
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref29
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref29
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref30
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref30
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref30
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref30
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref31
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref31
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref31
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref32
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref32
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref32
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref32
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref33
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref33
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref33
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref33
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref34
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref34
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref34
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref34
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref35
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref36
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref36
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref36
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref36
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref37
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref37
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref37
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref37
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref38
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref38
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref38
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref38
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref39
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref39
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref39
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref40
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref40
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref40
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref41
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref41
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref41
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref42
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref42
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref42


PLSCR1 promotes RGCs apoptosis and clearance 1581
44. Romano C, Barrett DA, Li Z, Pestronk A, Wax MB. Anti-rhodopsin
antibodies in sera from patients with normal-pressure glaucoma.
Invest Ophthalmol Vis Sci. 1995;36(10):1968e1975.

45. Romano C, Li Z, Arendt A, Hargrave PA, Wax MB. Epitope
mapping of anti-rhodopsin antibodies from patients with
normal pressure glaucoma. Invest Ophthalmol Vis Sci. 1999;
40(6):1275e1280.

46. Blue Mountains Eye Study (BMES); Wellcome Trust Case Control
Consortium 2 (WTCCC2). Genome-wide association study of
intraocular pressure identifies the GLCCI1/ICA1 region as a
glaucoma susceptibility locus. Hum Mol Genet. 2013;22(22):
4653e4660.

47. Huang P, Liao R, Chen X, et al. Nuclear translocation of PLSCR1
activates STAT1 signaling in basal-like breast cancer. Thera-
nostics. 2020;10(10):4644e4658.
48. Li H, Xu J, Zhou Y, et al. PLSCR1/IP3R1/Ca(2þ) axis contributes
to differentiation of primary AML cells induced by wogonoside.
Cell Death Dis. 2017;8(5):e2768.

49. ZhouQ, Ben-Efraim I, Bigcas JL, Junqueira D,WiedmerT, Sims PJ.
Phospholipid scramblase 1 binds to the promoter region of the
inositol 1,4,5-triphosphate receptor type 1 gene to enhance its
expression. J Biol Chem. 2005;280(41):35062e35068.

50. Tang Y, Le W. Differential roles of M1 and M2 microglia in
neurodegenerative diseases. Mol Neurobiol. 2016;53(2):
1181e1194.

51. Bosco A, Romero CO, Breen KT, et al. Neurodegeneration
severity can be predicted from early microglia alterations
monitored in vivo in a mouse model of chronic glaucoma. Dis
Model Mech. 2015;8(5):443e455.

http://refhub.elsevier.com/S2352-3042(22)00171-4/sref43
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref43
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref43
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref43
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref44
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref44
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref44
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref44
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref44
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref45
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref46
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref46
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref46
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref46
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref47
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref47
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref47
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref47
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref48
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref48
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref48
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref48
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref48
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref49
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref49
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref49
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref49
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref50
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref50
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref50
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref50
http://refhub.elsevier.com/S2352-3042(22)00171-4/sref50

	PLSCR1 promotes apoptosis and clearance of retinal ganglion cells in glaucoma pathogenesis
	Background
	Materials and methods
	Reagents and resources
	Retinal progenitor cells (RPCs) and cell culture
	Adenoviral transfection and RNA interference
	OGDR model
	Mice
	Acute ocular hypertension (AOH) mouse model
	Optic nerve crush (ONC) injury mouse model
	Western blot analysis
	Flow cytometry
	Immunofluorescence staining
	Phosphatidylserine (PS) exposure assay
	Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
	Dihydroethidium (DHE) staining
	Histological assessment
	Image analysis
	Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) and quantitative PCR (qPCR)
	RNA-seq analysis
	Statistical analysis

	Results
	Overexpressed PLSCR1 leads to its translocation in RPCs
	PLSCR1 regulates PS exposure, cell apoptosis, and ROS generation in RPCs
	Upregulated PLSCR1 contributes to its translocation in the retina and optic nerve of TG-PLSCR1 mice
	Overexpression of PLSCR1 aggravates RGCs damage and death after acute ocular hypertension (AOH)
	Elevated PLSCR1 facilitates PS exposure, cell apoptosis, and ROS production in RGCs after AOH treatment
	Overexpressed PLSCR1 promotes activated microglia with increased phagocytosis, M1 polarization, and pro-inflammatory cytoki ...
	PLSCR1 facilitates clearance of apoptotic RGCs by microglia phagocytosis after AOH

	Discussion
	Conclusions
	Ethics declaration
	Author contributions
	Conflict of interests
	Funding
	Data availability
	Acknowledgements
	Appendix A. Supplementary data
	References


