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Purrosk. Glial cells play a critical role in primary visual cortex (V1 region) damage caused
by optic nerve injury, but the mechanisms driving progression of V1 region injury and
glial cell heterogeneity remain poorly understood. This study aimed to investigate the
damage changes in the V1 region of mice after optic nerve crush (ONC) by single-cell
RNA sequencing (scRNA-seq).

MerHops. Hematoxylin and eosin (H&E) and immunofluorescence staining were used
to evaluate the changes of retinal thickness, astrocytes, and microglia in the V1 region
after ONC in mice. Single cell suspensions in the V1 region of mice were prepared and
analyzed by scRNA-seq with Seurat, cellchat, CytoTRACE in R software. The expression
of PTGDS and CRYAB was measured by qPCR, Western blot, and immunofluorescence.

Resurrs. After unilateral ONC, retinal thinning in both eyes and activation of astrocytes
and microglia in contralateral V1 region were observed. Genes related to neuroinflamma-
tion and apoptosis in the bilateral V1 region were upregulated, and the related pathways
included MAPK, TNF, and apoptosis signaling pathways. Notably, the V1 region contralat-
eral to the ONC eye exhibited more pronounced differential gene expression, and the
protein expression of neuroinflammation-related genes Pitgds and Cryab increased. We
further investigated the heterogeneity and pseudotime trajectories of astrocytes and
microglia, demonstrating the key branches that dominate neuroinflammation.

Concrusions. This study generates an atlas of the V1 region of the mouse brain, high-
lighting the role of astrocytes and microglia in the damage changes in the V1 region after
ONC, and suggesting Ptgds and Cryab as potential targets to reduce neuroinflammation.

Keywords: single-cell RNA sequencing (scRNA-seq), optic nerve injury, primary visual
cortex, glial cell heterogeneity, PTGDS, CRYAB

ptic nerve injury diseases are a group of common

ophthalmic disorders characterized by damage or atro-
phy of the optic nerve, mainly including glaucoma, optic
neuritis, and ischemic optic neuropathy. The main patho-
logical features are retrograde degeneration and death of
retinal ganglion cells (RGCs), loss of collateral transmission
of damaged axons, and Wallerian degeneration.! Due to the
lack of effective treatments, about half of the patients even-
tually lose their vision, leading to a decline in quality of life
and placing a heavy burden on families and society. Current
research on optic nerve damage diseases, such as glau-
coma, predominantly focuses on the retina and optic nerve,
but emerging evidence suggests that optic nerve injury
also impacts higher visual structures.? For instance, func-
tional magnetic resonance imaging has shown a reduced
response in the corresponding visual cortex after stimula-
tion in patients with glaucoma.> Two-photon calcium imag-
ing has revealed extensive reorganizational plasticity in the
visual cortex of adult rats and mice after optic nerve crush
(ONC).* Despite these insights, the initial factors and patho-
logical mechanisms driving these secondary alterations in
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the V1 region remain unclear. In rodents, the visual cortex
is where the visual signals conducted by the RGCs undergo
final processing. Visual information is transmitted from the
retina to the cerebral cortex in two subcortical pathways:
(1) the geniculo-cortical and (2) the colliculo-cortical path-
ways.>”7 Thus, studying the mechanisms underlying optic
nerve injury should extend beyond the retina and optic
nerve and focus on the central pathogenesis, which is
crucial for developing effective prevention and treatment
strategies.

Neuroinflammation plays a key role in the patho-
physiology of many neurodegenerative diseases.®!! Addi-
tionally, cell death such as apoptosis, pyroptosis, and
apoptosis is associated with neuroinflammatory cytokine
release.!?'? Our prior investigations revealed that unilateral
ONC induced astrocyte activation and enhanced neuronal
pyroptosis in the contralateral V1 region.'*!> This suggests
that neuroinflammation may be involved in the onset and
development of damage in the V1 region after ONC, but
the underlying intricate molecular biological mechanisms
remain poorly delineated, with critical regulatory genes still
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unidentified. The cerebral cortex is the most diverse region
developed during human evolution'® and exhibits particu-
larly complex and heterogeneous injury responses. There-
fore, it is necessary to identify the pathomechanisms of
damage changes in the V1 region after ONC at the pathway
or cellular level. Furthermore, the heterogeneity of glial cells
associated with neuroinflammation and the specialized inter-
cellular crosstalk in the V1 region after ONC remain under-
explored. Thus, a comprehensive single-cell transcriptomic
atlas of the primary visual cortex is imperatively needed to
precisely reveal the nuanced changes in the various genes,
cell compartments, and biological pathways in the disease
state.

Single-cell RNA sequencing (scRNA-seq) provides a
comprehensive and precise method for studying genetic
information at the level of a single cell,'” enhancing our
understanding of cell types and states. The differentiation
of neurons and the development of central nervous system
(CNS) diseases is a dynamic process. Utilizing scRNA-seq
and pseudotime analysis allows for an in-depth exploration
of neuronal and glial cells differentiation in disease states,
offering a clearer understanding of the molecular mecha-
nisms underlying neurodegenerative processes and neuroin-
flammation. Currently, there is a lack of studies mapping the
primary visual cortex in mice after ONC, and the genetic
and molecular changes at the single-cell level remain poorly
understood. In this study, we used the classical ONC model
to simulate the pathological changes in the adult mouse
brain associated with optic nerve injury. The changes of the
V1 region at the single-cell level after ONC were investigated
by using scRNA-seq to uncover the complex and hetero-
geneous mechanisms involved in disease development and
progression. This study aims to enhance our comprehensive
understanding of the mechanisms underlying the optic nerve
injury.

MATERIALS AND METHODS
Mice

Six to 8 week old wild-type C57BL/GJ male mice were
housed in a standard environment with adequate food and
water. All animal procedures were conducted in compliance
with the ARVO Statement for the Use of Animals in Vision
and Ophthalmic Research.

Animal Model of Optic Nerve Crush

The optic nerve injury was conducted in the left eye, as
described in previous reports.'* Mice were anesthetized by
intraperitoneal injections of Avertin (250 mg/kg; T48402,
Sigma-Aldrich, USA). The optic nerve of the left eye was
exposed carefully and crushed using fine self-closing forceps
(0103-N5-PO; Dumont, Switzerland) at 1 to 2 mm behind
the optic disc for 5 seconds, ensuring no damage on the
ophthalmic artery surrounding the optic nerve. Mice in the
control group only underwent optic nerve exposure without
crushing. All mice were euthanized and sampled at 4 weeks
after ONC or 4 weeks after the sham operation. The V1
region we observed included both monocular and binocular
areas. The left V1 region was defined as the ipsilateral V1
region and the right V1 region was defined as the contralat-
eral (because the majority of optic nerve fibers project to
the contralateral hemisphere,>’ the contralateral V1 region
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is the primary visual cortex corresponding to the left ONC
eye).

Hematoxylin and Eosin and Immunofluorescence
Staining

After anesthesia with Avertin (250 mg/kg), mouse eyeballs
and brain tissue were carefully removed for fixation. Coro-
nal sections of brain tissue were prepared at 20-um thick-
ness for immunofluorescence (IF) staining. Sections of
the V1 region were selected based on the Allen Mouse
Brain Coronal Atlas (https://mouse.brain-map.org/static/
atlas). We observed astrocytes at layers 1 to 4, microglia at
layers 2 to 6b, and PTGDS and CRYAB staining positive cells
at layers 1 to 6b in the V1 region (Supplementary Fig. S1).
5-um sagittal sections of eyeballs were prepared for hema-
toxylin and eosin (H&E) staining.

The H&E staining was performed using the H&E Stain-
ing Kit (G1120; SOLARBIO, China) according to the
manufacturer’s instructions. Images were acquired with
a fully automated whole-slide imaging system (Tissue-
FAXS 7.1, TissueGnostics, Austria). For IF staining, frozen
sections were incubated with diluted primary antibodies
IBA1 (17198S, 1:1000; Cell Signaling Technology), GFAP
(ab254083, 1:1000; Abcam), S1008 (ab52642, 1:100; Abcam),
CRYAB (ab281561, 1:50; Abcam), and PTGDS (ab182141,
1:200; Abcam) at 4°C overnight. Sections were incubated
with the secondary antibodies Alexa Fluor 488 Donkey
anti-rabbit IgG (ab150073, 1:500; Abcam), Alexa Fluor 555
Goat anti-chicken IgY (ab150170, 1:500; Abcam) at room
temperature in the dark for 2 hours. Coverslips were
applied with antifade reagent containing 4,6-diamidino-
2-phenylindole (DAPI; 8961S; Cell Signaling Technology).
Sections were visualized at a resolution of 1024 x 1024
using a laser scanning confocal microscope (Zeiss LSM
980; Zeiss, Germany) with 8-bit sampling (without using z-
stacks), a Plan-Apochromat 20x/0.8 M27 objective, a laser
scan micrometer (LSM), with a scan speed of 3, and scan
zoom of 1. Laser parameter settings: selected dyes AF488,
DAPI, and /or AF555 and set each light path channel to
“Best Signal” mode. For visualization of GAFP- and S1008-
stained sections, 561 nm (4.91% intensity), 488 nm (7.10%
intensity), 405 nm (4.00% intensity) lasers were selected, and
the gain of the AF555 channel, the AF488 channel, and the
DAPI channel was set to 650 V, 650 V, and 600 V, respectively.
To visualize the IBA1-stained section, 488 nm (6.00% inten-
sity) and 405 nm (2.60% intensity) lasers were selected, and
the gain of the AF488 channel and the DAPI channel was
set to 633 V and 615 V, respectively. To visualize CRYAB-
and PTGDS-stained sections, 488 nm (0.80% intensity) and
405 nm (0.80% intensity) lasers were selected, and the gain
of the AF488 channel and DAPI channel was set to 580 V
and 550 V, respectively. All channels have a digit offset of 0
and a digital gain of 1. The acquisition and processing of all
images for each target protein were identical.

In the figures shown in this article, we used the threshold-
ing method to adjust the brightness contrast of the images
to show them more clearly. Image J software was used to
identify GFAP, S1008, IBA1, PTGDS, and CRYAB staining
regions and to calculate positive staining areas.'®=2° The
procedure was conducted as follows?': Image J software
(Image-Color-Split Channels) was used to split the exported
image into 3 single-channel 8-bit grayscale images. Each time
the image of the corresponding channel was selected, the
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threshold was set using the “Default” algorithm to select the
positive staining region. We set the measurement parame-
ters (Analyze-Set Measurements) and obtained the positive
staining area by checking “limit to threshold,” “area,” and
“Area fraction.” Finally, the result was obtained by “Analyze-
Measure.”

Quantitative Real-Time PCR

Total RNA of brain tissue was extracted using RNAiso Plus
(9108; Takara Biomedical Technology, China). The RNA
was reverse transcribed using PrimeScript RT reagent Kit
(RR047A; Takara Biomedical Technology). Quantitative real-
time polymerase chain reaction (qQPCR) was performed with
TB Green Premix Ex Taq (RR420A; Takara Biomedical Tech-
nology) on the Applied Real-Time PCR System (LightCycler
480 Instrument II; Roche, Switzerland). Primer sequences
were designed as follows:

CRYAB: 5'- CGGACTCTCAGAGATGCGTT-3 (forward), 5'- TG
GGATCCGGTACTTCCTGT-3' (reverse);

PTGDS: 5- GAAGGCGGCCTCAATCTCAC-3' (forward), 5'- C
GTACTCGTCATAGTTGGCCTC-3' (reverse);

GAPDH: 5-GGAGTCCACTGGCGTCTTCA-3 (forward), 5'- G
TCATGAGTCCTTCCACGATACC-3' (reverse).

Western Blotting

Brain tissues from the V1 region were collected and
total proteins were extracted. Protein samples were sepa-
rated using a 4% to 20% SurePAGE Bis-Tris gel (M00656;
GenScript, China) and transferred to PVDF membranes.
Membranes were incubated with primary antibody against
CRYAB (ab281561, 1:1000; Abcam), PTGDS (ab182141,
1:5000; Abcam), and B-Tubulin (2146S, 1:1000; Cell Signal-
ing Technology). Secondary antibodies were applied for
1 hour at room temperature. Immunoblots were scanned and
analyzed using Image J software.

Single-Cell RNA Sequencing of Mouse Primary
Visual Cortex and Quality Control of Single-Cell
Sequencing Data

As shown in Figure 1A, mice from the control group
(4 weeks after the sham operation) and the ONC group
(4 weeks after ONC) were used (n = 2). The bilateral V1
regions were removed into pre-cooled tissue preservation
solution, resulting in four samples: the left V1 region of ONC
(ONC_LV1), the right V1 region of ONC (ONC_RV1), the left
V1 region of control (Ctrl_LV1), and the right V1 region of
control (Ctr]_RV1). Brain tissues of V1 region were prepared
into single-cell suspensions using enzymatic digestion. The
single-cell suspensions were subjected to quality control
and counting, requiring a cell viability of 85% or more.
Subsequently, single-cell barcoded cDNA libraries were
constructed and sequenced by Genergy BIO-TECHNOLOGY
(China). Quality control was performed using CellRanger
and Seurat software, excluding cells with fewer than 200
gene counts or more than 20% mitochondrial gene ratio.
According to the 10x Genomics user guide, a doublets
rate of 7.5% was used to filter out doublets, and finally
53,058 cells (ONC_LV1: 14281, ONC_RV1: 14462, Ctrl_LV1:
12192, and Ctrl_RV1: 12123) were obtained for subsequent
analysis.
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Clustering Analysis and Cell Typing

Three thousand representative highly variable genes were
selected for dimensionality reduction and clustering. Cells
were clustered based on principal component analy-
sis (PCA) scores and the clustering results were visual-
ized using t-Stochastic Neighbor Embedding (t-SNE) and
Uniform Manifold Approximation and Projection (UMAP).
Cell types were identified based on the expression of
marker genes, whereas some cell clusters that could not
be identified were named after their highly expressed
genes.

Differential Expression Genes and Gene-Set
Enrichment Analysis

The “FindAllMarkers” function was used to identify differ-
ential expression genes (DEGs) among different samples.
DEGs with |avg log2FC| > 0.25 and P (adjusted P value)
< 0.05 were selected for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis.

Cell-Cell Communication Analysis

Cell-cell communication in the V1 region was analyzed using
cellphoneDB and cellchat.

Subgroup Analysis and Pseudotime Analysis

Astrocytes and microglia were extracted for subgroup analy-
sis. The differentiation trajectory of astrocytes and microglia
was predicted using the CytoTRACE package.

Statistical Analysis

Results were represented as mean £+ SEM with specific
sample size indicated in the context. Graphing and statis-
tical analysis were performed using statistical software
Prism (version 7.03; GraphPad Software, USA). Differences
between experimental groups were assessed by Student’s
t-test or 2-way analysis of variance (ANOVA), followed by
Bonferroni post hoc multiple comparisons. P values were
considered significant for P < 0.05.

RESuULTS

Changes of Retinal Thickness, Astrocytes, and
Microglia in the V1 Region After ONC in Mice

The thickness of retina and ganglion cell complex (GCC)
was measured in the control and ONC mice (Figs. 2A-C).
Compared with control mice, both retinal thickness and GCC
thickness were reduced in both eyes of mice at 4 weeks after
ONC, with a more pronounced reduction in the surgical eyes.
There was no significant difference in retinal thickness and
GCC thickness between the left and right eyes of the control
mice. However, ONC mice showed a significant reduction
in GCC thickness in the left eye compared to the right eye,
whereas there was no significant reduction in retinal thick-
ness.

In the right V1 region, IBA1" cells, GFAP" cells, and
S1008™" cells were significantly increased at 4 weeks after
ONC. These findings suggested that unilateral ONC may
induce the activation of microglia and astrocytes in the
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Ficure 1. Single-cell atlas of the primary visual cortex of mouse brains. (A) Overview of the experimental procedures, including single-cell

suspension preparation and sequencing library construction (n = 2). (B) Seurat stacked violin plot showing expression of marker genes in
each cell type. (C) Integrative uniform manifold approximation and projection (UMAP) for identifying major cell types based on marker genes
of each cluster. (D) Histogram of the percentages of all cell types in each sample. (E) Systematic differential analysis of gene expression.

contralateral V1 region. Conversely, no significant difference
was observed in the ipsilateral V1 region (Figs. 2D-F).

Clustering of Brain Cells in the V1 Region of Mice
by scRNA-Seq

Single-cell transcriptome analyses were performed on the
control and ONC mice to construct a single-cell atlas of
the mouse ONC model. Seurat dimensionality reduction
and clustering identified 28 clusters. Cell clusters were
annotated according to known marker genes (Fig. 1B).
Most cells were well annotated, whereas some clusters
that could not be identified were named after their highly
expressed genes. Cells in the V1 region were classi-
fied into 11 cell types: GABAergic neurons, glutamatergic

neurons, astrocytes, microglia, oligodendrocytes, oligoden-
drocyte precursor cells (OPCs), Mt3" cells, macrophage-
monocytes, ependymal cells, endothelial cells, and pericytes
(Fig. 10). There was no significant difference in the percent-
age of all cell types in each sample (Fig. 1D).

Systematic Differential Analysis of Gene
Expression

Differential Analysis of Gene Expression in the
Right V1 Region Between the ONC Group and
the Control Group. Compared to the Ctrl_RV1 group,
34 genes were significantly upregulated (Figs. 1E, 3A; P
< 0.001) and 84 genes were significantly downregulated
(see Figs. 1E, and 3B; P < 0.001) in the ONC_RV1 group.
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The vast majority of the upregulated genes were involved
in neuronal death and immune inflammation. Top upreg-
ulated DEGs included Prgds, which acted as neuromod-
ulators and nutritional trophic factors in the CNS, and
was associated with metabolism and neuroinflammation.??
Fkbp5 regulated neural excitability and stress response,?
whereas Cpe was implicated in astrocytoma, neurogene-
sis, and neurodegeneration.* KIf-9 induced cell death and
destroyed the dendritic spines of neurons in the brain.®
Cryab was involved in neurodegenerative disorders and
neuroinflammatory response.’* Among the downregulated

genes, were Klf4, which promoted astrocyte polarization
toward A2 subtype through downregulating NF-«B expres-
sion,?” and KIf6, which was involved in cell growth and
apoptosis.?® In the ischemia-reperfusion models, KLF6 over-
expression reduced inflammation and apoptosis, suggesting
a protective role for KLF6 in cell survival.?® Socs3 played an
important role in CNS regeneration, and its knockdown led
to glial cell proliferation and disrupted the balance between
macrophage subtypes.?® KIf2 was responsible for physiolog-
ical angiogenesis,”! and Hspala was associated with astro-
cyte phagocytosis.>? Overall, the genes related to neuroin-
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flammation and cell death were significantly upregulated,
whereas the genes related to cell protection, repair, and
synaptic phagocytosis were significantly downregulated in
the contralateral V1 region after unilateral ONC.

The biological significance of these upregulated DEGs
was explored by GO and KEGG analysis. These genes were
enriched in biological processes mainly related to myeloid
cell differentiation, regulation of neuron death, intracellular
homeostasis, inflammatory response, and oxidative stress.
The pathways involved mainly included MAPK, TNF, IL-17
signaling pathway, apoptosis-related pathway, and ferrop-
tosis (Figs. 3C, 3D). These findings suggested that ONC-
induced damaging changes in the right V1 region may
be attributed to increased neuroinflammation and impaired
neuroprotection.

Differential Analysis of Gene Expression in the
Left V1 Region Between the ONC Group and the
Control Group. Comparison of DEGs in the ONC_LV1
group and the Ctrl LV1 group identified 23 upregulated
genes associated with neuroinflammation and apoptosis,
like Gm42418, AC149090.1, Fkbp5, Cdknla,and Fabp7 (P <
0.001). A total of 53 genes related to neuronal activation and
inflammation regulation, including Fos, Atf3, Dusp1, Klf2,
and Egrl, were significantly downregulated (see Fig. 1E; P
< 0.001). This meant that ONC could also induce damage
responses in the left V1 region.

Similarlyy, GO and KEGG analyses of these DEGs
highlighted that the biological processes’ enrichment in
ERK1/ERK2 cascade responses, myeloid differentiation,
regulation of neuron death, cellular response to external
stimulus, and oligodendrocyte differentiation. Key pathways
included TNF, IL-17, Toll-like receptor, MAPK signaling path-
way, and apoptosis-related pathway (Supplementary Fig. S2).

No significant DEGs were found between the bilateral V1
region in either the control (Ctrl_LV1 versus Ctrl_ RV1) or
ONC (ONC_LV1 versus ONC_RV1) groups (P > 0.05).

PTGDS and CRYAB Were Increased in the
Contralateral V1 Region of ONC Mice

Ptgds and Cryab were primarily expressed in oligodendro-
cytes and astrocytes in the V1 region (Fig. 4A). In addition,
PIp™ astrocyte showed the most significant expression of
Ptgds and Cryab among astrocytes subtypes (Fig. 5D). It was
found that mRNA transcription of PTGDS and CRYAB was
increased in the contralateral V1 region at 4 weeks after ONC
compared to the control group (Fig. 4B). Western blot and
immunofluorescence results showed increased expression of
PTGDS and CRYAB proteins in the contralateral V1 region
after ONC (Figs. 4C-F). These findings, consistent with
scRNA-seq results, indicated that the inflammation-related
genes Ptgds and Cryab were upregulated and involved in the
damage process in the contralateral V1 region after ONC.

Cell-Cell Communication in the V1 Region of Mice

Differential Analysis of Cell-Cell Communication
in the Right V1 Region Between the ONC Group
and the Control Group. In general, compared with the
Ctrl_RV1 group, the number of cell interactions was less
and the strength was weakened in the ONC_RV1 group.
After ONC, the number and intensity of interactions among
astrocytes and oligodendrocytes, GABAergic-neurons, and
Mt3* cells in the right V1 region were increased. Interac-
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tions between neurons and microglia were enhanced and
the number of interactions among microglia and OPCs,
macrophage-monocytes, and Glutamatergic-neurons were
increased (Figs. 6A, 6B, 6C). Figures 6D and GE showed
a ligand receptor pair in the interaction of astrocytes,
microglia, and other cell types in the Ctrl_RV1 group and
ONC_RV1 group. Compared with the Ctrl RV1 group, the
output signals of microglia were attenuated in the ONC_RV1
group, and there was no significant difference in astro-
cytes. Signals received by astrocytes were decreased, and
those received by microglia were increased (Figs. 6F, 6G).
As shown in Figure GH, there were significant differences
in the signals of ANGPTL, CSF, ACTIVIN, GAS, and GRN
between the Ctrl_RV1 group and ONC_RV1 group. These
results suggested that ONC could induce cell-cell communi-
cation remodeling in the contralateral V1 region.

Differential Analysis of Cell-Cell Communication
in the Left V1 Region Between the ONC Group and
the Control Group. Compared to the Ctrl_LV1 group,
the number of cell interactions increased and the intensity
decreased in the ONC_LV1 group. After ONC, the number
and intensity of interactions among astrocytes and ependy-
mal, GABAergic-neurons, Mt3™" cells, and OPCs in the left V1
region were increased. The number of interactions among
microglia and pericytes, macrophage-monocytes, OPCs, and
ependymal were increased (Supplementary Figs. S3A, S3B,
S$30). Supplementary Figures S3D and S3E showed ligand-
receptor relationships among astrocytes, microglia, and
other cell types in the Ctrl RV1 group and the ONC_RV1
group. Compared with the Ctrl_LV1 group, the output signal
of microglia in the ONC_LV1 group was attenuated, and
there was no significant difference in astrocytes. The signal
received by astrocytes decreased, and the signal received
by microglia increased (Supplementary Figs. S3F, S3G). CCL,
CHEMERIN, IFN-I, GRN, MK, and other signaling pathways
were significantly different between the Ctrl_LV1 group and
the ONC_LV1 group (Supplementary Fig. S3H).

Intracellular Heterogeneity and Transcriptomic
Changes of Astrocytes in the V1 Region of Mice

As shown in Figures 2D to 2F, we have found that astrocytes
and microglia were activated in the contralateral V1 region
after ONC. Traditionally, reactive astrocytes were classified
into A1 (neurotoxic) and A2 (neuroprotective) subtypes,334
and microglia were classified into 3 subtypes under stimu-
lated conditions: silent, M1 pro-inflammatory, and M2 anti-
inflammatory. However, this simplified classification often
masked the complex heterogeneity of microglia and astro-
cytes in various injury or disease conditions.?>37 Therefore,
we reanalyzed astrocytes and microglia isolated from the
V1 region to better describe and identify different microglia
subtypes and features at the molecular level under optic
nerve injury conditions.

Astrocytes were re-clustered into four subpopulations:
Malat1™ astrocyte (Malat1™ astro), PIp™ astrocyte (Plp*
astro), Myoc" astrocyte (Myoc" astro), and Zicl® astrocyte
(Zicl™ astro), with each sample containing all subgroups
(Fig. 5A). The top 10 differential expression genes analy-
sis identified the characteristics of each cluster (Fig. 5B).
Malat1" astro showed high expression of Malatl, Gria2,
Pnisr, Snrnp70, Gm26917, and other genes. These genes
were related to anti-inflammatory, anti-apoptotic, and
psycho neurodevelopment,*®%° suggesting that Malat1*™
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FIGURE 4.

Increased expression of PTGDS and CRYAB in the right V1 region after ONC. (A) UMAP plots showing expression of Pigds and

Cryab. (B) The level of expression of PTGDS and CRYAB mRNA in the right V1 region measured by qPCR. (C) Western blot analysis of
PTGDS and CRYAB expression in the right V1 region. (D) Statistical analysis of Western blot for the data shown in (C). (E, F) PTGDS and
CRYAB staining positive cells and densitometric analysis of immunofluorescence in the right V1 region (Bar = 50 pm). Data are mean =+

SEM, n = 6 animals per group, *P < 0.05, **P < 0.001.

astro may be an anti-inflammatory astrocyte subtype. Plp*
astro showed high expression of Plp1, Pigds, and other
genes related to myelin formation, neuronal death, and
neuroinflammation.?? This suggested that Plp* astro may be
a pro-inflammatory astrocyte subtype. Myoc*t astro showed
high expression of Myoc, Gfap, Fxyd6, Igfbp5, Fbxo2,
Slc38a1, and other genes, associated with cell adhesion,
proliferation regulation, and tumors.® SIc38a1 is mainly

found in undifferentiated neural progenitors,’ indicating
that Myoc™ astro may be an astrocyte subtype associated
with glioma. Zicl* astro did not show obvious subtype char-
acteristics and was considered to be in an intermediate state.
Notably, we found that Malat1™ astro was less prevalent and
Pip* astro was more prevalent in the ONC group (ONC_LV1
and ONC_RV1) compared to the control group (Ctr_LV1 and
Ctr_RV1) (Fig. 5C). This indicated that ONC could cause an
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Ficure 5. Characterization of astrocyte subtypes. (A, B) The UMAP plot showing the clustering strategy of astrocyte populations to identify
four cell subtypes (A), based on the expression heatmap of the top 10 genes in each cluster (B). (C) Histogram of cell proportions for all
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astrocyte subpopulations in each sample. (D) UMAP plots of Pigds and Cryab expression in astrocytes. (E, F) Box plots showing major
upregulated (E) and downregulated (F) genes in astrocytes of the right V1 region in the ONC group compared to the control group.
(G, H) GO and KEGG analyses of DEGs with at least 0.25-fold change in astrocytes of the right V1 region in the ONC group compared to
the control group. (I, J) Pseudotime analysis of astrocytes. The sequence of differentiation trajectories is Plp*t astro, Ziclt astro, Malat1*

astro, and Myoc™ astro.

increase in pro-inflammatory astrocytes and a decrease in
anti-inflammatory astrocytes in the contralateral V1 region,
leading to an amplified inflammatory response.

Comparison of DEGs between astrocytes in ONC_RV1
and those in Ctr_RV1 revealed that 22 significantly upreg-
ulated genes, including Fabp7, Rbou, PdelOa, Cpe, and
Sparc, were associated with iron death, atherosclerosis, and
neuroinflammation (see Figs. 1E, 5E; P < 0.001). Conversely,
20 genes, including Duspi, Zfp36I12, Jun, Dbp, and Sox9,
related to inflammation regulation, neuronal maturation, and
neuronal functional support, were significantly downregu-
lated (see Figs. 1E, 5F; P < 0.001). GO and KEGG analy-
sis (Figs. 5G, 5H) revealed that these genes were involved
in ERK1/ERK2 cascade responses, epithelial cell migration,
cellular response to transforming growth factor stimula-
tion, and neuronal death; and the related pathways mainly
included RAR activation, ILK, macrophage alternative acti-
vation, chemokine, and IL-8 signaling pathway.

Comparison of the DEGs in ONC_LV1 versus Ctr_LV1
revealed that 22 significantly upregulated genes, including
Gm42418, Plpl, PdelOa, Fabp7, and Rbou (P < 0.001).
Whereas 18 genes, like Dbp, Zfp3612, Jun, Sox9, and Hmgcr,
were significantly downregulated (see Fig. 1E; P < 0.001).
These genes were associated with inflammation regulation
and neuronal homeostasis. GO and KEGG analysis showed
these genes were mainly related to the ERK1/ERK2 cascade,
cellular response to external stimulus, cellular response
to transforming growth factor stimulation, neuron apop-
totic process, and secretory granule; with pathways mainly
including RAR activation, IL-17A, macrophage alternative
activation, myelination signaling pathway, and superpath-
way of cholesterol biosynthesis.

During physiological states or disease development, the
states in which cells are located were not completely
synchronized. Therefore, using CytoTRACE for temporal
sequence analysis, the differentiation trajectory of astrocyte
subgroups in ONC group and control group was predicted
as follows: PIp* astro, Zicl* astro, Malat1" astro, and Myoc*
astro. Combining the highly expressed genes of each cluster,
Plp* astro (pro-inflammatory) appeared earlier, and Zicl*
astro is the astrocyte subtype in a transitional state, whereas
Malat1" astro (anti-inflammatory) and Myoc" astro (related
to glioblastoma) appeared later (Figs. 51, 5J).

Intracellular Heterogeneity and Transcriptomic
Changes of Microglia in the V1 Region of Mice

Five distinct microglial subgroups were identified through
reclustering: Tmsb4xt microglia (Tmsb4xt micro), Clu*
microglia (Clut micro), Malat1t microglia (Malat1' micro),
Ifit3" microglia (Ifit3" micro), and Ptprdt microglia (Piprd*
micro), with all clusters presented in each sample (Fig. 7A).
Based on the top 10 differential genes (Fig. 7B), we found
that the pro-inflammatory responses and immune activation
genes, such as Nfkbia, Egrl, Ccl3, Fos, and Tmsb4x, were
slightly higher expressed in Tmsb4x* micro.*"4> However,
because the differential fold changes were not particu-

larly marked, we speculated that Tmsb4x™ micro might
be intermediate microglia biased toward pro-inflammatory
effects. Genes related to inflammatory regulation, pro-
trophic factors, pro-synaptogenesis, metabolic activity, and
proliferation, such as Igf1, Sparcli, Cspg5, Clu, Ptn, Acsl3,
and Tpil, were predominantly overexpressed in Clu’
micro.$3-4% Whereas inflammation-related genes, like Atif3
and Nfkbia, were reduced, suggesting that Clu™ micro
may be associated with anti-inflammatory and protrusion
formation. In Malat1* micro, no significantly high or low
expressed genes were found, but developmentally related
genes, such as Arbgap and Tmem176b, were expressed,’’
suggesting that Malat1™ micro may be undifferentiated
embryonic microglia. Ifit3t micro exhibited high expres-
sion of genes related to neuroinflammation and brain injury,
including Igals3, Ccl12, Ifitm3, and Isg15,*® suggesting that
Ifit3" micro may be a class of pro-inflammatory microglia
involved in neurodegeneration. In Piprd"™ micro, genes
like Ptprd, Mag, Mobp, and Apod, which were related to
synaptic growth, brain injury regulation, and myelin struc-
ture and function, were highly expressed,’®>° indicating
that Piprd™ micro may be a class of microglia related
to myelin and neuronal damage repair. In ONC_RV1, the
percentage of Piprd™ micro was slightly elevated, whereas
Tmsb4x"™ micro and Malat1"™ micro were slightly decreased
compared to Ctr_RV1. Compared to Ctr_LV1, the percent-
age of Clu™ micro increased and Tmsb4x™ micro decreased
slightly in ONC_LV1 (Fig. 7C). This suggested a decrease
in pro-inflammatory microglial and an increase in anti-
inflammatory and pro-repair microglial increased in the
bilateral V1 region at 4 weeks after ONC.

Comparing DEGs in ONC_RV1 versus Ctr_RV1, there
were 47 genes associated with the regulation of neuronal
excitability and stress response, Alzheimer’s disease,
autophagy, and neuroinflammation, such as Fkbp5, Hesl,
Ddit4, Cpe, and Hsp90bl1, were significantly upregulated
(see Figs. 1E, 7D; P < 0.001). Conversely, 117 genes, such
as Fos, Duspl, KIf2, Zfp36, and Egrl, related to neuronal
activity and inflammation regulation, were downregulated
(see Figs. 1E, 7E; P < 0.001). GO and KEGG analysis
(Figs. 7F, 7G) revealed that these genes were involved in
biological processes related to the regulation of cell-cell
adhesion, negative regulation of cell activation, response
to endoplasmic reticulum stress, ERK1/ERK2 cascade, and
myeloid cell differentiation. The enriched pathways mainly
included TNF, IL-17, MAPK signaling pathway, apoptosis,
and Ferroptosis.

Comparing DEGs in ONC_LV1 versus Ctr_LV1 revealed
that 75 genes, including Fkbp5, Gm42418, Sicla2, Cpe,
and Ddit4, were significantly upregulated (P < 0.001).
Conversely, 102 genes, like Fos, Kif4, Dusp1, KIf2, and Egr1,
were significantly downregulated (see Fig. 1E; P < 0.001).
Similarly, these genes were associated with neuronal activity,
inflammation regulation, and synaptogenesis. GO and KEGG
analysis highlighted biological processes, such as positive
regulation of neuron death, negative regulation of phospho-
rylation, cellular cation homeostasis, regulation of cell-cell
adhesion, and ERK1/ERK2 cascade. The enriched pathways
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Ficure 6. Cell-cell communication in the Ctrl_RV1 group and ONC_RV1 group. (A) Heatmap showing the strength of communication
connections between cell types in the Ctrl RV1 group and the ONC_RV1 group. (B, C) Circular plots and bar plots showing differences
in the number and strength of cell interactions between the ONC_RV1 group and the Ctrl RV1 group. (D, E) Bubble diagram of ligand
receptor pair in interaction of astrocytes, microglia, and other cell types in the Ctrl RV1 group and the ONC_RV1 group. (F, G) Incoming
and outgoing signaling patterns in the Ctrl RV1 group and the ONC_RV1 group. (H) Bar chart for comparative analysis of signal intensity
between the Ctrl_RV1 group and the ONC_RV1 group.
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Figure 7. Characterization of microglia subtypes. (A, B) The UMAP plot showing the clustering strategy of microglia populations to identify
five cell subtypes (A), based on the expression heatmap of the top 10 genes in each cluster (B). (C) Histogram of cell proportions for all
microglia subpopulations in each sample. (D, E) Violin plots showing the major upregulated (D) and downregulated (E) genes in microglia
of the right V1 region in the ONC group compared to the control group. (F, G) GO and KEGG analyses of DEGs with at least 0.25-fold
change in microglia of the right V1 region in the ONC group compared to the control group. (H, I) Pseudotime analysis of microglia. The
sequence of differentiation trajectories in control group is Malat1™ micro, Piprd* micro, Ifit3" micro, Tmsb4x™ micro, and Clu* micro. The
sequence of differentiation trajectories in ONC group is Malat1™ micro, Ifit3" micro, Tmsb4x* micro, Piprd™ micro, and Clu™ micro.
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mainly included IL-10, macrophage selective differentiation,
MAKP, TNF signaling pathway, and apoptosis.

CytoTRACE analysis predicted the development sequence
of microglial subtypes in the control group as follows:
Malat1" micro, Piprdt micro, Ifit3T micro, Tmsb4x" micro,
and Clu™ micro. Whereas the development sequence of
microglial subtypes in the ONC group was as follows:
Malat1" micro, Ifit3" micro, Tmsb4xt micro, Ptprdt micro,
and Clu™ micro. This suggested that Malat1* micro (undif-
ferentiated embryonic microglia) appeared at an early
stage, followed by Ifit3t micro (pro-inflammatory) and
Tmsb4xt micro (intermediate microglia with a biased
pro-inflammatory role), and Ptprdt micro (related to
myelin and neuronal damage repair), and Clu*t micro
(anti-inflammatory) appeared later in the ONC group
(Figs. 7H, 7D.

DiscussION

Consistent with previous research, we observed that ONC
resulted in significant thinning of retinal thickness and
GCC thickness in the injured eye, and substantial activa-
tion of microglia and astrocytes in the right V1 region.
Next, we used scRNA-seq technology to further explore
the molecular mechanisms of neuroinflammation caused by
glial cells after ONC. We draw the single-cell atlas of the
V1 region in both normal and ONC mice, identifying 11
major cell types: GABAergic neurons, glutamatergic neurons,
astrocytes, microglia, oligodendrocytes, OPCs, M3" cells,
macrophage-monocytes, ependymal cells, endothelial cells,
and pericytes. This cellular composition closely mirrors that
reported for the mouse cerebral cortex.” Comparative anal-
ysis between control and ONC mice revealed no new cell
types or significant changes in cell proportions in the V1
region post-injury. This indicates that the effect of the optic
nerve injury on cell classification is microscopic and does
not lead to a serious imbalance in cell proportions.

DEGs analysis showed that genes associated with
neuroinflammation and cell death were significantly upreg-
ulated in the contralateral V1 region at 4 weeks after
ONC. Whereas genes related to cell protection, repair, and
synaptic phagocytosis showed significant downregulation.
Notably, the upregulation of Pigds and Cryab, which were
closely related to neuroinflammation and neurodegenerative
diseases, aroused our interest. PTGDS and CRYAB mainly
existed in astrocytes and oligodendrocytes in the CNS, and
overexpression of their genes were found to play a key
role in neuronal death and neuroinflammation.?-52 Reduc-
ing PTGDS expression could reduce the activation of astro-
cytes.>® Similarly, in our study, we observed that the pro-
inflammatory subtype Plp' astro overexpressed Pigds and
Cryab, suggesting these genes may be involved in neuroin-
flammation. Moreover, our results confirmed increased
mRNA transcription and protein expression of PTGDS and
CRYAB in the contralateral V1 region at 4 weeks after unilat-
eral ONC, consistent with scRNA-seq results. These find-
ings imply that the inflammation-related genes Pigds and
Cryab may play roles in the neuroinflammatory response
in the V1 region after ONC, but specific molecular mecha-
nisms require further investigation. Similarly, genes related
to neuroinflammation and cell death were upregulated and
genes related to neuronal protection and inflammation regu-
lation were downregulated in the ipsilateral V1 region after
ONC. No significant DEGs were observed between the right
and left V1 regions of the control and ONC mice. Our find-
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ings suggest that unilateral ONC triggers damage changes
in the bilateral V1 region. This contrasts with previous
studies, which have shown that unilateral ONC can cause
degenerative changes in neurons and astrocyte activation
in the contralateral V1 region, but no significant changes
in the ipsilateral side.'*'> We hypothesize that this discrep-
ancy may arise from the fact that most RGCs project to the
contralateral side,”>” so the changes in the ipsilateral side
are not as pronounced as those in the contralateral side.
But scRNA-seq is characterized by high resolution and preci-
sion, so it can capture subtle cellular changes that cannot
be detected by traditional methods. Enrichment analysis of
DEGs provides insights into the biological processes and
related pathways involved in damage changes of the V1
region after ONC, guiding future research directions.

Through the analysis of cell-cell communication, we
found that after ONC, astrocytes closely interacted with
ependymal cells, GABAergic-neurons, and Mt3" cells.
Whereas microglia were closely related to OPCs and
macrophage-monocytes. This suggests that astrocytes and
microglia play critical roles in the immune microenviron-
ment of the V1 region after ONC. Signaling pathways, such as
ANGPTL, CSF, ACTIVIN, GAS, and GRN, can serve as targets
for further studies of the effects of ONC on cellular interac-
tions.

Given the central role of microglia and astrocytes in
CNS diseases, our study focused on glial cells activated in
the contralateral V1 region after optic nerve injury. Due
to variations in gene expression, physiological sensitivity,
and gliotransmitter release,> glial cells exhibited regional
and cellular diversity. We conducted a detailed subtype
analysis of astrocytes and microglia, revealing heterogene-
ity beyond traditional classifications. This analysis enhances
our comprehension of their different functions in the local
microenvironment.

We identified four subtypes of astrocyte: the anti-
inflammatory subtype Malat1™ astro, the pro-inflammatory
subtype PIp" astro, the glioma-associated subtype Myoc™
astro, and the intermediate subtype Zicl" astro. We observed
a decrease in Malat1™ astro and an increase in Plp*
astro in the V1 region of the ONC group compared with
the controls, indicating that astrocytes were transformed
into pro-inflammatory subtypes following ONC. Microglia
were classified into five subtypes, including the interme-
diate state subtype Tmsb4x™ micro with pro-inflammatory
effect; the subtype associated with anti-inflammatory and
synaptic formation Clut micro; the undifferentiated embry-
onic subtype Malat1™ micro; the pro-inflammatory, pro-
neuronal degeneration, and death subtype Ifit3" micro;
and the neuronal injury and repair-related subtype Piprd"
micro. DEGs analysis suggested an inflammatory response
in the ONC group. GO and KEGG analysis demonstrated
biological processes and pathways involved in astrocytes
and microglia, providing a theoretical foundation for inves-
tigating their roles in the V1 region after ONC. The
results of pseudotime analysis revealed that both astro-
cytes and microglia exhibited earlier appearances of pro-
inflammatory subtypes and later appearances of anti-
inflammatory subtypes in the ONC group. These findings
enhance our understanding of the roles of glial cells in the
V1 region after optic nerve injury, and provide a theoretical
basis and direction for regulating glial cells differentiation
in future studies.

In summary, scRNA-seq has provided detailed insights
into damage alterations and molecular signaling pathways
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involved in the bilateral V1 region after unilateral ONC at
a single-cell level. Inflammation-related genes Pigds and
Cryab may serve as potential targets for damage repair.
Understanding the heterogeneity and differentiation trajec-
tories of astrocytes and microglia is essential for mitigating
neuroinflammation by modulating glial subtype balance in
the future.
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