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PURPOSE. Traumatic optic neuropathy (TON) leads to the loss of retinal ganglion cells
(RGCs) and results in permanent visual impairment. Protecting and regenerating RGCs is
crucial for the treatment of TON. Studies have demonstrated that astrocyte-derived
extracellular vesicles (ADEVs) exhibit neuroprotective effects in models of central
nervous system (CNS) injury. This study aimed to investigate whether ADEVs have a
similar neuroprotective effect on RGCs in an optic nerve crush (ONC) rat model.

METHODS. ADEVs were collected from primary rat astrocytes, and an ONC model was
established to evaluate the effects of ADEVs on retinal structure and visual function using
optical coherence tomography (OCT), hematoxylin and eosin (H&E) staining, and flash
visual evoked potential (f-VEP) analysis. Immunofluorescence was used to examine RGCs
and investigate reactive gliotic changes. Additionally, miRNA sequencing of ADEVs and
retinal mRNA sequencing were performed to identify the potential mechanisms involved.

RESULTS. ADEVs protected RGCs from progressive loss and improved visual function.
ADEVs also significantly increased the expression of glial fibrillary acidic protein (GFAP)
and modulated microglial activation. The miRNAs associated with ADEVs were targeted
by neuroprotective signals, such as MAPK, PI3K-AKT, and TNF-α, and through the
targeting network generated via retinal mRNA sequencing, we found that potential
functional genes, such as THBS1, PAK3, and Gstm1, likely participate in microenviron-
mental regulation.

CONCLUSIONS. We discovered that ADEVs play a neuroprotective role in optic nerve injury.
Our findings provide a new cell-free therapeutic strategy for optic neuropathy.

Keywords: optic nerve injury, traumatic optic neuropathy (TON), astrocytes, extracellular
vesicles (EVs), retinal ganglion cells (RGCs), degeneration, microglia, microRNA (miRNA),
neuroprotection

T raumatic optic neuropathy (TON), caused by orbital,
ocular, and head and face trauma, leads to irreversible

blindness by inducing retinal ganglion cell (RGC) and axonal
degeneration.1,2 As an extension of the central nervous
system (CNS), the optic nerve is formed by the nerve fiber
layer extending from the RGCs, transmitting visual informa-
tion from the retina to the brain.3 Therefore, neuroprotective
strategies focused on the vulnerable RGCs are highly desir-
able.

Retinal glial cells, including microglia, astrocytes, and
Müller cells, play critical roles in modulating the patholog-
ical process of TON,4 exerting both neuroprotective and
neurotoxic effects on RGCs. Following optic nerve injury,
astrocytes undergo reactive changes, termed astroglio-
sis, which can be classified into two phenotypes: the
neurotoxic A1 phenotype and the neuroprotective A2
phenotype.5,6 The balance between these phenotypes is

essential, as early astrogliosis can provide neurotrophic
support, whereas prolonged activation leads to detrimen-
tal effects on RGCs. Similarly, microglia, which migrate to
the injury site, contribute to tissue repair but can exacer-
bate neuronal damage as sustained microglial activation can
result in excessive production of proinflammatory cytokines
and reactive oxygen species (ROS), exacerbating neuronal
damage.4,7 Interestingly, astrogliosis can recruit microglia
to injury sites and, at later stages, exert anti-inflammatory
effects by modulating microglial activation.8 In addition,
reactive Müller cells express neurotrophic factors in addition
to brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), and glial cell line derived neurotrophic factor
(GDNF), promoting RGC survival. Nevertheless, excessive
proliferation of reactive Müller cells dramatically induces
apoptosis and inflammation, causing neurodegeneration in
retinal injury.9,10
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Astrocytes, accounting for 20% to 50% of CNS cells,
migrate into the retina along the developing optic nerve
and are located primarily in the nerve fiber and ganglion
cell layers. They are essential for maintaining the blood–
retina barrier, releasing neurotrophic factors, and regulating
synaptic plasticity to support RGC function.8,11 Recent stud-
ies have shown that astrocyte transplantation can promote
neuronal regeneration in CNS injuries.12–14 However, chal-
lenges such as low survival rates and immune rejection limit
the effectiveness of astrocyte-based therapies, thus we need
to explore more appropriate strategies to minimize undesir-
able characteristics.

Astrocytes can influence neuronal survival in response to
inflammation or oxidative stress through the release of extra-
cellular vesicles (EVs).15,16 EVs are nanosized, membrane-
bound vesicles containing proteins, lipids, and nucleic acids
that can be delivered to recipient cells. Their ability of
EVs to cross the blood–brain barrier with low immuno-
genicity makes them promising therapeutic agents for CNS
diseases.17–19 Notably, EVs are able to elicit protective effects
on RGCs,20–25 suggesting their benefits on TON therapy.
Therefore, astrocyte-derived extracellular vesicles (ADEVs)
may offer a cell-free therapeutic approach, circumventing
the limitations associated with direct astrocyte transplanta-
tion.

Both in vivo and in vitro investigations have highlighted
the potential of ADEVs in promoting neuronal survival
following CNS injuries. For example, Chun et al. reported
that ADEVs enhanced the survival and electrophysiological
function of cultured neurons by inhibiting apoptosis.26 In
animal models of traumatic brain injury, ADEVs have been
shown to restore neuronal mitochondrial function, reduce
neuronal atrophy, and mitigate oxidative stress.27,28 Addi-
tionally, ADEVs have been shown to exert therapeutic effects
in conditions such as ischemic stroke and spinal cord injury
due to their immunomodulatory and neuroprotective prop-
erties.16,29

However, it remains unclear whether ADEVs can protect
RGCs in TON. This study aimed to evaluate the effects
of ADEVs on RGC survival using an optic nerve injury
model and to explore the underlying molecular mechanisms
involved.

METHODS

Animals

Adult male Sprague–Dawley (SD) rats aged 8 weeks (weigh-
ing 180–200 g) and neonatal rats were purchased from Vital
River Experimental Animal Technology (Beijing, China).
All procedures conformed to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and
were approved by the Institutional Animal Care and Use
Committee of Wenzhou Medical University (approval No.
wydw2022-0078). The sham group is defined as rats that
underwent optic nerve exposure without the crush opera-
tion, whereas the phosphate-buffered saline (PBS) or ADEV
group consisted of rats that received unilateral optic nerve
crush (ONC) surgery and were immediately intravitreally
injected with either PBS or ADEVs.

Isolation and Cultivation of Primary Rat
Astrocytes

Primary cortical astrocytes were obtained from neonatal rats
as previously described.30,31 Briefly, cortical tissues were

digested with 0.25% trypsin-EDTA for 15 minutes at 37°C,
and the samples were shaken gently every 5 minutes for
adequate digestion. The cells were cultured in DMEM/F-12
(Gibco, USA) supplemented with 10% FBS (Gibco, USA) and
1% penicillin–streptomycin (Gibco, USA). On days 10 to 12,
the flasks were shaken at 200 rpm for 1 hour to remove
microglia and at 250 rpm for 24 hours to remove oligo-
dendrocytes. Astrocytes were inoculated in poly-L-lysine-
coated flasks in Astrocyte Medium-animals (AM-a, Scien-
cell, USA) supplemented with Astrocyte Growth Supple-
ment, 2% FBS, and 1% penicillin–streptomycin. Cells from
passages 1 to 3 were used. The human skin fibroblasts
(FH0189, FuHeng, Shanghai, China) used as control cells
were cultured in DMEM/F-12 (Gibco, USA) supplemented
with 15% FBS and 1% penicillin–streptomycin at 37°C
under 5% CO2, and the cells from passages 2 to 5 were
used.

EV Isolation

The methods used for research on EVs in this study
adhered to the MISEV2023 guidelines.32 EVs from astro-
cytes and fibroblasts were isolated by ultracentrifugation
as previously described.23 Briefly, astrocytes and fibrob-
lasts were seeded at densities of 1.2 × 106 and 3 ×
106 cells/mL, respectively. The conditioned medium was
replaced with EV-depleted medium containing exosome-
depleted FBS (System Biosciences, Palo Alto, CA, USA),
which was added to the basal medium when cultured
cells reached 70% to 80% confluence. After 72 hours of
cultivation, the conditioned medium was collected and
subjected to sequential differential centrifugation: 300g
for 10 minutes to remove the floating cells, 2000g for
10 minutes to remove cell debris, and 10,000g for 30 minutes
to remove microvesicles and apoptotic bodies. The pellet
was discarded, and the supernatant was collected at each
step. The collected supernatant was subsequently ultra-
centrifuged at 100,000g for 70 minutes at 4°C (SW32Ti
rotor; Beckman Coulter, CA, USA) to isolate the EVs. The
pellet was subsequently resuspended in PBS (pH 7.2) and
ultracentrifuged again at 100,000g for 70 minutes at 4°C
(SW41Ti rotor; Beckman Coulter, USA). Finally, the ADEVs
and fibroblast-derived EVs were resuspended in 100 μL
of PBS.

Nanoparticle Tracking Analysis

The concentrations and size distributions of ADEVs were
characterized by a ZetaView Particle Metrix (PMX 110, Meer-
busch, Germany) with a sensitivity setting of 70. The samples
were prediluted 1:1000 in PBS, and particle movement in a
60-second video was analyzed using Nanoparticle Tracking
Analysis (NTA) software (Zeta View 8.02.28).

Transmission Electron Microscopy

The collected ADEVs (10 μL) were deposited onto Lacey
Formvar/carbon-coated copper grids and incubated at
room temperature for 10 minutes. After being washed
with sterile distilled water and dried for 2 minutes, the
grids were observed and imaged via transmission elec-
tron microscopy (TEM; HITACHI, H-7650, Tokyo, Japan).
Images were captured in 3 fields, and 2 photographs were
captured for each of the fields at scales of 200 nm and
500 nm.



ADEVs Alleviate Optic Nerve Injury IOVS | April 2025 | Vol. 66 | No. 4 | Article 16 | 3

TABLE 1. Primary and Secondary Antibodies

Antibody Description Catalog Number Dilution Company

TSG101 Mouse monoclonal PTM-5108 1:1000 PTM BIO, Hangzhou, China
Alix Rabbit monoclonal PTM-6407 1:1000 PTM BIO, Hangzhou, China
CD81 Rabbit monoclonal PTM-6220 1:1000 PTM BIO, Hangzhou, China
Calnexin Rabbit monoclonal 10427-2-AP 1:1000 Proteintech, Chicago, IL, USA
GFAP Rabbit monoclonal bs-0199R 1:500 Bioss, Beijing, China
Vimentin Mouse monoclonal sc-6260 1:500 Santa Cruz, Dallas, Texas, USA
RBPMS Rabbit monoclonal 15187-1-AP 1:500 Proteintech, Chicago, IL, USA
Iba-1 Rabbit monoclonal 019-19741 1:500 Wako, Osaka, Japan
Goat anti-mouse Alexa Fluor 594 bs-0296G 1:500 Bioss, Beijing, China
Goat anti-rabbit Alexa Fluor 488 bs-0295G 1:500 Bioss, Beijing, China
HRP linked goat anti-mouse IgG (H+L) 10216 1:1000 Beyotime, Shanghai, China
Anti-rabbit HRP linked antibody 7074S 1:1000 Cell Signal Technology, Danvers, MA, USA

CD, cluster of differentiation; GFAP, glial fibrillary acidic protein; RBPMS, RNA binding protein with multiple splicing.

Western Blot Analysis

Total EV protein was extracted with RIPA buffer, and the
protein concentration was measured with a Bicinchoninic
Acid Protein Assay Kit (Thermo Scientific, Waltham, MA,
USA). Equal amounts (4.5 μg) of astrocyte lysates and ADEV
proteins were added to the same 10% sodium dodecyl
sulfate–polyacrylamide (SDS–PAGE) gel to assess the enrich-
ment/depletion of EVs and then transferred from the gel
to PVDF membranes. The membranes were blocked with
5% nonfat dry milk buffer in PBS-Triton X-100 (PBST) for
2 hours and incubated with primary antibodies against
TSG101, Alix, CD81, and Calnexin overnight at 4°C. After-
ward, the membranes were incubated with HRP-conjugated
secondary antibodies for 1 hour at room temperature and
exposed using an Invitrogen iBright 1500 (iBright FL1500;
Thermo Fisher Scientific). Table 1 contains the specific infor-
mation for the antibodies mentioned in this article.

Optic Nerve Crush and Intravitreal Injection of
EVs

The animals were anesthetized with 5% isoflurane (RWD Life
Science, Guangdong, China; 0.8 Liters per minute O2), which
was maintained at 1% throughout the procedure. The optic
nerve was sufficiently exposed through conjunctival fornix
incision under a microscope (Leica, Wetzlar, Germany), and
forceps (WA3010; Jinzhong, Shanghai, China) were used to
crush the optic nerve at 2 mm posterior to the eyeball for
10 seconds. Immediately after surgery, 4 μL of PBS loaded
with ADEVs or fibroblast-EVs at 1 × 109 particles was intrav-
itreally injected slowly using a Hamilton syringe needle
(33G; (Hamilton, NV, USA). The needle was inserted at the
limbus and retracted after a 1-minute delay to minimize
backflow.

Optical Coherence Tomography and Measurement
of Ganglion Cell Complex Thickness

The rats were anesthetized with 150 mg/kg Avertin (T48402;
Sigma–Aldrich, St. Louis, MO, USA). Tropicamide eye drops
were applied to the eyes to dilate the pupils for 10 minutes,
after which the rats were subjected to surface anesthesia
with proparacaine hydrochloride eye drops. Optical coher-
ence tomography (OCT) was subsequently performed at 0
(pre-ONC), 7, and 14 days postinjury via a Phenix Micron IV
microscope (United States) or Heidelberg SPECTRALIS OCT

(Germany). Retinal images were captured around the optic
nerve head with a circular scan pattern. The scan size was
set to 1800 μm around the optic disc to capture different
retinal layers. Imaging and analysis were performed using
the Micron IV Imaging Software or Heidelberg Eye Explorer.
Levofloxacin eye cream was administered to moisten the
cornea throughout the entire procedure. Ganglion cell
complex (GCC) thickness was measured via the built in soft-
ware.

Hematoxylin and Eosin Staining

The anesthetized rats were perfused transcardially with PBS
and 4% paraformaldehyde (PFA). Eyeballs were fixed in
ferrous ammonium sulfate (FAS) solution for 24 hours at
room temperature. Paraffin-embedded eyeballs were cut into
3 μm slices, and those positioned in the optic nerve head
were used for further staining. After dewaxing, the tissue
slices were incubated with hematoxylin and eosin (H&E;
C0105S, Beyotime Biotechnology). Images were obtained
under a microscope with a 40 × objective, and the GCC
thickness around the optic nerve head was measured via
ImageJ software.

Immunofluorescence Staining

Rat eyeballs were dissected and fixed in PFA for 40 minutes
at room temperature. The samples were embedded in opti-
mal cutting temperature compound (Cat# 4583; Sakura,
Oakland, CA, USA) and sectioned at 15 μm thickness
using a cryostat (Leica CM 1950). Eye sections with visi-
ble optic nerve heads were selected to ensure consistency
across samples. Then, the samples were treated with 0.5%
PBST containing 10% goat serum at room temperature
for 2 hours. Primary antibodies (rabbit anti-RBPMS, Iba1,
and GFAP) were incubated with the samples overnight at
4°C. After washing, the sections were incubated with the
secondary antibody (goat anti-rabbit Alexa Fluor 488) at
room temperature for 1.5 hours in the dark. The slides
were mounted with antifade mounting medium containing
DAPI (Beyotime, Shanghai, China) and analyzed using a
confocal microscope (Zeiss Cell Observer SD, Germany).
The IBa 1+/RBPMS+ cell numbers were counted manu-
ally via ImageJ software. The GFAP fluorescence positive
area quantification was performed using ImageJ software.
Initially, outliers were removed using the “Remove Outliers”
tool to eliminate interference from impurities. The “Thresh-
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old” tool was then applied with default settings to delineate
the GFAP fluorescence positive area. Finally, the percent-
age of the delineated positive area relative to the total
image area was calculated and used as a quantitative value
for statistical analysis. Antibody details are provided in
Table 1.

Immunocytochemistry

Astrocytes were fixed with 4% PFA at room temperature for
15 minutes. After washing with PBS, the cells were incubated
with PBS supplemented with 0.5% PBST for 2 hours at room
temperature and then incubated overnight at 4°C with rabbit
anti-GFAP and mouse anti-vimentin antibodies. Secondary
antibodies were used to detect GFAP and vimentin. The
nuclei were labeled with DAPI for 10 minutes at room
temperature. Images were captured with a 20 × objective
using a DM4B microscope (Leica, Wetzlar, Germany).

Flash Visual Evoked Potential Recording

Flash visual evoked potentials (f-VEPs) were recorded using
an electrophysiological diagnostic apparatus (GT-2008V-III,
GOTEC, Chongqing, China). The rats were allowed to adapt
to the dark for 15minutes and anesthetized with 5% isoflu-
rane (0.8 L/min O2), which was maintained at 3% during the
procedure. Silver electrodes were implanted under the skin
between the ears (recording electrode), into the cheek (refer-
ence electrode), and into the tail (ground electrode). White
flash stimuli were delivered at 1.3 hertz (Hz) for a duration
of 250ms. The final waveform for each rat was obtained by
averaging the responses from 64 tests. The N1-P1 amplitude
was automatically measured, and the average of two stable
waveforms was calculated for each rat. The contralateral eye
was covered during recording.

Survival Count of RGCs

After immunofluorescence with the RBPMS, 4-leaf clover-
shaped retinas were imaged with a 20 × objective using a
Cell Observer SD confocal microscope. A total of 12 locations
were selected, including 4 each in the central area (1 visual
field), pericentral area (7 visual fields), and peripheral area
(14 visual fields) from the optic nerve head (the side length
of a visual field under a 20 × objective was 341.33 μm).
Finally, the number of RGCs in three areas was calculated as
the average for four locations via ImageJ software.

EV Tracking

ADEVs were fluorescently labeled with a PKH67 Cell Linker
Kit (Sigma, St. Louis, MO, USA) following the manufacturer’s
instructions. The EV pellet was resuspended in 500 μL of
dilution C, and 2 μL of PKH67 was added to another 500 μL
of dilution C. The 2 solutions were mixed gently and incu-
bated at room temperature for 5 minutes. Then, an equal
volume (1 mL) of 0.5% bovine serum albumin was added
to allow the removal of unincorporated dye contamina-
tion from the EV labeling reactions. Finally, PKH67-labeled
ADEVs were resuspended in 100 μL of PBS following ultra-
centrifugation at 100,000g and 4°C for 70 minutes. The
intravitreally injected labeled EVs were detected at 24 hours
after injury.

miRNA Sequencing

ADEVs obtained from primary astrocyte cultures were sent
to Beijing ECHO Biotech Company for processing and
sequencing. Total RNA was extracted following the manu-
facturer’s protocol, and the RNA concentration and purity
were assessed using the Agilent Bioanalyzer 2100 system.
For small RNA libraries, 1 to 500 ng of RNA was used as
input material with the QIAseq miRNA Library Kit and index
codes for sample identification. Library quality was evalu-
ated using the Agilent Bioanalyzer 2100 and qPCR. Cluster-
ing was performed on an acBot Cluster Generation System
using the TruSeq PE Cluster Kit v3-cBot-HS. Sequencing
was conducted on an Illumina HiSeq platform, generating
paired-end reads.

mRNA Sequencing

At 7 days post injury (dpi), fresh retinal samples were
collected from the injured eyes of the ADEV-treated and
PBS-treated groups and immediately frozen in liquid nitro-
gen. RNA extraction and sequencing were performed by a
biotechnology company (Shanghai Biochip Co., Ltd., China).
Total RNA from each sample was extracted using miRNeasy
Micro Kit (QIAGEN, Germany) according to the manufac-
turer’s instructions. The homogenate was then subjected to
phase separation using chloroform to isolate RNA. After
extraction, the RNA was purified and concentrated using
RNeasy MinElute spin column, followed by elution in RNase-
free water. To assess RNA quality, the RNA concentration
and purity were measured using a Qubit. A ratio of approx-
imately 2.0 for 260/280 nm is considered indicative of
high-quality RNA. Additionally, RNA integrity was further
assessed by running an aliquot of the RNA on a 4200
TapeStation to obtain the RNA integrity number (RIN). Only
samples with RIN values above 7 were used for downstream
applications. The mRNA was isolated using the NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, E7490) and
then fragmented into RNA inserts of approximately 200
nucleotides. The cDNA libraries were constructed using the
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB,
E7530) and NEBNext Multiplex Oligos for Illumina (NEB,
E750). Sequencing was performed on the Illumina HiSeq
sequencing platform. Reads were mapped to the rat genome
using HISAT2 and StringTie software. Differential gene
expression analysis was conducted using the DESeq2 pack-
age on the R platform. Enrichment analysis of differentially
expressed genes (DEGs) in the transcriptome was performed
using enrichR software.33 The volcano plot, dot plot, and bar
plot were generated using R software to visualize the results
of the differential expression and enrichment analysis.

miRNA-mRNA Gene Prediction Network Analysis

We predicted the target genes of the top 20 most abundant
ADEV miRNAs using four databases (miRWalk, miRTarbase,
miRDB, and TargetScan). We then applied a pairwise inter-
section approach to identify predicted target genes. Specif-
ically, we considered all possible pairwise combinations of
the four databases, and, for each pair, we identified genes
predicted by both databases and intersected themwith DEGs
from the bulk-seq dataset (using thresholds of log2FC ± 0.5
and P value < 0.05). The target genes identified in each pair-
wise intersection were then combined to form the final set of
predicted target genes. Finally, Cytoscape software was used
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TABLE 2. Primer Sequences Used for qPCR

Gene Primer Sequences (F = Forward, R = Reverse)

PAK3 F: 5′-TTGGATAACGAAGAAAAACCCCC-3′
R: 5′-GGGCACATCTGTGAGCCATAG-3′

THBS1 F: 5′-CAACGTGGTGAACGGTTC-3′
R: 5′-TGTCCTGTAGCGTGGTCA-3′

Gstm1 F: 5′-ATACTGGGATACTGGAACGTCC-3′
R: 5′-AGTCAGGGTTGTAACAGAGCAT-3′

to visualize the correlation network between ADEV miRNAs
and retina mRNA datasets.

Quantitative PCR Analysis

Quantification of PAK3, THBS1, and Gstm1 was performed
using total RNA extracted from retinal tissue lysates with
the RNAiso Plus kit (Takara, Japan, 9108Q). For qPCR anal-
ysis, the SYBR Green Real-Time PCR Master Mix (Vazyme,
Nanjing, China; Q712-032500) was used along with specific
primers provided by Tsingke (Beijing, China). Gene expres-
sion was calculated using the formula 2 −��Ct. The primer
sequences are listed in Table 2.

Statistical Analysis

The data are expressed as the mean ± standard error of the
mean. Student’s t-test for comparisons between two groups,

and 1-way ANOVA with Tukey’s post hoc test for compar-
isons involving three or more groups were carried out using
GraphPad Prism (version 9.0.0, GraphPad Software, Boston,
MA, USA, www.graphpad.com). Differences with P < 0.05
were considered statistically significant.

RESULTS

Identification of Astrocytes and ADEVs

Immunocytochemistry confirmed that cultured astrocytes
expressed GFAP and vimentin (Fig. 1A). NTA revealed that
the ADEVs had a mean diameter of approximately 127.9 nm
and a concentration of 2.8 × 1011 particles/mL (Fig. 1B).
TEM revealed typical round and cup-shaped structures
(Fig. 1C). Western blot (WB) analysis detected the EV mark-
ers Alix, TSG101, and CD81, whereas calnexin was absent
(Fig. 1D), confirming the successful isolation of ADEVs.

ADEVs Protect Against GCC Thinning After Optic
Nerve Injury

To investigate the neuroprotective role of ADEVs in RGC
survival, we generated an ONC model and administered
intravitreal injections of EVs at the time of injury (Fig. 2A).
The image shows that we successfully conducted ONC,
with the crush site indicated by a white arrow (Fig. 2B).
PKH67-labeled ADEVs were distributed primarily in the
ganglion cell layer (Fig. 2C). H&E staining revealed signif-

FIGURE 1. Isolation and characterization of extracellular vesicles from primary rat astrocytes. (A) Immunofluorescence was performed
to identify primary astrocytes by double staining for GFAP (green) and vimentin (red); blue indicates the astrocyte nucleus. Scale bar =
100 μm. (B) Size distributions and particles of ADEVs as revealed by NTA analysis. (C) TEM was used to establish ADEV morphologies.
Scale bar = 200 nm. (D) Western blotting was performed to detect the expression of Alix, TSG101, CD81, and calnexin in ADEVs and AS.
ADEVs, astrocyte-derived extracellular vesicles; AS, astrocytes; GFAP, glial fibrillary acidic protein; NTA, nanoparticle tracking analysis; TEM,
transmission electron microscopy.

http://www.graphpad.com
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FIGURE 2. Protective effects of ADEVs on GCC thickness after optic nerve crush. (A) Schematic of animal experiments. (B) A repre-
sentative image showing that the optic nerve was crushed; the injury site is indicated by a white arrow. (C) Distribution of PKH-67-labeled
ADEVs in the retina. Blue indicates the nucleus, and green represents PKH-67-labeled ADEVs (white triangle). Scale bar = 50 μm. (D) H&E
staining showing the central regions of retinal sections at 14 dpi in the sham/PBS/ADEV groups. Scale bar = 50 μm. (E) Statistical analyses
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of the GCC thickness (H&E staining) of the central region at 14 dpi (sham: n = 4; PBS/ADEVs: n = 5). (F) GCC thickness was measured by
OCT images, which revealed different retinal layers ranging from 1800 μm around the optic disc at 7 and 14 dpi. The extent of the reduction
in GCC thickness on OCT was assessed by determining the ratio of 7 (G)/14 dpi (H) to baseline GCC thickness (n = 5/group). The data are
presented as the means ± SEMs; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post
hoc test). ADEVs, astrocyte-derived extracellular vesicles; dpi, days post injury; GCC, ganglion cell complex; GCL, ganglion cell layer; H&E,
hematoxylin and eosin; OCT, optical coherence tomography.

icantly thicker GCC in the ADEV group than in the PBS
group at 14 dpi in the central area (Figs. 2D, 2E). OCT
assessments revealed a decrease in GCC thickness in the
ADEV group compared with the PBS group at 7 dpi and
14dpi, demonstrating the protective effect of ADEVs on
RGCs (Figs. 2F, 2G, 2H).

ADEVs Protect Against the Progressive Loss of
RGCs After Optic Nerve Injury

RGC survival was evaluated by counting RBPMS-positive
cells in whole-mounted retinas. At 7 dpi, the ADEV group
presented greater RGC densities in the peripheral region
than did the PBS group, with no significant difference in the
central and pericentral areas (Figs. 3A, 3B). At 14 dpi, signif-
icantly greater RGC densities were observed in the ADEV
group across all retinal regions (see Figs. 3A, 3C). Retinal
sections reconfirmed these findings (Figs. 3D, 3E), indicat-
ing that ADEVs mitigated progressive RGC loss after optic
nerve injury.

To confirm the specificity of ADEVs, we compared
RGC survival between PBS- and fibroblast-derived EV-
treated rats after injury by measuring GCC thickness and
counting RGC numbers in whole-mounted retinas. The
results revealed no significant difference in GCC thick-
ness or RBPMS-positive RGCs between the two groups (see
Figs. 2F, 2G, 2H, 3A, 3B, 3C).

ADEVs Improved Visual Function in TON Rats

To assess the effect of ADEVs on visual function after injury,
we recorded f-VEPs at 0 and 14 dpi (Fig. 3F). At 14 dpi, the
ADEV group presented a significantly greater N1-P1 ampli-
tude than the PBS group did, indicating that ADEV substan-
tially preserved visual function following injury. No signifi-
cant difference was observed between the groups on day 0
(Fig. 3G).

These findings highlight the efficacy of ADEVs in main-
taining visual function after optic nerve injury.

Reactive Gliosis in the Retina

Glial cell activation is a key component of the neuroin-
flammatory response following optic neuropathies.34

Immunofluorescence analysis revealed that, in the ADEV
group, GFAP expression was elevated across all retinal layers
at 7 dpi but remained high at 14 dpi (Figs. 4A, 4C, 4D).
At 7 dpi, the ADEV group presented a significantly greater
number of Iba1+ microglia than did the PBS group
(Figs. 4B, 4E). Importantly, in both groups, microglia
reactive to injury signals presented enlarged cell bodies
and retracted processes. However, at 14 dpi, the number
of Iba1+ microglia decreased in the ADEV group, and
the microglia displayed a relatively homeostatic state (see
Figs. 4B, 4F).

These results demonstrate that ADEV treatment can
remodel retinal microenvironmental homeostasis by modu-
lating glial cell responses after optic nerve injury.

RNA Sequencing Revealed Probable
Neuroprotection-Related Mechanisms

To further explore the molecular mechanisms underly-
ing the neuroprotective effects of ADEVs following optic
nerve injury, we performed mRNA sequencing (mRNA-seq)
to compare the retinal transcriptomes of the ADEV and
PBS groups at 7 dpi. Using thresholds of log2-fold change
(log2FC) > ±2 and P value < 0.05, we identified 81 upregu-
lated genes and 53 downregulated genes in the ADEV group
compared with the PBS group (Fig. 5A).

Gene Ontology (GO) enrichment analysis of the upreg-
ulated DEGs revealed significantly enriched biological
processes, including positive regulation of macrophage
chemotaxis, migration, granulocyte chemotaxis, and engulf-
ment of apoptotic cells (Fig. 5B). Additionally, Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis revealed several pathways potentially related
to neuronal injury or repair, such as the TGF-beta signal-
ing pathway, necroptosis, axon guidance, the HIF-1 signaling
pathway, and apoptosis (Fig. 5C).

Studies focused on the therapeutic effects of EVs in reti-
nal diseases have highlighted their miRNA regulatory prop-
erties25,35; thus, we performed miRNA sequencing of ADEVs
to investigate the role of miRNAs in ADEV-induced neuro-
protection. Notably, the miRNA profile exhibited a highly
concentrated expression pattern, with the top 20 miRNAs
accounting for 85.3% of the total miRNA content (Fig. 5D).

Further functional enrichment analysis of the target genes
of the top 200 miRNAs revealed biological processes associ-
ated with inflammation and neuroprotection, including posi-
tive regulation of cell migration and positive regulation of
apoptotic processes (Supplementary Fig. S1A). KEGG path-
way analysis also revealed pathways relevant to neuroin-
flammation and neuronal survival, such as the TNF signal-
ing pathway, the PI3K-Akt signaling pathway, the NF-kappa
B signaling pathway, the MAPK signaling pathway, and the
neurotrophin signaling pathway (Supplementary Fig. S1B).

Furthermore, to explore potential targeting relationships
between the highly expressed miRNAs and the differentially
expressed mRNAs, we performed multidatabase predictive
analysis on the top 20 highly expressed miRNAs (Supple-
mentary Fig. S2A). We subsequently constructed a network
diagram illustrating the interactions between the highly
expressed miRNAs and the DEGs identified via mRNA-seq
analysis (Fig. 5E).

DISCUSSION

In this study, we investigated the neuroprotective role of
ADEVs in an ONC model. Our findings show that ADEVs
promote RGC survival and improve visual function. As
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FIGURE 3. ADEVs prevented RGCs from progressive loss and improved visual function after ONC. (A) Immunofluorescence images
showing RBPMS-labeled RGCs in retinal flat mounts in the sham/PBS/ADEV/Fibroblast-EV group at 7 and 14 dpi. Scale bar = 50 μm.
(B) Statistical analysis of RBPMS-positive cells in 1 mm2 areas (central/pericentral/peripheral) in retinal flat mounts at 7 dpi (n = 5/group).
(C) Statistical analysis of RBPMS-positive cells in 1 mm2 areas (central/pericentral/peripheral) of the whole retina at 14 dpi (n = 5/group).
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(D) Representative images of RBPMS-positive cells in the GCL of the retina in the sham/PBS/ADEV groups at 14 dpi. Scale bar = 50 μm.
(E) Statistical analyses of RBPMS-positive cell numbers in the 1 mm long GCL divided into the sham/PBS/ADEV groups (n = 3/group).
(F) The f-VEP was used to record the N1-P1 amplitudes in the PBS and ADEV groups at baseline and 14 dpi. (G) Statistical analysis of
N1-P1 amplitudes at baseline and at 14 dpi (n = 4). The data are presented as the means ± SEMs; *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). ADEVs, astrocyte-derived extracellular vesicles; dpi, days
post injury; GCL, ganglion cell layer; INL, inner nuclear layer; ONC, optic nerve crush; ONL, outer nuclear layer; RGCs, retinal ganglion cells.

FIGURE 4. Reactive gliosis and inflammation of the retina after optic nerve crush and ADEV treatment. (A) Immunostaining showing
the expression of GFAP (green) in the sham/PBS/ADEV groups at 7 dpi and 14 dpi. Scale bar = 50 μm. (B) Immunostaining showing the
expression of Iba1 (green) in the sham/PBS/ADEV groups at 7 dpi and 14 dpi. Scale bar = 50 μm. Quantification of the GFAP fluorescent
positive area (%) at 7 (C) and 14 (D) dpi (n = 3). Statistical analysis of Iba1+ cells at 7 (E) and 14 (F) dpi (n = 3). The data are presented
as the means ± SEMs; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test).
ADEV, astrocyte-derived extracellular vesicle; dpi, days post injury; GCL, ganglion cell layer; GFAP, glial fibrillary acidic protein; INL, inner
nuclear layer; ONL, outer nuclear layer.

agents for cell-free therapy, ADEVs offer a promising new
approach with greater specificity and lower oncogenic risk.

Influence of ADEV on Retinal Glial Cell Activation

After brain injury, astrocytes regulate microglial function
through various mechanisms, influencing neuroinflamma-
tion and repair processes. Although microglia help atten-
uate neuroinflammation, over-activation can lead to the
secretion of cytotoxic pro-inflammatory factors (e.g. ILs,
TNF, NO, and ROS), exacerbating the injury. Astrocytes
modulate microglial phenotypes by secreting cytokines and
other molecules, promoting the shift from the neurotoxic
M1 phenotype to the repair-oriented M2 phenotype, thus
regulating the neuroinflammatory response.36 Long et al.
demonstrated that EVs from activated astrocytes promote

microglial M2 phenotype transformation, expressing anti-
inflammatory factors, such as Arg1, IL-4, and IL-10, which
attenuate brain injury.37 Additionally, microglia can induce
the A1 reactive phenotype of astrocytes, further contribut-
ing to the cytotoxic environment.38 Studies highlighted that
EVs can mitigate the activation of neurotoxic A1 astrocytes,
improving tissue preservation and recovery post-spinal cord
injury.39,40 Therefore, ADEVs have the potential to regu-
late the crosstalk between astrocytes and microglia, shift-
ing them from a pro-inflammatory to an anti-inflammatory
state. Retinal glial cells, including microglia, astrocytes and
Müller cells, play critical roles in modulating the patholog-
ical process of TON,4 exerting both neuroprotective and
neurotoxic effects on RGCs. In our study, an ADEV treat-
ment led to significantly increased GFAP expression at 7
and 14 dpi, indicating increased astrocyte and Müller cell
activation. Reactive Müller cells express neurotrophic factors



ADEVs Alleviate Optic Nerve Injury IOVS | April 2025 | Vol. 66 | No. 4 | Article 16 | 10

FIGURE 5. Transcriptomic and miRNA sequencing analyses revealed potential mechanisms of ADEV-mediated neuroprotection.
(A)Volcano plot displaying DEGs identified by mRNA-seq of retinal tissue from the ADEV-treated and PBS-treated groups at 7 dpi. Red
in the plots represents upregulated genes, and blue represents downregulated genes. (B, C) Dot plots illustrating GO biological process
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terms and KEGG pathways enriched among the upregulated DEGs from the mRNA-seq analysis. The color of the dots reflects the signif-
icance of the enrichment, with red indicating lower P values (greater significance) and green indicating higher P values (less significant).
(D) Bar plot showing the 20 most highly expressed miRNAs in the ADEV miRNA-seq data. (E) Network diagram illustrating the top 20
highly expressed miRNAs from the ADEV miRNA-seq data and DEGs from the mRNA-seq analysis. (F) The qRT-PCR assay results (PAK3,
GSTM1, and THBS1). ADEV, astrocyte-derived extracellular vesicle; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes.

in addition to BDNF, NGF, and GDNF, promoting RGC
survival.9,10 At the early stage of injury, astrogliosis can
recruit microglia to injury sites and, at later stages, exert
anti-inflammatory effects by modulating microglial activa-
tion. Recruitment of microglia promotes the tissue repair
but can exacerbate neuronal damage as sustained microglial
activation can result in excessive production of proinflamma-
tory cytokines and ROS, exacerbating neuronal damage.4,7

In our study, microglia numbers were greater at 7 dpi in the
ADEV group but returned to a relatively homeostatic state by
14 dpi. We hypothesize that reactive astrocytes may recruit
microglia to the damaged retina to facilitate debris clear-
ance and tissue repair. As the injury response progresses,
ADEVs may promote a shift in the astrocyte phenotype
toward the neuroprotective A2 state, which in turn reduces
microglial activation and mitigates prolonged inflammation.
This dynamic interplay between astrocytes and microglia
underscores the potential therapeutic benefits of ADEVs in
regulating glial responses to support RGC survival following
optic nerve injury.

mRNA and miRNA Profiles Revealed Potential
Mechanism of ADEV Mediated RGC Protection

We identified potential key genes involved in the neuro-
protective effects of ADEVs through bulk-seq differential
gene expression and miRNA target gene prediction. These
genes include PAK3, THBS1, and Gstm1. PAK3 is involved
in synaptic development and remodeling, whereas THBS1
plays a crucial role in neuroprotection and axonal repair by
regulating astrocyte reactivity and synapse formation after
injury.41,42 Gstm1, which is upregulated in ADEV-treated reti-
nas, may contribute to increased retinal antioxidant capacity
and protection against ROS-induced damage.43–45 Notably,
these protective genes are upregulated in the miRNA-
mRNA targeting network, which appears counterintuitive, as
miRNAs are generally believed to downregulate their target
mRNAs. We hypothesize that the upregulation observed
could reflect indirect miRNA-mRNA regulation rather than
direct targeting, which warrants further investigation. The
changes in the expression levels of these genes were consis-
tent with the trend observed in mRNA sequencing (Fig. 5F),
supporting the neuroprotective role of these genes in ADEV-
treated retinas.

Our comparison of ADEV cargo with other EV studies
that have shown a neuroprotective effect of EVs on RGCs
after optic nerve injury revealed the common expression
of let-7 family miRNAs and miR125b-5p, whereas miR-9a-
5p was specifically expressed in ADEVs.22,24 MiR-9a-5p may
regulate the MAPK and PI3K-Akt pathways, which are essen-
tial for neuroprotection and inflammation regulation in CNS
injuries.46–49

Despite these promising results, our study has several
limitations. We utilized ADEVs derived from neonatal corti-
cal astrocytes rather than adult retinal astrocytes. Future
studies can use adult retinal astrocytes to better mimic the

in vivo environment and to validate the translational poten-
tial of ADEV-based therapies for TON. Because the meth-
ods historically used to isolate retinal astrocytes are prone
to interference with Müller cells, more effective isolation
techniques are essential to obtain higher yields and puri-
ties of retinal astrocytes for research and therapeutic appli-
cations.50,51 In addition, evaluations at 7 and 14 dpi may
not fully capture the prolonged effects of ADEVs, as MSC-
derived EVs have shown prolonged neuroprotective effects
in parallel studies.20,21,35,52,53 Considering that RGCs make
up only 1% of the total retinal cell population, perform-
ing single-cell sequencing of RGCs to explain the potential
protective mechanism is a more intuitive option.

In conclusion, our study demonstrated that ADEVs have
significant neuroprotective effects on RGCs following optic
nerve injury. Through comprehensive transcriptomic and
miRNA profiling, we identified key signaling pathways that
mediate the protective effects of ADEVs, highlighting their
potential as agents for use in a cell-free therapeutic strategy
for retinal neurodegenerative diseases.
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