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Purrose. Photolabile paper-based chips were developed to isolate extracellular vesicles
(EVs) from small-volume samples (less than 30 pL), such as vitreous humor. Putative
neuroprotective effects of EVs’ microRNAs were investigated by using the paper chip
and a rodent model with nonarteritic anterior ischemic optic neuropathy (rfNAION).

MerHops. INAION was established using laser-induced photoactivation of rose bengal
administered intravenously. On days 0, 0.25, 1, 3, and 7 after rNAION induction, CD63-
positive EV microRNAs (CD63"-EV miRNAs) in vitreous humor samples were enriched
using the paper chip and assessed using microarray and quantitative RT-PCR analyses.
The viability and visual function of retinal ganglion cells (RGCs) were further assessed
by measuring photopic flash visual evoked potentials (FVEPs).

Resurs. We identified 38 different variations of CD63"-EV miRNAs with more than
twofold altered expressions. Among them, M1-related miRNA, mR-31a-5p, and M2-related
miRNA, miR-125a-5p, miR-182, miR-181a-5p, and miR-124-3, were capable of coordi-
nating anti-inflammatory reactions during rNAION because of their capacity to activate
macrophages. In particular, miR-124, having the most dramatic alteration of gene expres-
sion, was synthesized and injected intravitreally. Compared to controls, rats that received
miR-124 had shown increased RGC survivability and improved visual function.

Concrusions. Our research team has developed a paper-based chip capable of capturing
EVs that can be released after UV exposure. The quantity and quality of EV-miRNAs
extracted are adequate for microarray and quantitative RT-PCR analyses. Animal studies
suggest that miR-124 may play a neuroprotective role in the natural recovery of rNAION
and holds the potential to be a novel treatment option.

Keywords: photolabile paper-based chip, CD63-positive extracellular vesicles (CD63"-
EVs), nonarteritic anterior ischemic optic neuropathy (NAION), miR-124, flash visual
evoked potential (FVEP)

onarteritic anterior ischemic optic neuropathy (NAION)
N is the most common cause of optic neuropathy in
patients over 50 years of age with an incidence of 2.3 to 10.2
cases per 100,000 persons every year in the United States.!2
NAION typically presents as acute and painless monocular
vision loss. Although the exact mechanism is unclear, NAION
results in optic nerve edema, selective loss of the retinal
ganglion cell neurons (RGCs) from acute ischemia, and atro-
phy of the optic nerve head.>* There is currently no known
effective treatment to reduce the degree of visual impair-
ment in acute NAION. Rodent models of NAION (rNAION)
can be induced noninvasively by using laser exposure to
generate superoxide radicals that result in damaged capil-
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lary endothelium and ischemia to the optic nerve head. The
rNAION model features an early optic nerve injury, inflam-
mation, and RGC loss, which closely resembles the presen-
tation and physiologic responses of human NAION.>¢

We and others have found that introducing the
granulocyte-colony stimulating factor (G-CSF) into vitreous
humor could significantly protect microglia and vision by
reducing M1-phase macrophage infiltration after rNAION.?3
The protection effect of G-CSF on the optic nerves was
thought to be associated with increased mRNA levels of
M2-macrophage markers (e.g., Argl, CD206, and Fizz1) and
decreased M1 mRNA markers (e.g., CD32 and CD86).>” To
further elucidate the role of G-CSF, we set out to investigate
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Ficure 1. Flowchart of the miR-124 discovery process. CD63T-EV extraction from the VH of rNATON animals at days 0, 0.25, 1, 3, and 7 by
photolabile chips and then released from the chip by UV light. Total RNA was extracted from isolated EVs for miRNA microarray analysis.
Some significantly altered miRNAs were confirmed by qPCR. miR-124 was synthesized and injected into rNAION animals. Finally, miR-124
was found to have the potential to promote neuroprotective effects by stabilizing FVEP functions and offering RGC protection.

microRNAs (miRNAs), especially those carried by extracel-
lular vesicles (EVs) that may regulate downstream mRNAs in
M1/M2 macrophages during natural recovery from rNAION.
The quick onset of inflammatory M1 macrophages followed
by the infiltration of anti-inflammatory M2 macrophages
after rNAION may be modulated by different groups of
miRNAs.

Extracellular vesicles carry diverse cargo, including
proteins, lipids, and genetic materials that are associ-
ated with their parental cells. It is becoming increas-
ingly clear that EVs play a unique and critical role in
cell-to-cell signaling through the delivery of their cargo
to target cells®? EVs are lipid-binding vesicles secreted
by cells into the extracellular space and are differenti-
ated according to their biogenesis, release pathways, size,
content, and function. The three main subtypes of EVs
are exosomes (50-200 nm), microvesicles (200-1000 nm),
and apoptotic bodies (800-5000 nm). Not surprisingly, EVs
also have a wide range of biological functions in eye
diseases, including diabetic retinopathy, age-related macu-
lar degeneration, autoimmune uveitis, glaucoma, traumatic
optic neuropathies, corneal diseases, retinopathy of prema-
turity, and uveal melanoma.'~!> Mesenchymal stem cell-
derived exosome is a neuroprotective factor capable of
significantly attenuating neuronal damage after ischemia.'
In this study, we aim to explore the potential roles of
EV miRNAs in NAION. EVs can be characterized by their
density, lipid composition, and distinctive surface molecules
such as tetraspanins.'”> CD9, CD63, and CD81 are major
tetraspanin proteins found on EVs, with CDG63 being one
of the most abundant and well-known biomarkers on EV
membranes.'®~'® In our previous research, CD63-positive
EVs (CD63"-EVs) were found in aqueous humor samples.19

However, current EV isolation methods typically require
sample volumes of 100 pL or larger, including ultracentrifu-
gation, size exclusion chromatography, ultrafiltration, and
sedimentation.?’~?* To isolate EVs from biological samples
as small as 30 pL, such as biopsy from aqueous humor and
vitreous humor, we developed a novel method using the
chemically modified cellulose paper-based chips. Capture
molecules, such as anti-CD63 antibodies, can be immobilized
at a high density owing to the large surface-to-volume ratio,
thereby increasing capture capacity and efficiency. A UV-
sensitive linker was employed, allowing to release captured
EVs easily after a brief UV exposure.

In recent years, circulating miRNAs have emerged as
promising diagnostic and prognostic biomarkers for the
detection of diseases, because of their high specificity
and sensitivity. More important, specific miRNA expres-
sion profiles reflect not only the existence of early-stage
diseases but also the dynamic development of advanced-

stage diseases.”> EV miRNAs have been shown to regulate
overactive immune responses and RGC cell apoptosis, which
may be especially important in the occurrence and devel-
opment of neurologic diseases.?*? It is possible to use
miRNAs as biomarkers and in the development of novel
treatments. Endogenous miRNAs are already widely used as
biomarkers in specific in vivo animal models of neurode-
generative diseases.?~?° Further understanding of the inter-
play between miRNA profiles and the recovery period in
rNAION may lead to the discovery of novel therapeutic
approaches. A flowchart of our miRNA discovery process is
shown as Figure 1. We hypothesize that EV miRNA patterns
may be altered in rNAION and aim to discover their potential
roles in the RGC survival and recovery of visual function.>*:3!

EXPERIMENTAL
Animal and Study Design

We first used New Zealand White (NZW) rabbits for assess-
ing the performance of paper chips, as ca. 200 pL aque-
ous humor sample per eye could be obtained from rabbits
compared to only 10 pL from rats. Afterward, vitreous
humor samples from NAION-induced adult male Wistar rats
(rNAION) were used. Rats weighed 150 to 180 g, were 7
to 8 weeks old, and originated from the breeding colony
of BioLASCO Co. (Taipei, Taiwan). Animal care and experi-
mental procedures were performed in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research with IACUC approval no. 109-25. All proce-
dures were performed on animals under anesthesia achieved
by intramuscular administration of ketamine and xylazine
(80 mg/4 mg/kg body weight; Sigma, St. Louis, MO, USA).
We chose to study vitreous humor, mainly because of their
close proximity with RGCs; hence, EVs inside may reflect the
status of RGCs more closely than those in aqueous humor.

Induction of Nonarteritic Anterior Ischemic Optic
Neuropathy in Rodents

To identify miRNA profiles during the natural recovery
period, rats were induced with NAION and their vitreous
humor samples were collected on days 0, 0.25, 1, 3, and
7 after induction. INAION was established based on previ-
ously used methods.?>-3 Briefly, anesthesia was established
using ketamine—xylazine 80 mg/4 mg/kg intramuscularly.
Pupils were dilated with cyclopentolate—phenylephrine 1%
to 2.5% topically. Then, 1 mL/kg of 2.5 mM rose bengal
(Sigma-Aldrich) in Dulbecco’s phosphate-buffered saline
(D-PBS; pH 7.4) was administered intravenously through
the tail vein. Thirty seconds postinjection of rose bengal,
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FiGure 2. Steps to prepare photolabile chips and obtain CD63"-EVs.

a photosensitizing agent, the capillaries of the optic nerve
head eye were illuminated by a 532-nm argon laser (NIDEK
MC-500 Vixi; Nidek Co., Ltd. Gamagori, Japan). The illumi-
nation was 500 um in size, 80 mW in power, and 1 second
in duration for 12 pulses. This produces free radicals in
the optic nerve head, creating an oxidative stress envi-
ronment followed by ischemic optic neuropathy and RGC
death.!-432-3% Subsequent bright golden color of capillaries
demonstrated successful activation of rose bengal and resul-
tant ischemia to the optic nerve head in the rNAION group
(n = 15). In the sham group (n = 15), rats were exposed to
the same laser without administration of rose bengal.

Preparation of the Photolabile Chip for Collecting
CDG63*-EVs

The preparation and operation of the photolabile chip
are shown schematically in Figure 233 First, 5-mm-
diameter holes were made on polystyrene sheets and 5.2-
mm-diameter paper chips were chemically modified. The
detailed preparation method is described in Supplemen-
tary Figure S1. Then, the chips were placed between two
polystyrene sheets, centered over the holes, and heat lami-
nated. This is analogous to assembling the same layout as
a 96-well microtiter plate. Each chip was blocked with 10
pL 1% (w/v) bovine serum albumin (BSA) (Aldrich Chemi-
cal Co., Milwaukee, WI, USA) in phosphate-buffered saline
(PBS) for 3 minutes. BSA was then replaced with 10 pL of 20
pg/mL biotinylated anti-CD63 antibody (containing 1% (w/v)
BSA and 0.09% (w/v) sodium azide solution) and reacted
for 5 minutes. Each chip was washed three times with PBS
(Aldrich Chemical Co.) and ready to perform CDG63"-EV
extraction (Fig. 2, steps 1-3). We had to ensure that BSA
and PBS did not produce a large background by filtering
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0.02 pm; the signal is the same as EVs treated with 0.5%
nonionic detergent Nonidet P-40 for 30 minutes at room
temperature using NTA (NS 300; Malvern, Worcestershire,
UK) and the MKII imaging flow cytometer (Amnis MKII;
Luminex, Austin, Texas, USA) (data not shown). The samples
of vitreous humor were spotted on the photolabile chip at
a rate of 10 pL per 20 seconds or three times per minute.
Then, the chip was washed with 20 pL PBS six times. PBS
was placed on the top surface of the chip, allowing the
substance to pass through the chip by gravity, and collected
at the bottom. The chip was then exposed to 365 nm UV
light for 5 minutes in B2 BioSafety Cabinets (Thermo Fisher
Scientific, Inc., Waltham, Massachusetts, USA) to break the
photolabile links. CD63"-EVs were collected by washing the
chip with 20 pL PBS six times (Fig. 2, steps 4-7). An imaging
flow cytometer and paper-based ELISA were used to validat
CDG63*-EVs from the chip (data not shown). All samples were
stored at —80°C until use.

Extraction of Total RNA From CD637-EVs

Total RNA, including small RNAs, was isolated from CD63"-
EVs using modified Qiagen’s microRNeasy kit (Venlo,
Netherlands) (miRNeasy Serum/Plasma Kit, cat. 217184).
Briefly, 80 pL PBS and 1 mL Qiazol solution were added
to 120 pL of the extracted EV sample. Samples were shaken
and allowed to react at room temperature for 5 minutes,
which separated proteins from nucleic acid molecules. Then,
200 pL chloroform was added to the samples and shaken
vigorously for 15 seconds to isolate RNA from other nucleic
acids. All samples were centrifuged at 13,000 x g for 15
minutes at 4°C to partition purified RNAs to the upper
layer. Purified RNA was isolated and air-dried. Finally, total
RNA was dissolved in a preservation solution, and its
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concentration and purity were analyzed with OD 260/280.
Quantification and quality check of isolated miRNA was
performed on 2100 BioAnalyzer (Agilent, Santa Clara, Cali-
fornia, USA) using small RNA microfluidics chips. The
extracted total RNA solutions were stored at —20°C until use.

miRNA Array Probe Labeling and Analysis

Labeled probes were hybridized to Thermo Fisher miRNA
Array 4.0 using the standard procedure. The total data set
included 1218 miRNAs (rat only), and the sample input
required 130 ng total RNA. Upon scanning the hybridized
and washed chips, data were obtained in a set of data files
(.cel, .arr, .jpg). The signals detected by the probes were
stored as CEL files and were analyzed with the Expression
Console and Transcriptome Analysis Console software. After
importing CEL files, the RMA-DABG summarization algo-
rithm was applied using the Expression Console with “only
Rattus norvegicus” applied. The related quantity (RQ) of
miRNA expression was normalized using the robust multi-
array average (RMA) method.®® The RMA algorithm fits a
robust linear model at the probe level to minimize the effect
of probe-specific affinity differences. Expressions of genes
for each group (on days 0, 0.25, 1, 3, and 7 after induction)
were evaluated and presented in log, fold changes over the
baseline (on day 0, before rNAION induction).

miRNA Analysis Validated by Semiquantitative
RT-PCR

Five miRNAs related to M1 and M2 macrophage inflam-
matory modulation were selected to be further quanti-
fied: miR-125a-5p, miR-31a-5p, miR-182, miR-124-3, and
miR-181a-5p.313%%° Primers were synthesized and miRNA
expressions were quantified using TagMan PCR kits from
Thermo Fisher Scientific. Quantitative RT-PCR (RT-qPCR)
was executed on an Applied Biosystems 7900HT Sequence
Detection System (P/N: 4329002; Applied Biosystems,
Waltham, Massachusetts, USA). Stem-loop primer sequences
used in RT-qPCR experiments are listed in Table 1. The 10-
pL PCR reaction mixture includes 0.67 pL RT product, 1 x
TagMan Universal PCR Master Mix (P/N: 4324018; Applied
Biosystems), 0.2 uM TaqMan probe, 1.5 pM forward primer,
and 0.7 uM reverse primer. The reaction was performed in a
384-well plate at 95°C for 10 minutes, followed by 40 cycles
at 95°C for 15 seconds and 60°C for 1 minute. GAPDH was
used as a cell-free internal control and U6snRNA as an inter-
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nal standard to determine relevant quantities. All reactions
were processed in triplicate.

Treatment With Synthesized miR-124 in tfNAION

After identifying miR-124 as a possible treatment, NAION
was induced in the same manner in another group of rats
(as shown in “ Induction of Nonarteritic Anterior Ischemic
Optic Neuropathy in Rodents”). After the general anesthesia,
eyes were applied with Alcaine, Mydrin-P, and 5% povidone—
iodine. Intravitreal injections were performed under sterile
conditions, using a dissecting microscope to avoid damage
to the lens and retina. The rats in the synthetic miR-124—
treated group (5 pL, 10 uM, n = 6) or in the control PBS-
treated group (5 pL PBS, n = 6) were administrated intravit-
really by using a 33-gauge needle attached to a 10-uL Hamil-
ton Gastight syringe (Hamilton 1701RN SYR; Hamilton Co.,
Hamilton, KS, USA).

Measurement of the Viability of RGCs by
Retrograde Labeling With Fluoro-Gold

Four weeks after administration, half of the rats (z = 3) from
each group had their experimental eyeball (2 = 3) harvested
to measure RGC density, and the other half (z = 3) had their
visual function assessed by photopic flash visual evoked
potentials (FVEPs) (see “FVEPs”) 24333441 Three rats were
selected from each group by stratified random sampling.
To avoid overcounting RGCs by mixing labeled RGCs with
dye engulfing macrophages and microglia, retrograde label-
ing was performed 1 week prior to assessment. Briefly, the
skin covering the skull of the rats was opened and 1.5 pL
5% Fluoro-Gold was injected into each side of the supe-
rior colliculus with a Hamilton syringe. The eyeballs were
harvested and the rats were euthanized after 1 week. RGC
densities were studied on retinal flat-mounts of the central
retina at a distance between 1 and 3 mm from the optic nerve
head.

FVEPs

Four weeks after rAION induction (z = 3), the rat skin over
the skull was opened to expose the sagittal coordinates
for implanting two electrodes at the primary visual cortex
region of both hemispheres (AP (anterior-posterior): —8 mm,
ML (medial-lateral): —3.0 mm). Another electrode was set at
the frontal cortex (AP: 3 mm). The electrode at the primary

TaBLe 1. miRNA Primers of Rattus Norvegicus Used in TagMan Quantitative PCR Experiments

Stem-Loop ID Stem-Loop Sequence

miRBase ID Mature miRNA Sequence

rno-mir-124-1

AGGCCUCUCUCUCCGUGUUCACAGCGGACCUUGAU

rno-miR-124-3p UAAGGCACGCGGUGAAUGCC

UUAAAUGUCCAUACAAUUAAGGCACGCGGUGAAU

GCCAAGAAUGGGGCUG
rno-mir-182
UUUUGGCAAUGGUAGAACUCACACCGGUA
rno-mir-125a

ACGCGGGUCUAGCUGCCGGAGGCCUCCCACCGU

UGCCGGCCUCUGGGUCCCUGAGACCCUUUAACC

rno-miR-182 UUUGGCAAUGGUAGAACUCACACCG

rno-miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA

UGUGAGGACGUCCAGGGUCACAGGUGAGGUUCUU

GGGAGCCUGGCGCCUGGC
rno-mir-181a-1

AGGUUGCUUCAGUGAACAUUCAACGCUGUCGGU

rno-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU

GAGUUUGGAAUUCAAAUAAAAACCAUCGACCGUU

GAUUGUACCCUAUAGCUAACCAUUAUCUACUCC
UGCUCCUGAAACUUGGAACUGGAGAGGAGGCAA

rno-mir-31a

rno-miR-31a-5p AGGCAAGAUGCUGGCAUAGCUG

GAUGCUGGCAUAGCUGUUGAACUGAGAACCUGCUAU
GCCAACAUAUUGCCAUCUUUCCUGUCUGACAGCAGCU
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visual cortex was the active (positive) electrode, the elec-
trode at the frontal cortex was the reference (negative) elec-
trode, and the ground electrode was connected to the rat
tail. The FVEP was measured by using a visual electrodi-
agnostic system (Espion; Diagnosys LLC, Gaithersburg, MA,
USA). The FVEPs were recorded under no background illu-
mination, with a flash intensity of 30 cd-s/m? and a single
flash with a flash rate of 1.02Hz, respectively. We plotted
the average of 64 sweeps on a graph. The amplitudes of
the first positive peak (P1) and second negative peak (IN2)
of FVEP were recorded and analyzed. The wave height of
P1-N2 was compared between groups to evaluate the visual
function 2433,3441

RESULTS

Photolabile Chips Used to Extract CD63"-EVs
From NZW Rabbits’ Aqueous Humor

We developed a low-volume EV extraction technique using
photolabile paper conjugated with CD63 monoclonal anti-
bodies to capture CD63"-EVs (as shown in Fig. 2). To vali-
date the experimental procedure, 30 pL of NZW rabbit aque-
ous humor samples was applied to the photolabile chip.
The size distribution of CD63"-EVs collected and released
from the chip was compared with that from the original
sample and the washout uncaptured fluid. The size distri-
bution and particle concentration were determined by using
nanoparticle tracking analysis (NTA). Samples were vortexed
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and diluted in particle-free PBS (0.02 pm filtered) to be
within a recommended concentration range (1~10 x 10%
particles/mL). Samples were analyzed using NTA 3.1 Build
3.1.45 software (NS300; Malvern), with a camera level of 15
to 16 and a detection threshold of 5. The mean size of EVs in
the original aqueous humor (254.8 £+ 13.0 nm) and washout
(241.4 £ 17.2 nm) was both larger than that of EVs collected
by chip (202.1 &+ 0.3 nm), P < 0.01 (Fig. 3). In this study, a
supernatant containing “buoyant” vesicles we directly gained
following 30 minutes of centrifugation at 2000 x g and 30
minutes at 12,000 x g from vitreous humor (VH) of experi-
mental rats only allowed us to take away cellular and vitre-
ous debris. Our initial VH should have had all kinds of EVs
(exosomes and microvesicles). The size was slightly larger.
But with the passed paper-based CD63"-EV isolated chip,
the size got smaller. We also found that the mean size of
CDG63"-EVs ws approximately 100 nm by examining trans-
mission electron microscopy (TEM) (HT7800; Hitachi, Chiy-
oda, Tokyo, Japan) (data not shown).

Total RNA Extracted From CD*63 EVs Collected
by Chips in rNAION Rats

For the sham group (n = 3) and rNAION (nz = 3), 10 pL
vitreous humor was collected from each study eye on
days 0, 0.25, 1, 3, and 7 after rNAION induction. Vitre-
ous humor from each group was pooled (30 pL) at five
intervals and applied to the paper chip (z = 1, five inter-
vals) for the proof-of-principle data set by both groups.
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~ N L
2 TE\ZOO I
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© N
o 7]
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.2 2.E+08 ——Aqueous humor
K] . .
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0.E+00— )4 0001 0000000000000 3000000000000620000000200000000
-35 165 365 565 765 965 1165
Size (nm)
Particle size (nm)|Aqueous humor (AH) Photolabile chip Washout samples
Statics Mean + SD
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D10 131.6+10.5 112.8+4 123.316.4
D50 193.9+4.8 156.4%1 196.1+15.1
D90 438.6151.8 320.8+11.3 376.2124.6

Ficure 3. The photolabile chips eluted EV-sized particles through a photocleavable linker. Aqueous humor: original particle size distribution
of NZW rabbit aqueous humor. Chip collection: the chip collected particle size distribution of NZW rabbit aqueous humor. Washout samples:
the washout fluid collected particle size distribution of NZW rabbit aqueous humor. *P < 0.05.
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TaBie 2. Quantity and Quality of RNA From CD63%-EVs Captured by Photolabile Chips

Group Concentration (ng/pL) OD 260/280 Total Yield (ng) Volume (uL) Original Volume (uL) Original Concentration (ng/pL)

DO 60.3 1.6 723.6 12 30 24.1
DO0.25 16 1.54 192 12 30 6.4
D1 38.7 1.62 464.4 12 30 15.5
D3 33.5 1.56 402 12 30 13.4
D7 21.4 1.66 256.8 12 30 8.56
(a) 41 miRNAs in early rNAION (b) 63 miRNAs in late rINAION
37 38 37 23
(0 day vs 3 day) (0 day vs 0.25 day) (0 day vs 3 day) (0 day vs 1 day)
11 (26.8%)
3 (7.3%) 4(9.8%) 7 (11.1%)
4(6.3%) 0 (0%)
23 (56.1%)
0 (0%
2! W) 10 (15.9 0 (0%)
0 (0%) 26 (41.3%)
23

(0 day vs 1 day)
(c)

85 23 cross over miRNAs

407 Log,Fold change
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» 7(30.4%) 16(69.6%) 0(0%) «

52
(0 day vs 7 day)

16 During rNAION
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mo-miR-6216
mo-miR-181b-5p
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mo-miR-99b-5p
rmo-miR-320-3p
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Ficure 4. Heatmap and Venn diagram of selected miRNA expression profiles in different stages of rNAION in CD63"-EVs in vitreous humor.
(A) Forty-one early-stage miRNAs. (B) Sixty-three late-stage miRNAs. (C) Twenty-three crossover miRNAs. (D) Heatmap of five selected M1-
and M2-associated miRNA expression profiles in CD63"-EVs from rNAION vitreous humor at different natural recovery times. Red indicates
high expression levels, and blue indicates low expression levels.

The total RNA from the isolated CD63"-EVs was reconsti- 192 and 723.6 ng (Table 2). In total, 130 ng RNA (OD
tuted in PBS. The miRNA purity (ratio of OD 260/280) was 260/280 ratio >1.5) was used for the microarray analysis
between 1.54 and 1.66. The amount of miRNA was between (Thermo Fisher GeneChip miRNA 4.0).
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Ficure 5. miRNA change determined by quantitative PCR in
rNAION after natural recovery.

miRNA Profiles During Natural Recovery in
rNAION

We analyzed miRNA expressions throughout the natural
recovery period on days 0, 0.25, 1, 3, and 7 (# = 1 for each
time interval). Principal component analysis showed that
gene expression on day 7 was close to the baseline sample
(day 0, no induction of rNAION) and 74.5% at principal
component analysis 1 (Supplementary Fig. S2A). Compared
to the baseline sample, 38 of the 1218 miRNAs probes of
Rattus norvegicus analyzed showed a significant difference
in expression levels (more than twofold; Supplementary Fig.
S$2B); their miRNA name (transcript ID) can be checked by
their ID in Supplementary Table S1. The number of signifi-
cantly altered miRNAs compared to day 0 was 28, 22, 27, and
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41 on days 0.25, 1, 3, and 7, respectively (Supplementary Fig.
S3A). Among them, 31 miRNAs were upregulated; however,
27 of these were expressed only on day 7. On days 0.25, 1,
and 3, the number of significantly upregulated miRNAs was
2, 2, and 1, respectively (Supplementary Fig. S3B). Twenty-
eight miRNAs were downregulated. On days 0.25, 1, 3, and
7, the number of significantly downregulated miRNAs was
26, 20, 27, and 12, respectively (Supplementary Fig. S30C).

Heatmap From Significantly Altered miRNAs in
rNAION During the Natural Recovery Period

Our previous research showed that the immune response
near the optic ganglia was due to M1-related monocyte acti-
vation in rNAION. During the natural recovery period of
rNAION, both M1- and M2-related miRNAs were downregu-
lated early and upregulated to baseline by day 7. In Figures
4A-C, 23 miRNAs are shown in early rNAION (excluded
day 7), while 16 miRNA profiles are shown throughout the
recovery period of rNAION. Interestingly, one M1l-related
miRNA (miR-31a-5p) and four M2-related miRNAs (miR-
125a-5p, miR-124-3, miR-182, and miR-181a-5p) were signif-
icantly downregulated in early rNAION and then recovered
to baseline at day 7 (Fig. 4D). The optic nerve damage
caused by macrophage activating factors may be regulated
by miRNAs. In this study, 38 miRNA expressions were signif-
icantly altered in CD63"-EVs of the vitreous humor. Among
them, five were selected for further analysis for their poten-
tial involvement in M1 and M2 modulation.*>% M1/M2
macrophage-related miRNAs (e.g., miR-125a-5p, miR-31a-5p,
miR-124-3, miR-182, and miR-181a-5p) were downregulated
in the first 3 days but returned to the baseline on day 7.
Of these, miR-124-3 was significantly downregulated on day

miR-124

Ficure 6. RGCs with intact axons were labeled using retrograde fluorescent gold labeling. The density of Fluoro-Gold-labeled RGCs can
be used to access death-free RGCs. The central RGC densities of the sham, rNAION, and miR-124 groups were 1735 + 185/mm?, 524 +
174/mm?, and 1411 + 194/mm?, respectively. Compared with the rNAION group, the miR-124 group had an approximately twofold increase
in RGC survival, respectively (**P < 0.01, post hoc Dunn’s multiple comparison test, 7 = 3 per group).
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Ficure 7. A reduction in P1-N2 amplitude indicates that healthy optic nerve axons are stimulated. The mean amplitudes of the P1-N2
waves in the sham, rAION, and miR-124 groups were 48 &+ 11 pV, 19 £ 4 pV, and 36 + 8 pV, respectively. Compared with the rNAION group,

the amplitudes of the P1-N2 waves were significantly preserved in both the pretreatment and posttreatment groups (*P < 0.05, post hoc
Dunn’s multiple comparison test, 7 = 3 per group).

TaBLE 3. RQs Expressed by the Five miRNAs

Relative Quantity (qQPCR) 0 h (RQ) 6 h(RQ) 1dRQ) 3d RQ) 7 d (RQ)
rno-mir-182 6.5058 0.6607 0.0719 2.1172 6.1366
rno-miR-31a-5p 5.5164 0.0604 0.0296 0.0178 7.4236
rno-mir-124-3 7.4355 1.0511 1.7243 2.4023 6.6692
rno-miR-181a-5p 4.0863 0.4905 0.2151 0.1504 3.2532
rno-miR-125a-5p 6.0439 0.1829 0.5589 1.4234 5.2937

3 and recovered on day 7. To verify the miRNA microarray
results, we performed RT-qPCR on these five miRNAs (see
“RT-qPCR” and Fig. 5) and vision function (see “The Potential
Neuroprotective Role of miR-124 in tNAION” and Figs. 6, 7).

RT-qPCR

We selected five miRNA CD63"-EVs that were associated
with M1 and M2 macrophage modulation for subsequent RT-
qPCR analyses. Results were in agreement with the microar-
ray data (Fig. 5). The expression of miR-124-3 was signif-
icantly decreased after rNAION induction and returned to
the baseline level on day 7. In the microarray assay, there
was a dramatic decrease of RQ from 8.30 on day 0 to 1.13
on day 0.25, 1.37 on day 1, and 0.49 on day 3, and it recov-
ered to 5.46 on day 7. It was observed in the transcription
fold change to the internal control (GAPDH) of qPCR that
RQ decreased from 7.44 (day 0) to 1.05 (day 0.25), 1.72
(day 1), and 2.40 (day 3), and it was also recovered to 6.67
on day 7. The RQs expressed by the other four miRNAs
are listed in Table 3. The most dramatic change in miRNA
expression from the acute to recovery phase was miR-124,
and thus it was selected to test its potential for treating
rNAION.

The Potential Neuroprotective Role of miR-124 in
rNAION

Rats were randomly assigned to either one of the three
groups: sham, rNAION receiving PBS, and rNAION receiving
miR-124. Fluoro-Gold-labeled RGC density was assessed in

half of the rats in each group while FVEPs were measured
in the other half. The central RGC density in the sham, PBS,
and miR-124 groups was 1735 & 185/mm?, 524 & 174/mm?,
and 1411 £ 194/mm?, respectively (Fig. 6). The density of
RGCs in the miRNA-124-treated group still exceeded 80%
of that in the sham control group, suggesting the potential
neuroprotective effect of miR-124. In contrast, the density of
RGCs was reduced to merely 30% in the PBS control group
(P < 0.05, post hoc Dunn’s multiple comparisons test, 7 =
3 in each group). Reduction in the FVEP P1-N2 amplitude
indicated a reduced stimulation of healthy optic nerve axons.
The mean amplitudes of the P1-N2 wave in the sham, PBS,
and miR-124 groups were 48+ 11 uV, 19 + 4 pV, and 36 + 8
vV, respectively (Fig. 7). The amplitudes of the P1-N2 waves
were preserved significantly in both the sham and miR-124
treatment groups compared to the control PBS group (P <
0.05, post hoc Dunn’s multiple comparisons test).

DISCcUSSION

In this research, photolabile papers conjugated with CD63
monoclonal antibodies were capable of isolating CDG63"-
EVs from low-volume vitreous humor samples. CDG63 is
one of the most abundant surface biomarkers localized on
extracellular vesicles, particularly exosomes. In the previous
research, we were able to extract more than 50% of total
miRNAs from CD63"-EVs.!” More important, CD63 is highly
expressed within the eye, mainly in the retinal pigment
epithelium. It has been found that vitreous humor contains
an abundant of EVs, which is reflected by the high concen-
tration of CD63 molecules. %
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Prior to this study, effective methods to isolate EVs from
low-volume samples (<100 pL), such as embryonic culture
medium or ocular fluid, had inconvenient limitations.2246:47
We previously developed a polydimethylsiloxane microflu-
idic chamber to enrich EVs from conditioned medium and
clinical serum samples.!® However, this device requires a
complicated manufacturing process. In this study, the photo-
labile chips allowed us to successfully profile miRNA expres-
sion throughout the recovery period of rNAION. The chro-
matography paper, composed mainly of cellulose, is a natu-
ral three-dimensional microfluidic system that confers more
surface for conjugating captured molecules demonstrating a
higher efficiency compared to a simple microfluidic channel.
It is also low cost, easily stored, ecofriendly, and free from
equipment interventions during modifications. A photo-
sensitive linker was used for releasing captured EVs (in
Supplementary Table S2). After 30 minutes of the harvesting
process, an acceptable amount of CD63"-EVs was collected
from rNAION samples.

In our previous study, intravitreal injection of
G-CSF could significantly inhibit Ml-related miRNA
signaling in ocular fluids. This process has enhanced
the expression of M2-related miRNAs and increased anti-
inflammatory proteins, thus promoting optic neuron repair
in tINAION.23-3* The miRNA profiles of the extracted CD63*-
EVs on day 7 of the natural recovery period were compared
with acute-phase samples (days 0.25 to 3). miR-182,
miR-31a-5p, miR-124, miR-125a-5p, and miR-181a-5p exis-
tence was confirmed using RT-qPCR.

miR-182 is an oxidative stress-related miRNA that directly
suppresses TLR4. During the recovery phase, it has the
capacity to inactivate NF-«B and polarize M2 that had been
acutely downregulated and then returned to baseline.*®4
Inhibition of miR-31a-5p can decrease IL-25 expression to
alleviate inflammation. After 7 days of recovery, miR-31a-
5p was acutely downregulated.!! Upregulation of miR-125a-
5p can diminish M1 polarization and promote IL-4—induced
M2 marker expression.’® miR-181a-5p overexpression in M1
macrophages may diminish M1 phenotype expression while
promoting polarization of the M2 phenotype.’! miR-124,
miR-182, and miR-181a-5p were capable of synchronizing
with M2 regulation, resulting in an acute initial downreg-
ulation, but slowly proceeded into returning to baseline
during the recovery period. During the recovery phase from
rNAION, miR-124 showed a significant decrease compared
to other miRNAs.

Several circulating and extracellular vesicle-associated
miRNAs, including miR-146a, miR-17, miR-125b, and miR-
155, have been demonstrated to play a protective role in
ischemia-reperfusion injury?® and retinal degeneration.'®!
miR-124 is shown to have an increased abundancy during
anti-inflammation primarily from autocrines such as IL-
4 or granulocyte-macrophage colony-stimulating factor in
mature M2 macrophages, but not in MO, M1, or M1/M2
macrophages.”?° miR-124 is required for the expression of
homeostatic synaptic plasticity, such as alleviating neurode-
generation and preventing cognitive impairment.?’-?® The
downregulation of miR-124 is mainly associated with reti-
nal inflammation and photoreceptor death during retina
degeneration, and the upregulation of miR-124 has demon-
strated the potential use of miR-124 in humans and
rodents.?

The miR-124-3p in EVs is targeted to hippocampal
neurons, which reduces neurodegeneration and improves
cognition after traumatic brain injury. This identifies miR-
124 as a possible treatment that should be explored.”” The
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functional study of miR-124 has been confirmed in devel-
oping neural differentiation,””? its role in retinal degen-
eration has been explored, and the potential use of miR-
124 in humans and rodents has been demonstrated. miR-
124 mimics can reduce the level of retinal inflammation and
photoreceptor cell death, which can greatly contribute to
the M2 phenotype of monocytes.” M2 macrophage activation
factors may protect optic nerves through miRNAs carried
by EVs during the recovery phase.?>!! Overexpression of
miR-124 can reduce the activation of M1 macrophages and
promote the M2 regulatory phenotype.?® Inhibition of miR-
124 can increase M1 levels, stimulating the body to recy-
cle dead cells and debris, leading to retinal inflammation,
photoreceptor death, and retinal degeneration.”

We hypothesize that replenishing miR-124 would reverse
the retinal inflammation and protect photoreceptor cells.
Synthesized miR-124 molecules were administered intravit-
really in rNAION. Results showed miR-124 was capable of
protecting visual functions by preventing apoptosis of RGCs.
In previous studies, miR-124 sustained homeostatic synaptic
plasticity in the neurons and retina. Downregulation of miR-
124 caused degeneration in photoreceptor neurons within
the inner and outer nuclear layer and the ganglion cell
layer.?® During the natural recovery of rNAION, alterations in
miR-124 expression were determined from the low-volume
vitreous humor of rats using the chip. This was the first in
vivo evidence that supported miR-124 as a potential treat-
ment of NAION.

CONCLUSION

NAION can cause permanent visual damage, and there are
currently no known effective treatments in the acute phase
that can improve outcomes. To study the miRNA profiles
during the natural recovery period of rNAION, we developed
an efficient and effective photolabile chip technology capa-
ble of collecting CD63*-EVs from low-volume biosamples
(<30 pL). The chip offers the possibility to clearly extract
information from rare biopsy specimens under in vivo
conditions and opens up bioinformatic applications. Since
miR-124 had the most dramatic change in expression and
has been previously described as having anti-inflammatory
effects, it was selected as the test drug. rNAION treated with
intravitreal injections of miR-124 showed improved RGC
survival and visual function, warranting the further explo-
ration of potential neuroprotective effects of miR-124.
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