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Abstract

Background Ethambutol (EMB)-associated optic neuropathy is the most common toxic optic neuropathy and poses
a significant visual threat worldwide. This study aimed to investigate the neuroprotective roles of Muller glia, the most
abundant macroglia in the retina, and their associated growth factors in supporting retinal ganglion cells (RGCs)
under EMB-induced toxicity.

Methods Induced RGC-like cells (iRGCs), differentiated from human induced pluripotent stem cells, and Muller

glial cell line MIO-M1 were used as cellular models. The response of iIRGCs to EMB was investigated by using RNA
sequencing. A transwell co-culture system was used to evaluate the protective effect of MIO-M1 cells on iRGC survival.
Candidate trophic factors from MIO-M1 cells were measured by using quantitative RT-PCR. Brain-derived neurotrophic
factor (BDNF) was identified as the major factor contributing to the neuroprotective effect from Muller glia. The effect
of BDNF was further validated in both iRGCs and mouse retinal organotypic culture under EMB toxicity. Downstream
signals of the BDNF pathway were investigated by Western blot.

Results RNA sequencing revealed that EMB significantly disrupted neurotrophins and BDNF-associated pathways
in iRGCs. Co-culture with MIO-M1 cells markedly enhanced the survival of iIRGCs during EMB exposure. mRNA of
BDNF and nerve growth factor (NGF) were elevated in MIO-M1 cells, while only BDNF improved the survival and
morphological integrity of iRGCs under EMB treatment. Administration of BDNF also improved the survival of RGC in
mouse retinal explants. The pro-survival effect of BDNF was suppressed by GNF5837, a pan-TRK inhibitor. Among the
three downstream effectors of BDNF signaling, AKT was most prominently activated by BDNF in EMB-treated iRGCs,
compared to ERK and PLCy1. Furthermore, the protective effect of BDNF was blocked by the AKT inhibitor MK-2206
but not by the ERK inhibitor GDC-0094.
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Conclusions Mdiller glia confer neuroprotection to RGCs under EMB-induced stress, primarily via BDNF signaling. AKT
functions as the key downstream effector mediating this protective response. These findings suggest that the BDNF-
AKT signaling may serve as a promising therapeutic target for EMB-associated optic neuropathy.
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Background

Ethambutol (EMB) is a first-line antiobiotic for the treat-
ment of tuberculosis and other Mycobacterium avium
complex infections [1]. There are about 9.2 million new
cases of tuberculosis each year according to an estimation
from World Health Organization, which means a signifi-
cant number of patients will be receiving EMB treatment
at one time or another [1]. However, optic neuropathy is
a major adverse event of EMB treatment and may lead to
irreversible visual loss [2]. With an incidence of 1% to 5%,
EMB-induced optic neuropathy may account for 100,000
or more new cases each year and is the most common
toxic optic neuropathy in the world [1, 2]. Advanced age,
hypertension, and renal disease are recognized risk fac-
tors for EMB-associated optic neuropathy [3].

The exact mechanism underlying EMB-induced optic
neuropathy remains unknown [4]. Several mechanisms
have been proposed to contribute to its pathogenesis. As
a metal chelator, EMB may disrupt mitochondrial func-
tion and oxidative phosphorylation by interfering with
iron-containing complex I and copper-containing com-
plex IV [5, 6]. In addition, EMB may inhibit lysosomal
activation, leading to zinc accumulation in lysosomes,
which increases lysosomal membrane permeability and
ultimately causes cell death [7]. Autophagy dysregulation
has also been noted as occurring during EMB-related
optic neuroretinopathy [8]. However, an efficacious treat-
ment for EMB-induced optic neuropathy is still not avail-
able. There is an unmet need for managing EMB-related
optic neuropathy, especially considering the significant
number of individuals affected worldwide.

Glial cells, which account for approximately 90% of
cells in the brain, have been found to play a more sig-
nificant role than previously thought [9]. In addition to
acting as a structural support for neurons, glial cells
also have functions such as extracellular matrix genera-
tion, volume regulation, metabolism, regulating neuronal
activity, synaptic pruning, gliosis, phagocytosis, neuro-
protection and even neural regeneration [9]. Glial cells
are usually activated in a disease state and when there is
disturbance to cell homeostasis; in this context glial cells,
may either protect neurons or trigger the death of resid-
ual neurons [9]. For examples, in a model of glaucoma,
glial cells release neurotrophic factors that help neurons
to overcome the insult. On the other hand, up-regula-
tion of TNF-a/TNFR signaling, NF-kB activation, p53
and caspase 3 have also been noted in optic nerve head
astrocytes [10]. Pathogenic glial dysfunction has been

proposed to be involved in age-related macular degenera-
tion and retinitis pigmentosa [11, 12]. Thus, the microen-
vironment built up by glial cells may play an important
role in modulating neuronal survival. In the retina, there
are three main kinds of glial cells, namely Miiller cells,
astrocytes and microglia. Among them, Miiller cells are
specialized glial cells, whose processes span the entire
thickness between the internal and external limiting
membrane, and are key factor in the structural, meta-
bolic, homeostatic, and functional support of retinal cells
[13-15].

In order to explore the neuroprotective solutions in
EMB-related optic neuropathy, we hypothesize that Mil-
ler glia, the most abundant macroglia in the retina, may
play a protective role in retinal ganglion cells (RGC) that
are suffering from EMB toxicity. We used RGC-like cells
(iRGCs), differentiated from human induced pluripotent
stem cells (hiPSCs), as our in vitro model. The repro-
grammed iRGCs have been shown to express various
RGC-specific markers and electrical properties, which
means they can be a representative model for the study
of optic neuropathy [16]. We first studied EMB toxicity
in iRGCs by using RNA sequencing. Subsequently, the
effect of Miiller cell co-culture on the survival of iRGCs
under EMB toxicity was investigated. The potential tro-
phic factors secreted by EMB-treated Miiller glia was
also studied. Candidate factors were tested for their abil-
ity to enhance iRGC survival, and the associated molecu-
lar pathways were explored. Finally, key findings from the
cellular model were verified in the mouse retinal organo-
typic culture system.

Methods

Culturing MIO-M1 cells

The human Miiller cell line Moorfields/Institute of
Ophthalmology- Miiller 1 (MIO-M1) is a spontane-
ously immortalized human Miiller glia cell line and was
obtained from the UCL Institute of Ophthalmology,
London, UK [17]. MIO-M1 cells were maintained in
high glucose (4 gram/liter) Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 100 U/ml penicillin, 100
U/ml streptomycin and 4 mM glutamine in humidified
incubator with an atmosphere of 5% CO, at 37 °C.
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Culture of human induced pluripotent stem cells (hiPSCs)
and differentiation of RGC-like cells (iRGCs)

The hiPSC lines, NTUH-iPSC-01-05 and NTUH-
iPSC-02-02 (abbreviated as N1 and N2, respectively),
were purchased from Bioresource Collection and
Research Center of Food Industry Research and Devel-
opment Institute, Taiwan. The use of these hiPSC lines
followed the Policy Instructions of the Ethics of Human
Embryo and Embryonic Stem Cell Research guidelines
in Taiwan. Furthermore, approval from the Institutional
Review Boards of National Yang Ming Chiao Tung Uni-
versity was obtained (# NYCU112122AW). Human iPSCs
were routinely maintained in StemFlex medium (Gibco)
on vitronectin-coated (Gibco) dishes at 37°C in a 5% CO,
incubator following the manufacturer’s instructions. Pas-
sage of the cells was performed when the culture reached
80% to 90% confluence, which typically occurred every 5
days. A passaging ratio of 1:10 was used.

To generate retinal ganglion cells (iRGCs), hiPSCs were
first transduced with lentiviruses carrying the ATOH?7,
BRN3B, and SOX4 genes under the control of a Tet-on
expression system [16]. For iRGC differentiation, the
infected hiPSCs were seeded at 70% confluency. On the
following day, designated as day O, the differentiation
process was initiated by adding 2 pug/mL of doxycycline.
The cells were then cultured in Medium-1, which con-
sisted of DMEM/F12 (Gibco) supplemented with N-2
(Gibco), non-essential amino acids (NEAA, Gibco), 200
ng/mL mouse laminin (Gibco), 10 ng/mL brain-derived
neurotrophic factor (BDNE, PeproTech), 10 ng/mL cili-
ary neurotrophic factor (CNTEF, PeproTech), 10 ng/mL
basic fibroblast growth factor (bFGF, PeproTech), and 5
uM forskolin (Sigma-Aldrich). On day 1, Medium-1 was
replaced and 1 pug/mL puromycin and 2 ug/mL zeocin
were added to allow selection of successfully induced
cells. Puromycin selection was maintained for 24 h, while
zeocin selection continued until day 6. On day 2, the cells
were dissociated using 0.5 mM EDTA and then replated
onto culture plates coated with poly-L-lysine and lam-
inin. These cells were then cultured in Medium-2, a
combination of DMEM/F12 and Neurobasal (1:1) supple-
mented with N-2, B-27 (Gibco), GlutaMAX (Gibco), 200
ng/mL mouse laminin (Gibco), 10 ng/mL BDNE, 10 ng/
mL CNTE, 10 ng/mL bFGE, 5 uM forskolin, 2 pug/mL of
doxycycline, and 2 pg/mL zeocin. On day 4, Medium-2
was refreshed with the addition of 2.5 uM arabinofura-
nosyl cytidine (AraC) to inhibit the proliferation of undif-
ferentiated cells. On day 6, after 48 h of AraC treatment,
Medium-2 was replaced with Medium-3, which consisted
of Neurobasal supplemented with N-2, B-27, and Gluta-
MAX, along with supplementary substances including
200 ng/mL mouse laminin, 10 ng/mL BDNE, 10 ng/mL
CNTE, 10 ng/mL bFGE, and 5 pM forskolin. Hereafter,
the cells were cultured in Medium-3, with half-medium
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changes occurring every 3—4 days until day 20, at which
point the cells were utilized for downstream applications
(Figure S1).

Cell viability assay using alamarBlue®

Culture medium was replaced by fresh medium contain-
ing 10% (v/v) alamarBlue® (Thermo Fisher Scientific) and
the cells were incubated at 37 °C in a 5% CO2 incuba-
tor for 2 to 4 h. AlamarBlue® contains resazurin, which
is reduced by metabolically active cells to resorufin, a
red, highly fluorescent product. Viable cells sustain this
process, leading to increased fluorescence and intensifi-
cation of the surrounding media’s color. After the color
of the medium turned pink, fluorescence was measured
at excitation/emission wavelengths of 560/590 nm using
a TECAN Infinite 200. The negative control was defined
as fluorescence from the wells containing no cells, treated
in the same manner. Cell viability was calculated as fol-
lowed: cell number index (%) = (mean reads of the sam-
ple — mean reads of the negative controls)/(mean reads of
the sample without EMB treatment — mean reads of the
negative controls).

Animal handling and ethics statement

Seven-week-old wild-type male C57BL/6 mice (24-28
g, BioLASCO Taipei, Taiwan) were used in this study.
All procedures regarding animal handling and euthaniz-
ing complied with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Taipei Veterans General Hospital and
of National Yang Ming Chiao Tung University. No ran-
domization was used due to the nature of study design.
No blinding was done in this study. If applicable, at least
3 batches of independent experiments were done to
ensure the reproducibility of the data.

Preparation of mouse retinal organotypic culture

Adult mice are euthanized by carbon dioxide (CO,) over-
dose and confirmed to be dead based on cardiac arrest
and fixed dilated pupils. Retinal explant culture followed
the established protocols with some modifications [18].
Peritomy was done and the eyeball was enucleated. The
cornea was then removed, followed by expelling the lens
and removing the iris. After a radial cutting of the sclera,
the retina was carefully separated from underlying reti-
nal pigment epithelium and sclera. The retina was then
transferred to the culture insert, with the photorecep-
tor layer facing the track etched polycarbonate mem-
brane (TEPC), pore size 0.4 pm and 25 mm in diameter
(Whatman) at the bottom of insert. The retina was then
cut at the 3, 6, 9, and 12 o'clock positions and carefully
flattened using blunt-end forceps. The retina was main-
tained in basic culture medium with or without EMB in
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an incubator with a humidified atmosphere and 5% CO,
at 37 °C for 24 h. The culture medium was a composite
made of Neurobasal-A, with N-2 (Gibco), B-27 supple-
ment (Gibco), and antibiotics (100 pg/ml streptomycin
and 100 units/ml penicillin (Gibco).

Live/dead viability assay

For the visualization of cell viability, the LIVE/DEAD"®
Viability/Cytotoxicity Kit (Thermo Fisher Scientific),
which is based on plasma membrane integrity and ester-
ase activity, was performed according to the manufactur-
er’s instructions. Live cells with ubiquitous intracellular
esterase activity can convert the nonfluorescent cell-per-
meant calcein AM into the fluorescent calcein, which
can be observed at excitation/emission wave lengths of
495/515nm. Ethidium homodimer-1 (EthD-1) can pen-
etrate damaged membranes and become fluorescent
at excitation/emission wavelengths 0f495/635nm after
binding to nucleic acids. The live cell ratio was defined
as the number of live cells/number of live and dead cells
within a 300x 300 um area from each sample; this was
assessed using a fluorescence microscope (Olympus
IX83). The cell size was calculated as the total area of live
cells in Live/Dead viability assay over the number of live
cells in the entire field, to quantify the degree of cellular
swelling.

Immunofluorescence microscopy

The iRGCs were cultured on coverslips and subjected
to immunofluorescence. Cells were fixed with 4% para-
formaldehyde in phosphate-buffered saline (PBS) for 15
min, and then permeabilized with 0.2% Triton X-100
in PBS for 15 min at room temperature. The cells were
then blocked with 3% bovine serum albumin in PBS for
60 min at room temperature. Primary antibodies in the
blocking solution were added to the cells and they were
then incubated overnight at 4 °C. After removing the
primary antibodies and rinsing, secondary antibodies in
blocking solution, together with 4, 6-diamidino-2-pheny-
indole (DAPIL, 1 pg/ml), were added for 1 h at room tem-
perature. The antibodies and dilutions used in this study
are listed in Table S1. After washing, the coverslips were
mounted in the Fluoromount-G solution (Invitrogen).
The fluorescent images were acquired using an Olympus
IX83 inverted microscope. Neurites were visualized using
MAP2 immunostaining, which primarily labels dendritic
processes. Neurite length was measured using the Neur-
phology] plugin integrated with Image] [19]. Neurite
length per cell was calculated by dividing the total neurite
length within the field of view by the number of cells.

Confocal microscopy
The retinas were transferred to the slides carefully
and subjected to immunofluorescence. The retinal flat

Page 4 of 16

mounts were fixed with 4% paraformaldehyde in PBS for
20 min. After washing with 0.1% Triton X-100 in PBS for
30 min for 3 times, the retinas were heated at tempera-
tures greater than 95 °C in 10 mM sodium citrate buffer
(pH 6.0) for 20 min, and then permeabilized with 0.2%
Triton X-100 in PBS for 20 min at room temperature. The
retinas were then blocked with 5% bovine serum albumin
in PBS for 60 min at room temperature. Primary antibod-
ies in the blocking solution were added and incubated
overnight at 4 °C. After removing the primary antibod-
ies and rinsing, matched secondary antibodies in block-
ing solution were added for 2 h at room temperature.
The retinas were then incubated with 1 pg/ml DAPI for
30 min at room temperature for nuclear staining, which
was followed by washing with PBS for 5 min 5 times. The
retinal flat mounts were mounted with antifade medium
(Vectashield HardSet H1400, Vector Laboratories) and
images were taken using a confocal microscope (Zeiss
LSM700). The antibodies and dilutions used in this study
are listed in Table S1. The samples with poor staining/
imaging quality were excluded for further analysis.

RNA extraction and real-time quantitative PCR
(quantitative RT-PCR)

Total RNA was extracted from MIO-M1 cells using a
Total RNA Mini Kit (Geneaid Biotech) according to the
manufacturer’s instructions. The RNA was reverse tran-
scribed to cDNA using the SuperScript IV Reverse Tran-
scriptase (Thermo Fisher Scientific) reaction. The cDNA
was used for RT-qPCR, which was performed on an ABI
StepOne™ real-time PCR machine using TagMan™ Mas-
ter Mix (Roche).

The threshold crossing value was observed for each
transcript, which was then normalized against the cor-
responding control (MIO-M1 cells without EMB treat-
ment) and internal control (TATA-box binding protein
(TBP)). The comparative CT method was used for the
relative quantification of mRNA. The data were pro-
cessed on StepOnePlus Real-Time PCR Systems (Thermo
Fisher Scientific). The sequences of the probes and prim-
ers used were listed in Table S2.

Protein extraction and Western blot
Cells and mouse retinal samples were lysed with RIPA
lysis buffer, which consisted of 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1% IGEPAL CA-630, 0.5% Sodium
deoxycholate, 0.1% SDS, 2 mM EDTA, and 50 mM NaF,
supplemented with EDTA-free proteinase inhibitor cock-
tail (Roche). The protein concentrations were measured
using a BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Finally, the cell lysates were denatured at 85 °C for
10 min.

Next, the proteins were separated on an 12% SDS-
PAGE gel at 100 V for 2 h in running buffer (25 mM
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Tris, 190 mM glycine, 0.1% SDS). The gels were then
transferred to PVDF membranes by electrophoresis at
80 V for 2.5 h in transfer buffer (25 mM Tris, 190 mM
glycine, 20% methanol). The membranes were blocked
with 5% skimmed milk in TBST (25 mM Tris, 150 mM
NaCl, 0.05% Tween-20) for 30 min and then probed with
primary antibody at 4 °C overnight. After washing with
TBST, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated matched secondary anti-
bodies at room temperature for 1 h. Thereafter, the sec-
ondary antibodies were washed out and the signals were
visualized by Immobilon Western Chemiluminescent
HRP Substrate (Millipore). Densitometric analysis of the
bands was performed using Image].

Messenger RNA library constructing and sequencing

Total RNA was extracted from day 21 iRGCs treated with
1000 pg/mL ethambutol (Sigma-Aldrich) or vehicle (PBS)
using RNA Mini Kit (Geneaid). The mRNA library con-
struction and sequencing were performed by Azenta Life
Sciences company. For library preparation, 1 pg of total
RNA was used. The poly(A) mRNA was isolated using
Oligo(dT) beads. The mRNA fragmentation was achieved
using divalent cations and high temperature. Priming was
performed using Random Primers. First strand cDNA
and the second-strand cDNA were synthesized. The puri-
fied double-stranded cDNA was then treated to repair
both ends and add a dA-tailing in one reaction, followed
by a T-A ligation to add adaptors to both ends. Size selec-
tion of adaptor-ligated DNA was then performed using
DNA Clean Beads. Each sample was then amplified by
PCR using P5 and P7 primers, and the PCR products
were validated. Libraries with different indices were mul-
tiplexed and loaded on an Illumina NovaSeq 6000 system
for sequencing using a 2 x 150 paired-end (PE) configura-
tion according to manufacturer’s instructions.

Bioinformatics workflow

The reads in fastq format underwent quality filtering
(score>Q15, qualified percentage>60%) and adapter
trimming using fastp (version 0.20.1). The remain-
ing reads were mapped to Human Genome Reference
GRCh38 using STAR (version 2.7.5a) to generate output
in the BAM file format. Expected counts and transcripts
per million (TPM) were then computed using RSEM
(version 1.3.1). Downstream analysis of the expected
counts was performed in R Statistical Software (version
4.2.1; R Core Team 2022) using DESeq2 package (ver-
sion 1.36.0). Variance stabilizing transformation and dif-
ferential gene expression (DEG) analysis were performed
using vst and DEseq in DESeq2 package. Variance stabi-
lized read counts were used to perform principal com-
ponent analysis (PCA). Differentially expressed genes
(DEGs), comparing EMB-treated to vehicle- treated
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iRGCs, were defined by an adjusted p-value<0.05 and
a fold change>1.5. Under these criteria, 683 genes were
identified as up-regulated DEGs, and 374 genes were
identified as down-regulated DEGs. These DEGs were
then analyzed using QIAGEN Ingenuity Pathway Analy-
sis (version 111725566). Plots were created using Python
(version 3.8.17) with matplotlib (version 3.7.1). The
RNA-seq data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus and
are accessible through GEO Series accession number
GSE294687 (https://www.ncbi.nlm.nih.gov/geo/query/ac
c.cgi?acc=GSE294687).

Statistical analysis

The distribution of the data was tested by Shapiro-Wilk
test to check if the data is within normal distribution.
Student’s t-test was used for continuous variables with
normal distribution and Kolmogorov-Smirnov test was
used while the continuous variables were not normally
distributed. Analysis of variance (ANOVA) followed by
multiple comparisons test was performed among the dif-
ferent experimental groups to allow inter- and intragroup
analysis. If the data were not normally distributed, Krus-
kal-Wallis test with Dunn’s multiple comparisons test was
performed instead. All analysis were performed by using
GraphPad Prism version 10.1.1 for macOS (GraphPad
Software). A p<0.05 (two-sided) was defined as statisti-
cally significant. The p values of group comparisons that
attained statistically significance were listed in Table S3.

Results

EMB-induced cytotoxicity on human induced pluripotent
stem cell-derived retinal ganglion cells (iRGCs)

In order to investigate EMB-induced optic neuropa-
thy, we used iRGCs derived from human iPSCs as our
model (Fig. 1). After administering EMB onto iRGCs
for 24 h at the indicated concentrations, we observed
significant changes in cell morphology. At EMB con-
centrations above 4 mM, the iRGCs exhibited signs of
swelling and an overall increase in size compared to the
vehicle-treated controls (Fig. 1b, S2a and S2b). In addi-
tion, neurites, which are the elongated projections from
the iRGCs, appeared to be fragmented or disrupted (Fig.
1c). Immunofluorescence staining revealed that MAP2
signals became shortened or even lost, while TUJ1 stain-
ing appeared more punctate, reflecting dot-like TUJ1-
positive cell debris. This may be attributed to the relative
stability of PIII-tubulin (stained by TUJ1) under stress
conditions (Fig. 1c). Evidence of cellular disruption and
compromised membrane integrity was further supported
by the increase in the numbers of EthD-1-positive (red)
dead cells and a concomitant decrease in the number
of calcein-positive (green) live cells (Fig. 1b and S2a).
These observations suggest that EMB treatment has a
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Fig. 1 Ethambutol (EMB)-induced cytotoxicity on human induced pluripotent stem cell-derived retinal ganglion cells (IRGCs). a Schematic representa-
tion of the experimental workflow. Human iPSCs were differentiated into iRGCs and treated with 0 mM or 8 mM EMB, followed by immunocytochemistry
or RNA sequencing. b Phase contrast and LIVE/DEAD staining images of iRGCs treated with vehicle or 8 mM EMB, illustrating the viability of cells under
different treatment conditions. iRGCs exhibited signs of swelling, with an overall increase in size compared to the control (0 mM) group. There is evidence
of cellular disruption and loss of cellular integrity, indicated by an increase in EthD-1 positive (red) dead cells, and a notable decrease in the number
of calcein-positive (green) live cells. Scale bar: 100 um and 50 um. ¢ Immunofluorescence images showed the expression of neuronal markers TUJ1
(red) and MAP2 (green) in iRGCs treated with vehicle or 8 mM EMB. The neurites, which are the elongated projections of iRGCs, appear fragmented or
disrupted under EMB toxicity. Scale bar: 50 um d Principal component analysis (PCA) plot of transcriptomic data of vehicle or EMB-treated iRGCs (n=4
biological replicates from 3 hiPSC lines). e Volcano plot showing differentially expressed genes (DEGs) in hiRGCs treated with 8 mM EMB versus vehicle
(fold change > 1.5 and FDR < 0.05). f Ingenuity pathway analysis (IPA) identifying the top enriched pathways in EMB-treated iRGCs. Categories include cell
survival, autophagy, neuronal function, growth factors, and disease relevance

detrimental effect on both the morphology and viability = iRGCs treated with vehicle or 8 mM EMB for 24 h. Prin-
of the iRGCs. cipal component analysis (PCA) plot of all transcrip-

To further understand the molecular response of iRGCs  tomic data demonstrated distinct clustering of samples
to EMB treatment, we performed RNA sequencing on  from vehicle or EMB-treated iRGCs (Fig. 1d). A total of
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1057 differentially expressed genes (DEGs) were identi-
fied, including 683 up-regulated and 374 down-regulated
genes (EMB vs. Vehicle; fold change>1.5; FDR<0.05)
(Fig. 1e). Ingenuity pathway analysis (IPA) revealed sev-
eral enriched pathways impacted by EMB treatment,
including those related to cell survival and death, autoph-
agy, neuronal function, growth factors, and disease rel-
evance (Fig. 1f).

Although BDNF mRNA levels were not significantly
altered following EMB treatment (Fig. 2a), NTRK2
(TrkB), the primary receptor mediating BDNF signal-
ing, was significantly downregulated. IPA further identi-
fied the neurotrophin/Trk and CREB signaling pathways
as being significantly affected (Fig. 2b), and analysis of
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second messengers associated with BDNF signaling
showed dysregulation following EMB treatment (Fig.
2¢). To examine downstream signaling, we assessed the
activation of protein kinase B (AKT), extracellular signal-
regulated kinase (ERK), and phospholipase C-y1 (PLCy1)
based on their phosphorylation levels. We observed
a concentration-dependent decrease in the phospho-
AKT (pAKT)/AKT ratio. Phospho-ERK42/ERK42 levels
decreased significantly in iRGCs treated by 4 mM and 16
mM EMB compared to the untreated group. Prominent
reduction of p-PLCyl/PLCyl was also noted in iRGCs
treated by 16 mM EMB (Fig. 2d-h). Taken together, these
findings suggest that EMB disrupts neurotrophin signal-
ing not at the level of BDNF transcription, but through
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downregulation of its receptor (NTRK2) and impairment
of downstream signaling components. This receptor-level
and post-receptor signaling dysfunction supports our
hypothesis that EMB interferes with BDNF-associated
neurotrophic support in iRGCs.

Co-culture of MIO-M1 cells promotes the survival of iRGCs
under EMB treatment

Unlike many in vitro culture systems where RGCs or
RGC-like cells are grown alone, RGCs in vivo are envel-
oped by Miiller processes in the retina [9]. Miiller cells,
the principal macroglia of the retina, are essential for
maintaining the structural and functional integrity of
retinal neurons. It is possible that Miiller cells play a role
in EMB-induced optic neuropathy, so we included the
human Miiller cell line MIO-M1 in our study. We exam-
ined EMB-induced cytotoxicity on MIO-M1 cells first.
Administration of EMB to MIO-M1 cells led to swelling,
vacuole changes, an increase in the number of EthD-1
positive (red) dead cells and a decrease in the number of
calcein-positive (green) live cells (Figure S2a). Cell viabil-
ity was further accessed using the alamarBlue® assay. As
expected, the cell number of iRGCs was decreased in
parallel with the increase in EMB concentration and this
occurred in a dose-dependent manner (Figure S2c). In
contrast, the cell number of MIO-M1 cells remained rela-
tively stable until 16 mM EMB was reached when there
was a significant drop in cell numbers; this indicated that
MIO-M1 cells are more resistant to EMB toxicity when
compared to iRGCs (Figure S2c).

Next, we co-cultured iRGCs with MIO-M1 cells in a
transwell co-culture system (Fig. 3a). Interestingly, co-
culture of iRGCs with MIO-M1 cells in the presence of
EMB reduced iRGC death (Fig. 3b and c), which suggests
that Miller cells serve a protective role. Addition of cul-
ture media 30 min prior to EMB treatment also resulted
in improved survival of iRGCs. However, this increase
in survival was not as great as when iRGCs were directly
co-cultured with MIO-M1 cells (Fig. 3b and c). Based on
the cell number index, as assessed by the alamarBlue®
assay, co-culturing of iRGCs with MIO-M1 cells clearly
increased the cell number of iRGCs significantly across a
range of EMB concentrations (Figure S3a).

Exploring the potential growth factors released by MIO-M1
cells that are able to enhance iRGC survival during EMB
exposure

Various growth factors had been identified as being
involved in neuroprotection when there is an optic
nerve disorder [20]. To identify potential growth fac-
tors released by the MIO-M1 cells that are able to pro-
mote the survival of iRGCs, we checked the expression
in MIO-M1 cells, after treatment with different con-
centrations of EMB, of various growth factors, namely
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brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), insulin-like growth factor 1 (IGF-1) and
basic fibroblast growth factor (bFGF). The mRNA level
of BDNF showed an approximately two-fold increase
after EMB treatment at 2 mM (Fig. 4a). The mRNA level
of NGF was also increased in a similar manner when the
EMB concentrations increased. The mRNA level of IGF-1
was found to decrease after EMB treatment, while that
of bFGF showed no change after EMB treatment. Thus,
BDNF and/or NGF may act as pro-survival factors when
released from Miiller glial cells.

To verify the pro-survival effect of BDNF and NGE, we
evaluated their effects on EMB-treated iRGCs. Admin-
istration of BDNF to iRGC cells that have been treated
with 8 mM EMB resulted in improvement in iRGC
morphological integrity. Live/dead staining revealed
a notable increase in the percentage of live cells in the
BDNEF-treated group compared to the control (Fig. 4d).
Although administration of NGF led to a slight increase
in the cell number index at the highest concentration of
EMB (8 mM), it did not improve morphology based on
the microscopy and live/dead staining (Fig. 4b and ¢, and
Figure S3b). Furthermore, addition of BDNF substan-
tially mitigated the neurite degeneration caused by EMB
treatment, as shown by the increase in MAP2-positive
dendrite staining (Fig. 4d and S3b). The cell number also
showed a significant increase in EMB-treated iRGCs
after adding BDNF (Fig. 4e). In addition, the protein level
of BDNF in MIO-M1 cells showed an increase in paral-
lel with an increase in EMB concentration up to 4 mM,
which is also supported by our quantitative RT-PCR (Fig.
4f and g). Although the protein levels could be affected
not only by mRNA level, but also by translational effi-
ciency, post-transcriptional regulation, protein degrada-
tion regulation, subcellular localization of mRNA and
feedback regulation, there is generally a trend of increas-
ing BDNF mRNA and protein levels after adding EMB in
MIO-M1 cells [21].

Together with RNA sequencing data, these results sup-
port the conclusion that BDNF is a key neurotrophic
factor released by MIO-M1 cells in response to EMB-
induced stress, contributing to the protection of iRGCs
from EMB-related neurotoxicity. In addition, we specu-
lated BDNF 50 ng/ml as the minimum effective concen-
tration because adding BDNF 50 ng/ml can improve cell
number index across all studied concentrations of EMB
and improve neurite length per cell significantly. This
concentration was used for the following experiments.

The effect of BDNF on the survival of iRGCs in the presence
of EMB toxicity

Since BDNF protects iRGCs from EMB-induced neu-
rotoxicity, we investigated the possible downstream sig-
naling of BDNF when promoting the survival of iRGCs.
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BDNF has been shown to interact with receptors such
as tropomyosin kinase B (TrkB) and low affinity nerve
growth factor receptor (also known as p75 NTR) [26].
Inhibition of Trk with GNF-5837, a pan-Trk inhibi-
tor, diminishes the protective effect of BDNF after EMB
treatment based on the morphology of cells and of neu-
rites, live/dead staining and immunohistochemistry
(Fig. 5a and S3c). Treatment of GNF-5837 also reduced
the number of BDNF treated live cells (Fig. 5a). These
findings demonstrated that BDNF protects iRGCs from
EMB-induced neuropathy via Trk.

AKT acts downstream of BDNF during the promoting of
iRGC survival

To understand the signaling molecules contributing to
the survival benefit from BDNF, we examined the phos-
phorylation levels of AKT, ERK, and PLCyl in iRGCs.
The ratio of phospho-AKT (p-AKT) to total AKT
increased significantly after BDNF treatment, and the
effect was suppressed significantly after adding GNF5837
(Fig. 5b and c); these effects occurred both in the pres-
ence of and in the absence of EMB treatment. The ratio of
phospho-ERK42 to total ERK42 decreased significantly
after EMB treatment. Administration of BDNF resulted
in a mild elevation in the pERK42/ERK42 ratio, although
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and improved iRGC survival, suggesting a neuroprotective mechanism whereby EMB-induced damage is mitigated

this was not statistically significant (Fig. 5b and d). A
similar trend was observed for ERK44 (Fig. 5b and e). No

hand, GNF-5837 and MK-2206 showed similar suppres-
sion effects on the survival benefit obtained from BDNF

significant changes or trends for PLCyl were observed
after treatment with EMB and/or BDNF (Fig. 5b and f).
Together, these findings suggest that BDNF promotes
survival of RGCs via AKT.

BDNF-Trk has been demonstrated to promote cell
survival via a number of different downstream signal-
ing molecules, including the AKT, ERK and PLCy path-
ways [22]. The alamarBlue® assay showed similar results
whereby BDNF improved the survival of iRGCs at vari-
ous concentrations of EMB. This protective effect of
BDNF was abolished by GNF-5837, was partially sup-
pressed by MK-2206, an AKT inhibitor, and was not
influenced by GDC-0094, an ERK inhibitor. On the other

in iRGCs without EMB treatment. Adding MK-2206
itself results in a significant impact on iRGCs without
EMB treatment and a deleterious trend after the use of
EMB (Fig. 5g).

Beneficial effect of BDNF on the survival of RGCs in the
presence of EMB toxicity

To validate our in vitro findings, we used mouse retinal
organotypic culture as our model and Brn3 as a marker
for RGCs (Fig. 6a). The number of Brn3a-positive cells
decreased as the EMB concentration increased and this
occurred in a dose-dependent manner (Figure S4); this
demonstrates that EMB-induced optic neuropathy occurs
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in our retinal organotypic culture model. Treatment of
BDNF (50 ng/mL) significantly increased the number of
Brn3a-positive cells in retinal explants exposed to 2 mM
EMB. The pro-survival effect of BDNF was suppressed by
GNEF-5837 (Fig. 6b and c), demonstrating that the posi-
tive effect of BDNF on RGCs is Trk receptor-dependent.

Detection of BDNF in Miiller glia of the mouse retina

We have shown that treatment of EMB induces expres-
sion of BDNF in MIO-M1 cells (Fig. 4). Next, we detected
BDNF by immunostaining of retinal flat mounts. BDNF
was present in the cytoplasm of glutamine synthetase
(GS)-positive Miller cells. Furthermore, the intensity of
BDNF immunofluorescence increased in the presence of
EMB and the BDNF protein levels also increased as the
EMB concentration increased (Fig. 6d-f). These findings
support our hypothesis that EMB induces a neuropro-
tective response in Miiller cells by upregulating BDNE,
which may contribute to RGC survival under EMB-
induced stress.

Discussion
In this study, we demonstrated that EMB significantly
disrupts neurotrophin signaling in human iRGCs, par-
ticularly at the level of BDNF-associated downstream
pathways, as revealed by RNA sequencing and functional
analyses. Importantly, iRGCs co-cultured with MIO-M1
cells show a significantly improved iRGC survival. With
the support of the survival benefit created by co-culture
with MIO-M1 cells, we have been able to show that
BDNF expressed by MIO-M1 cells acts as a pro-survival
factor when iRGCs are treated with EMB. We have also
confirmed that BDNF has a protective role when mouse
retinal explants are treated with EMB. Administration of
BDNEF improved the survival of RGCs in our organotypic
culture system and this effect can be suppressed by GNF-
5837, a pan-TRK inhibitor. In addition, an elevated level
of BDNF protein was noted in the MIO-M1 cells line and
in Miiller cells present in the mouse retina. Furthermore,
we found that, among the three BDNF-associated signal-
ing molecules, AKT is the most strongly activated when
BDNF is added to EMB-treated iRGCs; this increase is
significantly greater than that of ERK or PLCyl under
the same conditions. These findings are supported by the
iRGCs survival experiments where either GNF-5837 (a
pan-TRK inhibitor) or MK-2206 (an AKT inhibitor) are
present; their presence is able to suppress the protective
effect of BDNF on EMB-treated iRGCs. Together, our
results support the hypothesis that BDNF protects RGC
from EMB toxicity and that in these circumstances AKT
acts as the major downstream signaling molecule (Fig.
6g).

Miiller cells are one of the major glia populations in
the mammalian retina; they span the entire retina and
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support various essential functions of their surrounding
neurons [14]. Studies have shown that Miiller cells are
able to become reactive when pathological conditions
are present, which results in these cells releasing inflam-
matory and growth factors. In these circumstances glial
scars may be formed resulting in an extreme pathologi-
cal state [9, 23, 24]. Whether Miiller cells are beneficial
or detrimental to the survival of RGCs and axon regen-
eration by RGCs seems to be a dynamic process. There
seems to be a balance whereby, in certain circumstances,
the process may lead to scar formation [9, 23, 24]. In this
study, we investigated the effect of EMB toxicity on MIO-
M1 cells. Although the cell number of MIO-M1 cells did
not decrease significantly until 16 mM EMB treatment
was reached, various progressive morphological changes
were able to be observed before this concentration. These
include cellular hypertrophy and increased numbers
of vacuoles in the cytosol of the MIO-M1 cells. Similar
cytoplasmic vacuolar changes have also been observed
in Thy-1(+) ganglion neurons present in the retina of
Sprague—Dawley rats [25]. These cytoplasmic vacuoles
were later found to be lysosomes containing high levels
of zinc, which implies that EMB induces zinc toxicity
and lysosomal dysfunction may be a universal response
across various different cell types [7, 26]. In the tran-
swell co-culture system, we found that when iRGCs co-
cultured with MIO-M1 cells, this results in an improved
survival when EMB toxicity is present. Adding fresh
medium to the system showed that there was a trend
towards improved iRGC survival but that this was not
as great as when the cells are co-cultured with MIO-M1
cells. Garcia et al. have also found that secretary factors
from the Miiller cells of adult porcine retina improves the
survival of cultured porcine RGCs and that the addition
of BDNF or Miiller cells as a substrate seems to improve
the morphology of RGCs [27].

We also showed that both BDNF mRNA and NGF
mRNA were elevated in EMB-treated MIO-M1 cells.
Both BDNF and NGF are neurotrophins, which is a
group of closely related proteins that control many
aspects of the survival, development, differentiation and
functioning of neurons [28]. Neurotrophins had been
widely studied in the context of neuroprotection. In the
field of visual neuroscience, studies had shown that neu-
rotrophins are able to increase numbers in optic nerve
head astrocytes and lamina cribrosa cells [29, 30]. In an
animal model involving optic nerve crush, recombinant
human NGF (rhNGF) has been shown to promote neural
regeneration [31]. In a rat glaucoma model, it has been
shown that multiple neurotrophins not only contrib-
ute to pro-survival, but also help pro-apoptotic signal-
ing; this suggests that a dynamic inter-relationships are
present [32]. Another study has shown that magnetic
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nanoparticles-conjugated NGF and BDNF are able to
prevent RGC loss when it is induced by oxidative stress
[33].

In our study, we found that BDNF alone is able to
improve the survival of iRGCs under EMB toxicity.
Although BDNF mRNA levels in iRGCs do not change
significantly after EMB treatment, we observe a marked
downregulation of NTRK2 (TrkB), the primary BDNF
receptor. Moreover, IPA and Western blot analyses
reveal impaired activation of downstream BDNF signal-
ing components, particularly AKT, ERK, and PLCyl,
following EMB treatment. Therefore, we concluded
that EMB disrupts BDNF-associated signaling primar-
ily at the receptor and post-receptor signaling levels,
rather than at the ligand expression level. Our findings
suggested that BDNF is one of the major protective fac-
tors that contributed to the survival benefit observed in
iRGCs co-cultured with Miiller cells. Our subsequent
experiments also support the protective effect of BDNF
when an EMB-treated mouse retina explant model is
used and we have confirmed that an elevation in BDNF
protein level occurs in both MIO-M1 cells and in mouse
retina explants. BDNF is widely expressed in the mam-
malian brain and exerts its pro-survival benefits by bind-
ing to the tropomyosin receptor kinase B (TrkB) receptor,
which is also abundant in retinal ganglion cells and Miil-
ler glia cells [34—36]. After binding with BDNF, TrkB
initiates dimerization and autophosphorylation, which
is followed by activation of various signaling pathways
including the phosphatidylinositol 3-kinase (PI3K)/Akt,
the ERK, and the PLC-y-dependent pathways [37]. In our
study, the Akt pathway is activated to the greatest level
when adding BDNF to EMB-treated iRGCs; the activa-
tion of the ERK and PLCyl pathways occurs to a much
lower degree. From the literature, it can be seen that the
PI3K/Akt-related pathway is able to exert antiapoptotic
and pro-survival activities, is able to modulate N-methyl-
D-aspartate (NMDA) receptor-dependent synaptic plas-
ticity, and is able to enhance dendritic growth/branching
[38-40]. All of the above may contribute to improved cell
survival and help to overcome the neurotoxicity of EMB.

It has been reported that 20-50% of patients with
severe EMB-related optic neuropathy had persistent
visual impairment despite prompt cessation of EMB [41—
43]. The reported pooled cumulative incidence of perma-
nent impairment was 2.3-4.3/1000 persons [2]. In one
cohort, the average estimated time for visual recovery
was 15.2 months, with 50% of patients recovering vision
by 8.3 months after discontinuing EMB [42]. Based on
these findings, there is a significant number of patients
suffering from persistent visual loss or the long process
of visual recovery from EMB-related optic neuropathy.
BDNF associated pathway may serve as a therapeutic
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candidate to improve the visual function or fasten the
visual recovery.

This study used iRGCs derived from human iPSCs in
our in vitro RGC model in order to study EMB-associ-
ated optic neuropathy. These reprogrammed iRGCs have
been shown to express a range of RGC-specific markers
and to show stimulus-induced channel activity, namely
the cell shows electrical properties [16]. We believed
that iRGCs are able to simulate the response of human
RGCs that have suffered the toxic effects of EMB and
that there is the possibility that this could lead to clini-
cal applications. We verified our results using an adult
mouse retinal organotypic culture system. This retinal
explant culture system has been widely used and allows
a preservation of the interaction between the multiplicity
of cell types within the neuroretina [18, 44]. In addition,
retinal explant cultures offer an ethical alternative to in
vivo experiments by reducing animal distress and low-
ering the number of animals needed by enabling use of
both retinas for pair-wise comparisons [44].

It is well-established that Miiller cells can secret mul-
tiple neurotrophic factors, including BDNF, NGF, IGF-1,
bFGE, CNTE, pigment epithelium-derived factor (PEDF),
glial cell derived neurotrophic factor (GDNF), and so on
[45, 46]. In the current study, we highlighted that BDNF
plays a pivotal role in EMB-related toxicity. It will be
worth investigating other potential neurotrophic factors
as adjuvant or sequential agents to treat EMB-related
neuronal toxicity and their interactions, which may help
the understanding of Miiller glia’s full protective capacity
in the future.

Conclusions

In this study, we first analyzed the molecular response
of iRGCs to EMB treatment using RNA sequencing and
found that neurotrophin signaling was significantly dys-
regulated. Co-culture of Miiller cells with iRGCs result in
improved iRGC survival when EMB toxicity is present,
likely due to the secretion of BDNF by Miiller cells. We
have further shown that adding BDNF is able to improve
the survival of iRGCs and of RGCs in a retinal organo-
typic culture system. The survival benefit brought about
by BDNF seem to occur via the AKT pathway. These
findings provide a foundation for Miiller glia-associated
neuroprotection during EMB-related optic neuropathy.
Our findings highlight the importance of the BDNE-
TrkB-AKT pathway and shows that the pathway should
be investigated further in order to develop an improved
treatment strategy for EMB-associated neurotoxicity.
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