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Cell Autonomous Neuroprotection by
the Mitochondrial Uncoupling Protein
2 in a Mouse Model of Glaucoma
Daniel T. Hass and Colin J. Barnstable*

Department of Neural and Behavioral Sciences, College of Medicine, The Pennsylvania State University, Hershey, PA,
United States

Glaucoma is a group of disorders associated with retinal ganglion cell (RGC)
degeneration and death. There is a clear contribution of mitochondrial dysfunction and
oxidative stress toward glaucomatous RGC death. Mitochondrial uncoupling protein
2 (Ucp2) is a well-known regulator of oxidative stress that increases cell survival in
acute models of oxidative damage. The impact of Ucp2 on cell survival during sub-
acute and chronic neurodegenerative conditions, however, is not yet clear. Herein,
we test the hypothesis that increased Ucp2 expression will improve RGC survival
in a mouse model of glaucoma. We show that increasing RGC but not glial Ucp2
expression in transgenic animals decreases glaucomatous RGC death, but also that
the PPAR-γ agonist rosiglitazone (RSG), an endogenous transcriptional activator of
Ucp2, does not significantly alter RGC loss during glaucoma. Together, these data
support a model whereby increased Ucp2 expression mediates neuroprotection during
a long-term oxidative stressor, but that transcriptional activation alone is insufficient to
elicit a neuroprotective effect, motivating further research in to the post-transcriptional
regulation of Ucp2.

Keywords: retina, RGC, Ucp2, glaucoma, neuroprotection, mitochondria, oxidative stress

INTRODUCTION

Glaucoma is a group of disorders associated with retinal ganglion cell (RGC) degeneration and
death (Quigley, 2011) and, after cataracts, is the most frequent cause of blindness worldwide
(Resnikoff and Keys, 2012). An increase in intra-ocular pressure (IOP) is a prominent risk
factor for glaucoma (Boland and Quigley, 2007), and most therapeutic solutions designed to
prevent RGC death in glaucoma share the ability to decrease IOP. However, IOP reduction
does not reduce glaucomatous visual field loss in roughly half of patients (Leske et al., 2004),
necessitating development of adjuvant therapeutic modalities, including neuroprotective molecules
that can protect RGCs.
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The molecular mechanisms of glaucoma pathogenesis are
multifactorial, but are frequently connected to an increase in
damaging free radicals in the eye (Izzotti et al., 2003; Saccà
and Izzotti, 2008), retina (Tezel et al., 2005), and optic nerve
head (Malone and Hernandez, 2007; Feilchenfeld et al., 2008),
herein termed oxidative stress. Ocular hypertension increases
RGC oxidative stress (Chidlow et al., 2017), despite anti-oxidative
support from endogenous antioxidant proteins (Munemasa et al.,
2009) and resident glial cells of the retina, including astrocytes
and müller glia (Varela and Hernandez, 1997; Carter-Dawson
et al., 1998; Kawasaki et al., 2000; Woldemussie et al., 2004).
Exogenous addition of serum antioxidants such as vitamin E is
not necessarily protective from the disease (Ramdas et al., 2018),
suggesting that current anti-oxidative therapeutics for glaucoma
are insufficient. The early transcriptional responses of DBA2/J
mouse RGCs to elevated IOP strongly suggest mitochondrial
abnormalities in RGCs early in the disease (Williams et al.,
2017), which appears to persist in multiple animal models
(Coughlin et al., 2015; Takihara et al., 2015; Ito and Di Polo,
2017) as well as in human glaucoma (Abu-Amero et al., 2006;
Piotrowska-Nowak et al., 2018).

Mitochondria are a well-known source of cellular free
radicals, which during oxidative phosphorylation can leak
from multi-protein complexes of the electron transport
chain such as NADH:Ubiquinone Oxidoreductase and
Coenzyme Q:Cytochrome C Oxidoreductase (St-Pierre
et al., 2002). Mitochondrial ROS production is greater
at hyperpolarized mitochondrial membrane potentials
(9m), and in isolated mitochondria small decreases in
9m significantly decrease levels of ROS (Korshunov et al.,
1997; Miwa et al., 2003). Endogenous uncoupling proteins,
particularly the mitochondrial uncoupling protein 2 (UCP2),
are able to protect nervous tissue from multiple sources of
acute damage (Mattiasson et al., 2003; Andrews et al., 2005;
Lapp et al., 2014; Barnstable et al., 2016) by decreasing
9m and presumably ROS (Fleury et al., 1997; Echtay
et al., 2001). Lower levels of ROS are protective in most
scenarios, but the predicted outcome of a lower 9m is
also a decreased mitochondrial drive for ATP synthesis
(Klingenberg and Rottenberg, 1977). Therefore, it is unclear
whether uncoupling proteins are beneficial for long-term
neurodegenerative conditions. As with many neurodegenerative
disorders, the clinical course of glaucoma progresses over
multiple years. It is therefore essential that model systems of
neurodegeneration develop over time and not in reaction to a
single damaging insult.

In the microbead model of glaucoma, occlusion of the
irido-corneal angle progressively increases damage to RGCs
over a sub-acute time frame (Huang et al., 2018). Using this
model, we tested whether enhanced Ucp2 expression in mouse
RGCs or in supporting glial cells is protective against injury.
We found that increasing levels of Ucp2 in RGCs, but not
in GFAP-expressing glia, were neuroprotective. Ucp2 levels
are under several forms of transcriptional and translational
control (Donadelli et al., 2014; Lapp et al., 2014), and our
second goal was to determine whether factors that increase
Ucp2 transcription provide protection from cell death. We

found that the PPAR-γ agonist rosiglitazone (RSG), a well-
known transcriptional activator of Ucp2, does not alter RGC
survival during glaucoma, implying an additional need to
characterize clinically useful molecules which regulate Ucp2 at
post-transcriptional levels.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory
Animals (8th edition). The protocol was approved by the
Pennsylvania State University College of Medicine Institutional
Animal Care and Use Committee.

Animals
Wild-type (WT) C57BL6/J and transgenic mice were housed in a
room with an ambient temperature of 25◦C, 30–70% humidity,
a 12-h light–dark cycle, and ad libitum access to rodent chow.
Transgenic mouse strains, B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J
(Gfap-creERT2, Stock#: 012849) (Ganat et al., 2006) and Tg(Thy1-
cre/ERT2,-EYFP)HGfng/PyngJ (Thy1-creERT2, Stock#: 012708)
(Young et al., 2008), were each generated on a WT background
and purchased from the Jackson Laboratory (Bar Harbor,
ME, United States). GFAP-creERT2 and Thy1-creERT2 mice
express a fusion product of cre recombinase and an estrogen
receptor regulatory subunit (creERT2) under the control of the
hGFAP or Thy1 promoters, respectively. CreERT2 activity is
regulated by the estrogen receptor modulator and tamoxifen
metabolite 4-hydroxytamoxifen (Zhang et al., 1996). Ucp2KIfl/fl

mice were derived from Ucp2KOKIfl/fl mice (provided by
Sabrina Diano, Ph.D.) and result from multiple back-crosses
with WT mice (Toda et al., 2016). In these crosses, mice
were selectively bred to retain the Ucp2KI sequence and the
WT variant of the Ucp2 gene. In these mice, a transgene
was inserted in to the R26 locus, containing a LoxP-flanked
stop codon followed by a copy of the mouse Ucp2 cDNA
and an IRES-EGFP sequence. Following cell-type specific cre-
mediated excision of the LoxP-flanked stop codon, these
mice express Ucp2 and EGFP in astrocytes and müller glia
(Ucp2KI ; GFAP-creERT2 mice) or in the vast majority of
RGCs (Ucp2KI ; Thy1-creERT2 mice). To elicit cre-mediated
excision of this stop codon, we injected mice intraperitoneally
with 100 mg tamoxifen (Sigma, T5648)/kg mouse/day for 8
days, preceding any experimental manipulations. Same-litter
cre recombinase-negative control mice (Ucp2KI) were also
injected with tamoxifen to control for any potential biological
impacts of tamoxifen.

Rosiglitazone was fed to WT mice by grinding 4 mg pills
(Avandia, GSK) with a mortar and pestle and mixing them
into ground normal mouse chow. We measured daily food
consumption and adjusted the amount of RSG used based on
food consumption. RSG was fed to mice beginning 2 days prior
to microbead injection and does not alter IOP. During this
study, we estimate an average RSG consumption of 28.2 mg
RSG/kg mouse/day.
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Microbead Injection
We modeled glaucoma in mice by elevating IOP. We increased
IOP in 2–4 month old mice of both genders as previously
described (Cone et al., 2012). At least 24 h prior to bead injection,
we took a baseline IOP measurement. Prior to bead injection,
IOP is stable and is well represented by a single measurement.
Immediately prior to bead injection, we anesthetized mouse
corneas topically with proparacaine hydrochloride (0.5%)
eyedrops and systemically with an intraperitoneal injection of
100 mg/kg ketamine/10 mg/kg xylazine. While anesthetized,
we injected 6 µm (2 µL at 3 × 106 beads/µL; Polysciences,
Cat#: 07312-5) and 1 µm (2 µL at 1.5 × 107 beads/µL;
Polysciences, Cat#: 07310-15) polystyrene microbeads through
a 50–100 µm cannula in the cornea formed by a beveled glass
micropipette connected by polyethylene tubing to a Hamilton
syringe (Hamilton Company Reno, NV, United States). As an
internal control, 4 µL of sterile 1× phosphate buffered saline
(PBS) was injected in to the contralateral eye. We measured
postoperative IOP every 3 days for 30 days. Following terminal
IOP measurements, mice were asphyxiated using a Euthanex
SmartBox system, which automatically controls CO2 dispersion,
followed by cervical dislocation.

IOP Measurement
Intra-ocular pressure was measured in mice anesthetized by
1.5% isoflurane in air (v/v) using an Icare R© TonoLab (Icare
Finland Oy, Espoo, Finland) rebound tonometer, both before
and after injection with polystyrene microbeads. Each reported
measurement is the average of 18 technical replicates/mouse/eye.
Mice were included in this study if their individual IOP was
elevated by ≥3 mmHg or if a paired t-test of IOP over
time between microbead and PBS-injected eyes was statistically
significant (p < 0.05). Baseline and bead-injected IOPs were
compared between mouse strains to confirm the absence of any
genotype-dependent differences in IOP increase.

Histology and Immunocytochemistry
Immunolabeling of sectioned retinal tissue was performed as
previously described (Pinzon-Guzman et al., 2011). Briefly, whole
eyes were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, United States) in 1× PBS overnight at
4◦C. The next day, eyes were divided in half with a scalpel
blade. One half was frozen and sectioned, while the other was
labeled as a whole-mount. Frozen tissues were embedded in
a 2:1 mixture of 20% sucrose and OCT (Electron Microscopy
Sciences), cooled to −20◦C, and cut at a 10 µm thickness.
Samples for each experiment were located on the same slide
to control for assay variability. Prior to immunohistochemical
labeling, we unmasked antigens by exposing them to a 10 mM
sodium citrate buffer (pH6.0) for 30 min at 100◦C. Subsequent
labeling of oxidative protein carbonyls was performed using
an OxyIHC kit (EMD-Millipore, Cat#: S7450). Derivatization
of protein carbonyl groups and all subsequent steps were
performed in accordance with the manufacturer’s instructions.
Staining intensity was derived using the H-DAB vector of the
ImageJ Color Deconvolution tool background was subtracted
from each image, resulting in a numerical semiquantitative

measure of oxidative tissue stress. Tissue was imaged using an
Olympus BX50 microscope. In this and all other experiments, the
acquisition parameters for any given label were held constant.

Post-fixation, retinal whole mounts were permeabilized with
0.2% Triton-X-100 in PBS, blocked with 5% non-fat milk,
and incubated in rabbit anti-RBPMS antibody (1:500, EMD
Millipore) for 6 days at 4◦C. Tissue was incubated in secondary
antibody and 1 µg/mL Hochest-33258 overnight at 4◦C prion to
washing and mounting with 0.5% n-propyl gallate in 1:1 glycerol:
PBS. Whole-mount tissue was imaged on a Fluoview FV1000
confocal microscope (Olympus).

Retinal Ganglion Cell Counting
Retinal ganglion cells were counted in retinal whole-mounts
using the marker RBPMS (Rodriguez et al., 2014) across three
to four 317.95 µm × 317.95 µm fields, with each field centered
1000 µm from the optic nerve head. Cell counts were converted
to measurements of RGC density, averaged for a single retina,
and RGC survival was calculated as a percentage of bead-
injected RGC density over contralateral control PBS-injected
RGC density. RGC loss or death was 100-mean RGC survival
for a given sample. The counter was blinded to the identity
of each sample. We did not find a significant effect of retinal
quadrant on RGC density normally or with elevated IOP, and
our images were therefore taken across all retinal quadrants. The
mean±SEM and median RBPMS+ RGC densities in PBS-injected
retinas (pooled from WT C57BL6/J and Ucp2KI controls) were
4758±113 and 4738 cells/mm2, respectively. The mean±SEM
and median RBPMS+ RGC densities in bead-injected retinas
were 3957±152 and 3858 cells/mm2, respectively, leading to an
average 17% cell loss 30 days following bead injection.

RNA Isolation and Quantitative
Real-Time PCR
Flash frozen cells or tissue were lyzed in TRIzol (Thermo-Fischer,
Cat#:15596018) and RNA precipitated using the manufacturer’s
recommended procedure. Final RNA concentration was
measured using a NanoDrop ND-1000 Spectrophotometer prior
to reverse transcription. We reverse transcribed 300–1000 µg
RNA using SuperScript III (Thermo-Fischer, Cat#: 18080093)
with random hexamers. cDNA was amplified with iQ SYBR
Green Supermix (Bio-Rad, Cat#: 1708882) and amplified on
a Bio-Rad iCycler. Ucp2 primer sequences were F: 5′—GCT
CAG AGC ATG CAG GCA TCG—3′ and R: 5′—CGT GCA
ATG GTC TTG TAG GCT TCG—3′. TATA-box binding protein
(Tbp) primer sequences were F: 5′—ACC TTA TGC TCA
GGG CTT GGC C—3 R: 5′—GTC CTG TGC CGT AAG GCA
TCA TTG—3′. Cq′s from Ucp2 amplification were normalized
against Tbp and controls using the 11Ct method. Expression
of Ucp2/Tbp in DBA2J retinas was analyzed from data deposited
in the NCBI Gene Expression Omnibus (Geo) by Howell et al.
(2011), under the accession GSE26299.

Primary Astrocyte Culture
Primary mouse cortical astrocytes were isolated from postnatal
day 1–4 mice as previously described (Sarafian et al., 2010;
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FIGURE 1 | Mitochondrial uncoupling decreases reactive oxygen species production. (A) Measurements of TMRE fluorescence as a proxy for mitochondrial
membrane potential (9m) in cells exposed to vehicle, 10 nM FCCP, or 10 µM FCCP (n = 3). (B) Increase in MitoSox oxidation over a 5-min period prior to and
following exposure of primary cortical astrocytes to nothing (black circles), 5 µM antimycin A (red circles), or 5 µM antimycin A and 10 nM FCCP (orange circles,
n = 5). ∗p < 0.05, ∗∗∗∗p < 0.0001.

FIGURE 2 | Ucp2 decreases 9m, increasing respiration and decreasing production of ROS. (A) Ucp2 gene expression (n = 3), (B) relative TMRE fluorescence (9m,
n = 5–7), and (C) the relative rate of increase in MitoSox fluorescence (n = 3–4) within primary cortical astrocytes isolated from Ucp2KI and Ucp2KI; Gfap-creERT2

mice. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005.

Lapp et al., 2014). Briefly, mice were decapitated and brains were
removed from the skull. In tissue culture medium, a ∼1 cm
portion of superior cerebral cortex was pinched off of the brain
using curved forceps. Meninges were removed, and the tissue
was triturated with a sterile flame-polished glass Pasteur pipette
until it formed a single cell suspension, approximately 20×.
The suspension was filtered through a 70 µm cell strainer
(Corning, Cat#: 352350) to remove larger debris, centrifuged at
500 × g and 4◦C for 5 min, resuspended in growth medium
(Dulbecco’s Modified Eagle’s Medium/Ham’s F12 supplemented
with 2 mM L-glutamine, 15 mM HEPES, 10% fetal bovine

serum, and 10 ng/mL gentamicin), and plated in a T-25 tissue
culture flask. Cells were grown at 37◦C in a 5% CO2/balance
air atmosphere. After the cells reached confluence, between 7–
14 days in vitro (DIV), contaminating cells were shaken off
by rotating at 250 RPM overnight. Astrocyte-enriched cultures
were plated at 30,000 cells/well on black tissue-culture-treated
96-well plates (Corning, Cat#3603) and used at passage #2 or
3, allowing at least 48 h following medium replacement before
experimentation. All cells used in this study were exposed to
1 µM 4-hydroxytamoxifen (Sigma, Cat#: H6278) for 24 h prior
to studies of Ucp2 function.
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FIGURE 3 | Glaucoma increases Ucp2 expression. (A) Ucp2 expression in a genome-wide microarray of gene expression in the retinas of DBA/2J mice at various
stages of glaucoma (n = 10–20), and DBA/2J-Gpmnb+ controls (n = 10; Howell et al., 2011). (B) Intra-ocular pressure (IOP) prior to and following microbead
injection (n = 6) and (C) expression of Ucp2 in each of the retinas from these mice as a function of IOP, 3 days following bead injection (n = 12). ∗p < 0.05.

Measurement of Mitochondrial
Membrane Potential and Oxidative
Status
We determined mitochondrial membrane potential (9m)
and oxidative status of primary cortical astrocytes using
the mitochondrial membrane potential-sensitive dye TMRE
(50 nM, ImmunoChemistry, Cat#: 9103) or the mitochondrial
superoxide probe MitoSox (5 µM, Thermo-Fischer, Cat#:
M36008), which is selectively targeted to mitochondria. Cells
were incubated in either dye in prewarmed assay medium
(1× PBS supplemented with 1 mM glucose and 2 mM
GlutaMax, Thermo-Fischer, Cat#: 35050-061) for 30 min
at 37◦C, followed by two washes and imaging. MitoSox
fluorescence intensity was measured using the kinetic mode
of a microplate reader (BioTek Synergy II), which took serial
measurements of MitoSox fluorescence over time. The rate
of increase in fluorescence (1F) over 10 min was divided
by initial fluorescent intensity (F0) for each well. This rate
of increase was normalized to the mean 1F/F0 of control
cells. We verified the utility of TMRE as an indicator of 9m
by simultaneously treating cells with the membrane permeant
protonophore carbonyl cyanide-4-(trifluoromethoxy) phenyl-
hydrazone (FCCP, 10 µM, Caymen Chemical, Cat#: 15218),
which depolarizes 9m. Similarly, we used the mitochondrial
complex III inhibitor antimycin A (AA, 5 µM) to stimulate
ROS production and confirm the utility of MitoSox as an
indicator of ROS.

Statistical Analysis
Quantified data are represented by that group’s mean±SEM
unless otherwise indicated. We performed all statistical analyses
in GraphPad Prism. We determined the statistical effect of one
independent variable (such as genetic background) on two groups
using a Student’s t-test or paired sample t-test in cases where
samples were matched (e.g., the control was the contralateral
eye of the same animal). We analyzed the effect of one variable
on >2 groups (e.g., comparisons of Ucp2KI with or without

each cre variant) using a one-way ANOVA with a Bonferroni
post hoc analysis. We analyzed the effect of two variables (e.g.,
the effects AA and FCCP on MitoSox) using a two-way ANOVA
with a Bonferroni’s post hoc analysis. The statistical significance
threshold was set at p < 0.05 for all tests.

In ANOVAS of unmatched samples, Prism automatically
implements a Geisser-Greenhouse correction to improve
statistical analysis of non-spherical data sets. In accordance with
the Prism Statistics guide, we assumed sphericity in matched
data sets (i.e., in bead- vs. PBS-injected eyes, and cells treated
with different groups of respiratory chain inhibitors).

RESULTS

Exogenous Uncoupling Agents Decrease
the Generation of Mitochondrial ROS
The positive association between mitochondrial membrane
potential (9m) and the production of reactive oxygen species
(ROS) has been well characterized in isolated mitochondria, and
we tested the hypothesis that mild mitochondrial uncoupling
stimulated by an exogenous protonophore will decrease
mitochondrial ROS in intact cells. We treated primary cortical
astrocytes with FCCP at a low concentration to uncouple
mitochondria without completely dissipating the 9m, and
found that 10 nM FCCP depolarized the mitochondrial
membrane potential (9m) to 88±4% of control levels,
whereas 9m was 34±2% of control in astrocytes treated
with 10 µM FCCP, a concentration routinely used to maximally
depolarize mitochondria (10 µM; Figure 1A); 10 nM FCCP
added to MitoSox loaded cells did not significantly alter
mitochondrial superoxide generation (data not shown),
so we tested the hypothesis that uncoupling will reduce
ROS production by dysfunctional mitochondria. To test
this hypothesis, we loaded cells with the mitochondrion-
targeted superoxide probe MitoSox and treated them with
the mitochondrial complex III inhibitor AA (5 µM). AA
significantly increased the rate of MitoSox oxidation (p < 0.001,
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FIGURE 4 | Effects of Thy1-creERT2 and Gfap-creERT2 on retinal Cre recombinase localization and Ucp2 expression. (A) Gene diagram of transgenic Ucp2 and cre
recombinase variants used in the present study. (B) Expression of Ucp2 in control and transgenic mice (n = 3). (C) Hoechst 33258 (blue)-labeled frozen sections of
Ucp2KI; GFAP-creERT2 and Ucp2KI; Thy1-creERT2 retinas, showing the endogenous fluorescence of EGFP and YFP, respectively. White arrows point to Muller glia
filaments and cell bodies in GFAP-creERT2 retinas and to RGC soma in Thy1-creERT2 retinas. ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 5 | Increased Ucp2 expression in RGCs but not astrocytes and müller glia decreases retinal ganglion cell loss. (A) Difference IOP between bead- and
PBS-injected eyes before and following intraocular surgery. Beads injection elevated IOP over a 30-day period in Ucp2KI (n = 11), Ucp2KI; Gfap-creERT2 (n = 6),
Ucp2KI; Thy1-creERT2 (n = 9) eyes. (B) Percentage RGC survival in retinal whole-mounts from bead-injected eyes, relative to retinas of PBS-injected contralateral
control eyes. (C) Representative images of retinal whole-mounts labeled for RBPMS, quantified in B. ∗∗p < 0.01.

Figure 1B), but this increase was partially attenuated in
cells simultaneously treated with AA and 10 nM FCCP
(p < 0.05, Figure 1B). These data show that uncoupling
decreases the generation of ROS by cultured astrocytes with
dysfunctional mitochondria.

Uncoupling Protein 2 Decreases 9m and
ROS Production
To determine whether mitochondrial uncoupling proteins have
the same cellular effects as chemical protonophores on 9m
and ROS production, we isolated cortical astrocytes from
Ucp2KI; GFAP-creERT2 mice. Ucp2 expression is elevated roughly
threefold in GFAP-creERT2 expressing cells of these mice
following exposure to 4-hydroxytamoxifen (Figure 2A), and
we tested the hypothesis that the addition of transgenic Ucp2
will decrease 9m and the generation of ROS. Our data show
that Ucp2 knock-in depolarizes 9m to 72±7% of control levels
(p = 0.0095, Figure 2B), with 10 µM FCCP decreasing TMRE
fluorescence to 54±5% of controls (p = 0.0002). Increasing

Ucp2 levels decreased the production of ROS, monitored by
the change in MitoSox fluorescence over time and normalized
to the mean fluorescent intensity of Ucp2KI control samples
(p = 0.043; Figure 2C). Together, these data show that
increased Ucp2 expression decreases 9m and mitochondrial
ROS, which may be similar in mechanism to the protective effects
promoted by 10 nM FCCP.

Elevated IOP Increases Ucp2 Expression
To determine whether Ucp2 expression is positively or
negatively related to the progression of glaucoma, we analyzed
publically available data from a microarray that determined
gene expression changes in the retina and optic nerve heads of
10.5 month old DBA/2J mice and DBA/2J; Gpnmb+ controls
(Howell et al., 2014). DBA/2J are genetically predisposed
toward glaucoma, and DBA/2J; Gpnmb+ controls are genetically
identical to these mice, except for in the Gpnmb gene,
for which these control mice express a WT copy. Relative
to the housekeeping gene Tbp, Ucp2 expression is elevated
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FIGURE 6 | Increased Ucp2 expression in RGCs but not astrocytes and müller glia decreases oxidative stress. (A) Representative labeling of fixed retinas from
bead-injected Ucp2KI (n = 7), Ucp2KI; Gfap-creERT2 (n = 3), and Ucp2KI; Thy1-creERT2 (n = 4) eyes for oxidative stress-derived protein carbonylation. A single
section was labeled without using the 2′,4′-dinitrophenylhydrazine derivitization reagent to confirm the specificity of the primary antibody to toward
dinitrophenylhydrazones. (B) The intensity of DAB labeling is quantified. ∗p < 0.05.

early in glaucoma, but decreases with increasing disease
severity (p < 0.05, Figure 3A). We confirmed these data
in a microbead model of glaucoma, and found that 3 days
following microbead injection, IOP is significantly elevated
(p < 0.05, Figure 3B). Following IOP measurement, we
determined Ucp2 expression in the retinas of these mice,
and found that Ucp2 expression increases proportionally
with IOP (r2=0.8, p = 0.0001 Figure 3C). These data
suggest that Ucp2 may play a role in the retinal response
to IOP elevation.

Elevated Ucp2 Expression in RGCs but
Not Astrocytes or Müller Glia Is
Protective Against Glaucoma
To determine whether the protective effects of Ucp2 expression
in cells translate to the same in vivo system, we used mice
in which Ucp2 expression can be increased in Gfap- or Thy1-
expressing cells following exposure to tamoxifen (Figure 4A).
Following eight consecutive 100 mg/kg/day injections, we found
that GFAP-creERT2 expression increased Ucp2 transcript levels
to 165±14% of control (p < 0.01, n = 6), and Thy1-creERT2

increased Ucp2 to 229±77% of Ucp2KI controls (p < 0.05,
n = 3, Figure 4B).

Although Thy1-creERT2 retinas express YFP both before and
following exposure to tamoxifen, GFAP-creERT2 retinas only
express eGFP following LoxP excision. We show that eGFP
and YFP are present in the retina, with localizations consistent
with Gfap-expressing glia and RGCs, respectively, for the GFAP-
creERT2 and Thy1-creERT2 transgenes (Figure 4C). The white
arrows indicate regions of endogenous fluorophore expression,
corresponding to müller glia cell bodies and fibers (top image), as
well as RGC soma (bottom image) (Figure 4C). Notably, Thy1-
creERT2 expression was not limited to the ganglion cell layer,
implying cre activity in some inner nuclear layer cells.

We injected microbeads or PBS in to the anterior chambers
of these mice, elevating IOP by an average of 5.3 mmHg in
Ucp2KI control mice (n = 11), 2.4 mmHg in Ucp2KI; GFAP-
creERT2 mice (n = 6), and 7.5 mmHg in Ucp2KI; Thy1-
creERT2 mice (n = 9, Figure 5A). Bead injection in control
mice caused a significant loss in RGCs (A 19±3% reduction
in RGC density) that was attenuated in mice overexpressing
Ucp2 in RGCs (Ucp2KI; Thy1-creERT2, a 10±4% reduction),
but not in Ucp2KI; GFAP-creERT2 mice (a 15±4% reduction,
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FIGURE 7 | Rosiglitazone increases Ucp2 transcription but does not alter glaucomatous RGC loss. (A) Microbead injection increases IOP to a similar extent in
control- and rosiglitazone (RSG)-fed mice. (B) Intraperitoneal RSG increases Ucp2 transcript levels in the mouse retina. (C) Increased IOP leads to RGC loss
(decreased % survival), though dietary RSG does not appear to alter RGC loss. (D) Representative RBPMS labeling in whole-mount retinas from PBS- and
bead-injected C57BL6J mice. ∗p < 0.05.

Figures 5C,D). These data demonstrate that Ucp2 decreases
RGC loss due to elevated IOP over a sub-acute timeframe, and
also that the beneficial effects of Ucp2 are cell autonomous,
as Ucp2-overexpression in GFAP-positive glia is insufficient to
decrease glaucoma-related RGC loss (Figure 5C). The protective
effects of Ucp2 expression coincided with significant decreases in
oxidative protein carbonylation, measured by OxyIHC labeling.
Bead-injected retinas from Ucp2KI; Thy1-creERT2 mice (n = 4)
were labeled 27±6% less strongly than corresponding Ucp2KI

controls (p < 0.05, n = 7). In contrast, labeling of Ucp2KI; GFAP-
creERT2 retinas was non-significantly reduced by 11±11% (n = 3,
Figures 6A,B) relative to controls.

Transcriptional Activation of Ucp2 Is
Insufficient to Decrease
Microbead-Induced RGC Loss
Past literature suggests that Ucp2 transcription is in part
regulated by a PGC1-α/PPAR-γ axis (Chen et al., 2006;

Donadelli et al., 2014). RSG is an FDA-approved PPAR-γ
agonist. We confirmed that retinal Ucp2 expression can increase
24 h following exposure to 10 mg/kg RSG (Figure 7B), and
hypothesized that due to transcriptional activation of Ucp2,
dietary RSG confers the same resistance to damage in glaucoma
as transgenic Ucp2 overexpression. To test this hypothesis, we
increased IOP in control- and RSG-fed WT mice (Figure 7A)
and measured RGC loss 30 days following bead injection. There
was an 11±2% loss in RGC density in bead-injected eyes of WT
control mice (n = 3), compared to a 17±2% loss in RSG-fed mice
(n = 4). The degree of cell loss was generally lesser than for Ucp2KI

controls, which can be explained by the more advanced age of
these mice (3.8 months), which has been demonstrated to reduce
the effectiveness of RGC loss following bead injection (Cone et al.,
2010). Regardless, the result of this pilot study on the effects of
RSG ran contrary to our expectations and did not decrease RGC
death, and in fact appeared to non-significantly increase RGC
loss (Figures 7C,D).
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DISCUSSION

Mild levels of ROS are important signals of mitochondrial
damage (Frank et al., 2012) among other physiological signals
(Angelova and Abramov, 2016). When ROS production exceeds
the capacity for detoxification by antioxidants, they damage
cellular components in a variety of pathogenic conditions
(Elfawy and Das, 2019). More reduced electron transport
chain metabolites (NADH, coenzyme Q10) are better able
to form ROS. Inhibitors of electrons transport, such as the
Coenzyme Q10-cytochrome C Oxidoreductase (complex III)
inhibitor AA, increase the accumulation of reduced electron
carriers and consequently drive mitochondrial ROS production
(Quinlan et al., 2011). However, ROS production is partially
dependent on a high 9m (Korshunov et al., 1997; Miwa
et al., 2003), which can be depolarized by either an FCCP-
or Ucp2-mediated increase in proton conductance (Nègre-
Salvayre et al., 1997). These data were mainly gathered in
isolated mitochondria. Tissue mitochondrial quantity is too
small in the retina and optic nerve, and with our currently
available tools, we cannot determine endogenous RGC and
optic nerve head astrocyte-specific relations between ROS
and 9m, if such relations exist. However, given identical
bioenergetic circumstances most cellular mitochondria should
react similarly to agents that alter mitochondrial coupling
or electron transport. Similarly, our use of transgenic Ucp2
overexpression is not under the control of endogenous
regulatory factors, which are more likely to differ with cell
type and condition.

Given the similarity of mitochondrial respiratory chain
function across cell types, we used primary cortical astrocytes
to demonstrate the concepts that AA-stimulated increases in
ROS production that are attenuated by decreases in 9m
(Figure 1), and that Ucp2 decreases ROS production (Figure 2).
While these data lend support to the association between
mitochondrial 9m and ROS as well as the control of ROS
by Ucp2, the most important evidence for their effect on cell
and tissue physiology normally and during glaucoma must be
determined in vivo.

Mitochondria are damaged in both glaucomatous retinal
and optic nerve tissue (Coughlin et al., 2015) as well as in
systemic circulation of glaucoma patients (Van Bergen et al.,
2015). Mitochondria are a major source of ROS, so mitochondrial
dysfunction in glaucoma is a likely source of ROS in the same
tissues (Feilchenfeld et al., 2008; Chidlow et al., 2017). As with
cultured cells, partial dissipation of tissue mitochondrial 9m may
decrease the generation of ROS in glaucoma (Figure 6).

Ucp2 expression is in fact altered during different stages
of glaucoma, and appears to increase with increasing IOP
(Figure 3). In pilot samples, however, we note that longer
periods (30 days) following bead injection result in a depression
of Ucp2 expression to roughly 80% of contralateral controls
(data not shown). This is consistent with other studies of
Ucp2 expression following a damaging insult, wherein tissue
Ucp2 expression peaks 3–5 days after an insult (Rupprecht
et al., 2012; Dutra et al., 2018). It is likely that over time in
glaucoma, Ucp2 levels may fall, and this may be correlated

with RGC loss (Howell et al., 2011). If increased ganglion cell
Ucp2 expression reflects a physiological response to increased
ROS early in glaucoma, artificially increasing Ucp2 may increase
the ability of that stress response to increase cell survival.
We indeed found an increase in retinal Ucp2 expression
following microbead injection (Figure 5). The hypothesis that
Ucp2 improves cell survival following a cellular stressor is also
strongly supported by previous studies (Diano et al., 2003;
Mattiasson et al., 2003; Andrews et al., 2005; Barnstable et al.,
2016), but the novelty of our study is that in rodent models
of glaucoma, RGC death is progressive over time (Huang
et al., 2018), suggesting that Ucp2 is not exclusively protective
during acutely stressful conditions, but also during sub-acute
neurodegeneration, decreasing the accumulation of oxidative
damage (Figure 6) and bead-induced RGC loss.

Ucp2-mediated neuroprotection is dependent on cell type,
as we show that greater Ucp2 levels in Gfap-expressing
glia do not significantly alter RGC loss or oxidative stress-
derive protein carbonyls compared to controls (Figures 5, 6).
A larger sample size may benefit these studies and be
sufficient to demonstrate a glial-derived neuroprotective effect,
supported by a trend toward decreased oxidative stress
and RGC loss in Ucp2KI; GFAP-creERT2 mice, but overall
the data argue for much weaker if any Ucp2-mediated
neuroprotection from glial cells than from RGCs. This seems
to suggest that changes in mitochondrial dynamics within
Gfap-expressing glia of the retina may not be central for
the progression of glaucoma, which is unexpected given the
many changes they undergo over the course of the disease
(Woldemussie et al., 2004) and the protection they give to RGCs
(Kawasaki et al., 2000).

Rosiglitazone is a PPAR-γ-dependent transcriptional activator
of Ucp2 (Medvedev et al., 2001; Chen et al., 2006), and
increases retinal Ucp2 expression (Figure 7), but does not seem
to promote Ucp2 mediated neuroprotection in the microbead
model of glaucoma. PPAR-γ appears to be expressed with
high specificity in müller glia cells of the rodent retina (Zhu
et al., 2013), and while the failure of RSG to protect RGCs
was initially surprising, it likely increases the transcription
of glial Ucp2. Ucp2 overexpression in Gfap-expressing glia
failed to protect RGCs, so our experiments using RSG-fed
and Ucp2KI; GFAP-creERT2 mice largely support each other.
PPAR-γ agonism with pioglitazone is sufficient to decrease RGC
loss following optic nerve crush in rats (Zhu et al., 2013) or
retinal ischemia/reperfusion injury in mice (Zhang et al., 2017),
suggesting that glial Ucp2 expression may be protective against
more acute retinal insults. This protection may also result from
the increase in neural PPAR-γ following optic nerve crush (Zhu
et al., 2013), which would allow for agonist-stimulated Ucp2
mRNA expression that is likely subject to multiple endogenous
regulatory mechanisms (Donadelli et al., 2014), unlike the
Ucp2 derived from our transgenic mice (Toda et al., 2016).
Alternatively, PPAR-γ could theoretically promote multiple
counteracting effects that render transcriptional stimulation of
Ucp2 unimportant in glaucoma. For example, activation of
PPAR-γ promotes fatty acid oxidation (Benton et al., 2008),
increasing use of a bioenergetic substrate that may directly
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increase ROS generation (St-Pierre et al., 2002) and thus
mask a Ucp2-dependent anti-oxidative effect. Regardless, a
larger study of Ucp2 and PPAR-γ in retinal disease that
uses multiple models and agonists/antagonists may yield a
clearer picture that captures the cell type specific dynamics
of these factors, and changes during different paradigms
of retinal damage.

Overall, our data suggest that the greatest protection against
RGC loss can be provided by stimulating Ucp2 expression in
RGCs. Expression of this gene in other cell types may not be
harmful, but our results suggest that the choice of therapeutic
target should be dictated in part by cell type. The expression
and activity of this protein is also tightly regulated, so the future
studies on Ucp2-mediated neuroprotection should also focus on
the factors that manipulate Ucp2 transcription, translation, and
functional activity.
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Retinal ganglion cells (RGCs) are the only output neurons that conduct visual signals
from the eyes to the brain. RGC degeneration occurs in many retinal diseases leading
to blindness and increasing evidence suggests that RGCs are susceptible to various
injuries in a type-specific manner. Glutamate excitotoxicity is the pathological process by
which neurons are damaged and killed by excessive stimulation of glutamate receptors
and it plays a central role in the death of neurons in many CNS and retinal diseases. The
purpose of this study is to characterize the susceptibility of genetically identified RGC
types to the excitotoxicity induced by N-methyl-D-aspartate (NMDA). We show that the
susceptibility of different types of RGCs to NMDA excitotoxicity varies significantly, in
which the αRGCs are the most resistant type of RGCs to NMDA excitotoxicity while
the J-RGCs are the most sensitive cells to NMDA excitotoxicity. These results strongly
suggest that the differences in the genetic background of RGC types might provide
valuable insights for understanding the selective susceptibility of RGCs to pathological
insults and the development of a strategy to protect RGCs from death in disease
conditions. In addition, our results show that RGCs lose dendrites before death and the
sequence of the morphological and molecular events during RGC death suggests that
the initial insult of NMDA excitotoxicity might set off a cascade of events independent
of the primary insults. However, the kinetics of dendritic retraction in RGCs does not
directly correlate to the susceptibility of type-specific RGC death.

Keywords: glutamate excitotoxicity, retinal ganglion cell, susceptibility, cell type specific death, retinal diseases

INTRODUCTION

In mammals, retinal ganglion cells (RGCs) are the only output neurons that conduct visual signals
from the eyes to the brain and they are classified into at least 40 types using a combination of
morphological, functional and genetic features (Badea and Nathans, 2004; Völgyi et al., 2005; Kim
et al., 2008; Briggman and Euler, 2011; Briggman et al., 2011; Kay et al., 2011; Sanes and Masland,
2015; Baden et al., 2016; Rheaume et al., 2018). RGC degeneration occurs in many retinal diseases
leading to blindness. Increasing evidence suggests that RGCs are susceptible to various injuries in
a type-specific manner. For instance, in experimental models of ocular hypertension, OFF RGCs
exhibited higher rates of cell death compared to ON RGCs (Della Santina et al., 2013; El-Danaf
and Huberman, 2015; Ou et al., 2016), and mono-laminated ON RGCs were found to be more
susceptible to elevated IOP than bi-laminated ON-OFF cells (Feng et al., 2013). Similarly, in models

Frontiers in Neuroscience | www.frontiersin.org 1 March 2019 | Volume 13 | Article 21916

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.00219
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.00219
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.00219&domain=pdf&date_stamp=2019-03-15
https://www.frontiersin.org/articles/10.3389/fnins.2019.00219/full
http://loop.frontiersin.org/people/696679/overview
http://loop.frontiersin.org/people/510838/overview
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00219 March 13, 2019 Time: 18:14 # 2

Christensen et al. RGC Susceptibility to NMDA Toxicity

of optic nerve injury, OFF RGCs were found to be more
susceptible than ON RGCs, and ON sustained RGCs seem to
be more susceptible than ON transient RGCs (Puyang et al.,
2017). In addition, αRGCs seem to be the least susceptible RGC
type to optic nerve injury in one report (Duan et al., 2015)
but more susceptible RGC type in another report (Daniel et al.,
2018). Recent studies have suggested that different types of RGCs
could have unique gene expression patterns (Siegert et al., 2009;
Madisen et al., 2012; Sanes and Masland, 2015) and the same
genes expressed by RGCs could protect some type of RGCs but
facilitate the death of other types of RGCs (Norsworthy et al.,
2017). Thus, an understanding of the type-specific vulnerability
of RGCs based on their gene expression may provide insights into
the molecular mechanisms of neurodegeneration and suggest
novel treatment strategies.

Glutamate excitotoxicity is the pathological process by which
neurons are damaged and killed by excessive stimulation of
glutamate receptors, such as the N-methyl-D-aspartate (NMDA)
receptor, and it plays a central role in the death of neurons in
many CNS diseases (Camacho and Massieu, 2006; Hulsebosch
et al., 2009). Excessive stimulation of NMDA receptors can
cause excitotoxicity by allowing high levels of calcium ions
(Ca2+) to enter into cells (Manev et al., 1989). Ca2+ influx into
cells activates a number of enzymes, including phospholipases,
endonucleases, and proteases. These enzymes can damage cell
structures such as the cytoskeleton, cell membrane, and DNA
(Stavrovskaya and Kristal, 2005; Dutta and Trapp, 2011). In
addition, a calcium influx through NMDA receptors can cause
apoptosis through activation of a cAMP response element
binding (CREB) protein shut-off (Hardingham et al., 2002). In
the retina, NMDARs are expressed by all RGCs (Fletcher et al.,
2000; Zhang and Diamond, 2009) and NMDA excitotoxicity is
thought to cause RGC death in several retinal diseases (Kuehn
et al., 2005; Kwon et al., 2009; Almasieh et al., 2012; Tezel,
2013; Evangelho et al., 2017). However, to what extent NMDA
excitotoxicity causes the death of various types of RGCs has not
been systematically investigated. Accordingly, we characterized
the type-specific susceptibility of RGCs to NMDA excitotoxicity
using several transgenic mouse lines, which express green/yellow
fluorescent protein (GFP/YFP) in specific types of RGCs.

Our results show that the susceptibility of RGCs to NMDA
excitotoxicity varies significantly among different types of
RGCs. Among the RGCs studied, the J-RGCs have the highest
susceptibility and the αRGCs have the lowest susceptibility.
These results provide for the first time a direct comparison
of the susceptibility of genetically identified types of RGCs to
NMDA excitotoxicity.

MATERIALS AND METHODS

Animals
The transgenic mouse strains used in this study include
B6.Cg-Tg(Thy1-YFP)HJrs/J (Thy1-YFP), Tg(Thy1-EGFP)MJrs/J
(Thy1-GFP), B6.129(SJL)-Kcng4tm1.1(cre)Jrs/J (Kcng4Cre), FSTL4-
CreER (BD-CreER), JamB-CreER, TYW3, Thy1-STOP-loxP-
YFP (Thy1-Stop-YFP). The Thy1-YFP, Thy1-GFP, and Kcng4Cre

mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, United States) (Duan et al., 2015). BD-CreER, JamB-
CreER, TYW3, and Thy1-Stop-YFP mice were obtained from
Dr. Joshua Sanes’ laboratory at Harvard University (Kim et al.,
2008, 2010). All transgenic mice used in this study were on
C57BL/6 background and were backcrossed with C57BL/6J mice
for 4–5 generations in our lab. Then the BD-CreER, JamB-
CreER and Kcng4Cre mice were bred into the Thy1-Stop-YFP
mice to generate BD-CreER:Thy1-Stop-YFP (BD:YFP), JamB-
CreER:Thy1-Stop-YFP (JamB:YFP) and Kcng4Cre:Thy1-Stop-
YFP (Kcng4Cre:YFP) double transgenic mice. YFP was expressed
specifically in αRGCs without any additional treatment whereas
YFP was only expressed specifically in BD-RGCs or J-RGCs upon
intraperitoneal (IP) injection of Tamoxifen (150 µg) at the ages
of P5-15. All of these mice were viable and no significant defects
in general development or overall formation of eye or retina
were noticed. All animal procedures used in this study and care
were preformed following protocols approved by the IACUC of
the University of Utah and the IACUC of VA Salt Lake City
Health Care System in compliance with PHS guidelines and with
those prescribed by the Association for Research in Vision and
Ophthalmology (ARVO).

Intraocular Injection of NMDA
The glutamate receptor agonist, NMDA, was injected
intraocularly into the mice to induce in vivo glutamate
excitotoxicity. The procedure of intraocular injection has been
described previously (Xu et al., 2010). The actual dosage of
the injected NMDA varied in concentration from 0.375 to
6.25 mmol/L but with a constant volume of 2 µl solution,
which equivalent to 0.75–12.5 nmol of NMDA molecules. These
amounts of NMDA injected into each eye are similar to those
used in previous studies (Bai et al., 2013; Kimura et al., 2015;
Jiang et al., 2016; Zhao et al., 2016; Ishimaru et al., 2017; Wang
et al., 2018). The distribution of the solution inside the eyes
was confirmed by co-injecting NMDA with Alexa FluorTM

555 conjugated Cholera Toxin Subunit B (CTB, 0.2%, Thermo
Fisher Scientific, Eugene, OR, United States) and the retinas
were examined by imaging the distribution of the fluorescent
signaling (data not shown). To reduce the impact of the variation
of YFP expression in some of the transgenic mouse lines, we
injected 2 µl NMDA solution into one eye (left) and used the
non-injected contralateral eyes (right) as controls to calibrate
the cellular survival rate of each mouse. In preparation for
intraocular injection, the mice were anesthetized with Isoflurane
(1–5% Isoflurane mixed with room air delivered in a rate between
0.8 and 0.9 L/min) through a mouse gas anesthesia head holder
(David KOPF Instruments, Tujunga, CA, United States) and
local application of 0.5% proparacaine hydrochloride ophthalmic
solution on each eye. Glass micropipettes made from borosilicate
glass using a Brown-Flaming horizontal puller with fine tip
(about 10–15 µM diameter) were used for injection. The glass
needle was mounted on a Nano-injection system (Nanoject II,
Drummond Scientific Company, Broomall, PA, United States),
which could precisely control the amount of injected solution at
the nl level. The glass needle was aimed to penetrate the eyeball
near its equator under a dissection microscope and a total of 2 µl
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solution was slowly injected into each eye. After the injection, the
eyes were covered with 0.5% erythromycin ophthalmic ointment
and the mice were placed in a clean cage siting on a water blanket.
The temperature of the water blanket was set at 33◦C. Mice in
this cage were continuously monitored until they completely
recovered and then they were returned to their original cages.
The procedures for anesthesia and intraocular injection fit the
procedures approved by the IACUC of the University of Utah
and the IACUC of VA Salt Lake City Health Care System.

Primary Antibodies
Rabbit polyclonal antibody against green fluorescent protein
(GFP) conjugated with AlexaFluor 488 was purchased from
Molecular Probes (Eugene, OR, United States; Catalog No.
A21311). This antibody was raised against GFP isolated directly
from Aequorea victoria and has been previously characterized
by immunocytochemistry in granule cells (Overstreet-Wadiche
et al., 2006), olfactory sensory neurons (Lèvai and Strotmann,
2003), and hippocampal neurons that express GFP (Huang
et al., 2005). Anti-active Caspase-3 antibody (anti-CASP3)
was purchased from Abcam (Cambridge, MA, United States;
Catalog No. ab2302). This polyclonal antibody was raised
in rabbits against synthetic peptide corresponding to the
N-terminus adjacent to the cleavage site of human active
caspase-3 preferentially recognizes the p17 fragment of the active
Caspase-3 and has been characterized by immunocytochemistry
and Western blotting. Anti-RBPMS (RNA binding protein
with multiple splicing) antibody was purchased from
PhosphoSolutions (Aurora, CO, United States; Catalog #:
1832-RBPMS). This polyclonal antibody was raised in guinea
pigs against synthetic peptide corresponding to amino acid
residues from the N-terminal region of the rat RBPMS sequence
conjugated to KLH. This antibody has been characterized by
Western blotting and verified with immunocytochemistry on
mammalian retinas (Kwong et al., 2010; Rodriguez et al., 2014).
The secondary antibodies were purchased from Jackson Immune
Research Laboratories (West Grove, PA, United States).

Preparation of Retinal Whole-Mounts for
Antibody Staining
Retinal ganglion cells were imaged on whole mount retinal
preparation for cell counting and dendritic morphology. The
procedures for fluorescent immuno-labeling of YFP-expressing
retinal neurons on retinal whole-mounts and slide preparations
have been described previously in detail (Xu et al., 2010).
In brief, mice were euthanized with 100% CO2 followed by
cervical dislocation. Retinas were isolated and fixed in 4%
paraformaldehyde (PFA) in 0.01M phosphate-buffered saline
(PBS; pH 7.4) for 30 min at room temperature. Fixed retinas were
washed 10 min × 3 in 0.01M PBS and incubated in blocking
solution (10% normal donkey serum) at 4◦C for 2 h. Next,
retinas were incubated in a rabbit polyclonal anti-GFP antibody
conjugated with Alexa Fluor488 (1:500) for 7 days at 4◦C.

In one experiment, the total RGCs were labeled by a guinea pig
polyclonal anti-RBPMS antibody (1:500) and the YFP-expressing
RGCs were labeled by a rabbit anti-GFP antibody conjugated

with AlexaFluor 488. A Cyanine CyTM 3-conjugated donkey
anti-guinea pig (1:400, Jackson ImmunoResearch, West Grove,
PA, United States) secondary antibody was used overnight
at 4◦C to reveal anti-RBPMS antibody staining. In another
experiment, a rabbit polyclonal anti-Caspase 3 antibody (1:150)
was used to label YFP/GFP expressing RGCs actively undergoing
apoptosis. An Alexa 647-conjugated donkey anti-rabbit (1:300,
Jackson ImmunoResearch, West Grove, PA, United States)
secondary antibody was used overnight at 4◦C to reveal anti-
Caspase 3 antibody staining. In this experiment, YFP/GFP
signals in RGCs were not enhanced by anti-GFP antibody
but the YFP/GFP expressing RGCs were still identifiable with
confocal imaging. After the antibody incubation, the retinas
were washed 3 × 10 min, and flat mounted on Super-
Frost slides (Fisher Scientific, Pittsburgh, PA, United States)
with Vectashield mounting medium for fluorescence (Vector
Laboratories, Burlingame, CA, United States).

Confocal Laser Scanning Microscopy
and Image Sampling
Fluorescent images of fixed retinal tissue were collected with
a dual-channel Zeiss confocal microscope (Carl Zeiss AG,
Germany) with the C-Apochromat 40× 1.2WKorr water
immersion lens. Image stacks of YFP expressing RGCs in whole-
mount retinas were collected at intervals of 0.5 µm. Imaris
software (Bitplane, Inc., Concord, MA, United States) was used
to align multi-stacks of images together, quantify the number
and dendritic structure of RGCs, and adjust the intensity and
contrast of images.

For image sampling, we use two different strategies for
retinas with low or high densities of YFP-expressing RGCs
to avoid potential bias of data sampling when the persons
carrying out the histological analysis were not blinded to the
treatment. For Thy1-YFP, BD:YFP and JamB:YFP mice, the
YFP is expressed in a relatively low density of RGCs and
the expression level varies significantly among mice (from
several to several hundreds of YFP-expressing RGCs per retina)
but not significantly between left and right eyes (see results
in Figures 1B, 3B). Therefore, we imaged the whole retina
and counted every YFP-expression RGCs in the GCL layer
of these mice. The only case to exclude a mouse from data
analysis is when the total number of YFP-expressing RGCs
in the whole retina of the control eye is less than 10 to
avoid the results to be skewed by mice with extreme low
number of YFP-expressing RGCs. For TYW3 and Kcng4Cre:YFP
mice, which constitutively express YFP in all W3-RGCs and
αRGCs, the density of YFP+ RGCs is very high (several
thousands per retina) and the expression level does not very
significantly among mice or between left and right eyes (see
results in Figures 3F, 4A). We included every mouse assigned
to this study for data analysis without exclusion. For image
sampling, we scanned 4 squares (304 µm × 304 µm each) at
4 quarters of the retina 600 µm away from the center of optic
nerve head (see Figure 3E for details). The density of YFP-
expressing W3-RGCs and αRGCs of each retina was averaged
from the 4 squares.
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FIGURE 1 | YFP-expressing RGCs of Thy1-YFP mice. The density and dendritic structure of YFP-expressing RGCs of Thy1-YFP mice were quantified and
compared between left and right eyes. (A) Representative retina image of a Thy1-YFP mouse (A1) and a magnified view of the area in the dash-line box of (A1) to
show the morphology of YFP-positive RGCs (A2). (B) Comparison of the average densities of YFP-expressing RGCs of left and right eyes of the same mice [paired
t-test, p = 0.72, number of mice for each group (n) = 6]. The gray lines indicate six pairs of RGC density of left and right eyes. (C) Normalized RGC density of the
same six mice shown in (B). The RGC density of the left eye of each mouse is normalized to the right eye of the same mouse and the RGC density of right eyes is
“self-normalized.” The gray lines indicate six pairs of normalized RGC densities. (D) A representative image of a YFP-expressing RGC (D1), the overlay of the
dendrites and the tracing results (D2), the tracing result (D3), and the measurement of the dendritic field (DF) (D4). (E) Paired comparison (K–S test, p = 0.64) of the
cumulative distribution of the dendritic length of YFP-expressing RGCs of left and right eyes of the same six mice shown in (B). (F) Paired comparison (K–S test,
p = 0.167) of the cumulative distribution of the size of DF of YFP-expressing RGCs of the left and right eyes of the same six mice. n, the number of cells for each
group in (E,F).

Preparation of Retinal Whole-Mounts for
ex vivo Fluorescent Imaging
The time-lapse images of RGCs were taken from whole-mount
retina preparations as previously described (Xu et al., 2010).
Retinas of Thy1-YFP mice, BD:YFP mice and JamB:YFP mice
were used for ex vivo imaging of αRGCs, BD-RGCs and J-RGCs,
respectively. Retinas were isolated from Thy1-YFP, BD:YFP
and JamB:YFP mice in oxygenated extracellular solution that
contained (in mmol/L) NaCl 124, KCl 2.5, CaCl2 2, MgCl2
2, NaH2PO4, 1.25, NaHCO3 26, and glucose 22 (pH 7.35
with 95% O2 and 5% CO2), mounted on nitrocellulose filter
paper (Millipore Corp), placed in a recording chamber and
continuously perfused at 32◦C. Image stacks were taken using a
two-photon image system (Prairie Technologies, Inc., Middleton,
WI, United States) immediately before bath application of
NMDA. After 10 min of bath application of 200 nmol/L NMDA,
the retinas were continuously perfused with the oxygenated
extracellular solution and the cells were imaged every 1 h for 7 h.

The dendritic density of imaged cells is measured using a Sholl
analysis (Xu et al., 2010) and the dendritic density after NMDA
application was normalized to pre-NMDA application (0 h).

Statistical Analysis
Data are all presented as mean ± SE in the text and figures.
Student t-tests are used to examine the difference between two
means, K–S test is used to examine the difference between two
cumulative distributions.

RESULTS

RGCs Lose Dendrites Before They Die
Due to NMDA Excitotoxicity
Thy1-YFP mice have been used extensively for studying RGC
morphology, physiology, development and degeneration. One
potential advantage is that YFP is expressed in about 12
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morphological types of RGCs in this mouse (Xu et al., 2010). To
determine whether this mouse could serve as a model to study
type specific RGC death in retinal diseases, we quantified the
number and dendritic structure of YFP-expressing RGCs with
the approach we previously used in our study (Xu et al., 2010).
Figure 1A shows a representative image of a flat-mount retina
of a Thy1-YFP mouse and a magnified area of the retina. The
number and dendritic structure of the YFP-expressing RGCs are
readily quantifiable using confocal imaging. Figure 1B shows the
densities of YFP-expressing RGCs of left and right eyes of 6 Thy1-
YFP mice. Although a paired t-test showed that the difference
between the densities of YFP-expressing RGCs of left and right
eyes is statistically insignificant (paired t-test, p = 0.72), it seems
that the density of YFP-expressing RGCs varies significantly
among these mice. To determine the variation of the densities
of YFP-expressing RGCs of the left and right eyes of the same
mouse, we normalized the density of YFP-expressing RGCs of
the left eye to that of the right eye of the same mouse. Figure 1C
shows the normalized densities of YFP-expressing RGCs of left
and right eyes of 6 Thy1-YFP mice. We then quantified the
dendritic length and the size of dendritic field (DF) of YFP-
expressing RGCs (Figure 1D) and found that the distributions
of dendritic length and the size of DF of left and right eyes are not
statistically different (Figures 1E,F, K–S tests, p = 0.64 and 0.167,
respectively). Therefore, the number and dendritic properties of
YFP-expressing RGCs of the left and right eyes are comparable.

Next, we tested whether the Thy1-YFP mice could be
used to determine type-specific RGC death under disease
conditions. Accordingly, we injected NMDA solution into the
left eyes of Thy1-YFP mice and use the non-injected right eyes
as controls, quantified the number of YFP-expressing RGCs
and their dendritic properties, and compared the results of
NMDA treated left eyes to that of non-injected right eyes.
Figure 2A shows representative images of Thy1-YFP retinas
without NMDA injection while Figure 2B shows a retina
1 day after NMDA injection. It is evident that many YFP-
expressing RGCs died 1 day after NMDA injection and that
a significant number of the surviving YFP-expressing RGCs
lost dendrites (Figures 2B2,H3). Quantitatively, the densities
of YFP-expressing RGCs are reduced to 48.1 ± 3.4% (paired
t-text, p < 0.001) and 31.6 ± 2.1% (paired t-text, p < 0.0001)
in retinas with intraocular injection of 2 µL 3.125 mmol/L
(6.25 nmol) or 6.25 mmol/L (12.5 nmol) NMDA as compared to
the non-injected right eyes (Figures 2C1,C2), respectively. More
than 60% of the surviving YFP-expressing RGCs completely lost
their dendrites with intraocular injection of 2 µL 6.25 mmol/L
(12.5 nmol) NMDA (Figures 2D,E, K–S test, p < 0.0001).
In addition, among the surviving YFP-expressing RGCs with
dendrites, the total dendritic length and the size of DF are
significantly reduced (Figures 2F,G, K–S test, p < 0.0001
or = 0.008, respectively). These results demonstrate that RGCs
lose dendrites before death, which is consistent with previous
reports that RGCs significantly lose or re-organize their dendrites
under various disease conditions (Kuehn et al., 2005), such as
glaucoma (Weber et al., 1998; Shou et al., 2003; Morgan et al.,
2006; Williams et al., 2013) and optic nerve crush (ONC) (Leung
et al., 2008; Weber et al., 2008).

To further test this idea, we injected NMDA into eyes of Thy1-
GFP mice, in which most, if not all, RGCs are GFP-expressing,
and labeled NMDA-treated retinas using an anti-CASP3 antibody
to identify cells undergoing apoptosis (Pi et al., 2018). The results
show that some GFP-positive cells are also CASP3-positive 3 h
after NMDA injection (Figure 2H), indicating that RGCs actively
undergoing apoptosis are still GFP positive, while no CASP3-
positive RGCs are found in non-injected eyes (data not shown).
We also labeled NMDA-treated retinas of Thy1-YFP mice, in
which only a small fraction of RGCs are YFP-expressing, with
the anti-CASP3 antibody and found that many YFP-expressing
RGCs with no dendrites are still CASP3-negative (Figure 2H3).
These results further demonstrate that the damaged RGCs lose
all dendrites before the beginning of apoptosis. Because the YFP
expressed by RGCs are cytosol protein and can fill the fine
remnants of dendrites of the injured RGCs (Figure 2H3, white
arrow in the insert) as well as soma and axon, the changes
in YFP-positive dendrites are likely to reflect the changes of
dendritic morphology of the RGCs but not the expression level
of YFP in responding to NMDA excitotoxicity. Since RGCs lose
dendrites prior to death, the Thy1-YFP mice appear to be an
unreliable model for studying type-specific RGC death based on
dendritic morphology.

Furthermore, to determine whether the death of YFP-
expressing RGCs of Thy1-YFP mice could represent the death
of total RGCs induced by NMDA excitotoxicity, we compared
the survival rate of YFP-expressing RGCs and total RGCs labeled
by anti-RBPMS antibody (Figures 2I1,I2) of Thy1-YFP mice
treated by intraocular injection of 2 µl 3.125 mmol/L (6.25 nmol)
NMDA into the left eyes with non-injected right eyes. Our results
show that the survival rate of YFP-expressing RGCs (50%) is
significantly higher than that of anti-RBPMS antibody labeled
RGCs (34.2%) (Figure 2I3, paired t-test, p = 0.002), which is
within the range of the results of several previous studies (Bai
et al., 2013; Kimura et al., 2015; Jiang et al., 2016; Zhao et al., 2016;
Ishimaru et al., 2017; Wang et al., 2018). These results suggest that
the susceptibility of YFP-expressing RGCs in this mouse line is
lower than the susceptibility of total RGCs. Therefore, Thy1-YFP
mice seem to be an unreliable model for studying overall RGC
death. Accordingly, we further employed four RGC type-specific
transgenic mouse lines to study type-specific RGC death due to
NMDA excitotoxicity.

The Dose-Response Relationship of
NMDA Excitotoxicity Induced RGC Death
We first quantified cell death as a function of NMDA
concentrations using two transgenic mouse lines, in which YFP
is expressed by the BD-RGCs or W3-RGCs (Kim et al., 2010).
BD:YFP mice express YFP in BD-RGCs and a small fraction of
amacrine cells located in INL (Kim et al., 2010) but not displaced
amacrine cells in the ganglion cell layer (GCL) (data not shown).
In this study, we only included the YFP-expressing cells in the
GCL. Figure 3A shows a representative image of a BD:YFP retina
(A1) and a magnified area to show the dendritic morphology
of the BD-RGCs (A2). Similar to Thy1-YFP mice, the density
of YFP-expressing BD-RGCs varies significantly among mice.
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FIGURE 2 | Retinal ganglion cell death in NMDA excitotoxicity of mice. The density and dendritic structure of YFP-expressing RGCs of Thy1-YFP mice with and
without NMDA injections were quantified and compared. (A) Representative image of a flat mount retina of a Thy1-YFP mouse without NMDA injections (A1) and a
magnified view of the area in the dash-line box of panel A1 to show the morphology of YFP-positive RGCs (A2). Red arrowheads indicate survival RGCs and white
arrowheads indicate remaining axonal segment of RGCs without soma and dendrites. (B) Representative image of a flat mount retina of a Thy1-YFP mouse with
NMDA injections (B1) and a magnified view of the area in the dash-line box of (B1) to show death of YFP-positive RGCs (B2). Red arrowheads indicate survival
RGCs and white arrowheads indicate remaining axonal segment of RGCs without soma and dendrites. (C) Comparison of the normalized density of YFP-expressing
RGCs that survived 24 h after 2 µl of 3.125 mmol/L (6.25 nmol, C1, paired t-test, p < 0.001) or 6.25 mmol/L (12.5 nmol, C2, paired t-test, p < 0.0001) NMDA
injection to the contralateral control eyes. The numbers in the columns indicate the number of eyes tested. The cell density of the left eye of each mouse is
normalized to the right eye of the same mouse. The gray lines indicate six pairs of normalized RGC densities. (D) Comparison of the cumulative distributions of the
dendritic length of all YFP-expressing RGCs (with and without identifiable dendrites) that survived 24 h after 6.25 mmol/L (12.5 nmol) NMDA injection (left eyes) with
the non-injected right eyes of the same mice (5 mice; n = number of RGCs for each group) (K–S test, p < 0.0001). Because the non-injected eyes have higher
density of YFP-expressing RGCs with intact dendritic tree and they overlap more frequently, the number of RGCs can be traced are fewer than that NMDA injected
eyes. (E) Comparison of the cumulative distributions of the size of the DF of the same two groups of YFP-expressing RGCs as shown in (D) (K–S test, p < 0.0001).
(F) Comparison of the cumulative distributions of the dendritic length of the YFP-expressing RGCs with identifiable dendrites after 6.25 mmol/L (12.5 nmol) NMDA
injection with the non-injected right eyes of the same mice (the same 5 mice as for data presented in (D); n = number of RGCs for each group, K–S test,
p < 0.0001). (G) Comparison of the cumulative distributions of the size of the DF of the same two groups of YFP-expressing RGCs as shown in (F) (K–S test,
p = 0.008). (H) (H1,H2) show magnified views of the retinas of Thy1-GFP mice, in which most RGCs are GFP-expressing, treated with NMDA in vivo for 3 (H1) and
6 (H2) hours. The retinas are labeled with anti-GFP (green) and anti-CASP3 (red) antibodies showing some GFP-positive cells are also CASP3-positive. H3 shows a
magnified view of the retina of a Thy1-YFP mouse, in which only a small fraction of RGCs are YFP-expressing, treated with NMDA in vivo for 6 h and labeled with
anti-GFP (green) and anti-CASP3 (red) antibodies. Many YFP-expressing RGCs with no dendrites are still CASP3-negative. Inserts show the enlargement of the cells
indicated by the arrows/dash-line box. Insert of H3 shows two RGCs and one of them completely lost all dendrites but another one has one short dendritic branch
remaining (white arrowhead). (I) Magnified views of flat mount retinas of Thy1-YFP mice with (I2) and without (I1) 3.125 mmol/L (6.25 nmol) NMDA injection. The
total RGCs were labeled by anti-RBPMS antibody and compared with YFP-expressing RGCs in the same retina (YFP labeling images not shown). Survival rates of
total RGCs and YFP-expressing RGCs 24 h after NMDA injection were derived by normalizing the total RGCs and YFP-expressing RGCs of NMDA injected left eyes
to the non-injected right eyes of the same mice and compared using a paired t-test (I3, n, number of mice, p = 0.002). ∗∗ indicate 0.05 > p > 0.001.

However, the densities of YFP-expressing BD-RGCs of the left
and right eyes of the same mice are very similar (Figure 3B).
A paired t-test showed that the difference between the densities of
YFP-expressing BD-RGCs of left and right eyes of BD:YFP mice
is statistically insignificant. Therefore, we treated the left eye with
NMDA and compared the cell density with the non-injected right
eye of each mouse.

BD-RGCs seem to be very sensitive to NMDA excitotoxicity.
Figure 3C shows a representative image of a BD:YFP retina
24 h after intraocular injection of 2 µL 0.75 mmol/L (1.5 nmol)
NMDA. Clearly, some BD-RGCs completely lose their dendrites
and somas but retain axonal remnants 24 h after NMDA injection
(C2, white arrows) while a significant fraction of BD-RGCs still
retain their dendrites (red arrows). We quantified the survival

rates of BD-RGCs to four different NMDA concentrations
and found that the density of BD-RGCs was reduced to
39.5 ± 4.3% at 2 µL 0.375 mmol/L (0.75 nmol) to 0% at 2 µL
6.25 mmol/L (12.5 nmol) as compared to the non-injected right
eyes (Figure 3D). The differences between the RGC densities in
all four NMDA treated groups and their respective non-injected
controls are statistically significant (paired t-test).

Similarly, we quantified the densities of W3-RGCs treated
with the same four NMDA concentrations and compared with
their respective non-injected controls. In TYW3 mice, YFP is
expressed in the W3-RGCs constitutively with a very high density
and, therefore, the number of YFP-expressing W3-RGCs does
not vary significantly among mice or between the left and right
eyes (Figures 3E,F, paired t-test, p = 0.466). Because YFP is also
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FIGURE 3 | The dose-response relationship of BD-RGCs and W3-RGCs to NMDA excitotoxicity. The density of YFP-expressing RGCs in BD:YFP and TYW3 mice
with NMDA injection into left eyes at various concentrations were quantified, normalized to the non-injected right eyes and presented as a function of the
concentrations of NMDA injected. (A) A representative image of a BD:YFP mouse retina without NMDA injection (A1) and a magnified view of the dash-line box of
(A1) to show the morphology of BD-RGCs (A2). (B) Comparison of the density of YFP-expressing BD-RGCs of untreated right and left eyes [number of mice (n) = 6,
paired t-test, p = 0.373]. (C) A representative image of a BD:YFP mouse retina 24 h after 2 µl 0.75 mmol/L (1.5 nmol) NMDA injection (C1) and a magnified view of
the dash-line box of (C1) to show the survival BD-RGCs with dendrites (red arrows) and axonal remnants of dead RGCs (white arrows) (C2). (D) The survival rates of
BD-RGCs treated with four different concentrations of NMDA. The survival rate of each NMDA treated left eye was normalized to the non-injected right eye of the
same mouse. The average survival rate of eyes treated by each concentration of NMDA was compared to the untreated contralateral eyes of the same group of mice
using paired t-test (n, number of mice). (E) A representative image of a flat-mount TYW3 mouse retina without NMDA injection (E1, only showing YFP staining but
not anti-RBPMS staining). For RGC counting, we imaged 4 squares (304 µm × 304 µm each) at 4 quarters of the retina 600 µm away from the center of optic nerve
head (dash-line boxes). (E2) Shows a magnified view of the dash-line box on the right side of (E1) to show the anti-RBPMS staining of all RGCs (red) and
YFP-expressing W3 RGCs (green). (F) Comparison of the density of YFP-expressing W3-RGCs of untreated left and right eyes of TYW3 mice [number of mice
(n) = 6, paired t-test, p = 0.466]. (G) Magnified views of TYW3 mouse retinas with (G2) and without (G1) 6.25 mmol/L (12.5 nmol) NMDA injection. (H) The survival
rates of W3-RGCs treated with four different concentrations of NMDA. The survival rate of each NMDA treated left eye was normalized to the non-injected right eye
of the same mouse. The number in each column of (B,F) and the number on top of each column of (D,H) indicate the number of eyes of each group. In (D,H),
∗∗ indicates 0.05 > p > 0.001.

expressed in a very small fraction of amacrine cells located in
the INL but not displaced amacrine cells in the GCL in these
mice (data not shown), we only included the YFP-expressing cells
in the GCL. W3-RGCs were also found to be very sensitive to
NMDA excitotoxicity (Figure 3G). The density of W3-RGCs was
reduced to 55.8 ± 4.3% at 0.375 mmol/L (0.75 nmol) and to
3.5± 0.1% at 6.25 mmol/L (12.5 nmol) NMDA in comparison to
the non-injected right eyes (Figure 3H). The differences between
the RGC densities in all four NMDA treated groups and their
respective non-injected controls are statistically significant.

αRGCs Are Relatively Resistant to NMDA
Excitotoxicity
αRGCs have been reported to be relatively resistant to ONC
(Duan et al., 2015). We investigated whether they are also
more resistant to NMDA excitotoxicity than BD-RGCs and W3-
RGCs. Similar to TYW3 mice, the number of YFP-expressing
αRGCs in Kcng4Cre:YFP mice is highly consistency both between
mice and between the left and right eyes (Figure 4A). In
addition to αRGCs, YFP is also expressed in some bipolar cells
in Kcng4Cre:YFP mice (Duan et al., 2015). In our study, we
only included the YFP-expressing cells in the GCL. Clearly,
αRGCs seem to be more resistant to NMDA excitotoxicity
than BD-RGCs and W3-RGCs. Many αRGCs were still visible
from Kcng4Cre:YFP retina 1 day after 2 µL 6.25 mmol/L
(12.5 nmol) NMDA injection (Figure 4B). Quantitatively,
intraocular injection of 2 µL 3.125 mmol/L (6.25 nmol) or
6.25 mmol/L (12.5 nmol) NMDA reduced the density of αRGCs

to 47.4 ± 1.8% and 29.1 ± 3.9% of the non-injected right eyes,
respectively (Figures 4C,D). The differences between the NMDA
injected eyes and the non-injected eyes are statistically significant
in both NMDA concentrations (paired t-test, p < 0.001).

J-RGCs Are Highly Sensitive to NMDA
Excitotoxicity
Finally, we examined the susceptibility of J-RGC to NMDA
excitotoxicity using JamB:YFP mice. JamB:YFP mice express YFP
in two types of J-RGCs with distinctive dendritic morphology,
one with an asymmetric DF and another with a more symmetric
DF (Kim et al., 2008, 2010). In addition, YFP is also expressed
in some amacrine cells located in the INL but not displaced
amacrine cells in the GCL (data not shown). In this study, we
only count the YFP-expressing cells in the GCL, which includes
both types of J-RGCs, but not YFP-expressing cells in the INL.
Figure 4E shows a representative image of a JamB:YFP retina
(E1) and a magnified view to show the dendritic morphology of
the two types J-RGCs. J-RGCs seem to be extremely sensitive to
NMDA excitotoxicity. Figure 4F shows a representative image
of a JamB:YFP retina 1 day after intraocular injection of 2 µL
0.75 mmol/L (1.5 nmol) NMDA. In this JamB:YFP retina,
the vast majority of J-RGCs lost their dendrites and somas
and only retained their axonal processes 1 day after NMDA
injection (Figure 4F2, indicated by white arrows). Quantitatively,
intraocular injection of 2 µL 0.75 mmol/L (1.5 nmol) or
3.125 mmol/L (6.25 nmol) NMDA reduced the densities of
J-RGCs to 9.3 ± 0.7% and 2.1 ± 1.2% in comparison with
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FIGURE 4 | αRGC and J-RGC death in NMDA excitotoxicity. The density YFP-expressing αRGCs and J-RGCs with NMDA injection into left eyes were quantified
and normalized to that of non-injected right eyes. (A) A magnified view of a Kcng4Cre:YFP mouse retina without NMDA injection to show YFP-expressing αRGCs.
(B) A magnified view of a Kcng4Cre:YFP mouse retina 24 h after 2 µl 6.25 mmol/L (12.5 nmol) NMDA injection to show the death of αRGCs. (C) The normalized
survival rates of αRGCs treated with 2 µl 3.125 mmol/L (6.26 nmol) NMDA injection and control eyes. (D) The survival rates of αRGCs treated with 6.25 mmol/L
(12.5 nmol) NMDA injection and control eyes. (E) A representative image of a flat-mount JamB:YFP mouse retina without NMDA injection (E1) and a magnified view
of the dash-line box of (E1) to show the morphology of J-RGCs (E2), in which the J-RGCs with a more symmetric DF are indicated by white arrow-heads and the
J-RGCs with an asymmetric DF are indicated by red arrow-heads. (F) A representative image of a flat-mount retina of a JamB:YFP mouse 24 h after 0.75 mmol/L
(1.5 nmol) NMDA injection (F1) and a magnified view of the dash-line box of panel F1 to show the death of J-RGCs (F2), in which survival J-RGCs with dendrites are
indicated by red arrows and axonal remnants of dead RGCs are indicated by white arrows. (G) The normalized survival rates of J-RGCs treated with 2 µl
0.75 mmol/L (1.5 nmol) NMDA injection and control eyes. (H) The survival rates of J-RGCs treated with 2 µl 3.125 mmol/L (6.25 nmol) NMDA injection and control
eyes. The numbers in each column of (C,D,G,H) indicate the number of eyes of each group.

the non-injected right eyes, respectively (Figures 4G,H). The
differences between the NMDA injected eyes and the non-
injected eyes are highly significant with these two NMDA
concentrations (paired t-test, p < 0.001).

The Susceptibility of RGCs to NMDA
Excitotoxicity Is Type-Specific
Overall, we examined the susceptibility of four groups of
RGCs to NMDA excitotoxicity and the results showed a
clear type-specific pattern of RGC death. Of the tested four
groups of RGCs, αRGCs seem to be the most resistant
RGCs to NMDA excitotoxicity, while J-RGCs are the most

sensitive cells to NMDA excitotoxicity (Figures 5A,B). The
survival rates of these four groups of RGCs varied from
47.4 ± 1.8% (αRGCs) to 9.3 ± 0.7% (J-RGCs) in response to
2 µL 3.125 mmol/L (6.25 nmol) NMDA. When the results
are compared to the collective responses of 12 morphological
types of RGCs from the Thy1-YFP mice, the survival rate
of αRGCs is very close to that of 12 morphological types
of YFP-positive RGCs of Thy1-YFP mice (Figure 5A).
Paired tests show that the differences in RGC survival rates
between the four groups of NMDA treated RGCs to their
non-injected contralateral eyes are statistically significant
(paired t-tests).
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FIGURE 5 | RGC type-specific susceptibility to NMDA excitotoxicity. The survival rates of YFP-expressing RGCs in Thy1-YFP mice, Kcng4Cre:YFP mice, TYW3 mice,
BD:YFP and JamB:YFP mice 24 h after intraocular injection of 2 µl 3.125 mmol/L (6.25 nmol) NMDA (A) or 2 µl 0.75 mmol/L (1.5 nmol) NMDA (B) were compared
to the contralateral control eyes. The number in each column indicates the number of eyes of the group. ∗∗∗ indicates 0.001 > p.

The Kinetics of Dendritic Retraction of
RGCs in NMDA Excitotoxicity
It has been postulated that RGCs lose synaptic connections and
dendritic processes before death in glaucoma and ONC models
(Weber et al., 1998; Shou et al., 2003; Kuehn et al., 2005; Morgan
et al., 2006; Leung et al., 2008; Weber et al., 2008; Liu et al.,
2011; Della Santina et al., 2013; Feng et al., 2013; Ou et al.,
2016). To test whether the extent of RGC dendritic retraction is
correlated to the death rate of RGCs in a type-specific manner,
we examined the kinetics of dendritic retraction of αRGCs, BD-
RGCs and J-RGCs in response to NMDA excitotoxicity using
time lapse imaging on an ex vivo retinal preparation (Xu et al.,
2010). αRGCs can be easily recognized based on their dendritic
pattern in Thy1-YFP mice (Xu et al., 2010). BD-RGCs and
J-RGCs are recognized in BD:YFP and JamB:YFP retinas based
on their YFP signaling and dendritic pattern (Figure 6A). Our
results showed that J-RGCs lost 67% of their dendrites 1 h after
200 nmol/L NMDA application and completely lost all dendrites
2 h after NMDA application for 10 min (Figure 6B). The αRGCs,
on the other hand, only lost 38% of their dendrites 1 h after
NMDA application for 10 min but still lost all dendrites 7 h
after NMDA application. Most noticeably, BD-RGCs lost 36% of
their dendrites 1 h after NMDA application for 10 min but still
maintained 18% of their dendrites 7 h after NMDA application
(Figure 6B). Taken together with the results shown in Figure 5,
these results demonstrate that the kinetics of dendritic retraction
of RGCs does not correlate to the susceptibility of RGC death due
to NMDA excitotoxicity.

DISCUSSION

Our results show that the susceptibility of different types
of genetically identified RGCs to NMDA excitotoxicity varies
significantly. The αRGCs are the most resistant RGCs to
NMDA excitotoxicity while the J-RGCs are the most sensitive
RGCs to NMDA excitotoxicity. These results strongly suggest
that the differences in the genetic background of RGC types
might provide valuable insights for the understanding of the
selective vulnerability of RGCs to pathological insults and could

FIGURE 6 | The kinetics of dendritic retraction of RGCs induced by NMDA
excitotoxicity. The kinetics of dendritic retraction of αRGCs in Thy1-YFP
retinas, BD-RGCs in BD:YFP retinas, and J-RGCs in JamB:YFP retinas were
quantified using time lapse imaging on an ex vivo retinal preparation.
(A) Images of an αRGC of a Thy1-YFP retina before (A1), 10 min (A2) and
120 min (A3) after 10 min of 200 nmol/L NMDA perfusion. (B) Average
dendritic density of αRGCs, BD-RGCs and J-RGCs as a function of time after
bath application of 10 min of 200 nmol/L NMDA. Dendritic density was
measured using a Sholl analysis (Xu et al., 2010) and was normalized to
pre-NMDA application (0 h). The numbers of “n” indicate the number of cells
analyzed for each type of RGCs.

assist in the development of strategies for protecting RGCs
under disease conditions. In addition, the sequence of the
morphological and molecular events during RGC death suggests
that the initial insult of NMDA excitotoxicity might set off
a cascade of events that is subsequently independent of the
primary insults.

Classification of RGC Types
Morphologically, RGCs are classified into about 20 types
(Badea and Nathans, 2004; Völgyi et al., 2005; Kim et al., 2008;

Frontiers in Neuroscience | www.frontiersin.org 9 March 2019 | Volume 13 | Article 21924

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00219 March 13, 2019 Time: 18:14 # 10

Christensen et al. RGC Susceptibility to NMDA Toxicity

Kay et al., 2011), which is closely correlated to the function
of RGCs (Cleland et al., 1975). For instance, based on RGC
dendritic ramification in the IPL, RGCs are functionally
divided into ON, OFF and ON-OFF types. Recent advances
in optical imaging methods have provided an efficient way
to record RGC light responses for functional classification
of RGCs (Briggman and Euler, 2011; Briggman et al.,
2011; Baden et al., 2016). More recently, RGCs have been
classified into at least 40 types by combining morphological,
functional and genetic features (Sanes and Masland, 2015;
Rheaume et al., 2018).

This study includes four groups of RGCs with unique
structural, functional and genetic features. The BD-RGCs are a
type of ON-OFF direction-selective RGCs (DS-RGCs). In mouse
retinas, there are four types of ON-OFF DS-RGCs, tuned to
motion in ventral, dorsal, nasal, and temporal. BD-RGCs are
sensitive to ventral motion (Kim et al., 2010; Trenholm et al.,
2011). W3-RGCs are the smallest in size and the most numerous
RGCs (Kim et al., 2010). There are at least two types of W3-
RGCs: W3B, which are motion sensitive, and W3D, which
remain physiologically uncharacterized (Zhang et al., 2012; Kim
and Kerschensteiner, 2017). There are at least three types of
αRGCs in mouse retinas (Pang et al., 2003; Estevez et al., 2012).
Kcng4Cre:YFP mice express YFP in all three types of αRGCs,
and some subsets of bipolar cells (Duan et al., 2015). There
are three types of JamB expressing RGCs in mouse retina,
which differ in dendritic tree morphology (Kim et al., 2008,
2010; Sanes and Masland, 2015). The JamB:YFP mice express
YFP in two types of JamB expressing RGCs (J-RGCs). One
type of J-RGCs orients its dendrites toward ventrally to form a
polarized DF and is sensitive to directional movement, color-
opponent responses, and orientation selective response (Kim
et al., 2008, 2010; Joesch and Meister, 2016; Nath and Schwartz,
2017). The second type of J-RGCs has a symmetric DF and
the function of them is not well characterized (Kim et al.,
2008). In addition, YFP is expressed in about 12 morphological
types of RGCs in the Thy1-YFP mice (Xu et al., 2010).
Altogether, these transgenic mice provide a total of 8 RGC types
individually or in small groups, including 1 DS-RGCs, 2 W3-
RGCs, 3 αRGCs, 2 J-RGCs, and a mouse strain for a group of
12 types of RGCs.

NMDA Excitotoxicity in Retinal Diseases
Glutamate excitotoxicity is thought to play a critical role in
RGC death in many retinal diseases, such as glaucoma, diabetic
retinopathy, optic nerve injury and retinal ischemia (Kuehn
et al., 2005; Kwon et al., 2009; Tezel, 2013). Glaucoma is a
chronic optic neuropathy characterized by progressive RGC
axon degeneration and cell death. One proposed mechanism
for glaucomatous damage describes increased pressure in the
eye leading to glutamate-induced excitotoxicity. Consistently,
elevated IOP increases the expression of NMDARs in DBA/2J
mice (Dong et al., 2013) and the numbers of NMDAR
positive RGCs are reduced parallel to the loss of RGC in a
chronic elevated IOP model (Luo et al., 2009). In addition,
a NMDA antagonist, memantine, significantly reduces RGC
loss and the expression of NMDARs (WoldeMussie et al.,

2002; Sánchez-López et al., 2018), suggesting that NMDARs
are involved in the RGC death in glaucoma. Furthermore,
elevated IOP activates NMDARs, which triggers mitochondria-
mediated apoptosis through releasing of optic atrophy 1
(OPA1) (Ju et al., 2008). Blockade of glutamate receptor
inhibits OPA1 release, increases Bcl-2 expression, decreases Bax
expression, and block apoptosis in glaucomatous mouse retina
(Ju et al., 2009).

There is an emerging body of evidence that suggests
neurodegeneration is a key initial process in the development
of diabetic retinopathy (DR) and RGC injury occurs prior
to microvascular damage via multiple potential mechanisms
including overstimulation of the NMDAR (Smith, 2002;
Barber, 2003; Araszkiewicz and Zozulinska-Ziolkiewicz,
2016). For instance, there is an elevated aqueous/vitreous
glutamate level in DR animal models and DR patients (Ambati
et al., 1997; Kowluru et al., 2001). The immunoreactivities
of NR1 and GluR2/3 are upregulated in RGCs of both
patients with diabetes and experimental DR animals (Ng
et al., 2004; Santiago et al., 2008). In addition, blocking of
NMDAR protects RGCs against neurodegeneration in DR rats
(Kusari et al., 2007).

In ONC models, the NMDA antagonists, memantine and MK-
801, protect RGCs from death (Yoles et al., 1997; WoldeMussie
et al., 2002). In addition, the AMPA-KA antagonist, DNQX,
also protects RGCs after ONC (Schuettauf et al., 2000).
Furthermore, MK-801 and other NMDAR antagonists also
prevent RGC death by retinal ischemia, reduces the expression
of the pro-degeneration gene Bad and significantly increases
the pro-survival activity of the PI3K/Akt pathway in the retina
(Russo et al., 2008). Therefore, NMDA excitotoxicity seems to
participate in RGC death induced by both optic nerve injury and
retinal ischemia.

RGC Type-Specific Susceptibility to
Retinal Diseases
The type-specific susceptibility of RGCs has been proposed as
a factor in several retinal diseases. It has been proposed that
the susceptibility of RGCs to glutamate excitotoxicity depends
on soma size and retinal eccentricity. Larger RGCs at peripheral
retina are more sensitive to kainate excitotoxicity while smaller
RGCs at central retina are more sensitive to NMDA excitotoxicity
(Vorwerk et al., 1999). In addition, intrinsically photosensitive
melanopsin-expressing RGCs (ipRGCs) are also resistant to
NMDA excitotoxicity (DeParis et al., 2012; Wang et al., 2018).
In animal models of glaucoma, RGCs with large somata or big
axon are more vulnerable to elevated IOP (Quigley et al., 1988;
Glovinsky et al., 1991). Functionally, OFF RGCs appear to be
more vulnerable to elevated IOP by reducing the strength of
light responses and decreasing the size of the OFF receptive
field (Della Santina and Ou, 2017; Sabharwal et al., 2017). OFF
RGCs also exhibited higher rates of cell death and a more rapid
decline in both structural and functional organizations compared
to ON RGCs (Della Santina et al., 2013; El-Danaf and Huberman,
2015; Ou et al., 2016), but ON RGCs were more susceptible to
elevated IOP than ON-OFF RGCs (Feng et al., 2013). In addition,
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the transient OFF αRGCs exhibited higher rate of cell death,
while neither sustained OFF αRGCs nor sustained ON αRGCs
have reduced synaptic activity due to elevated IOP (Ou et al.,
2016). Similar to models with elevated IOP, OFF RGCs were
more susceptible than ON RGCs to ONC, and ON sustained
RGCs seem to be more susceptible than ON transient RGCs to
ONC (Puyang et al., 2017). Among αRGCs, ipRGCs, DSRGCs
and W3-RGCs, αRGCs seem to be the least susceptible type
to ONC (Duan et al., 2015). These results are consistent with
our observation in this study and support the notion that
glutamate excitotoxicity could play critical roles in RGC death of
optic nerve injury.

Inconsistent with some previous reports, our results do
not provide a clear correlation between RGC morphology
and susceptibility to NMDA excitotoxicity. Among the 4
groups of genetically identified RGCs tested in this study,
their susceptibility to NMDA excitotoxicity seems not directly
correlate to the size of their soma and DF. This is evident that
both BD-RGCs and J-RGCs have much higher susceptibility to
NMDA excitotoxicity than αRGCs, which are known to have
the biggest size of soma and DF, and W3-RGCs, which are
the RGCs with the smallest size of soma and DF (Kim et al.,
2010). This is opposite to the observations by several previous
studies (Quigley et al., 1988; Glovinsky et al., 1991; Vorwerk
et al., 1999). It was also reported that OFF RGCs appear to
be more vulnerable to elevated IOP and ONC than ON RGCs
(Della Santina et al., 2013; El-Danaf and Huberman, 2015; Ou
et al., 2016; Della Santina and Ou, 2017; Puyang et al., 2017;
Sabharwal et al., 2017), while ON RGCs are more susceptible to
elevated IOP than ON-OFF RGCs (Feng et al., 2013). However,
the ON and OFF inputs seem not play a critical role in NMDA-
induced RGC death to BD-RGCs, which are ON-OFF RGCs
(Kim et al., 2010; Trenholm et al., 2011), and J-RGCs, which are
OFF-RGCs (Kim et al., 2008, 2010; Joesch and Meister, 2016;
Nath and Schwartz, 2017).

An important question is what the underlying reasons
contribute to these inconsistent observations. At least two
important factors might play significant roles to this RGC
type-specific susceptibility: the way how the RGC types are
determined and the types of pathological insults. RGCs have
been classified into types based on morphological, functional
and genetic properties (Cleland et al., 1975; Badea and
Nathans, 2004; Völgyi et al., 2005; Kim et al., 2008; Briggman
and Euler, 2011; Briggman et al., 2011; Kay et al., 2011;
Sanes and Masland, 2015; Baden et al., 2016; Rheaume
et al., 2018). Most previous studies of RGC type-specific
susceptibility are based on morphological and functional
classification (Quigley et al., 1988; Glovinsky et al., 1991;
Vorwerk et al., 1999; Della Santina et al., 2013; Feng
et al., 2013; El-Danaf and Huberman, 2015; Ou et al., 2016;
Della Santina and Ou, 2017; Puyang et al., 2017; Sabharwal
et al., 2017). Because these morphologically and functionally
classified RGC types are likely to have heterogeneous gene
expression profiles and, if the gene expression profiles of RGCs
contribute to the type-specific susceptibility, how the RGCs
are grouped into types could have significant influence on the
observed susceptibility.

Although very few studies have directly compared the
susceptibility of the same type of RGCs to different pathological
insults, it is plausible to assume that the underlying molecular
mechanisms of RGC death induced by different pathological
insults might be different due to the nature of insults, such as
NMDA excitotoxicity elevates intracellular calcium while ONC
reduces axonal transportation. Therefore, the susceptibility of
the same type of RGCs might vary significantly to different
types of pathological insults. Consistent with this idea, our
unpublished data of an ongoing study demonstrate that the
susceptibility of the four types RGCs tested in this study varies
dramatically with types of injuries. In responding to ONC,
BD-RGCs have the lowest susceptibility while W3-RGCs have
the highest susceptibility, which is opposite to the ranking of
susceptibility to NMDA excitotoxicity. Therefore, we propose
that the susceptibility of different types of RGCs is likely
to be determined by an interaction between the pathological
insults and cell intrinsic response mechanisms. Different types
of injuries might trigger different intrinsic response mechanisms
in different types of RGCs, which might have different efficacy
in activation of the cell death processes in different types
of RGCs. If this is a general rule for type-specific RGC
death in retinal diseases, it may not be reliable to predict
the pattern of RGC death in one disease based on patterns
of other diseases.

The Sequence of RGC Degeneration
Retinal ganglion cells lose synapses prior to a reduction in
synaptic activity, leading to dendritic shrinkage and eventually
cell death in glaucoma models of primates, cats, rats and
human patients and animal models of ONC (Weber et al.,
1998; Shou et al., 2003; Kuehn et al., 2005; Morgan et al.,
2006; Leung et al., 2008; Weber et al., 2008; Liu et al., 2011;
Della Santina et al., 2013; Feng et al., 2013; Ou et al., 2016).
Carefully studying the sequence of structural, functional and
molecular changes of injured RGCs could provide critical insights
into the underlying mechanisms of RGC death and shed light
on potential treatments aimed at reversing or slowing RGC
degeneration. The present study demonstrates that many RGCs
that lost all of their dendrites remained CASP3-negative while
hardly any RGCs expressed CASP3 before completely losing their
dendrites. The sequence of these morphological and molecular
events suggests that the initial insult of NMDA excitotoxicity
might only induce the loss of RGC dendrites through altering
of the synaptic activity. Because this sequence of events seems
to be consistent across several different experimental disease
models, the initial insult in retinal diseases may set off a
cascade of events that is subsequently independent of the
primary insults. Regardless the underlying mechanisms, the
kinetics of dendritic retraction of RGCs does not directly
correlate to the susceptibility of type-specific RGC death. Because
RGCs lose dendrites prior to cell death, using the dendritic
morphology, the ramification patterns of RGC dendrites or
patterns of light responses of RGCs to identify types of the
cells under disease conditions might be misleading. The use of
genetic markers provides a more reliable approach to identify
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the types of RGC under disease conditions. Therefore, our results
provide valuable insights into the type-specific susceptibility of
RGCs to NMDA excitotoxicity.
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The underlying pathomechanisms for glaucoma, one of the most common causes of
blindness worldwide, are still not identified. In addition to increased intraocular pressure
(IOP), oxidative stress, excitotoxicity, and immunological processes seem to play a role.
Several pharmacological or molecular/genetic methods are currently investigated as
treatment options for this disease. Altered autoantibody levels were detected in serum,
aqueous humor, and tissue sections of glaucoma patients. To further analyze the role of
the immune system, an IOP-independent, experimental autoimmune glaucoma (EAG)
animal model was developed. In this model, immunization with ocular antigens leads to
antibody depositions, misdirected T-cells, retinal ganglion cell death and degeneration
of the optic nerve, similar to glaucomatous degeneration in patients. Moreover,
an activation of the complement system and microglia alterations were identified in
the EAG as well as in ocular hypertension models. The inhibition of these factors
can alleviate degeneration in glaucoma models with and without high IOP. Currently,
several neuroprotective approaches are tested in distinct models. It is necessary to
have systems that cover underlying pathomechanisms, but also allow for the screening
of new drugs. In vitro models are commonly used, including single cell lines, mixed-
cultures, and even organoids. In ex vivo organ cultures, pathomechanisms as well as
therapeutics can be investigated in the whole retina. Furthermore, animal models reveal
insights in the in vivo situation. With all these models, several possible new drugs and
therapy strategies were tested in the last years. For example, hypothermia treatment,
neurotrophic factors or the blockage of excitotoxity. However, further studies are
required to reveal the pressure independent pathomechanisms behind glaucoma. There
is still an open issue whether immune mechanisms directly or indirectly trigger cell death
pathways. Hence, it might be an imbalance between protective and destructive immune
mechanisms. Moreover, identified therapy options have to be evaluated in more detail,
since deeper insights could lead to better treatment options for glaucoma patients.

Keywords: glaucoma, complement system, autoantibody, organ culture, porcine, neuroprotection

Abbreviations: CoCl2, cobalt-chloride; EAG, experimental autoimmune glaucoma animal; H2O2, hydrogen peroxide; HSP,
heat shock protein; IL, interleukin; IOP, intraocular pressure; L, long; M, middle; MASP1 and 2, the mannose-associated-
serine-proteases 1 and 2; MAC, membrane attack complex; MBL, mannose binding lectin; NFκB, nucleus factor-kappa-light-
chain enhancer of activated B cells; NTG, normal-tension glaucoma; OHT, ocular hypertension; ONA, optic nerve antigen
homogenate; POAG, primary open-angle glaucoma; RGC, retinal ganglion cells; RPE, retinal pigment epithelium; S, short.
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INTRODUCTION

Glaucoma is a multifactorial and neurodegenerative disease,
which is characterized by a chronic loss of retinal ganglion
cells (RGCs) and their axons (Casson et al., 2012; EGS, 2017).
Patients suffer from irreversible visual field loss, which ultimately
leads to blindness (Stevens et al., 2013). As a result, glaucoma
is one of the most common causes of blindness worldwide,
affecting approximately 79.6 million people by 2020 (Quigley
and Broman, 2006; EGS, 2017). As society ages, there will be
an additional increase in severe visual impairment and blindness
and by the year 2030 nearly 13% of these patients will be affected
by glaucoma (Finger et al., 2011; Lang, 2014).

Glaucoma can be differentiated into several types, which
makes diagnosis difficult. Hence, in most western countries
around 50% of patients with manifest glaucoma are unaware of
their disease (Tielsch et al., 1991; Mitchell et al., 1996; Grodum
et al., 2002; Quigley and Jampel, 2003; EGS, 2017). Additionally,
in most cases, glaucoma is diagnosed too late (Martus et al., 2005),
since it might be clinically not detectable until 20–40% of RGCs
are lost, resulting in a potential 10 year delay in diagnosis (Zeyen,
1999; Kerrigan-Baumrind et al., 2000). In general, glaucoma can
be subdivided into primary and secondary forms. The latter
usually occurs as a result of an already existing (eye) disease or
as an undesirable side effect of drugs, after a medical procedure,
as well as after traumatic injury. The most common form of
primary glaucoma is the primary open-angle glaucoma (POAG).
POAG is generally characterized by a clinical triad of elevated
intraocular pressure (IOP), the appearance of optic atrophy, and
a progressive loss of peripheral visual sensitivity in the early
stages of the disease, which may ultimately progress and then
impair visual acuity (Quigley, 1993). But in about 30% of all cases,
glaucomatous damage is developed IOP-independently (Sommer
et al., 1991). This form is known as normal-tension glaucoma
(NTG). It is a controversial issue if the separation of POAG
and NTG is artificial and both diseases trace back to the same
pathogenic mechanisms.

The underlying pathomechanisms for glaucoma are still not
fully identified. High IOP remains the main risk factor. In
addition, age, myopia, gender, and ethnicity seem to play an
important role in the development of glaucoma (Coleman and
Miglior, 2008; Chen et al., 2012; McMonnies, 2017). For example,
people of African descent are more likely to develop POAG
than Caucasians, and Asians are particularly prone to NTG
(McMonnies, 2017). Although the exact pathomechanisms of
glaucoma are still unclear, several possible factors that likely
contribute to the onset of glaucoma are discussed. In addition
to mechanical processes, circulatory disorders, excitotoxicity, and
immunological reactions are also considered contribute to the
pathogenesis of glaucoma (Joachim et al., 2005; Casson, 2006;
Tezel et al., 2010; Evangelho et al., 2019). Moreover, hypoxic
processes as well as oxidative stress are involved in the early
disease progression (Zanon-Moreno et al., 2008; Greco et al.,
2016).

Currently, an elevated IOP is considered the main risk factor
and can be treated medically or surgically. Therefore, IOP
lowering is the main treatment option and known to slow down

or even stop progressive vision loss in patients (Vass et al.,
2007). Although the IOP in NTG is not significantly increased,
lowering pressure is the common therapy. For every glaucoma
patient, an individual desired IOP is determined, depending
on individual disease factors. Unfortunately, in many cases,
despite medical or surgical IOP lowering therapy, optic nerve
and RGC degeneration as well as visual field loss continue on
a long-term basis (Chang and Goldberg, 2012; Pascale et al.,
2012). Thus, it would be tremendously beneficial to develop
treatment options that protect RGCs and preserve visual function
through mechanisms other than IOP reduction. In the last years,
researchers have searched for pharmacological or molecular
genetic methods to protect retinal neurons or nerve fibers and
thus prevent cell death. The list of neuroprotective substances
studied so far is long. Unfortunately, a big breakthrough has
not yet been achieved. Recent research approaches, however, give
hope and point to new and promising therapeutic strategies.

IMMUNE RESPONSE IN GLAUCOMA
PATIENTS

In recent years, possible pathogenic factors, such as oxidative
stress (Tezel et al., 2010; Tezel, 2011), ischemic events (Almasieh
et al., 2012; Schmid et al., 2014), or increased glutamate levels
(Dreyer et al., 1996; Neufeld et al., 1997; Kuehn et al., 2017b), were
implicated to contribute to glaucoma. Furthermore, a possible
involvement of the immune system moved more and more into
the focus (Tezel and Wax, 2004; Grus et al., 2008; Wax, 2011). In
patients with POAG as well as with NTG, changes in the antibody
profile were found in serum and aqueous humor (Grus et al.,
2004; Joachim et al., 2007; Boehm et al., 2012). One of the first
antibodies identified was against heat shock protein (HSP) 60 and
small HSPs (Wax et al., 1994). Further studies revealed complex
altered antibody responses in patients. Some of these antibodies
were upregulated, such as HSP27 (Tezel et al., 1998), HSP70
(Joachim et al., 2007), γ-enolase (Maruyama et al., 2000), α-fodrin
(Grus et al., 2006), or myelin basic protein (Joachim et al., 2008).
Further analysis of the increased antibody titers showed that the
direct administration of small HSPs to retinal tissue or cells can
induce cell death through apoptotic mechanisms. Thus, increased
titers of circulating antibodies HSPs, like HSP27, may appear
pathogenic in some patients (Tezel et al., 1998). However, a
downregulation of antibodies, like GFAP, vimentin, β-crystallin,
or 14-3-3 was also detected (Joachim et al., 2007, 2008; Bell et al.,
2015). Since some autoantibodies have neuroprotective potential
on neuronal cells, the reduction of GFAP and 14-3-3 appears
to be an indication of the loss of naturally occurring protective
autoimmunity (Bell et al., 2013). Similar antibody changes were
noted in other neurodegenerative diseases, such as Alzheimer’s
disease and multiple sclerosis (Krumbholz et al., 2012; Liao
et al., 2013). Patients with Alzheimer’s disease for example
exhibited a reduced level of their protective autoantibodies
against amyloid-β (Dodel et al., 2011) whereas patients with
multiple sclerosis showed an upregulation of demyelinating
autoantibodies (Elliott et al., 2012).
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Furthermore, depositions of IgG antibodies were found
in the retinae of glaucomatous eyes (Wax et al., 1998;
Gramlich et al., 2013). Antibodies are usually able to activate the
complement system, a part of the innate immune response.
This could also be the case in glaucoma. Here, elevated
complement proteins, such as C3 or lectin pathway associated
proteins, were noted in the sera and retinae of POAG patients
(Boehm et al., 2010; Tezel et al., 2010). Also, evidences showed
altered macroglia reactions as well as contributions of activated
microglia cells (Yuan and Neufeld, 2001; Wang et al., 2002).
Recently, Chen et al. reported that an IOP elevation can induce
infiltration of autoreactive T-cells into the retina, which cause
neurodegeneration by cross-reacting with HSP-expressing RGCs.
Furthermore, they noted that both POAG and NTG patients also
have an increase of HSP27- and HSP60-specific T-cells, indicating
that these findings are likely to be of relevance for glaucoma
patients (Chen et al., 2018).

FINDINGS FROM GLAUCOMA ANIMAL
MODELS

Immune Response in Glaucoma Models
In order to analyze the altered immune response found in human
glaucoma patients more precisely, an experimental autoimmune
glaucoma (EAG) model was developed (Wax et al., 2008).
This model should help to shed light on the question if the
immune system alterations are cause or consequence of the
disease. Glaucomatous-like damage in this model is induced
by immunization with ocular antigens without altering IOP.
The immunization with antigens, like HSP27, HSP60, or S100B
protein lead to RGC loss and optic nerve degeneration after
28 days (Wax et al., 2008; Casola et al., 2015; Noristani et al., 2016;
Reinehr et al., 2018a). Also, immunization with an optic nerve
antigen homogenate (ONA) provoked glaucoma-like damage in
the animals (Laspas et al., 2011; Noristani et al., 2016). However,
prior to the loss of RGCs in this model, it was possible to
detect antibody deposits in the retina, similar to those seen
in tissue from glaucoma patients (Joachim et al., 2012). IgM
deposits were already detected after 7 days, while IgG deposits
could be detected in the ganglion cell layer of immunized
animals after 14 days. These deposits were often co-localized
with apoptotic RGCs (Joachim et al., 2014). In an intermittent
ocular hypertension (OHT) animal model, IgG autoantibody
deposits and microglia activation were also notable. Furthermore,
elevated serum autoantibody immunoreactivities were detected,
for example against glutathione-S-transferase and transferrin
(Gramlich et al., 2016).

The findings of the antibodies raised the question, how they
are contributing to glaucomatous cell death. It is possible that
antibodies activate certain pathways, like the complement system.
It is known that IgGs are able to initiate the complement cascade
(Sontheimer et al., 2005; Ehrnthaller et al., 2011). In the EAG
model, an activation of the complement system was noted via
the lectin pathway in the retina and the optic nerve at the early
stage of the disease, already 2 weeks after the immunization.
The number of RGCs was still unchanged at this time (Reinehr

et al., 2016a). Interestingly, in addition to the upregulation of
complement factors, an increased number and activation of
microglial cells could be observed in the EAG model at this early
stage (Noristani et al., 2016).

Activation of the Complement System
The complement system is part of the innate immune response
and consists of a large number of different plasma proteins
that interact to opsonize pathogens and to induce a series of
inflammatory responses. It is also a bridge between the innate and
the adaptive immunity. The proteins are mostly synthesized in
the liver and exist in the plasma or on cell surfaces as inactive
precursors, called zymogens (Nesargikar et al., 2012). The
activation is initiated through a triggered enzyme cascade. A key
site for the activation processes is the pathogen surface and there
are three distinct pathways leading to complement activation, the
classical, the lectin, and the alternative pathway (Figure 1). The
classical pathway plays a role in both innate and adaptive immune
response. The first component, C1q, can bind either to antibodies
complexed with antigens or to naturally produced antibodies.
The lectin pathway can be induced through the mannose binding
lectin (MBL). It binds specifically to sugar residues, which are
present on many pathogen surfaces. MBL forms a complex
with the mannose-associated-serine-proteases 1 and 2 (MASP1-
and 2), which then activate the further complement cascade. The
third pathway, the alternative one, is activated spontaneously via
hydrolysis of C3 into C3b (Murphy and Walport, 2008). Finally,
the membrane attack complex (MAC) is formed. MAC has a
hydrophobic external face and a hydrophilic internal channel.
The disruption of the lipid bilayer leads to the loss of cellular
homeostasis, which results in the lysis of the target cell (Fosbrink
et al., 2005; Murphy and Walport, 2008).

As already described in glaucoma patients, also in animal
models a dysregulation of the complement system seems to be
involved in disease development. Significantly more complement
depositions were described in various OHT studies. For example,
C3 and MAC depositions were found in rat retinae 14 and
28 days after OHT induction (Kuehn et al., 2006). Increased C3
and MAC levels were also observed 6 weeks after IOP elevation
through laser treatment (Jha et al., 2011). In addition, even a
moderate increased IOP, of about 19%, leads to an enhancement
of the complement factors C3 and MAC in the retinae of
rats (Becker et al., 2015). To investigate the contribution of
the complement system in glaucoma independent from IOP,
studies on the EAG model were carried out. It is known that
a loss of RGCs is observable 28 days, but not 14 days after
immunization with ONA (Laspas et al., 2011; Noristani et al.,
2016; Reinehr et al., 2016b). Hence, the question arises whether
an activation of the complement cascade is detectable even before
cell death. Significantly more C3 depositions were noted in
retinae and optic nerves of ONA immunized animals after 7 days.
Furthermore, the terminal pathway of the complement system,
MAC, was also activated at these points in time. Due to previous
findings of IgG antibodies in human (Gramlich et al., 2013) and
animal glaucomatous eyes (Joachim et al., 2014), activation of
the complement cascade via C1q seemed likely. Interestingly,
this was not the case. In human glaucoma as well as in OHT
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FIGURE 1 | The complement system can be activated via three different pathways. The classical pathway is initiated by antibody complexes binding to C1q. The
mannose binding lectin (MBL) and the mannose-associated-serine-proteases (MASPs) bind to specific carbohydrate structures leading to the activation via the lectin
pathway. The alternative pathway is spontaneously activated through the cleavage of C3 to C3b. All three pathways lead to the generation of C3 convertases that
cleaves the C3 protein into C3a and C3b. C3b acts in the opsonization of target cells and additionally form the C5 convertase, which cleaves C5 to C5a and C5b.
C5a and C3a act as anaphylatoxins. At the end, the interaction of C5b with C6, C7, C8, and C9 lead to the formation of C5b-9, the membrane attack complex
(MAC). MAC is the terminal pathway, which can cause lysis of the target cells due to a formation of a pore.

models, on the other hand, elevated C1q levels were identified
(Kuehn et al., 2006; Stasi et al., 2006; Howell et al., 2011). Also,
an inhibition of C1q seems to be protective against dendritic
and synaptic degeneration (Williams et al., 2016). In previous
studies using the EAG model, depositions of IgG were noted
at 14 days, but not at 8 days after immunization (Joachim
et al., 2014). Hence, it is possible that C1q is expressed at
later points in time in this model. Interestingly, a simultaneous
activation of components of the lectin pathway in retinae and
optic nerves was observed. The lectin pathway cannot only be
initiated through mannose residues on pathogen surfaces, but
also through apoptotic and necrotic cells (Ogden et al., 2001;
Nauta et al., 2003; Stuart et al., 2005). It is also known that
hypoxia induces restructuring of the endothelial cell surface,
resulting in an activation of the complement system via the lectin
pathway (Collard et al., 1999). As stated above, in glaucoma
human donor eyes, proteomic analysis revealed an upregulation
of proteins linked to the lectin pathway, such as MASP1 and
MASP2 (Tezel et al., 2010). It is known that MASP2 cleaves C4
and C2 to form the C3 convertase. MASP1 alone is insufficient
to activate the lectin pathway, but the activation of both
MASPs ultimately initiates the complement cascade (Matsushita

et al., 2000; Takahashi et al., 2008). After immunization with
the glia protein S100B, an activation of the lectin pathway
occurred. Here, MBL was upregulated in the S100B retinae
after 3 days, and after 7 and 14 days in optic nerves as well
(Reinehr et al., 2018b).

Role of Microglia in Glaucoma Models
The observations of complement proteins in glaucomatous
retinae and optic nerves raise the question how these components
could enter the eye. Although the blood-retina-barrier is not
impenetrable, most proteins cannot invade the eye. Therefore,
local synthesis by resident cells in the retina is necessary. It seems
likely that glia cells are the source of complement components.
Microglia are the resident immune cells in the central nervous
system and therefore also in the retina (Kettenmann et al., 2011;
Karlstetter et al., 2015). In the retina, they are mainly located
in the ganglion cell layer or in the inner plexiform layer. In the
optic nerve, activated microglia are first localized in the optic
nerve head (Bosco et al., 2011). Microglia are linked to many
neurodegenerative diseases, such as multiple sclerosis (Ajami
et al., 2011), Alzheimer’s disease (Fuhrmann et al., 2010), and
Parkinson’s disease (Ouchi et al., 2005). Activated microglia are
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also a hallmark in retinal diseases, including diabetic retinopathy
(Zeng et al., 2008) or uveitis (Rao et al., 2003; Kerr et al., 2008).
When neurons are damaged, microglia respond by adopting
an activated phenotype (Kreutzberg, 1995; Graeber and Streit,
2010; Ramirez et al., 2017). Additionally, they can change the
expression of different enzymes, receptors, cytokines, and growth
factors (Rojas et al., 2014). In the EAG model, a significantly
higher number of microglia was seen in the retina after 14 and 28
days when immunizating with different ocular antigens (Casola
et al., 2016; Noristani et al., 2016). But not only the number of
these cells was increased. In addition, more activated cells were
observed in these animals, especially 14 days after immunization.
However, no alterations could be detected anymore at 28 days
(Noristani et al., 2016). These results are in accordance with
OHT studies, where a microglia activation was noted prior to
RGC loss (Ebneter et al., 2010; Bosco et al., 2011). In a laser
induced OHT model, a non-proliferative microglia activation was
detected already after 24 h (de Hoz et al., 2018). Also, after an
intravitreal application of S100B, an increase in the microglia
cell number was accompanied with a loss of RGCs after 14 days
(Kuehn et al., 2018).

It is known that the transcription factor nucleus factor-kappa-
light-chain enhancer of activated B cells (NFκB) controls the
migration of microglia to the site of injury due to expression of
β-integrin CD11a. In rats, which were systemically immunized
with S100B, an increase of NFκB could be observed in retinae
after 7 and 14 days. Furthermore, enhanced levels of the pro-
inflammatory cytokine IL-1β were observed in aqueous humor
of S100B animals at day 7 (Reinehr et al., 2018b). Yoneda
et al. noted that IL-1β plays an important role in mediating
ischemic and excitotoxic damage in glaucomatous retina (Yoneda
et al., 2001). Several studies claim that IL-1β is secreted by
microglia after photo-oxidative damage (Hu et al., 2015; Jiao
et al., 2015; Natoli et al., 2017), in neovascular age-related macular
degeneration (Lavalette et al., 2011), in retinitis pigmentosa
(Zhao et al., 2015), and after retinal detachment (Kataoka et al.,
2015). Besides microglia/macrophages, also NFκB was reported
to induce transcription of the IL-1β gene (Cogswell et al., 1994).

The Immune System as Therapeutic
Target in Glaucoma
Several findings demonstrate a contribution of the immune
system in glaucoma pathogenesis. Since lowering the IOP is
the common treatment approach for glaucoma to date, new
therapeutic solutions are needed. As noted, previous studies
in glaucoma models discuss the role of the complement
system for glaucoma pathology. Therefore, the inhibition of
it could be a potential therapeutic target. In an OHT model,
it could demonstrate that the cobra venom factor (CVF)
depleted the complement system and led to a reduced loss
of RGCs due to inhibition of intrinsic and extrinsic apoptotic
pathways. Furthermore, the treatment with CVF resulted in a
diminution of MAC depositions (Jha et al., 2011). Additionally,
C5 deficient glaucomatous DBA/2J mice exhibited reduced
neurodegeneration in comparison to C5-sufficient animals.
Inhibition of complement activation was accompanied by

reduced MAC deposition and RGC loss (Howell et al., 2013).
Recently, Bosco et al. published a retinal gene therapy approach,
where they injected the C3 inhibitor CR2-Crry intravitreally in
DBA2/J mice. They revealed a reduction of C3d in RGCs and
the inner retinal layers leading to a preservation of RGC somata
and axons (Bosco et al., 2018). These results demonstrate the
possibility of a complement inhibition for glaucoma treatment.

In terms of microglial inhibition, several studies investigated
how minocycline effects microglia in glaucoma models. This
semi-synthetic tetracycline can cross the brain-blood-barrier,
respectively, the retina-blood-barrier. In neurodegenerative
conditions accompanied with neuroinflammation, such
as multiple sclerosis or Parkinson’s disease, remarkable
neuroprotective effects were noted (Kim and Suh, 2009;
Russo et al., 2016). In a study, where rats received an
intravitreal injection of S100B and were additionally treated
with minocycline, loss of RGCs was diminished and a
preservation of the optic nerve structure was demonstrated
(Kuehn et al., 2018). In OHT models it has been observed
that after treatment with either minocycline or a high dose of
irradiation, microglia activation was significantly reduced and
hence less RGC death was noted (Levkovitch-Verbin et al., 2006;
Bosco et al., 2008; Bosco et al., 2012). Minocycline not only
prevented the increase of Iba1+ microglia, but also decreased the
GFAP+ area and preserved the anterograde transport after OHT
(Bordone et al., 2017).

All these promising results underline a contribution of the
immune system in glaucoma disease. Nevertheless, more studies
are needed to bring these aspects from bench to bedside.

DIFFERENT MODELS FOR SCREENING
OF NEUROPROTECTIVE AGENTS

In the following section, we will discuss and elaborate different
existing models that are suitable to investigate neuroprotective
agents. To this end, this section deals with the pros and contras
of different in vitro cell lines, primary cells, co-culture systems,
as well as organoids. Also, different in vivo animal models will
be discussed. In addition, an alternative model, namely explanted
and cultured retinas of different animals, like pigs and cows, will
be introduced (Figure 2).

Findings From in vitro Cell Culture
Studies
Since the underlying molecular pathomechanisms occurring in
glaucoma are not fully understood yet, standard therapeutic
interventions deal with the deceleration of disease progression
and target the main risk factor, namely the elevated IOP.
The most common medical therapy for glaucoma are IOP
lowering eye drops, which include prostaglandin analogs, beta-
blockers, diuretics, cholinergic agonists, and alpha agonists
(Narayanaswamy et al., 2007; Conlon et al., 2017). The
mechanism of action of those classes of eye drops are different.
The most commonly used classes are prostaglandin analogs. An
increase of the aqueous humor outflow results in a decreased IOP
(Gaton et al., 2001). Since the medical therapy does not always
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FIGURE 2 | Various mechanisms can influence a loss of retinal ganglion cells.
To identify novel neuroprotective treatments for glaucoma, different
experimental setups are currently used. In vitro analyses reveal the function of
new therapeutics on single cells, mixed cultures, or organoids. Ex vivo
experiments can provide insights into the whole retina, e.g., in cultured
porcine/bovine retina. In vivo investigations in animals have the advantage to
provide a closer look at local and systemic mechanisms and possible side
effects.

reduce the IOP sufficiently, other therapy options such as laser
treatments and surgical interventions are performed to lower
IOP. Laser treatments aim to reduce the IOP in a less invasive
manner than e.g., trabeculectomy or drainage implants (Latina
et al., 1998; Conlon et al., 2017).

For the evaluation of novel therapies, it is inevitable to have
models that on the one hand cover underlying pathomechanisms
and on the other hand allow the screening of new therapeutic
approaches. Monoclonal in vivo cultured cells or cell-lines are,
in general, commonly used models for research of several
pathomechanisms involved in eye diseases. There are many cell-
lines obtained from retinal tissue, like retinal pigment epithelium
cells (Liu et al., 2016), retinal microvascular endothelial cells
(Xie et al., 2017) and retinal cone photoreceptor cells (Sanchez-
Bretano et al., 2017). For example, with the help of the human
retinal pigment epithelial cell line ARPE-19, it has recently
been shown that baicalin, a flavonoid extract from Scutellaria
baicalensis, protects against high glucose-induced cell injury such
as it occurs in diabetic retinopathy (Dai et al., 2019). Also,
cobalt-chloride (CoCl2) damaged ARPE-19-cells were protected
by betulinic acid, a pentacyclic triterpenoid with anti-oxidative
effects (Cheng et al., 2019). On the other hand, several studies
investigate the protective, therapeutic effect of RNA-modulation
on degenerative RGCs (Nickells et al., 2017; Yu et al., 2019).

Due to the structure of the retina, which consists of different
cell-enriched layers and layers with synaptic connections,
homeostasis and interactions of retinal cells are crucial for
its integrity and visual signal transduction (Hoon et al.,
2014; Grossniklaus et al., 2015). Cell-lines as well as primary
monoclonal cultured cells, consisting of only one retinal cell
type, are not able to mimic the in vivo situation of the
retina at all. Furthermore, cell-lines are immortalized which on
the one hand simplifies the handling but on the other hand
requires manipulated/modified DNA. Modifications of DNA can
often be accompanied by further unintended gene alterations.
A very prominent example for a cell-line with undefined DNA
modifications are RGC-5 cells. RGC-5 cells have been used for

researches on RGCs and were introduced as a cell-line derived
from rat RGCs (Krishnamoorthy et al., 2001). The expression
of RGC-characteristic proteins like Brn-3a or Thy1 was given,
but over time many concerns of several laboratories raised,
since it was noted that the cells seem to be of murine origin
and expressions of several not-RGC-characteristic proteins were
observed (Wood et al., 2010; Sippl and Tamm, 2014). The
ambiguity of the RGC-5 cell-line as well as the fact that the visual
system benefits from the interaction of several retinal cell types,
indicates that this cell-line is possibly not the best model for
glaucoma research.

Besides, there are several available in vitro models of primary
mixed cultures of retinal tissue. Li et al. (2015) established a
co-culture system of Sprague-Dawley rat retinas together with
microglia and Müller cells to evaluate the effect of interactions
between microglia and Müller cells on the photoreceptor cell
survival. Another model used for investigations on retina are
retinal organoids. In those models the goal of research is more
the improvement of co-culture systems to investigate retina-
RPE dynamics during retinal development. A study by Akhtar
et al. (2019) noted that the co-culture of different staged murine
RPE cells accelerated photoreceptor differentiation of retinal
organoids derived from human-induced pluripotent stem cells.
Newly developed mouse multipotent retinal stem cell-derived
RGCs, which expresses characteristic RGC-genes, are a suitable
model to investigate RGC-aimed gene delivery systems for
neuroprotective agents, such as non-viral neurotrophic factor
gene therapy (Chen et al., 2019).

Treatment Screening in in vivo Models
Most frequently used models for research in general, as well
as for ophthalmic research, including glaucoma, are animal
models. The first form of retinal degeneration inherited in
a mouse model was reported around 90 years ago (Keeler,
1924). Since then, the usage of mouse models for retinal
degeneration by genetic modifications increased (Dalke and
Graw, 2005; Baehr and Frederick, 2009). Genetics in vertebrates
are highly correlated. Especially retinal structure and function
of rodents are very similar to those of human: the neuronal
cells of the retina and the cell body as well as the synapse
distribution and connectivity is comparable in all vertebrate
retinae (Hoon et al., 2014). Due to those facts and the short
life cycle of rodents, especially mice, make them suitable and
very common models for ophthalmic research. Furthermore, the
modifications of several genes, to obtain knock-in or knock-
out-based diseases, is easy to manage and enables a wide area
for diverse research. Inbreeding of animals prevents genetic
variability within the mouse strain, which guarantees an equal
genetic background of the animals during experiments. Based
on this, glaucomatous models, such as the DBA/2J mouse, are
used to test new therapeutic approaches such as the flavonoid
fisetin. This treatment results in retention of retinal function by
suppressing inflammatory response (Li et al., 2019).

Besides the high effort for the bureaucracy, breeding and
housing of animals involve higher costs than cell cultures. Despite
the genetic similarities within the retina of vertebrates, there are
broad disparities between the structure of human and rodent eyes
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(Zhou et al., 2007). Not only the size of the eyes differs strongly,
also the anatomy of the retina varies. Due to the highest density
of cone photoreceptors the fovea centralis, which is located in
the center of the macula, is responsible for sharp central vision
in humans (Curcio et al., 1990). Rodents, on the other hand, do
not have a macula, which makes the research of e.g., age-related
macular degeneration much more complicated (Volland et al.,
2015). Also, the distribution of rods and cones in the mice retina
differs from the human retina. A further difference between the
anatomy of rodent and human eyeballs in general is that rodents
do not have a real vitreous body: the primary vitreous body
recedes completely on postnatal day 30, whereas the secondary
vitreous body develops on postnatal day four (Tkatchenko et al.,
2010). The lens of rodents is, in comparison to that of humans,
much bigger since it fills the whole eye to stabilize it.

In the last few years, many theories for different
pathomechanisms leading to glaucoma were discussed. Several
rat glaucoma models indicate that the shortage of neurotrophic
factors, like BDNF or NGF, in the optic nerve might contribute
to the progression of glaucomatous optic nerve degradation
(Song et al., 2015). Studies in regard to neurotrophic factors
indicate that this might be of interest for glaucoma treatment.
The injection as well as the pre-treatment with BDNF lowered
RGC loss and suppressed axon loss of glaucomatous rats (Ko
et al., 2001; Martin et al., 2003). Another pathomechanism, which
seems to be involved in glaucoma disease, is excitotoxicity (Song
et al., 2015). To this end, the blockage of excitotoxicity might
also be of interest for glaucoma treatment. A well-researched
NMDA-receptor antagonist is MK801, which was shown to lower
RGC death rate in different glaucoma rat models (Chaudhary
et al., 1998; Nucci et al., 2005).

Looking for alternative models, where no classical animal
experiments are needed, but similarities to human tissue are still
given, it becomes clear that porcine or bovine tissue might serve
as a good option.

Ex vivo Organ Culture Models
Due to the high similarities between bovine or porcine and
human vision as well as their retinal structure, these retinae
seem to be a very promising alternative to animal experiments
in ophthalmologic research. An advantage of these eyes is that
they are more similar to human eyes than those of rodents.
Not only the size is comparable between porcine/bovine and
human eyeballs, also the vision, especially of pigs, is more likely
to the vision of humans. Humans are trichromats and their
cones contain of three different subtypes due to their activation
through different wavelengths: they are divided into the short
(S)-, the middle (M)-, and the long (L)-cones, depending on
the wavelength-sensitivity of the opsins (Nathans et al., 1986).
Mice, in contrast, contain of a dichromatic vision, expressing
M-cones and ultraviolet-cones (Jacobs et al., 1991). As mice, pigs
also have a dichromatic vision, but still the porcine retina and
therefore the vision is more like the human vision: porcine cone
photoreceptors contain of two opsins, the S- and the M-cones,
(Szel et al., 1988; Li et al., 1998; Hendrickson and Hicks, 2002).
Even though pigs do not have a real macula, they still have a part
in the retina which is very similar to the human macula. This area

is called visual streak and is located above the optic disc extending
from nasal to the almost temporal edge (Hendrickson and Hicks,
2002). In contrast to classical animal testing, the bureaucracy
to use porcine or bovine eyes is much less. In addition, the
costs are lower, because porcine and bovine eyes can be obtained
from local slaughterhouse, where they are a waste product of
the food industry.

Another important advantage of the usage of porcine or
bovine retina is, that in contrast to conventional cell culture
models, the retina itself can be cultivated for a certain time.
The retinal organ culture allows the maintenance of interactions
and connections of neurons within the retina. Of course,
cultivating retinal organ explants has a time limitation, since
the retina, due to the axotomy and the removal of retinal
pigment epithelium, cannot be kept alive for a long period
ex vivo. Nevertheless, during cultivation the nutrient supply can
be maintained chemically to alleviate degeneration processes.

Glaucoma is a multifactorial disease where the exact
pathomechanisms are not fully understood yet, but it is known
that also hypoxic processes as well as oxidative stress are involved
in the early progression (Zanon-Moreno et al., 2008; Greco
et al., 2016). Chemical substances, such as hydrogen peroxide
(H2O2) and CoCl2 can be used in vitro to simulate this oxidative
stress or hypoxic processes (Hurst et al., 2017; Kuehn et al.,
2017a). The combination of porcine retina organ culture and
chemical simulation of degenerative pathomechanisms in vitro
is a very well-suited alternative model for ophthalmic research.
A commonly used substance, as mentioned above, to mimic
oxidative stress, not only in retinal tissue, is CoCl2. It is used for
the investigation of the mentioned pathomechanisms as well as
possible treatments against it by using several cells of different
origin like mesenchymal cells (Yoo et al., 2016), PC12 cells
(Hartwig et al., 2014), RPE cells (Li et al., 2013; Cheng et al.,
2019), as well as in retinal organ culture (Kuehn et al., 2017a;
Maliha et al., 2019). A substance which is frequently used to
induce oxidative stress is H2O2. This allows the investigation
of underlying pathomechanisms and possible neuroprotective
substances for various disorders, such as retinal diseases (Cui
et al., 2017; Du et al., 2018; Zhao et al., 2019). As shown
in previous studies of our group, the addition of H2O2 as
well as CoCl2 leads to strong neurodegenerative effects in
the inner retinal layers of porcine retinae (Hurst et al., 2017;
Kuehn et al., 2017a).

For the preparation of a porcine retina organ culture, as
mentioned above, porcine eyes are obtained from the local
slaughterhouse. Surrounding tissue as well as anterior parts
of the eye, are separated from the posterior part of the eye,
including the retina. Using a dermal punch, retinal explants
are punched out and placed, with the ganglion cell layer facing
up, on a millicell insert. The retina is than placed in a 6-well-
plate and can be cultivated for up to eight days (Figure 3A;
Hurst et al., 2017; Kuehn et al., 2017a; Maliha et al., 2019).
Simulation of oxidative stress in porcine retina organ culture
can be achieved through the addition of H2O2 for 3 h at
the first day of cultivation (Figure 3B). Hypoxic processes,
however, can be simulated in porcine retinae, by adding CoCl2
to the medium for 48 h, from day one to day three of
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FIGURE 3 | (A) Schematic illustration of the explantation process. Porcine eyes were obtained from the local slaughterhouse. Anterior parts of the eyeball were
separated from the posterior, retina containing part of the eye. A dermal punch was used to punch out four retinal explants per eye and cultivated on an insert the
ganglion cell layer facing up. (B) Retinal explants were cultivated in 6-well plates for up to eight days at 37◦C and 5% CO2. There are two possibilities to induce
different pathomechanisms in the retina, which lead to a degeneration of the inner layers. Either with 300 µM H2O2 for 3 h to induce oxidative stress on day one of
cultivation or with 300 µM CoCl2 for 48 h, starting on day one, to induce hypoxic processes. The best point in time to start therapeutic treatment is at day one,
simultaneously to the degeneration via H2O2 or CoCl2. The treatment-duration varies, depending on the substance. In the end of the cultivation, retinal explants can
be prepared for e.g., immunohistological and qPCR-analyses.

cultivation (Figure 3B). CoCl2 as well as H2O2 induce strong
degenerative effects in retinal tissue, however, both substances
have different effects. CoCl2 leads to an early loss of RGCs, which
is accompanied by a highly increased apoptosis rate (Kuehn et al.,
2017a). Furthermore, CoCl2 enhances the expression of several
cellular stress markers like, HIF-1α, HSP70, and iNOS (Maliha
et al., 2019). Interestingly, cells of the inner nuclear layers, like
amacrine and bipolar cells, are damaged in a later point in time
by CoCl2-induced hypoxia. A further pathway which is strongly
induced by CoCl2 is apoptosis. Not only the cell cycle arrest
gene p21, also caspase 8 and 3, and highly upregulated after the
CoCl2-treatment (Maliha et al., 2019). A further cell type which
is also affected by CoCl2, are microglia. CoCl2 seems to have
toxic effects on microglia, since the attendance of CoCl2 induces
a prominent loss of them (Kuehn et al., 2017a). Damaging
effects through H2O2 on retinal tissue are similar to those seen
after CoCl2. The induction of oxidative stress due to H2O2 led
to a strong loss of RGCs, which was associated with higher
RGC apoptosis rate. Cells located in the inner nuclear layer,

namely bipolar and amacrine cells, were tendentially decreased
after oxidative stress. Interestingly, in contrast to the treatment
with CoCl2, H2O2 led to a significantly increased microglia cell
number as well as induced the activation of these cells. Also,
proinflammatory cytokines, such as TNF-α as well as IL-1β,
were strongly increased through oxidative stress in retinal organ
cultures (Hurst et al., 2017).

The commonly used method for the application of drugs
to the eyes are intravitreal injections. Many barriers in the eye
itself, like the vitreous body, complicate or even prevent the
reaching of the drug to the retina. Here, ex vivo bovine eyes can
be used to improve or investigate possible enhancements, like
nanoparticles, for the drug to reach the retina (Huang et al., 2017;
Peynshaert et al., 2017).

Due to the ex vivo cultivation, where the retina is separated
from the optical nerve and therefore the natural nutrient supply is
not taking place anymore, of course, animal experiments cannot
be replaced totally by the organ culture. However, the organ
culture model in combination with chemical substances, as used
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in previous studies by our group and others, seems to be a
very promising alternative model for analyzing new therapeutic
approaches for ophthalmology and might help to reduce the
number of animal experiments. Nevertheless, in vivo models
will still be necessary for the ophthalmic research, not only
for investigations of underlying pathomechanisms in several
neuroretinal diseases, but also for the proof of principle of
newly tested therapeutics. However, the use of ex vivo retina
organ culture models is increasing, not only used for treatment
screening, but also e.g., to study complement involvement in
retinal degeneration (Mohlin et al., 2018). In regard to research
on new therapeutics, it was shown that autoantibodies, which are
downregulated in the vitreous humor of glaucoma patients, seem
to have neuroprotective effects on damaged porcine retinae (Bell
et al., 2016). In a study by Maliha et al. (2019) it was described
that hypoxic processes due to CoCl2 can be inhibited by mild
hypothermia. Cell-stress level as well as apoptotic mechanisms
were strongly diminished after hypothermia treatment, leading
to a prominent protection of retinal cells. Even toxic effects
of CoCl2 on microglia were counteracted by hypothermia.
Most interestingly, RGCs, which are affected in glaucoma, were
protected by a mild hypothermia due to a significantly decreased
apoptosis rate (Maliha et al., 2019).

Taken together, porcine organ culture models seem to be a very
promising alternative to conventional animal experiments in the
glaucoma research. They are very suitable for the screening of
new therapeutic approaches, and therefore can help to reduce the
number of animals in the ophthalmic research.

CONCLUSION

The results of all these studies undermine that analyzes in
different model systems are necessary in order to decode
glaucoma pathogenesis in the near future and thus to develop
new therapeutic approaches.

Given the high cost of animal testing and their numerous
ethical and legal barriers, alternative approaches are becoming
increasingly important. Due to the widespread establishment of
various organ cultures, ex vivo culture systems are presently

available also for glaucoma research, since they can be obtained
as by-products of the food industry. Ex vivo organ cultures, e.g.,
from porcine retinae, are also quite suitable for therapy testing.
Recently, it was shown that a hypothermic treatment protects
RGCs from oxidative stress.

Nonetheless, ophthalmic research will continue to require
in vivo models, not only to investigate the pathomechanisms, but
above all to test new therapeutics. It is of enormous importance
that the used in vivo model reflects the patient’s situation as
faithfully as possible. Thus, with regard to glaucoma, it is essential
that the various forms of the disease are represented. In the last
years, the EAG model was in used to identify mechanisms related
to immunological alterations in IOP-independent glaucoma.
These animals have a loss of RGCs and optic nerve degeneration
plus an enhanced activation of glia cells and complement system
proteins. Results point toward the importance especially of
the complement system in glaucoma. Immune dysregulation
appears to be an important factor for the disease development
and progression. Complement and microglia inhibition in the
OHT models underlined their potential as future therapeutic
approaches. Nevertheless, deeper insights into these mechanisms
will lead to better treatment options for glaucoma patients.
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Culture of adult neurons of the central nervous system (CNS) can provide a unique
model system to explore neurodegenerative diseases. The CNS includes neurons and
glia of the brain, spinal cord and retina. Neurons in the retina have the advantage of
being the most accessible cells of the CNS, and can serve as a reliable mirror to the
brain. Typically, primary cultures utilize fetal rodent neurons, but very rarely adult neurons
from larger mammals. Here, we cultured primary retinal neurons isolated from adult
goat up to 10 days, and established an in vitro model of hyperglycemia for performing
morphological and molecular characterization studies. Immunofluorescence staining
revealed that approximately 30–40% of cultured cells expressed neuronal markers.
Next, we examined the relative expression of cell adhesion molecules (CAMs) in adult
goat brain and retina. We also studied the effect of different glucose concentrations
and media composition on the growth and expression of CAMs in cultured retinal
neurons. Hyperglycemia significantly enhances neurite outgrowth in adult retinal neurons
in culture. Expression of CAMs such as Caspr1, Contactin1 and Prion is downregulated
in the presence of high glucose. Hyperglycemia downregulates the expression of the
transcription factor CCAAT/enhancer binding protein (C/EBP α), predicted to bind
CAM gene promoters. Collectively, our study demonstrates that metabolic environment
markedly affects transcriptional regulation of CAMs in adult retinal neurons in culture. The
effect of hyperglycemia on CAM interactions, as well as related changes in intracellular
signaling pathways in adult retinal neurons warrants further investigation.

Keywords: neurodegeneration, hyperglycemia, retinal neurons, CCAAT-enhancer-binding protein, adult neurons,
cell adhesion molecules, neurite extension

INTRODUCTION

In vitro study of adult neurons is a fundamental and indispensable tool for understanding
the precise contribution of neuronal genes and proteins toward the pathophysiology of
neurodegenerative diseases. Analysis of neurons cultured in isolation over time facilitates
perturbation of neuron-specific signaling pathways by exposing them to chemical agents, and
manipulation of neuronal genes using knock-down or overexpression studies. Traditionally,
neurons are studied by in vitro culturing of cells obtained not from adult, but from embryonic
tissue or young pups within 1–10 days of birth (Tabata et al., 2000; Liu et al., 2013; Gao et al.,
2016), since adult tissue consists of mature neurons which do not undergo cell division. The culture
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of early postnatal neurons from embryonic or immature tissue
has enabled crucial advances in our understanding of molecular
pathways involved in development or differentiation (Watanabe
and Raff, 1990; Waid and McLoon, 1998; Reese, 2011). However,
these cultures are of limited value in studying neurodegenerative
disease which primarily affects mature and aged neuronal tissue.
Study of hyperglycemia-associated neuronal damage in adult
tissues isolated from higher mammals may provide clinically-
relevant data applicable to adult-onset diabetes which currently
affects nearly half a billion people worldwide. Although fully
post-mitotic, terminally differentiated adult neurons retain the
ability regenerate their neurites when maintained in culture
and hence may be more useful as an in vitro model system
for investigating neuroprotection, neurite regeneration and
pathogenic mechanisms of neurodegenerative disease (Brewer
et al., 2005; Ghosh et al., 2012; Salvadores et al., 2017).

Similar to the brain, retinal neurons and Müller glia are
derived from the neuroepithelium in two temporal phases
during embryonic development (Centanin and Wittbrodt, 2014).
In recent years, several studies have demonstrated significant
correlations between retinal pathology and neurodegeneration
in the brain (Ciudin et al., 2017; Ramirez et al., 2017; Mutlu
et al., 2018; Sundstrom et al., 2018). Proteomic analysis of post-
mortem diabetic human retinas shows activation of the same
pathogenic mediators which are involved in neurodegenerative
brain diseases (Sundstrom et al., 2018). Retinal microperimetry
demonstrates that retinal sensitivity in diabetic patients correlates
significantly with brain neurodegeneration (Ciudin et al.,
2017). β-amyloid plaques and phosphorylated tau have recently
been detected in retinas of Alzheimer’s disease (AD) patients
(den Haan et al., 2018), while α-synuclein aggregates have
been detected in retinas of Parkinson’s disease patients (Veys
et al., 2019). An ongoing clinical trial (NCT02360527) is
currently examining the feasibility of using diabetic retinal
neurodegeneration as a biomarker for AD. Such correlations
are not surprising, since the neural retina is a brain-derived
tissue and shares striking molecular parallels with the brain
and spinal cord (Byerly and Blackshaw, 2009). Developmentally
and anatomically the retina is an extension of the CNS, and
consists of five distinct types of neurons forming a complex
neural circuitry that transmits visual signals to the brain. Several
features of neurodegeneration reported in the brain have been
detected in retinal diseases. Amyloid-beta deposition is found
in drusen, the hallmark of age-related macular degeneration,
and in glaucoma (Dentchev et al., 2003; Yan et al., 2017).
Neuroinflammatory markers are associated with onset of AD as
well as diabetic retinopathy (Heppner et al., 2015; Chakravarthy
and Devanathan, 2018).

Most experiments in neurobiology are conducted using
neurons isolated from rodents; however, mouse models often
fall short of recapitulating human pathophysiology. In this study
we utilized goat retina as our model system; we postulate
that in vitro studies in goat could facilitate identification
of novel pathways in higher mammals which may not be
revealed by rodent-derived cells. Here, we examined the relative
expression of neuron-specific cell adhesion molecules (CAMs)
in adult goat brain and retina. Further, we cultured primary

neurons from the retina isolated from adult goat. We also
studied the effect of different glucose concentrations and media
compositions on neurite outgrowth and expression of CAMs in
cultured adult neurons. Our studies reveal that hyperglycemia
significantly enhances neurite extension in cultured retinal
neurons, while downregulating expression of specific neuronal
CAMs. We further propose that the expression of these CAMs
is transcriptionally regulated by CCAAT/enhancer binding
proteins (CEBP) α and β which have predicted binding sites
upstream of goat CAM gene promoters.

MATERIALS AND METHODS

Isolation of Retina and Brain From Adult
Goat and Mouse
Eyes were isolated from adult goat (Capra hircus), 2–3 months of
age from the local abattoir in Tirupati, India. As per institutional
guidelines, we obtained written informed consent from the
abattoir owner for participation of animals in this study. After
euthanasia, brain and eyeballs were carefully removed and
transported to the lab in sterile HBSS (Gibco) on ice. In the
biosafety cabinet, the eyeball was immersed in 70% ethanol for
2 min. The eyeball was punctured posterior to the limbus, cut
around the circumference of the limbus, and cornea, lens, and
sclera were removed. The vitreous was extracted, and retina was
detached gently from eye cup, by gently dissociating from the
retinal pigmented epithelium. A cut was made at the center of the
retina to detach it from the optic nerve head. The dissection was
done under sterile conditions in HBSS solution (Supplementary
Figure S1). The brain was also dissected under sterile conditions
to isolate cerebrum, cerebellum and brain stem. 8-week old male
BALB/c mice were euthanized, enucleated, and retina isolated as
described above. All procedures involving mice were approved
by the Institutional Animal Ethics Committee (IAEC number:
IAEC/56/SRU/624/2018).

Establishment of an Adult Retinal Neuron
Model of Hyperglycemia
In this study, retinal cells were cultured in normoglycemia (5 mM
glucose) or hyperglycemia (25 mM glucose). A previous study
has shown that changes in glucose concentrations during culture
preparation significantly affects neuronal viability (Kleman et al.,
2008). Hence, retinal tissue was processed, washed, triturated and
counted in 5 mM or 25 mM glucose-containing buffer/media,
depending on the final glucose concentration used. DMEM
(Dulbecco’s Modified Eagle Medium) is a widely used basal
medium for maintaining mammalian cell types in culture such
as fibroblasts, glia, neurons, and cell lines. DMEM is typically
supplemented with 10% fetal bovine serum (FBS). Neurobasal-A
medium is a basal medium specifically designed for maintenance
of adult neurons without the need for an astrocyte feeder
layer, when used with serum-free B-27 supplement (Brewer
et al., 1993). A major difference between the two media is
their osmolarity: DMEM is 335mOsm, while Neurobasal-A is
260mOsm. We compared the growth of adult goat neurons in
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both DMEM and Neurobasal-A media. We used five goats to
establish the consistency of the culture system. From one adult
goat, retina isolated from both eyes were used for primary culture.

The isolated retina was immersed in 5 mM or 25 mM
glucose-containing HBSS, cut into small pieces (1–2 mm size),
and digested with 0.05% trypsin (Gibco) for 15 min, at 37◦C.
The reaction was terminated by adding DMEM complete
medium: 5 mM or 25 mM glucose DMEM (Gibco) respectively,
containing 10% FBS (Gibco), 0.06 g/L L-glutamine, and 1%
Penicillin/Streptomycin (Sigma). The resultant suspension was
filtered through a 40 µm nylon mesh, centrifuged at 200 g
for 5 min, and resuspended in DMEM complete medium
(Supplementary Figure S2). Immunopanning was done to
remove fibroblast and glial cells: Culture dishes were coated
with anti-vimentin antibody (1:50) prepared in 50 mM Tris–
HCl. Anti-vimentin-coated dishes were incubated overnight at
4◦C. Immediately before use, dishes were rinsed with PBS three
times. Retinal cell suspension was incubated in panning dishes
for 60 min, and non-adherent cells were collected. Cells were
quantified, and viability assessed after staining with Trypan blue,
and viewed under an inverted light microscope (Thermo Fisher
Scientific). 1.3 × 106cells/well were added to poly-L-Lysine-
coated 6-well plates containing 12 × 12 mm coverslips. After 24 h,
media was changed to 5 mM or 25 mM glucose DMEM complete
medium, or 25 mM glucose Neurobasal-A medium containing
2% B-27 supplement, 1% Penicillin/Streptomycin, 10% FBS and
0.06 g/L L-glutamine. Half medium was renewed every 1–2 days.
Cells were observed daily to evaluate morphology, length of
neurites, and adherence as described previously (Perry et al.,
1997). Cell counts per field, for 6–10 random fields under 10×

magnification were recorded every 2 days up to 10 days.

MTT Assay for Cytotoxicity Evaluation
Cells were seeded into a 24-well plate at a density of 0.05 million
cells/well. Cells were grown in 5 mM glucose and 25 mM glucose-
containing DMEM medium, and in Neurobasal-A medium
(25 mM glucose). Media was changed every alternate day. After
6 days, 50 µl of MTT solution (0.5 mg/ml) was added and plate
incubated at 37◦C. After 4 h, cells were treated with 500 µl
of isopropanol for 20 min at RT. Absorbance at 570 nm was
recorded using a microplate reader (Biotek). The experiment was
performed in triplicate.

Antibodies Used
Contactin-1(1:100), Caspr-2(1:200), PrP(1:200) from Sigma,
NCAM-1(1:50), Synaptophysin(1:250), GFAP(1:100), Caspr-
1(1:200) from Novus, NeuN(1:100) from Abcam.

Immunocytochemistry
Immunofluorescence staining was performed as described
previously (Sytnyk et al., 2002). Cells cultured for 10 days on
coverslips were washed in PBS and fixed in 4% formaldehyde
for 15 min at 4◦C. Cells were washed three times with PBS,
blocked in 1% BSA in PBS, and incubated with primary
antibodies for 60 min at RT. Corresponding fluorescent labeled
secondary antibodies (Alexa Flour 488 and 594, Invitrogen)
staining was done for 60 min at RT. Stained cells were mounted

using Fluoromount mounting medium containing nuclear stain
DAPI (Sigma). Images were acquired using a fluorescence
microscope (Olympus).

Identification of Neurons and Glial Cells
Cells cultured were stained for neuronal (NeuN, Synaptophysin)
and glial (GFAP) markers. 6–10 random fields were examined
under 10× magnification. Number of neurons and glia
were calculated using the formula: percentage of neurons
(%) = number of neurons/total number of cells in the field × 100.

Quantitative Real-Time PCR
Tissue homogenates of retinas and brain were prepared at 4◦C
using a Potter Elvehjem homogenizer (Biolab Instruments) in
lysis buffer (50 mM HEPES, 1 mM EGTA, 1.5 mM MgCl2,
150 mM NaCl, 10% glycerol, 1% Triton ×-100) at pH 7.4,
containing protease inhibitor (Roche). After 30 min of mild
shaking at 4◦C, homogenate was centrifuged at 15000 g for
15 min at 4◦C. Supernatant containing protein was flash-frozen
and stored in −80◦C.

RNA was extracted from cell lysates and tissue homogenates
using TRIzol (Invitrogen). RNA was quantified using
Nanodrop2000 spectrophotometer (Thermo Fisher Scientific)
and reverse-transcribed using iScript cDNA synthesis kit
(Bio-Rad). Goat and mouse primers were used for checking
expression of specific genes by performing quantitative RT-PCR
using iTaq Universal SYBR Green supermix (Bio-Rad). Results
were normalized to GAPDH or β-actin. Primers used are given
in Supplementary Table S1.

Neurite Outgrowth Assay
Cultured cells maintained for 10 days were fixed with 4%
formaldehyde and immunostained with neuronal marker, NeuN
(green). To quantify neurite outgrowth, neurons were visualized
under 10× magnification and total length of all neurites
were determined by neurite tracing using ImageJ, as described
previously (Ng et al., 2003). Neurite length measurements from
at least 100 cells per dish were recorded from randomly chosen
fields. Each experiment was repeated three times.

Prediction of C/EBP Binding Sites in
CAM Gene Promoters
C/EBP binds to an extensive range of DNA sequences. Several
C/EBP-α binding sites were predicted within 600 bp upstream of
goat CAM promoters (Caspr1, Caspr2, Prion and Contactin1),
using Alibaba2 program, Version 2.1, Germany. Alibaba2
software predicts binding sites of transcription factors in a
DNA sequence, available on http://gene-regulation.com/pub/
programs/alibaba2/index.html (Grabe, 2002). By convention,
numbering of nucleotides on the gene sequence begins with “1”
at A of ATG start codon, while nucleotides upstream (5’UTR)
of ATG-translation initiation codon are marked with a “−”
(minus) sign, and are numbered −1, −2, −3, etc. going further
upstream from ATG.
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Statistical Analysis
Data are presented as mean ± SEM. Results were analyzed for
statistical significance by Student’s t-test or one-way ANOVA
followed by Tukey’s post hoc test (Prism 8, GraphPad Prism).

RESULTS

Growth and Morphology of Retinal
Neurons in Primary Culture
We successfully isolated retinal neurons from adult goat retina,
identified by expression of neuronal markers like Synaptophysin,
NCAM1 and NeuN (Figure 2). Mammalian neuronal cultures
are typically grown in high glucose-containing media based on
DMEM or Neurobasal, with addition of supplements to optimize
neuronal survival (Tabata et al., 2000; Liu et al., 2013). To
study the effect of different glucose concentrations and media
compositions on adult neurons, we cultured them in 5 mM and
25 mM glucose-containing DMEM and Neurobasal-A medium
(25 mM glucose). High glucose DMEM and Neurobasal-A media
differ primarily in osmolarity, and in the addition of serum
for DMEM versus serum-free supplements for Neurobasal-A.
After 1–2 days, some cells (between 0.9 ± 1.7 and 3.6 ± 2.7
cells per field) were observed adhering to the plate surface, and
cell body was predominantly small and round (Figure 1A and
Supplementary Table S2). After 3–4 days, cells displayed axon-
like projections. The projection-forming process was hastened
in cells cultured in hyperglycemic conditions as compared to
cells in normoglycemic conditions (Figure 1B). After 5–6 days,
projections increased in length, and were on average about 1-2
folds longer than cell body (Figure 1C). At 7–8 days, retinal cells
continue to grow in culture (Figure 1D). After 10–11 days, axon-
like projections were prominent in length, gradually forming
complex networks (Figure 1E).

Hyperglycemia Does Not Affect Neuronal
Viability
A greater number of adherent cells per field were observed
in cells cultured in hyperglycemic conditions, as compared to
normoglycemic conditions between 4 and 8 days in culture.
However, 10 days post primary culture initiation, neuronal cell
count appeared to decrease under hyperglycemic conditions
(Supplementary Table S2). In order to evaluate possible
cytotoxic effects of hyperglycemia, MTT assay was performed.
Results of this assay clearly indicate that hyperglycemia does not
affect neuronal viability (P > 0.05 for 5 mM vs. 25 mM glucose
DMEM and Neurobasal-A, Supplementary Figure S3).

Retinal Neurons Express Cell Adhesion
Molecules Expressed in Brain
Immunofluorescence staining was performed to estimate the
percentage of cells expressing neuronal and glial markers.
Expression of CAMs was examined by staining with primary
antibodies against specific CAMs. Retinal cells cultured for
10 days showed 46% of cells expressing neuronal markers
like Synaptophysin and NeuN (Figures 2Ab,c). Expression of

FIGURE 1 | Morphology of retinal neurons cultured in 5 mM glucose DMEM,
25 mM glucose DMEM, or 25 mM glucose Neurobasal A medium. (A) On Day
2, adherent cells are few in number in all three media conditions. (B) On Day
4, more cells start to attach to the cell culture dish in 25 mM glucose-
containing DMEM and Neurobasal A medium, whereas fewer cells are
adherent in 5 mM glucose containing DMEM. (C) On Day 6, more cells start to
adhere to the culture dish, especially in high glucose-containing Neurobasal A
medium. (D) Day 8 adherent cells continue to grow in culture. (E) On Day 10
post primary culture initiation, axon-like projections were prominent in length,
gradually forming complex networks. N = 5.

neuronal CAMs like NCAM1, Contactin1, Prion, Caspr1, and
Caspr2 was also observed (Figures 2Aa,Ba–d). Glial marker
GFAP was expressed by 15% of cultured cells (Figure 2Ad). The
percentage of neurons and glial cells are representative of cells
cultured in Neurobasal-A medium containing 25 mM glucose;
the numbers did not vary significantly with different media or
glycemic conditions.

Hyperglycemia Increases Neurite Length
in Retinal Neurons
Next, we studied the effect of different glucose concentrations and
media compositions on neurite outgrowth. Under hyperglycemic
conditions, retinal neurons had longer neurite outgrowth
(DMEM 18.5 ± 0.63 µm; Neurobasal-A 18 ± 0.45 µm)
compared to those cultured in normoglycemic conditions
(12.6 ± 0.99 µm) (Figure 2). This suggests that glucose aids
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FIGURE 2 | (A) Identification of adult retinal neurons and glia in culture by
immunofluorescence staining. (a) NCAM1 (green), expressed by all retinal
neurons and glia; (b) Synaptophysin (green), expressed by neurons in the
plexiform layers of the retina; (c) NeuN (green), expressed by neuronal nuclei;
(d) GFAP (green), expressed by retinal glia. (B) Expression of cell adhesion
molecules (CAMs) in adult retinal neurons and glial culture by
immunofluorescence staining: (a) Contactin1, red (b) Prion, red (c) Caspr1,
green (d) Caspr2, red. (C) Representative 60× DIC combined with NeuN
(green) immunostained images showing length of neurite outgrowth (red box)
in retinal neurons cultured in 5 mM glucose DMEM, 25 mM glucose DMEM, or
25 mM glucose Neurobasal A medium. (D) Quantification shows a significant
increase in neurite length in 25 mM glucose-containing DMEM and
Neurobasal A medium, as compared to 5 mM glucose DMEM (∗∗p < 0.01).
Neurite outgrowth was measured in 50–100 cells per slide, and experiment
repeated in triplicate. N = 5.

neurite extension/growth (P < 0.01 for 5 mM vs. 25 mM
glucose-containing media, Figure 2D). Our studies reveal
that hyperglycemia significantly enhances neurite extension in
primary cultures of adult retinal neurons.

Expression Patterns of Cell Adhesion
Molecules in Retina and Brain
Since most studies in neurobiology utilize early postnatal neurons
isolated from rodents, we examined the relative expression of
CAMs in goat and mouse retina. Further, neuronal CAMs are
more widely studied in the brain; hence we compared the

relative expression of CAMs in different regions of goat brain
(cerebrum, cerebellum and brain stem) with their expression
in retina. Results of RT-PCR show similar expression levels of
Caspr1, Caspr2, Contactin1, and Prion in retina compared with
expression of these proteins in brain regions like cerebrum,
cerebellum and brain stem (P > 0.05 for all CAMs, Figure 3A). In
goat and mouse retinal tissues similar levels of Caspr2 and Prion
were expressed. However, expression of Caspr1 and Contactin1
was significantly higher in goat retina relative to mouse retina
(P < 0.001 for Caspr1 and Contactin1, Figure 3B).

Hyperglycemia Affects Expression and
Transcriptional Regulation of Cell
Adhesion Molecules
We studied the effect of different glucose concentrations and
media compositions on expression of CAMs. Results of RT-PCR
show that expression of Prion and Contactin1 is significantly
downregulated under hyperglycemia (P < 0.05 for Contactin1
and Prion). Caspr1 expression shows a clear trend toward
downregulation in hyperglycemia, while Caspr2 expression was
low in normoglycemia and did not change significantly under
hyperglycemic conditions. Media composition did not have any
significant effect on expression of neuronal CAMs (Figure 4A).

We also explored the contribution of glucose homeostasis-
sensitive transcription factors, CCAAT/enhancer binding protein
isoforms C/EBP-α and C/EBP-β toward regulation of neuronal
CAM expression. Using Alibaba2 program, we predicted that
C/EBP-α and C/EBP-β have binding sites in goat neuronal
CAM genes (Caspr1, Caspr2, Contactin1 and Prion) within
−600 bp proximal to the promoter region (Supplementary
Table S3). “Start” and “Stop” columns indicate specific locations
of putative binding sites for C/EBP-α and C/EBP-β upstream
of ATG-translation initiation codon. We studied the effect of
hyperglycemia on expression of C/EBP-α and C/EBP-β. RT-
PCR indicated that hyperglycemia significantly downregulates
expression of C/EBP-α, while expression of C/EBP-β remains
unchanged (P = 0.002 for C/EBP-α, Figure 4B).

DISCUSSION

Much is known about individual disease states such as diabetes,
metabolic syndrome, and dementia; nevertheless, there is a need
to identify where and how their pathophysiology intersects.
Our study evaluates effects of hyperglycemia on expression and
transcriptional regulation of CAMs in retinal neurons cultured
from adult goat. We show for the first time that hyperglycemia
significantly enhances neurite outgrowth, with downregulation
of CAMs in cultured retinal neurons (Figures 2C,D, 4A).
Neuronal CAMs have been well-characterized in the brain for
their role in regulating neurite outgrowth (Santuccione et al.,
2005; Devanathan et al., 2010) and in the nodal/paranodal
domain organization of myelinated axons (Peles and Salzer,
2000). However, the function of CAMs has not been elucidated
in the retina, which consists of non-myelinated neurons. Here,
we demonstrate that specific CAMs (Caspr1, Caspr2, Contactin1
and Prion) are expressed in the retinal tissue at levels comparable
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FIGURE 3 | (A) Relative expression of specific cell adhesion molecules (Caspr1, Caspr2, Prion, Contactin1) in goat retina and different parts of the brain (cerebrum,
cerebellum and brain stem) was quantified by RT-PCR. N = 3–4. (B) Relative expression of specific cell adhesion molecules (Caspr1, Caspr2, Prion, Contactin1) in
goat and BALB/c mouse retina was quantified by RT-PCR. Similar expression levels of Caspr2 and Prion were observed in goat and mouse retina, whereas levels of
Caspr1 and Contactin1 were significantly high in goat retina (∗∗∗p < 0.001 for goat retinal Caspr1 and Contactin1 compared to mouse retina). N = 4–5.

to their expression in brain (Figure 3A), and that their expression
is downregulated under hyperglycemic conditions (Figure 4A).

Caspr1 and Contactin1 typically form a complex at the
paranodal junction of myelinated neurons in the CNS. The
absence of Caspr1 leads to mislocalization of Contactin1 and
its exclusion from the paranodes (Bhat et al., 2001), while the
absence of Contactin1 prevents delivery of Caspr1 to the axonal
membrane (Boyle et al., 2001). We have previously demonstrated
that Prion protein directly binds to Caspr1, protecting it from
proteolysis. Deficiency of Prion results in reduced levels of
Caspr at the neuronal membrane and enhanced neurite extension
in vitro (Devanathan et al., 2010). In our current study we
go one step further, and show that hyperglycemia leads to a
significant reduction in levels of specific neuronal CAMs, while
enhancing neurite length (Figures 2C,D, 4A). Neurite extension
in adult neurons is also believed to be enhanced by an IL-
1β-dependent pathway (Saleh et al., 2013). Since hyperglycemia
is known to increase levels of pro-inflammatory cytokines such
as IL-1β and TNF-α in the diabetic retina (Busik et al., 2008;
Chakravarthy et al., 2016), these factors presumably exert their
effect on neuritogenesis as observed in our study (Figures 2C,D).

Neuronal CAM expression can be modulated in different
ways including transcriptional regulation. The C/EBP constitute
a family of transcription factors sensitive to changes in glucose
homeostasis (Matsusue et al., 2004; Schroeder-Gloeckler et al.,
2007). Among six C/EBP isoforms, C/EBP-α, β and δ are
enriched in CNS neurons, and have been implicated in neuronal
development, survival and neurogenesis (Ménard et al., 2002;

Ramji and Foka, 2002; Paquin et al., 2005). C/EBP-α expression is
downregulated, while C/EBP-β is upregulated in animal models
of diabetes (Arizmendi et al., 1999). In our study, we observe
a similar downregulation of C/EBP-α expression in cultured
retinal cells under hyperglycemic conditions (Figure 4B). We
also identified binding sites for C/EBP-α and β upstream
of the promoter in goat neuronal CAM genes, Contactin1,
Caspr1, Caspr2 and Prion (Supplementary Table S3). C/EBPs
act as transcriptional enhancers or repressors depending on
the C/EBP isoform, target gene and cell-type. We propose
that hyperglycemia represses expression of C/EBP α, thereby
diminishing its transcription-activating effect on CAMs, which
in turn leads to downregulation of CAM expression in retinal
neurons (Supplementary Figure S4).

A unique advantage of studying neurodegenerative changes
in adult retina is easier accessibility to CNS neurons, and rapid
detection of neuronal abnormalities in animal models using
non-invasive techniques such as multifocal electroretinography,
ultra-widefield fundus imaging, and spectral-domain OCT
(Cheung et al., 2017; Chakravarthy and Devanathan, 2018).
Moreover, administration of experimental drugs to the retina
in animal models is relatively easier, making it a robust tool for
preclinical studies (Edelhauser et al., 2010). Retinal and brain
neurodegenerative diseases although affecting different parts
of the CNS, appear to involve similar pathogenic mechanisms
like oxidative stress, low-grade chronic neuroinflammation,
disruption of blood-brain or blood-retinal barrier, and vascular
abnormalities (London et al., 2013; Colligris et al., 2018).
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FIGURE 4 | (A) The effect of hyperglycemia and media composition on expression of specific cell adhesion molecules in cultured retinal cells was quantified by
RT-PCR. In 25 mM glucose DMEM and Neurobasal A medium, Contactin1 expression was significantly downregulated. In 25 mM DMEM, Prion expression was
significantly downregulated. ∗p < 0.05 compared to 5 mM glucose medium. N = 4–5. (B) The effect of hyperglycemia on expression of transcription factors C/EBP α

and C/EBP β in cultured retinal cells was quantified by RT-PCR. In 25 mM glucose medium, expression of C/EBP α was significantly downregulated. ∗∗p < 0.01
compared to 5 mM glucose medium. N = 3.

Increasing clinical and preclinical evidence points to associations
between metabolic dysregulation and neurodegenerative
brain disease (Weinstein et al., 2015; Arnold et al., 2018;
Ogama et al., 2018).

Culture of primary neurons is an indispensable method
to study pathological responses of CNS neurons to metabolic
conditions or inflammatory environments associated with
neurodegenerative diseases. However, most in vitro experiments
in neurobiology employ neurons isolated from rodents because
of advantages such as ease of availability, well-characterized
genetics, and availability of tissue from transgenic animals.
Moreover, primary retinal cultures are typically generated
from early postnatal rat or mouse pups. There are several
disadvantages to using rodent tissue for cell culture. Cell yields
from multiple animals typically permit a single experiment, or
may be used in studies involving single cell electrophysiology.
Compared to studies in rodents which yield lower retinal
cell numbers, we successfully obtained 20 million cells from

retina isolated from one goat eye which is suitable for several
experiments over 3–10 days, and greatly reduces the number
of animals needed. Once cultured, adult retinal neurons can be
subjected to genetic manipulation, or physiological, biochemical
and pharmacological procedures for functional characterization
experiments. An additional advantage is that these animals
were not sacrificed exclusively for the purpose of isolating CNS
neurons, since animal parts were subsequently sold at the abattoir
for other purposes.

Another important concern is that although mouse and
human genomes are 85% similar, mouse models often do not
accurately predict human pathophysiology leading to failure of
clinical trials based on preclinical validation in mice, especially
in the field of neurodegenerative diseases (Gordon et al., 2007;
Duyckaerts et al., 2008; Dawson et al., 2010). Goats and cattle
are considered phylogenetically distant from humans and rodents
(Kim et al., 2017); however, elevated rate of evolution in rodents
relative to other mammals is believed to result in higher amino
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acid sequence identity between human and ruminant proteins
as compared to human and rodent proteins (Bovine Genome
Sequencing and Analysis Consortium et al., 2009). Indeed, a basic
sequence comparison among orthologous CAMs across species
using Clustal Omega demonstrates higher sequence similarity
between goat and human relative to rodent proteins, as observed
in previous studies (Bovine Genome Sequencing and Analysis
Consortium et al., 2009). Thus, in vitro studies of protein
interactions and signaling in cells cultured from goat or cow
could facilitate identification of novel functionally important
pathways in higher mammals.

CONCLUSION

To the best of our knowledge, no other study has been conducted
using a similar approach to culture retinal neurons from adult
goat. Higher mammals such as pigs have similar vasculature and
retinal structures as humans, while dogs develop morphological
lesions most similar to diabetic human retina (Lai and Lo,
2013). While the neural retina in all mammals contains distinct
classes of interneurons, species-specific functional differences
have been found in overtly similar cell types (Dacey et al.,
2003; Dhande et al., 2019). Further, traditional laboratory-bred
animals have a limited number of alleles which does not reflect
the genetic diversity and natural variation found in human
populations. Therefore, in vitro models using higher mammals
can provide an important platform for investigating neuronal
responses that may not be revealed by rodent-derived cells.
Additionally, exploring metabolic and signaling mechanisms in
adult retinal neurons may provide vital insights that can be
translated to neurodegenerative processes in the entire CNS.
The unique model of adult goat retinal culture described in
our study can be used to perform detailed investigations into
effects of hyperglycemia on interactions between specific CAMs
expressed on distinct retinal neuronal types, as well as related
changes in downstream signaling to elucidate functions of CAMs
in adult retina.
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and Enrica Strettoi1*

1 Institute of Neuroscience, National Research Council (CNR), Pisa, Italy, 2 Sant’Anna School of Advanced Studies, Pisa,
Italy, 3 Department of Pharmacy, University of Pisa, Pisa, Italy

Retinal degeneration 9 (rd9) mice carry a mutation in the retina specific “Retinitis
Pigmentosa GTPase Regulator (RPGR)” Open Reading Frame (ORF) 15 gene, located
on the X chromosome and represent a rare model of X-linked Retinitis Pigmentosa
(XLRP), a common and severe form of retinal degeneration (Wright et al., 2010;
Tsang and Sharma, 2018). The rd9 RPGR-ORF15 mutation in mice causes lack of the
protein in photoreceptors and a slow degeneration of these cells with consequent
decrease in Outer Nuclear Layer (ONL) thickness and amplitude of ERG responses, as
previously described (Thompson et al., 2012). However, relative rates of rod and cone
photoreceptor loss, as well as secondary alterations occurring in neuronal and non-
neuronal retinal cell types of rd9 mutants remain to be assessed. Aim of this study is
to extend phenotype analysis of the rd9 mouse retina focusing on changes occurring
in cells directly interacting with photoreceptors. To this purpose, first we estimated rod
and cone survival and its degree of intraretinal variation over time; then, we studied
the morphology of horizontal and bipolar cells and of the retinal pigment epithelium
(RPE), extending our observations to glial cell reactivity. We found that in rd9 retinas
rod (but not cone) death is the main cause of decrease in ONL thickness and that
degeneration shows a high degree of intraretinal variation. Rod loss drives remodeling
in the outer retina, with sprouting of second-order neurons of the rod-pathway and
relative sparing of cone pathway elements. Remarkably, despite cone survival, functional
defects can be clearly detected in ERG recordings in both scotopic and photopic
conditions. Moderate levels of Muller cells and microglial reactivity are sided by striking
attenuation of staining for RPE tight junctions, suggesting altered integrity of the outer
Blood Retina Barrier (BRB). Because of many features resembling slowly progressing
photoreceptor degeneration paradigms or early stages of more aggressive forms of RP,
the rd9 mouse model can be considered a rare and useful tool to investigate retinal
changes associated to a process of photoreceptor death sustained throughout life and
to reveal disease biomarkers (e.g., BRB alterations) of human XLRP.

Keywords: Retinitis Pigmentosa, sprouting, remodeling, retinal pigment epithelium, cone photoreceptor(s),
bipolar cell, horizontal cell
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INTRODUCTION

Retinitis pigmentosa (RP) is a family of clinically analogous
disorders, featuring photoreceptor degeneration and alterations
in retinal pigment epithelium (RPE), in most cases leading
to blindness (Hartong et al., 2006). Etiology is linked to a
plethora of mutations affecting more than 70 genes, involving
virtually all aspects of photoreceptor structure and function
(Daiger et al., 2007; Wright et al., 2010). These extremely
specialized cells have a high metabolic demand, require a complex
gene network and rely on a fully functional RPE to sustain
the energetic and physiological burden of phototransduction,
outer segment renewal and continuous communication with
inner retinal neurons (Wright et al., 2010). While the outer
segment of photoreceptors is tightly packed with membranes
and proteins necessary to phototransduction, the inner segment
acts as biosynthetic factory to produce needed proteins and
fatty acids. The continuous flow of these fundamental factors
to the outer segments relies on a highly specialized connecting
cilium (Besharse et al., 1977; Wolfrum and Schmitt, 2000;
Burgoyne et al., 2015; Chadha et al., 2019) and it is not
surprising that almost one quarter of known photoreceptor
degeneration-causing genes are involved in the function of
this organelle (RetNet, the Retinal Information Network)1. The
Retinitis Pigmentosa GTPase Regulator (RPGR) is located on
the X chromosome and, together with its interactome (Zhang
et al., 2019), plays a critical role for connecting cilium function
(Megaw et al., 2015). Mutations in RPGR account for 10–20% of
all RP cases and 70–80% of all cases of X-linked RP (Huang et al.,
2012; Megaw et al., 2015; Tsang and Sharma, 2018) with different
mutations corresponding to different retinal phenotypes (Megaw
et al., 2015; Charng et al., 2016; Lyraki et al., 2016). RPGR exists
in two different isoforms: one is expressed throughout the body,
while the other is retina-specific. The retinal-specific form is
composed of 15 exons, the first 14 of which shared with the non-
retinal isoform. Exon 15 or Open Reading Frame 15 (ORF15)
is solely present in retinal RPGR and constitutes a mutational
hotspot in the gene (Megaw et al., 2015; Lyraki et al., 2016;
Rao et al., 2016).

The rd9 mouse model carries a 32 bp duplication in ORF15
with a premature stop-codon, causing absence of the protein
and a slowly progressing loss of photoreceptors (Thompson
et al., 2012). The main features of this rare model of X-linked
RP have been described in previous studies. Nonetheless, the
relative rate of degeneration of rods and cones, as well as
possible remodeling of inner retinal neurons and RPE following
the slow pattern of photoreceptor death typical of this model,
remain unknown. Yet, evaluation of retinal effects beyond
photoreceptors are of utmost importance, especially in view of
newly developed potential therapeutic strategies, such as gene-
therapy or epiretinal prostheses, which rely considerably upon
preservation of retinal architecture.

In this study, we provide a secondary retinal characterization
of the rd9 mouse model, focusing on cells directly interacting
with photoreceptors, and namely bipolar and horizontal

1https://sph.uth.edu/retnet/

cells, as well as on non-neuronal retinal cell types (Muller
cells, microglia/macrophages and the, RPE), describing their
morphological changes in parallel to photoreceptor loss and to
functional abnormalities detected by ERG recordings.

MATERIALS AND METHODS

Mouse Lines and Animals Used
Animals were treated in accordance to Italian and European
institutional guidelines, following experimental protocols
approved by the Italian Ministry of Health (Protocol #17/E-2017,
Authorization 599 2017-PR, CNR Neuroscience Institute, Pisa;
Protocol #DGSAF0001996/2014, Authorization 653/2017-PR,
Department of Pharmacy, University of Pisa) and by the Ethical
Committees of both Institutions. Protocols adhere to the
Association for Research in Vision and Ophthalmology (ARVO)
statement for the use of animals in research.

Male rd9/Y, female rd9/X and WT mice were used for this
study. Rd9 mice are naturally occurring mutants, identified by
the Jackson Laboratories (Chang et al., 2002), and have a C57Bl6/J
background. All mice were originally from Jackson (Bar Harbor,
Maine, United States). Groups of n = 4 mice were used for studies
carried on at specific ages (12 months for WT mice, 12 and
18 months for rd9 mice) for both quantitative and qualitative
analysis. Additional rd9/Y male mice (n = 4) were used for pilot
experiments. A total of 16 rd9 and 8 WT mice were used for
morphological studies only. A group of 12-months old male
rd9/Y and female rd9/X mice (n = 9) and 12 months old WT
(n = 5) were used for ERG recordings and their retinas further
studied by morphological methods.

Tissue Preparation, Histology and
Immunocytochemistry (ICCH)
Mice were anesthetized with intraperitoneal injections of 3-
bromo-ethanol in 1% tert-amyl alcohol (Avertin, 0.1 ml/5 g
body weight), their eyes enucleated. Animals were killed by
cervical dislocation or intracardiac Avertin injection. Eyes were
dorsally labeled and eye cups were obtained by removing anterior
segments and lens and fixed in 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer, PB, pH7.4, for 1 h, at room temperature.
Afterward, they were washed four times (15’ intervals) in PB and
infiltrated in 30% sucrose in PB overnight. Eye cups were then
frozen in Tissue-Tek O.C.T. compound (4583, Sakura Olympus,
Italy) using cold isopentane (−80◦C) and keeping a reference on
the dorsal pole. Cryostat sections (12 µm thick) were collected on
Super Frost slides and used for immunocytochemistry (ICCH).
Some eyes were used to prepare retinal whole mounts, in
which the retina was separated from the RPE and flattened by
making four radial cuts toward the head of the optic nerve.
For some eyes, the RPE was also used for ICCH as described
below. ICCH on retinal sections, whole mounts and RPE was
performed following (Barone et al., 2012), by incubation in (i)
blocking solution with 0.3% Triton-X 100, 5% of the serum
of the species in which the secondary antibody was generated
and 0.01 M Phosphate Buffer Saline (PBS); incubation time
was 2 h for the sections and overnight for whole mounts and
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RPEs; (ii) primary antibody (Ab), diluted in PBS, 0.1% Triton-
X 100 and 1% serum; incubation time was overnight for the
sections and 3 days for whole mounts and RPEs; (iii) fluorescent
secondary Ab, diluted as the primary Ab; incubation time was
2–3 h for the sections and 2 days for whole mounts and
RPEs. Incubations steps were done at 4◦C. Mouse monoclonal,
primary Abs used for retinal sections were against: Neurofilament
200 (13552 AbCam, Cambridge United Kingdom; diluted
1:400), Ctbp2/Ribeye (BD Transduction Laboratories, Milan,
Italy; diluted 1:500), Post-Synaptic Density 95 (13552 AbCam,
Cambridge United Kingdom; diluted 1:500); Light Sensitive
Channel (kindly donated by Robert Molday, University of
British Columbia, Vancouver, Canada), diluted 1:1000); Protein
Kinase Cα (PKCα; P5704, Sigma-Aldrich, Italy; diluted 1:800),
Synaptotagmin 2 (ZNP-1) (Zebrafish International Resource
Center, Eugene, OR, United States; diluted 1:500). Rabbit
polyclonal, primary Abs were: Cone Arrestin (AB15282, Merck-
Millipore, Italy; diluted 1:5000); Calbindin D (CB38a, Swant
Ltd., Switzerland, diluted 1:500); Protein Kinase Cα (PKCα;
P4334, Sigma-Aldrich, Italy; diluted 1:800); Glial Fibrillary
Acidic Protein (GFAP; G9269, Sigma-Aldrich, Italy; diluted
1:1000), Iba1 (019-19741, Wako, United States; diluted 1:500),
Zonula Occludens 1 (ZO-1) (ZYMED Laboratories 40_2300,
diluted 1:100). Sheep (polyclonal or monoclonal) primary Abs
were: Secretagogin (SCGN) (BioVendor, GmbH, Germany,
diluted 1:2000). Abs against Cone Arrestin were also used
in whole mount preparations, at 10x the concentrations used
for sections. Secondary antibodies were: donkey anti-mouse
Alexa Fluor 488 (A-21202, Life Technologies, Italy); donkey
anti-rabbit Rhodamine Red X (715296151); Donkey Anti-Sheep
(713-546-147), all from Jackson ImmunoResearch laboratories,
United States; these were diluted 1:1000 for retinal sections
and for whole mount preparations. For nuclear counterstaining,
retinal sections were incubated for 2 min in Hoechst (33342),
from Life technologies, Italy, diluted 1:1000. After rinsing in
PBS, specimens were mounted in Vectashield (H-1000; Vector
Laboratories, Burlingame, CA, United States) and coverslipped.

RPE Preparation
After separation of the retina from the outer eye (RPE and sclera),
the sclera was carefully made clear of all muscle insertions. The
outer ocular layers were then radially cut with 4 to 12 incisions
toward the head of the optic nerve and incubated (RPE side up)
in small plastic wells, processed for ICCH as described above and
mounted flat on glass slides.

Imaging
Images of retinal preparations were obtained with a Zeiss
Imager.Z2 microscope equipped with an Apotome2 device (Zeiss,
Milan, Italy), using a Plan Neofluar 40x/1.25 and a Plan Neofluar
63x/1.25 oil objectives. Images were saved as tiff files; brightness
and contrast were adjusted with the Zeiss software ZEN R©PRO
2012 or with Adobe Photoshop. Retinal whole mounts were also
imaged with the Imager.Z2 microscope using EC Plan-Neofluar
5x/0.16 M27, 10x/0.3 M27 and 20x/0.50 M27 objectives; images
were tiled with ZEN module “Tiles & Positions” software to
reconstruct the entire retinal surface when needed.

Outer Nuclear Layer (ONL)
Measurements on Retinal Sections
Three equatorial retinal sections (including the optic nerve
head) were obtained from eyes of different mice at each age
point; after nuclear staining, 4 z-stack images (6 µm thickness,
0.6 µm intervals) at different eccentricities (peripheral ventral,
central ventral, peripheral dorsal, central dorsal) were acquired
from each section. Using the count tool of Adobe Photoshop,
the number of ONL rows were counted in each image and
the results were averaged to obtain the mean number (and
standard error) of ONL rows per group (WT 12 months, rd9
12 months and rd9 18 months). The coefficient of variation
(standard deviation/mean) was calculated for each eccentricity
in each retina and results were averaged to obtain the mean
Coefficient of Variation per experimental group (WT 12 months,
rd9 12 months, and rd9 18 months).

Cone Counts in Retinal Whole Mounts
Whole-mount retinas were stained for cone Arrestin. To assess
total cone numbers taking into account local anisotropies in
retinal degeneration patterns and center-to-periphery changes
in cell density, cells were counted in 16 fields regularly spaced
along the two main (horizontal and vertical) retinal meridians (8
fields along the dorso-ventral axis and 8 along the naso-temporal
axis, respectively), covering the retina from the far periphery
to the proximity of the optic nerve head. Counting fields were
223.8 × 167.6 µm2 fields within which z-stacks of 3 focal planes
at 0.6 µm intervals, (1.8 µm total thickness) encompassing cone
inner segments were obtained. Maximum projections of z-stacks
were used for further analysis.

Manual Counting
The average number of cones per image was assessed as described
before (Barone et al., 2012). The number of cones/mm2 in
each retina was then estimated. The Adobe Photoshop Measure
tool was used to measure the area of each retina using low-
magnification images of whole mounts. Then, the number
of cones per retina were estimated and averaged to obtain
the mean number of cones per retina in each experimental
group. Coefficient of variation (standard deviation/mean) was
calculated for each eccentricity level in each retina for all
experimental groups.

Automated Counting
Images used for manual counting were also used to test a
method for automated counting of cones developed ad hoc.
Through a custom-made MATLAB R© (Mathworks, United States)
script, images were binarized; connected components in the
image were identified and those with an area smaller than
2% of the average cone’s area were not considered for further
analysis. The image was then down sampled with a factor 0.3
and watershed segmentation was applied to ensure appropriate
counting of touching components. As in the manual counting,
all components intersecting the right or bottom borders were not
included in the counts. After obtaining the number of cones in
each acquired image, the number of cones per retina, the mean
number of cones per retina in each experimental group as well as
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the individual and mean value of the coefficient of variation were
calculated as for the manual counting protocol.

Parameters for area filtering (2%) and down-sampling (0.3)
were identified empirically based on accuracy of the algorithm
on test images. Performance assessment of the algorithm was
carried out by Pearson correlation analysis between manual and
automated counting in single images and through analysis of
the error (Manual result − Automated Result)/ Manual result)
distribution. Results are shown in Supplementary Figure S1. The
automated method was found to have an accuracy of 95% and
allowed much faster counting of elements in each image.

ZO-1 Staining Intensity Quantification in
RPE
Each whole-mount RPE was stained for ZO-1 and revealed
with a secondary antibody conjugated with Alexa Fluor 488.
z-stack images (2.5 µm thickness) were acquired with the
Zeiss Imager.Z2 microscope equipped with an Apotome2
device, using both the green and red filters, which made
numerous autofluorescent bodies visible in the cytoplasm of
RPE cells (Supplementary Figure S2), as previously reported
(Marmorstein et al., 2002). Acquisition parameters were set for
the first rd9 12 months old sample and then kept consistent for
images from all different preparations.

To understand whether cytosolic fluorescence
(Supplementary Figure S2) had to be attributed to non-
specific secondary antibody binding or to effective presence
of ZO-1 (revealed by Alexa Fluor 488-s) we performed
spectral profiling of RPE cells using a lambda scan routine
of a Leica TCS SL confocal microscope (Leica Microsystems,
Milan, Italy) equipped with an argon and a helium/neon
laser, using a 40x/1.25 HCX PL APO oil objective. Emission
spectra with an excitation wavelength of 488 nm allowed
univocal differentiation of specific and non-specific staining
(Supplementary Figure S2), confirming that cytosolic labeling,
observed with both green and red filters through the standard
fluorescence microscope, corresponded to autofluorescent
material, well different from Alexa Fluor 488-conjugated
secondary Ab in terms of emission spectra. Based on
these findings, fluorescence intensity in the green channel
(containing ZO-1 positive elements) was quantified with the
aid of a custom-made MATLAB script, discarding pixels
with a fluorescence intensity higher than 8 arbitrary units
in the red channel, allowing customized denoising of the
pictures. Nonetheless, consistent parameters used during
acquisition caused saturation of the ZO-1 signal in the WT,
biasing downward fluorescence intensity measurement of
WT ZO-1. This fact makes our quantification indicative
and not absolute.

ERG Recordings
ERGs were recorded from dark-adapted mice by standard
methods (Gargini et al., 2007). Briefly, coiled gold electrodes
were placed in contact with the cornea moisturized by a thin
layer of gel. Pupils were fully dilated by application of a drop
of 1% atropine (Farmigea, Pisa, Italy). Scotopic ERG recordings

were average responses (n = 5) to flashes of increasing intensity
(1.7 × 10−5 to 377.2 cd∗s/m2, 0.6 log units steps) presented
with an inter-stimulus interval ranging from 20 s for dim
flashes to 1 min for the brightest flashes. Cone (photopic)
components were isolated by superimposing the test flashes
(0.016 to 377.2 cd∗s/m2, 0.6 log units steps) on a steady
background of saturating intensity for rods (30 cd/m2), after at
least 15 min from background onset. Amplitude of the a-wave
was measured at 7 ms after the onset of light stimulus; amplitude
of the b-wave was measured from the peak of the a-wave to
the peak of the b-wave. Oscillatory potentials (OPs) were also
measured in both scotopic and photopic conditions. OPs were
extracted digitally by using a fifth-order Butterworth filter as
previously described (Hancock and Kraft, 2004; Lei et al., 2006).
Peak amplitude of each OP (OP1–OP4) was measured (Piano
et al., 2016). ERG data were collected from 5 WT and 8 rd9
mice, respectively.

Statistics and Data Analysis
Statistical comparisons were run on GraphPad Prism v6
(GraphPad Software, San Diego, CA, United States) after
ensuring the data passed a normality distribution test.
Comparisons were made using a double-tailed t-test analysis,
with a confidence interval (CI) of 95%. Statistical significance was
assessed through p-values reported as asterisks in graphs (∗∗∗ for
p ≤ 0.001, ∗∗ for p ≤ 0.01, ∗ for p ≤ 0.05). All results are shown as
mean ± standard error of the mean, unless otherwise specified.

RESULTS

Photoreceptor Degeneration
Global photoreceptor loss in rd9 mice was assessed through
counting ONL rows of nuclei in vertical retinal sections
(Figure 1) and counting cones in whole-mount retinas stained
for cone arrestin, to confirm and extend previous analysis of ONL
thickness in this mutant (Thompson et al., 2012).

ONL rows are slightly but clearly diminished in rd9
12 months old mice (from now on referred to as “rd9
12 months”) (8.6 ± 0.2 rows) compared to age matched WT
(11.2 ± 0.3 rows) (p = 0.003); photoreceptor loss continues
in rd9 18 months old mice (from now on referred to as
“rd9 18 months”) (7.4 ± 0.2 rows) with respect to rd9
12 months (p = 0.03) (Figures 1A,B), confirming previous
findings (Thompson et al., 2012). We could not detect a
visible topographical pattern in the loss of photoreceptors,
which, however, upon quantitative analysis, exhibits a “patchy”
distribution with some, apparently random, areas displaying
fewer photoreceptors than others. We measured the extent of
irregularity in the process of rod degeneration by measuring the
coefficient of variation (standard deviation/mean) of ONL rows
(Figure 1C). Indeed, rd9 12 months showed a significantly higher
coefficient of variation in ONL rows (11.6 ± 0.5) compared
to WT controls (8.51 ± 0.2) (p = 0.0008), and the pattern
become even more irregular in rd9 18 months (16.84 ± 0.9)
(p < 0.0001). An indication of ON irregularity can be obtained
by Figure 9B (arrows).
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FIGURE 1 | Outer nuclear layer (ONL) in rd9 mutants. (A) Representative images of vertical retinal sections with nuclear staining in WT 12 months old, rd9
12 months old and rd9 18 months old mice. Scale bar is 20 µm. (B) Quantification [mean ± standard error (se)] of ONL rows in WT 12 months old, rd9 12 months
old and rd9 18 months old mice. (C) Quantification (mean ± se) of Coefficient of variation in ONL rows (Coefficient of Variation) in WT 12 months old, rd9 12 months
old and rd9 18 months old mice. ∗∗∗for p < 0.0001, ∗∗for p < 0.005, ∗for p < 0.05.

FIGURE 2 | Cone loss in retinal whole mounts. (A) Representative images of whole mount ICCH with cone Arrestin antibodies from WT 12 months old, rd9
12 months old and rd9 18 months old mice. Scale bar is 20 µm. (B) Quantification (mean ± se) of cones/retina in WT 12 months old, rd9 12 months old and rd9
18 months old mice. (C) Quantification (mean ± se) of Coefficient of Variation in cones/retina (Coefficient of Variation) in WT 12 months old, rd9 12 months old and
rd9 18 months old mice. Scale bar is 20 µm.

To assess whether the degeneration process affected rods
and cone equally, we counted the number of cones/retina
using whole mount preparations and also determining the
coefficient of variation of these data (Figure 2). Results
show no significant loss of cone photoreceptors in both
rd9 12 months (186,129.9 ± 1,260.4 cones/retina) and rd9
18 months (182,865.2 ± 2,992.9 cones/retina) compared to WT
12 months ((184,921.5 ± 4687.4 cones/retina) (Figures 2A,B).

Consistently with the absence of numerical alterations in cone
numbers, the coefficient of variation does not vary either
between the analyzed experimental groups (WT12 months,
13.4 ± 1.45; rd9 12 months, 14.7 ± 2.0; rd9 18 months
15.2 ± 1.4) (Figure 2C).

Besides complete survival of cones, we excluded the
occurrence of major morphological alterations in this
photoreceptor type (Figure 3), confirming previous data
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FIGURE 3 | Cone morphology. Representative images of vertical retinal sections stained with anti-cone Arrestin antibodies from WT 12 months old, rd9 12 months
old and rd9 18 months old mice. Scale bar is 20 µm. Note the enlargement and slight misalignment of cone pedicles in rd9 compared to WT mice. ONL, Outer
Nuclear Layer; OPL, Outer Plexiform Layer.

(Thompson et al., 2012). However, an enlargement of cone
pedicles and a distribution along a more irregular plane were
observed (Figure 3), likely attributable to loss of synaptic
spherules and OPL rearrangement following degeneration
of rods. Yet, cone pedicles were never observed outside the
boundaries of the OPL.

Altogether, our quantitative analysis shows that photoreceptor
loss in rd9 mice is mainly due to rod degeneration, while
cone number and architecture are mostly preserved, and is
associated to intraretinal variation, in agreement with previous
findings in humans and murine models of RPGR related
disease (Charng et al., 2016). Yet, ERG data (see below)
indicate the occurrence of functional abnormalities preceding
any morphological alteration in cone cells.

If not otherwise specified, histological images shown to
illustrate inner retinal changes were obtained from areas of
maximum ONL thinning.

Remodeling of Horizontal Cells
Horizontal cells in the mouse retina are a homogenous axon-
bearing population. They receive glutamatergic input from
photoreceptors, with dendrites being postsynaptic to cones
and axonal arbors receiving synaptic inputs from rods. We
studied the morphology of these two specific horizontal cell
compartments by means of anti-Calbindin D (Figures 4A,C)
and anti-Neurofilament 200 antibodies (Figures 4B,C) labeling
the entire horizontal cell and its axonal compartment (Gonzälez-
soriano, 1994), respectively.

Siding the slow loss of rods, horizontal cells in rd9 retinas
sprout profusely with visible remodeling affecting the axonal,
rod-connected, components (Figures 4A–C, arrows). Thick
sprouts can be followed in the outer retina of rd9 12 months
with their thin, apical portions ending deeply in the outer half
of the ONL (Figures 4B,C). Progressing from rd9 12 months to
rd9 18 months, an increase in length of dendrites of horizontal
cells was also observed, with fine processes penetrating the outer
retina and becoming less orderly stratified as the degeneration
proceeds (Figures 4A,C).

Changes in the axonal compartment of horizontal cells likely
reflect the loss of rods, while the subsequent dendritic sprouting
suggests abnormalities also in cone-horizontal cell interactions.

Remodeling of Bipolar Cells
Bipolar cells morphology can be studied with specific antibodies,
while co-staining of photoreceptor synaptic contacts provides
information of remodeling in the OPL.

To study rod bipolar cells, we used anti-PKCα antibodies while
labeling photoreceptor ribbon synapses with anti Ctbp1 (Ribeye)
antibodies (Figure 5). Consistently with rod photoreceptor loss,
we observed dendritic sprouting of rod bipolar cells in rd9
12 months, with sprouts virtually always abutting ribeye-positive
rod synaptic terminals (Figure 5). Fine dendrites of rod bipolar
cells elongate toward the ONL, following putative retraction of
rod synaptic terminals, and these changes become more evident
as the disease progresses (rd9 18 months) and more precisely as
rod degeneration continues (Figure 5). The inner aspect of rod
bipolar cells (axon and axonal arborizations) appeared identical
to the WT counterparts (Figure 5A).

With similar methods, we assessed putative remodeling of
cone to cone bipolar cell synapses (Figure 6). Some subtypes of
cone bipolar cells (type 2, 3, 4, 5, 6) were stained through anti-
secretagogin (SCGN) antibodies (Kim et al., 2008; Puthussery
et al., 2010) and their morphology studied, while photoreceptors
synaptic contacts were identified by anti-PostSynaptic Density
95 (PSD95) to investigate the presence of paired remodeling, as
done for rod bipolar cells (Figures 6A,B). SCGN positive cone
bipolar cells did not show dendritic sprouting or abnormality
of any kind (Figures 6A,C) and maintained a morphology
undistinguishable from that of WT counterparts. Conversely, rod
photoreceptor synaptic terminals, labeled by PSD95 antibodies,
confirm retraction in the ONL and irregular arrangement in the
OPL (Figures 6B,C). Confirming these results, synaptotagmin-
2 (ZNP-1) positive cells, which include cone bipolar cell types
2 and 6 (Berntson and Morgans, 2005; Wassle et al., 2009)
retained unaltered morphologies in both dendritic and axonal
compartments (Figure 7).

Altogether, these observations indicate the occurrence of rod
degeneration, moderate remodeling of rod-connected neurons,
with sparing of the cone-pathway as the degeneration proceeds.

Retinal Physiology
Functional analysis of one-year-old rd9 animals showed a
reduction of retinal light responses compared to age-matched
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FIGURE 4 | Horizontal cell axonal and dendritic remodeling. (A) Representative images of vertical retinal sections stained with anti-Calbindin (red) antibodies from
WT 12 months old, rd9 12 months old and rd9 18 months old mice. Scale bar is 20 µm. (B) Same fields as above stained with anti-Neurofilament 200 (green)
antibodies. Scale bar is 20 µm. (C) Merge of (A) and (B). Scale bar is 20 µm. Arrows indicate sprouting of the horizontal cell’s rod-connected axonal compartment.
ONL, Outer Nuclear Layer; OPL, Outer Plexiform Layer; INL, Inner Nuclear Layer.

FIGURE 5 | Rod Bipolar cell dendritic remodeling. (A) Representative images of vertical retinal sections stained with anti-PKCα (red) and anti-Ribeye (green)
antibodies from WT 12 months old, rd9 12 months old and rd9 18 months old mice. Scale bar is 20 µm. (B) Details from images in A. Scale bar is 20 µm. Note the
extension of bipolar cell dendrites beyond the OPL toward photoreceptor nuclei. ONL, Outer Nuclear Layer; OPL, Outer Plexiform Layer; INL, Inner Nuclear Layer.
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FIGURE 6 | Cone Bipolar cell morphology. (A) Representative images of vertical retinal sections stained with anti-Secretagogin (green) antibodies from WT
12 months old, rd9 12 months old and rd9 18 months old mice. Scale bar is 20 µm. (B) Same retinal fields as above after staining with Post Synaptic Density 95
(PSD95) (red) antibodies. Scale bar is 20 µm. (C) Merge of (A) and (B). Scale bar is 20 µm. Note lack of correspondence between displaced rod presynaptic
terminals (PSD95 positive) and dendrites of cone bipolar cells (SCGN) (arrows).

FIGURE 7 | Cone Bipolar cell synaptic contacts. Representative images of vertical retinal sections stained with anti-Synaptotagmin 2 antibodies from WT 12 months
old, rd9 12 months old and rd9 18 months old mice. Scale bar is 20 µm. Regular alignment of dendrites in the OPL and axonal arbors in the IPL are evident. ONL,
Outer Nuclear Layer; OPL, Outer Plexiform Layer; INL, Inner Nuclear Layer; IPL, Inner Plexiform Layer.

WT controls mice (Figure 8), confirming previous results in
this mouse model (Thompson et al., 2012). The amplitude of
the a-wave of the scotopic ERG measured 7 ms after stimulus
onset (and directly correlated with the dark current of the
photoreceptors) was significantly reduced in rd9 mice; the b-wave
amplitude, an indicator of bipolar cell function, also showed
a significant decrement. ERG responses following photopic
stimulation also showed a significantly reduction in amplitude as
well. The kinetic of the response is also slower in rd9 respect to the
control mice in both types of ERG protocol used (Table 1). The

OPs, extrapolated from both ERG protocols, show a significant
reduction in amplitude (Figures 8C,F), demonstrating that not
only photoreceptors (OP1) but also neurons of the inner retina
(OP2-OP4) are compromised by the degenerative processes.

Activation of Muller Glia, Astrocytes and
Microglia/Macrophages
Recent data indicate pathological glial cell phenotypes
actively contributing to disease progression in the retina
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FIGURE 8 | Impairment of scotopic and photopic retinal function. (A) Representative scotopic flash ERG recordings from WT and rd9 mice in response to a flash
intensity of 377.2 cd∗s/m2, the highest used for all experiments. (B) Scotopic a-wave and b-wave amplitude as a function of flash intensity from WT and rd9 mice.
Both a-wave and b-wave amplitudes are significantly reduced in rd9 mutants. (C) Scotopic oscillatory potentials amplitude (OP1-OP4) extracted from ERG response
to the bright test flash (377 cd∗s/m2). (D) Representative photopic flash ERG recordings from WT and rd9 mice in response to a flash intensity of 377 cd∗s/m2

superimposed on steady background of 30 cd/m2. (E) Photopic b-wave amplitude as a function of flash intensity. Cone function is significantly reduced in rd9 mice.
The graph shows all the luminances used in the photopic ERG protocol, corresponding to medium and high intensity luminances also used in the scotopic ERG, but
superimposed on fixed background of 30cd/m2. (F) Photopic oscillatory potentials (OP1-OP4) extracted from the ERG response to the bright test flash (377
cd∗s/m2). OPs show significantly lower amplitudes in rd9 mutants compared to WT mice. ∗∗for p < 0.005, ∗for p < 0.05.
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TABLE 1 | Peak time values of scotopic and photopic ERG.

Flash
intensity
(cd∗s/m2)

WT 12 months Peak
time (mean ± SD)

rd9 12 months Peak
time (mean ± SD)

p-value

Scotopic ERG

0.09 0.11965 ± 0.00617 0.15947 ± 0.01076 0.013∗

0.36 0.09604 ± 0.00618 0.14027 ± 0.01637 0.023∗

1.29 0.08884 ± 0.0053 0.12677 ± 0.0149 0.026∗

5.12 0.07607 ± 0.00565 0.11507 ± 0.01131 0.013∗

21.2 0.07196 ± 0.00424 0.14187 ± 0.02364 0.0085∗∗

83.7 0.0786 ± 0.00773 0.1106 ± 0.01481 N/A

377 0.07734 ± 0.00384 0.13607 ± 0.01625 0.004∗∗

Photopic ERG

5.12 0.10535 ± 0.02259 0.15227 ± 0.01785 N/A

21.2 0.06381 ± 0.0163 0.09563 ± 0.01441 N/A

83.7 0.05719 ± 0.00903 0.08011 ± 0.01451 N/A

377 0.06359 ± 0.00697 0.0898 ± 0.0143 N/A

∗∗for p < 0.001, ∗for p < 0.05.

(Fletcher et al., 2007; Zhao et al., 2015; Silverman and Wong,
2018; Guadagni et al., 2019) and, more in general, in the CNS
(Liddelow et al., 2017; Deczkowska et al., 2018). We examined
the morphology of the main glial cell types in the retina of the
rd9 mutant, focusing on astrocyte and Muller cell reactivity
as assessed by GFAP staining, and on the morphology and
distribution of microglia/macrophages.

We found that Muller cells processes exhibit only a moderate
GFAP upregulation (with radial processes more intensely
immunoreactive) in rd9 12 months compared to WT controls
(Figure 9). Such reactivity becomes slightly more diffused across
the retina in rd9 18 months compared to rd9 12 months
(Figure 9) but never extends to astrocytes in the time span
considered in this study (Figure 9).

Putative microglia/macrophages were studied through
anti-Iba1 antibodies; double immunostaining for the light-
sensitive channel (LSC) of rods allowed visualization of the
spatial relationship between microglia and outer segments of
degenerating photoreceptors (Figure 10). In normal conditions,
the ONL is completely void of microglia/macrophages, being
resident microglia normally distributed in the two plexiform
layers (Figure 10). Rd9 mice showed a remarkable increase
in the number of microglial cells/macrophages located at the
outer retinal level, in close proximity to rod outer segments
(Figure 10 and Supplementary Figures S3A,B). These Iba-1
positive cells had ameboid morphologies (Figures 10B,C),
indicative of activated proinflammatory state (Langmann, 2007;
Li et al., 2015), and were also observed to contain LSC-positive
vacuoles, strongly suggesting their active phagocytosis of dying
rod outer segments (Figure 10 and Supplementary Figure S3B).
The inner plexus of microglia displayed a complex and ramified
morphology (Figure 10), typical of the physiological microglial
condition, reinforcing the notion that degeneration in the rd9
mouse model is mostly a process confined to the outer retina.

Interestingly, the presence of microglia/macrophages at the
outer retinal level suggests recruitment from the blood vessels,
indicative of a generalized inflammatory/immune reaction.

Retinal Pigment Epithelium (RPE)
Alterations
The RPE tight junction network is a key component of the
outer BRB, while retinal capillary endothelial cells contribute to
the inner BRB (Cunha-Vaz et al., 2011; Campbell et al., 2018).
Tight junctions are made up of intracellular, transmembrane
and extracellular proteins that allow intercellular contacts
and relative intracellular signaling: Zonula Occludens 1
(ZO-1) is an intracellular tight junction scaffolding protein,
regulating RPE proliferation, patterning and homeostasis
in physiological and pathological conditions (Itoh et al.,
1999; González-Mariscal et al., 2003; Georgiadis et al., 2010;
Campbell et al., 2018).

We investigated RPE morphology through ZO-1
immunostaining (Figure 11). Qualitative exploratory
analysis disclosed a critical decrement of the intensity of
ZO-1 staining in rd9 mice with respect to WT controls
(Figure 11A). Quantification confirmed the almost 4-fold,
decrease in ZO-1 immunofluorescence in rd9 12 months
[5.2 ± 0.3 arbitrary units (a.u.)] compared to their WT
counterpart (17.14 ± 2.4 a.u.) (p = 0.003), with changes
being maintained also in rd9 18 months (4.4 ± 1.5
a.u.) (Figure 11B).

These findings suggest that RPE integrity is critically altered in
rd9 mutants, pinpointing at a non-linearity in the RPE changes
with respect to photoreceptor loss.

DISCUSSION

In this study, we provide the secondary characterization of the
retinal phenotype of the rd9 mouse model of XLRP, originally
described by Thompson et al. (2012), carrying a mutation in the
RPGR-ORF15 gene.

Even though both rods and cones carry the mutation,
degeneration in this mouse model is mainly driven by rod death,
with survival of 65% of all photoreceptors and 100% of cones
at 1 year of age compared to WT mice. Degeneration occurs
in a patchy fashion with a measurable intraretinal variation.
This feature could not be clearly ascribed to a topographical
pattern of photoreceptor loss, nonetheless, together with cone
preservation, it is a recurrent finding in XLRP patients
(Charng et al., 2016).

The slow but continuous process of rod loss entails an
expected remodeling in post synaptic neurons, with thickening
and extension toward the outer retina in horizontal cells
axonal arborizations and major dendritic sprouting of rod
bipolar cells. Sprouting is paired by dislocation of rod
spherules (but not cone pedicles) in the outer retina, where
they are found at different depths throughout the ONL.
Hence, it appears that synaptic connections of rods and
their partners in the OPL are maintained, albeit spatially
rearranged. These changes might be due to excessive and
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FIGURE 9 | Astrocytes and Muller cells. Representative images of vertical retinal sections labeled with anti-GFAP antibodies (red) and counterstained with DAPI
(blue) from WT 12 months old, rd9 12 months old and rd9 18 months old mice. Scale bar is 20 µm. Highly reactive Muller cells’ processes are visible at in
rd912 months and rd9 18 months. INL, Inner Nuclear Layer; GCL, Ganglion cell layer.

FIGURE 10 | Rod Outer Segments and Microglial reactivity in the outer retina. (A,B) Representative image of vertical retinal sections stained with anti-Light Sensitive
Channel (green), anti-Iba1 (red) antibodies and Dapi (blue). A: WT 12 months old mouse; B: rd9 18 months old mouse. Arrows point to the left and right sides of the
section, where the numbers of ONL rows of nuclei are visibly different, indicating local variability in rod degeneration. Scale bar is 20 µm. (C) Detail from (B). Note
ameboid morphology of microglia in the subretinal space and the presence of LSC positive residues in intracellular inclusions. Scale bar is 10 µm. (D) Detail from (B).
Note ramified morphology of microglia in the inner retina. Scale bar is 10 µm. OS, Outer Segments; ONL; Outer Nuclear Layer; OPL; Outer Plexiform Layer.
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FIGURE 11 | RPE remodeling. (A) Representative images of RPE whole mount ICCH with anti-Zonula Occludens 1 (ZO-1) antibodies from WT 12 months old, rd9
12 months old and rd9 18 months old mice. Scale bar is 10 µm. (B) Quantification (mean ± se) of Fluorescence intensity (a.u.) in WT 12 months old, rd9 12 months
old and rd9 18 months old mice. ∗∗for p < 0.005.

TABLE 2 | Remodeling of retinal cell types at early stages of degeneration in different mouse models.

Horizontal cells Rod bipolars Cone bipolars Muller cells Microglia

rd9 mouse
(12/18 months)

Dendritic and axonal
sprouting toward the
ONL

Dendritic sprouting
toward the ONL

Preserved morphology
and synaptic
architecture

Slightly abnormal GFAP
expression and
reactivity

Migration in the outer
retina and transition to
activated ameboid
morphology in the outer
retina

XLPRA2-affected dogs
(< 42 weeks)

Decreased complexity
of thin synaptic endings
and following dendritic
retraction

Dendritic retraction Preserved morphology
and synaptic
architecture

Abnormal GFAP
expression and
reactivity

N/A

rd10 mouse (< P45) Decreased complexity
of thin synaptic endings
and following dendritic
retraction

Dendritic retraction and
mislocalization of
metabotropic
glutamate receptors

Preserved morphology
and synaptic
architecture followed by
dendritic retraction

Abnormal GFAP
expression and
reactivity

Migration in the outer
retina and transition to
activated ameboid
morphology

Crx−/− mouse
(5–8 months)

Axonal sprouting
toward the INL

Dendritic retraction and
mislocalization of
metabotropic
glutamate receptors

Preserved morphology
and synaptic
architecture followed by
dendritic retraction

N/A N/A

Tvrm4 (7 days
post-induction)

Dendritic retraction and
axonal arbor thickening

Dendritic retraction and
mislocalization of
metabotropic
glutamate receptors

Dendritic retraction Abnormal GFAP
expression and
reactivity

Migration in the outer
retina and transition to
activated ameboid
morphology

P23H transgenic rat (<
P40)

Decreased complexity
of thin synaptic endings
and following dendritic
retraction

Dendritic retraction and
mislocalization of
metabotropic
glutamate receptors

Preserved morphology
and synaptic
architecture followed by
dendritic retraction

Abnormal GFAP
expression and
reactivity

Migration in the outer
retina and transition to
activated ameboid
morphology

References are: XLPRA2 affected dogs (Beltran et al., 2006); rd10 mouse (Gargini et al., 2007; Zabel et al., 2016); Crx−/− (Pignatelli et al., 2004); Tvrm4 mouse (Gargini
et al., 2017); P23H rat (Cuenca et al., 2004; Fernández-Sánchez et al., 2015; Noailles et al., 2016). N/A, not available.

dysregulated release of neurotransmitter during rod death,
working as a growth signal for second-order neurons (McKinney
et al., 2002). Dendritic retraction of second order neurons,
typically observed in faster forms of retinal degeneration

(Jones et al., 2003; Marc et al., 2003; Gargini et al., 2007;
Strettoi, 2015), is never observed in rd9 mutants, reinforcing
the notion that only major photoreceptor death can drive
synaptic deafferentation in the outer retina and major regressive
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remodeling of inner retinal neurons and suggesting the
existence of a photoreceptor loss threshold for initiating
this remodeling.

Cone pedicles maintain their spatial location but undergo
slight enlargement, paralleled by remodeling of horizontal cells
dendrites. In the face of these changes, cone bipolar cells
are spared, as assessed by morphological examination of types
2, 3, 4, 5, 6 cone bipolar cells. The complete survival of
cones and their minor changes at the synaptic level despite
the mutation suggests that these cells are less metabolically
vulnerable than rods, perhaps as a consequence of the slower or
absent renewal of outer segments (Young, 1971; Hogan et al.,
1974; Anderson et al., 1980). Secondly, remaining rods may
maintain a relatively normal outer retinal microenvironment
halting the death of even vulnerable cones (Aït-Ali et al., 2015).
Furthermore, cone conservation might partly be responsible
for the overall preservation of retinal architecture (Jones et al.,
2016). In agreement with morphological data, the scotopic
ERG records a reduction of both the a-wave measured 7 ms
post stimulus and of the b-wave, confirming the loss of rod
photoreceptors and a malfunctioning of the synapses with rod
bipolar cells. Despite the considerable maintenance of cone
morphological integrity and number, ERG data demonstrate
abnormalities in the physiology of the cone system, indicated by
the reduction of photopic b-wave as well as by the decrement
in OPs. The latter are indicative of a worsening of the
transfer of information from photoreceptors to inner retinal
neurons. ERG data, also showing delayed kinetics of both
scotopic and photopic responses, confirm and extend previous
studies on the same animal model (Thompson et al., 2012)
and correlate with existing literature on other paradigms of
retinal degeneration (Gargini et al., 2007; Piano et al., 2016;
Tanabu et al., 2019) all demonstrating that alterations of retinal
physiology can be detected before any major morphological
change besides rod loss.

The overall process of glial activation and GFAP upregulation
typical of RP (Marc et al., 2003; Gargini et al., 2007; Jones
et al., 2016) appears limited in the rd9 phenotype, with
mild activation of Muller cell processes and presence of
infiltrating and/or migrating microglia/macrophages in the
outer retina and mostly at the subretinal space. Compared
to mutants where the degeneration takes place in few weeks,
this phenotype is sensibly milder (Gargini et al., 2007; Zhao
et al., 2015; Guadagni et al., 2019). Despite relatively moderate
changes in other retinal cell types, RPE cells visibly down-
regulate ZO-1, a scaffolding protein, physiologically responsible
of epithelium proliferation control and BRB permeability
(Itoh et al., 1999; González-Mariscal et al., 2003; Georgiadis
et al., 2010). Changes in the RPE junctional architecture
have been previously characterized in other models of
retinal degeneration (Campbell et al., 2006; Chrenek et al.,
2012), nonetheless, to our knowledge, this is the first report
of a decrease of ZO-1 immunostaining in an RP model,
suggesting an increase of BRB permeability. Indeed, increases
in BRB permeability are common in RP patients (Mallick
et al., 1984; van Dorp et al., 1992) and also in diabetic
retinopathy and Age-related Macular Degeneration (AMD)

(Cunha-Vaz et al., 2011; Cunha-Vaz, 2017). Their role in
RP progression remains unknown and worth investigating.
This suggests that the rd9 mutant can be used to reveal
abnormalities of the outer BRB and to study their possible
pathological role, in the presence of relatively conserved
retinal architecture, mirroring early stages of disease or slowly
progressing phenotypes. Generalization of these findings
to other mouse models of RP would support the search
of mutation-independent biomarkers of early stage disease
and motivate development of new therapeutic strategies to
halt BRB changes.

Altogether, observed changes occurring in rd9 retinas
recapitulate very early stages of degeneration in other mouse
models of RP and in RP patients (Strettoi and Pignatelli,
2000; Strettoi et al., 2002, 2003; Marc et al., 2003; Pignatelli
et al., 2004; Gargini et al., 2007; Strettoi, 2015; Jones
et al., 2016). Indeed, increased or misplaced wiring of
inner retinal neurons has been observed in human retinal
degeneration and in mouse models at very early stages of
the disease. In most cases, it is quickly followed by dendritic
retraction and regressive remodeling of second orderd retinal
neurons (Table 2; Milam et al., 1998; Fariss et al., 2000;
Strettoi et al., 2002; Jones et al., 2003, 2016; Marc et al.,
2003; Pignatelli et al., 2004). This regressive remodeling is
predicted to take place only around 30 months of age
in rd9 mice, when ONL thickness is relevantly reduced
(Chang et al., 2002). This highlights the potential of the
rd9 mouse model as a tool to study early phases of retinal
degeneration in a slow-progressing phenotype, with the aim
of searching for disease biomarkers (e.g., BRB alterations
or opsin mislocalization (Chang et al., 2002; Thompson
et al., 2012). This could accelerate diagnosis in human
patients and develop treatments to be used in contexts
where retinal architecture is largely conserved, like targeted
gene therapy, indeed a planned treatment for X-linked RP
(Boye et al., 2013; Aguirre, 2017; DiCarlo et al., 2018;
Trapani and Auricchio, 2018).
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Pituitary adenylate cyclase-activating polypeptide (PACAP1-38) is a highly conserved
member of the secretin/glucagon/VIP family. The repressive effect of PACAP1-38 on
the apoptotic machinery has been an area of active research conferring a significant
neuroprotective potential onto this peptide. A remarkable number of studies suggest
its importance in the etiology of neurodegenerative disorders, particularly in relation
to retinal metabolic disorders. In our review, we provide short descriptions of various
pathological conditions (diabetic retinopathy, excitotoxic retinal injury and ischemic
retinal lesion) in which the remedial effect of PACAP has been well demonstrated
in various animal models. Of all the pathological conditions, diabetic retinopathy
seems to be the most intriguing as it develops in 75% of patients with type 1
and 50% of patients with type 2 diabetes, with concomitant progression to legal
blindness in about 5%. Several animal models have been developed in recent
years to study retinal degenerations and out of these glaucoma and age-related
retina degeneration models bear human recapitulations. PACAP neuroprotection is
thought to operate through enhanced cAMP production upon binding to PAC1-
R. However, the underlying signaling network that leads to neuroprotection is not
fully understood. We observed that (i) PACAP is not equally efficient in the above
conditions; (ii) in some cases more than one signaling pathways are activated; (iii)
the coupling of PAC1-R and signaling is stage dependent; and (iv) PAC1-R is not
the only receptor that must be considered to interpret the effects in our experiments.
These observations point to a complex signaling mechanism, that involves alternative
routes besides the classical cAMP/protein kinase A pathway to evoke the outstanding
neuroprotective action. Consequently, the possible contribution of the other two
main receptors (VPAC1-R and VPAC2-R) will also be discussed. Finally, the potential
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medical use of PACAP in some retinal and ocular disorders will also be reviewed.
By taking advantage of, low-cost synthesis technologies today, PACAP may serve as
an alternative to the expensive treatment modelities currently available in ocular or
retinal conditions.

Keywords: PACAP, signaling, retina degeneration, metabolic origin, neuroprotection

INTRODUCTION

Neuropeptides have a fundamental role in the maturation of
the nervous system and their functional consequences appear in
countless biological mechanisms, both in physiological and in
pathological conditions. Peptides may act as neurotransmitters,
neuromodulators or neurohormones, therefore their function
in neuronal development/regeneration may confer crucial
protective roles during pathological conditions (Strand, 2003;
Casini, 2005; Cervia and Casini, 2013).

Pituitary adenylate cyclase-activating polypeptide (PACAP)
was first isolated from ovine hypothalamic extract as a 38
amino acid long peptide (PACAP1-38) in 1989 (Miyata
et al., 1989). It belongs to the vasoactive intestinal peptide
(VIP)/secretin/glucagon peptide family members and has
another isoform eleven amino acids shorter (PACAP1-27)
which is less dominant in vertebrates (Arimura and Shioda,
1995; Vaudry et al., 2009). Unless stated otherwise, we refer
PACAP1-38 as PACAP throughout this paper.

The biological effects of PACAP are mediated by three types of
G-protein coupled receptors which have seven transmembrane
domains (PAC1-R, VPAC1-R, VPAC2-R, see below). PACAP
binds to pituitary adenylate cyclase-activating polypeptide type
I receptor (PAC1-R) with approximately 100x higher affinity
than VIP while both peptides have similar affinities for VPAC1-
R and VPAC2-R. These receptors are widely distributed in the
central and peripheral nervous system (Vaudry et al., 2000;
Laburthe et al., 2007). The variable effects of PACAP are due

Abbreviations: AC, adenylate cyclase; Akt, protein kinase B; ATP, adenosine
triphosphate; BCCAO, bilateral carotid artery occlusion; Bcl-2, B-cell lymphoma
2 protein; BDNF, brain-derived neurotrophic factor; cAMP, cyclic adenosine
3′,5′-monophosphate; CNS, central nervous system; CNTF, ciliary neurotrophic
factor; CRE, cAMP response element; CREB, cAMP response element-binding
protein; DAG, diacylglycerol; DR, diabetic retinopathy; ERK 1/2, extracellular
signal-regulated-kinase 1/2; Gα/β/γ, G protein alpha/beta/gamma subunit; GCL,
ganglion cell layer; GFAP, glial fibrillary acidic protein; GSK, glycogen syntase
kinase-3; HIF1α, hypoxia-inducible factor 1 α; HRE, hypoxia response element;
IL6, interleukin6; INL, inner nuclear layer; IP3, inositol trisphosphate; IPL, inner
plexiform layer; JNK, jun N-terminal protein kinase; LPS, lipopolysaccharide;
MAPK, mitogen activated protein kinase; MAPK, mitogen-activated protein
kinase; MGS, monosodium glutamate; mRNA, messenger RNA; NaAsO2, sodium
arsenite; NFκB, nuclear factor κB; NR2B, N-methyl D-aspartate receptor subtype
2B; OCTR, ocreotide; ONL, outer nuclear layer; OPL, outer plexiform layer;
PAC1-R, pituitary adenylate cyclase-activating polypeptide type I receptor;
PACAP, pituitary adenylate cyclase-activating polypeptide; PARP, poly ADP ribose
polymerase; phospho-CaMKII, calcium/calmodulin-dependent protein kinase II;
PI3K, phoshoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate;
PKA, protein kinase A; PKCα, protein kinase C alpha; PKC, protein kinase C; PLC,
phospholipase C; PLC, phospholipase C; ROS, reactive oxygen species; RPE, retinal
pigment epithelium; SST, somatostatin; STZ, streptozotocin; TNFα, tumor necrosis
factor alpha; VEGF, vascular endothelial growth factor; VEGF-R, VEGF- receptor;
VIP, mitogen activated protein kinase; VPAC1-R, vasoactive intestinal polypeptide
receptor 1; VPAC2-R, vasoactive intestinal polypeptide receptor 2.

to the activation of diverse signal transduction pathways and
their outcomes depend on which receptor types have been
activated. AC, PLC and Ca2+ are main effectors during the
signal transduction mechanisms of PACAP (Spengler et al., 1993;
Pisegna and Wank, 1996). PAC1R and VPAC1R are coupled
to AC, which leads to cyclic adenosine 3′,5′-monophosphate
(cAMP) level elevations and the subsequent activation of PKA,
which in turn could activate the MAPK pathway. Both receptor
types are coupled to PLC as well, which leads to the stimulation
of Ca2+ mobilization and the activation of the protein kinase
C (PKC) pathway. VPAC2R subtype also seems to activate the
AC signaling pathway. Beyond the receptor types, activation of
different pathways depends on the ligands, the tissue type, and
the stage of the development (Filipsson et al., 1998; Basille et al.,
2000; Vaudry et al., 2000).

PACAP and its receptors are present in the CNS and in
peripheral organs of mammals (Arimura and Shioda, 1995;
Vaudry et al., 2009). In the CNS it behaves as a neurotransmitter
or neurotrophic factor and is expressed in the hippocampus,
cerebellum, hypothalamus and in several brainstem nuclei
(Hannibal, 2002; Lee and Seo, 2014). Several studies discussed
its neuroprotective effects in neurodegenerative diseases such
as in stroke, brain ischemic injuries, Alzheimer’s diseases and
in Parkinsonism (Wang et al., 2008; Atlasz et al., 2010; Han
et al., 2014; Matsumoto et al., 2016). Studies have revealed the
expression of PAC1-R in the conjunctiva while PACAP/PAC1-
R show higher expression in the lacrimal glands, in the cornea
and in the retina (Wang et al., 1995; Elsas et al., 1996). In
the retina, the nerve cell bodies in the GCL, some amacrine
cells and horizontal cells show PACAP immunopositivity (Izumi
et al., 2000; Denes et al., 2014). PAC1-R is strongly expressed in
the GCL, in the INL and shows lower expression in the outer
and inner plexiform layers (OPL, IPL) as well as in the ONL
(Seki et al., 1997). To date, several studies have described the
significant neuroprotective potential and neurotrophic effects
of PACAP in relation to retinal metabolic disorders. Although
its physiological action is incompletely elucidated, this peptide
exerts neuroprotective and trophic actions by regulating cell
survival and death, not only during the development and
maturation of the nervous system but also in pathological
conditions. Although pivotal roles in retinal metabolic disorders
have been extensively investigated, the mechanisms are still not
well understood and further signal transduction pathways may
await to be revealed.

The primary aims of the present review are to summarize
our knowledge about PACAP action in the retina in various
physiological and pathological conditions (diabetic retinopathy,
excitotoxic retinal injury and ischemic retinal lesion) and to
discuss the potential signal transduction pathways in the context
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of its protective action. Particularly, we pay special attention
to (i) the lack of PACAP in the retina and supplementation
of PACAP during early postnatal development; (ii) PAC1-R
subtypes in the retina and their possible involvement in the
neuroprotective events; and (iii) role of PACAP in mobilizing the
immune system, both white blood cells and chemical messengers,
to achieve retinal neuroprotection. Finally, we summarize the
synergistic and diverging pathways through which PACAP acts
and achieves functional improvement in concerted action with
other neuropeptides.

PACAP CONTRA RETINAL
DEGENERATION WITH METABOLIC
ORIGINS

As we mentioned above, the physiological role of PACAP in the
adult retina is not well established. Clearly, an emerging theory is
that the lack of endogenous PACAP would accelerate age-related
degeneration (Reglodi et al., 2018). PACAP deficiency mimics
aspects of age-related pathophysiological changes including
increased neuronal vulnerability and systemic degeneration
accompanied by increased apoptosis, oxidative stress, and
inflammation thus mimicking early aging. In support of this
theory, it has been proven recently that endogenous PACAP
has a protective effect during retinal inflammation. Experiments
with PACAP KO mice revealed that intraperitoneal injection
of LPS induced markedly more seriously eye-inflammation
in PACAP KO mice than in the wild type group. During
the process of inflammation, protein kinase B (pAkt) and
glycogen synthase kinase-3 (pGSK) levels decreased in PACAP
KO mice while cytokines (sICAM-1, JE, TIMP-1) were elevated
(Vaczy et al., 2018).

INVOLVEMENT OF PACAP IN RETINAL
CELL DEVELOPMENT AND AGING

In the CNS numerous extrinsic and intrinsic factors contribute
to the formation of mature tissue by the precise regulation of the
appropriate number and distribution of neurons. Neuropeptides
influence many developmental processes of the CNS in a
regulated way (Casini, 2005). In the developing retina, progenitor
cells proliferate and differentiate into various retinal cell types as
a result of numerous regulated cell cycle processes and develop
into the final multi-layered structure of the retina. In postnatal
(P6, P9) rat retinas PACAP treatment modulates cell death by
activation of cAMP-PKA pathways (Silveira et al., 2002). Njaine
et al. (2010) have investigated the exact timing and role of PACAP
and its receptors in the cell generation of the developing rat
retina. PAC1-R is expressed as early as E16 during development
while VPAC1-R and VPAC2-R are expressed later, but then are
present at all other stages. PACAP treatment resulted in an
anti-proliferative effect by phosphorylation of CREB in cyclin
D1 expressing retinal progenitor cells after PACAP receptor
activation. Conversely, PACAP receptor activation led to a
decreased level of cyclin D1 mRNA and further decreased by

a combined treatment with PACAP and the cAMP degradation
inhibitor IBMX. These findings have shown that PACAP has
control over a subpopulation of progenitor cells and modulate
cell proliferation in the developing retinal tissues (Njaine et al.,
2010). Interestingly, PACAP shows both pro- and anti-apoptotic
effects on postnatal retinal development in rat models. Caspase
activity analysis has shown dose- and stage-dependent effects of
PACAP on developmental apoptosis in rat retinas. Intravitreal
injection of PACAP from postnatal day 1 (P1) to P7 induces
apoptosis during the early stage of the retinogenesis. When
100 pmol PACAP was injected, it increased caspase 3/7 activity
at P1, P3, and P5, but had no effect at P7. At P3, treatment
repressed caspase 3/7 activity 18 h after the intravitreal injection,
however, their levels increased 24 h post-injection. Apparently,
PACAP treatment did not exert anti-apoptotic effects at P1, P5,
and P7 rat retinas (Nyisztor et al., 2018). These findings warn us
to re-evaluate PACAP action cautiously, always taking the timing
and concentrations into account, especially in development.
Unfortunately, not much is known about the functions of this
peptide in mature retinas. Aging experienced as loss of function is
accompanied by functional and morphological changes in retinal
tissues (Gao and Hollyfield, 1992; Curcio and Drucker, 1993;
Ramirez et al., 2001; Kovacs-Valasek et al., 2017). PACAP KO
mice show accelerated age-related changes compared to wild
type retinas. Altered structural changes included enhanced loss of
ganglion cells and spouting of rod bipolar cell dendrites into the
ONL in aging PACAP KO mice. Protein kinase C (PKC) α level in
rod bipolar cells has been reduced in this condition. In contrast,
GFAP levels have increased with an absence of endogenous
PACAP. At the same time, PAC1-R has been upregulated in
PACAP deficient young adult mice retinas. Surprisingly, the
authors did not find differences in the histological structure of
young adult PACAP KO and wild type mice (Kovacs-Valasek
et al., 2017). These results suggest that PACAP contributes to
maintaining the biochemical balance within neurons and glial
cells. Thus, in the absence of this peptide, aging processes (e.g.,
reactive oxygen species formation) may gain strength earlier than
in animals with normal PACAP levels.

PACAP RECEPTOR TYPES EXPRESSED
IN RETINA

In the retina, the presence of four PAC1-R isoforms has been
verified during postnatal development. The Null isoform showed
no impressive changes at early stages (P1 to P5), but then
manifested a decline from P5 to P15. Null message levels fell
almost to zero in early adult ages. The Hip isoform had a
similar expression pattern. The Hiphop1 isoform showed one
prominent peak at P10. The Hop1 splice variant did not change
much between P1 and P5, but thereafter it showed a significant
increase at P10, P15, and P20. This seems to be the major isoform
during adult life. Depending on the type of the PAC1-R isoform,
PACAP can induce precursor cells to exit the cell cycle (through
activation of the Null isoform (Lu and DiCicco-Bloom, 1997)
or can promote proliferation in neuroblasts (if they express the
Hop isoform (Lu et al., 1998). Interestingly, expression of both
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Hip and Hop1 isoforms displays a sudden increase at P10 prior
to eye opening. Due to technical difficulties, PAC1-R bearing
retinal cells could not be sorted by their respective isoforms
(isoform-specific antibodies are not available currently).

Based on these experimental results, a subsequent study has
investigated the exact time period of isoform shift from postnatal
day 5–10. The transcript level of Hip mRNA decreased from
P6 through P9, while Hop1 expression level did not display
any changes until P10. Consequently, a Hip/Hop1 isoform shift
occurs between P6 and P8, which could alter PACAP functions
in the postnatal rat retina (Denes et al., 2014). In contrast to
the PAC1-R expression levels of the VPAC1-R receptor did not
change during postnatal retinal development, though both the
mRNA and protein could be detected in all selected time points.
A similar scenario has been found in the case of VPAC2-R.
Therefore, these receptors appear to be expressed in the newborn
as well as in the adult retina, with similar intensity both at
message and protein level (Lakk et al., 2012).

RETINAL PATHOLOGIES AND PACAP

Retinal diseases fall into two main categories: inherited disorders
and problems of metabolic origin. Both conditions have attracted
substantial research interest. According to our PubMed survey,
approximately 4,000 papers have been published in the last
10 years dealing with the former and about 3,000 with the latter.
Approximately half of the papers deal either with diagnostic
advances or treatment options. Below we shall summarize some
of the experimental results regarding the three most common
conditions: diabetic retinopathy, excitotoxic retinal injury and
ischemic retinal conditions.

Diabetic Retinopathy and PACAP
Diabetes is a multifactorial, metabolic disorder which appears
to be the result of several pathological metabolic processes
with increased morbidity statistics worldwide. In 2017, 425
million adults lived with diabetes and the size of the affected
population will rise to 629 million until 2045 (International
Diabetes Federation, 2017)1. DR is a microvascular complication
of diabetes and the leading cause of vision loss (Cheung
et al., 2010; Antonetti et al., 2012). DR is also considered as
a chronic inflammatory disorder; low-grade inflammation has
been observed in the retinas of both diabetic animals and human
patients (Krady et al., 2005; Kern, 2007; Zeng et al., 2008). Patients
with 1 type diabetes have a higher risk of DR than with the
type 2 disease (Yau et al., 2012). DR has two distinguishable
stages depending on the presence of neovascularization: an earlier
non-proliferative phase characterized by abnormalities in the
microvasculature, which could progress into a proliferative phase
with macular neovascularization (Cheung et al., 2010).

The pathogenesis of DR includes increased polyol and
hexosamine pathway activation, higher advanced glycation end-
products production and the activation of PKC pathways.
These altered signaling mechanisms could result in oxidative

1http://www.diabetesatlas.org

stress and chronic inflammation. Retinal microglial cells become
activated and migrate in the subretinal space in several
retinopathies, including DR (Zeng et al., 2000, 2008). The
activation of microglia induced by hyperglycemia has been
associated with the early development of DR, and occurs as
early as electroretinographic modifications (Gaucher et al., 2007;
Kern, 2007). Cytokines, released by activated microglia, were
shown to contribute to neuronal cell death (Krady et al.,
2005). They stimulate the production of cytotoxic substances,
such as TNFα and ROS, proteases and even excitatory amino
acids, which may induce neuronal degeneration. Leukocyte-
mediated retinal cell apoptosis is among the earliest pathological
manifestations of DR and results in the formation of a cellular-
occluded capillaries, microaneurysms, and vascular basement
membrane thickening (Kern and Engerman, 1995). Macrophages
have long been known to play a major role in the pathogenesis
of proliferative vitreoretinal disorders. In human DR, all types
of macrophages could be detected regardless of clinical history
and duration of the disease (Esser et al., 1993). Consequences
of vascular occlusions contribute to neurodegeneration and
dysfunction of the retina (Frank, 2004; Cheung et al., 2010;
Giacco and Brownlee, 2010). Neuroprotective effects of PACAP
in this pathological condition are complex because they have
both structural, physiological and synaptic aspects as evidenced
by many papers in this field (Table 1). In a rat model, intravitreal
injection of PACAP ameliorated the structural changes of the
retina in streptozotocin-induced DR. This treatment attenuates
neuronal cell loss in the GCL, reduces cone cell degeneration and
shows normal dopaminergic amacrine cell number compared to
untreated diabetic retinas. These findings have demonstrated the
significant neuroprotective effect of PACAP and its therapeutic
potential in DR (Szabadfi et al., 2012). In their latest study,
Maugeri et al. (2019) have provided evidence that PACAP1-
38 protects not only neurons, but also the retinal pigmented
epithelium both in vivo and in vitro. In another study,
the intraocular PACAP injection attenuated the retinal injury
by increasing the anti-apoptotic p-Akt, extracellular signal-
regulated-kinase (p-ERK1/2), PKC and B-cell lymphoma 2 (Bcl-
2) proteins levels, meanwhile the pro-apoptotic phosphorylated
p38MAPK and activated caspase -3,-8, and -12 levels were
decreased. As a result PACAP treatment significantly decreased
apoptotic cell numbers compared to untreated diabetic rats
and attracted a number of unidentified immune cells into the
retina through the inner limiting membrane (Szabadfi et al.,
2014). At the same time, electron microscopic analysis found
altered synaptic structures in the diabetic retinas, in contrast
to PACAP-treated diabetic groups, where more bipolar ribbon
synapses appeared in the inner plexiform layer indicating higher
levels of synapse-retention (Szabadfi et al., 2016). Giunta and
his colleagues have described that MAPK transcripts levels
were modified in the retina of diabetic rats during the early
stages and the levels of PACAP, VIP and their receptors
were all significantly downregulated as compared to non-
diabetic rats (Giunta et al., 2012). At the same time, PACAP
treatment has increased the PAC1-R expression in the retina,
sometimes even in cells where PAC1-Rs are normally not present
(Szabadfi et al., 2012).
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TABLE 1 | In vivo and in vitro experiments with PACAP application in DR (rat retina).

References Study aim Findings

In vivo Giunta et al.,
2012

PACAP, VIP and their receptors expression change in retina
of streptozotocin-induced diabetic rats.

The expression of peptides and their receptors were decreased after
induction of diabetes. PACAP38 intravitreal injection restored diabetic
changes in Bcl-2 and p53 expression to non-diabetic levels.

Szabadfi et al.,
2012

Highlights the protective effects of PACAP in diabetic
retinopathy

PACAP ameliorated structural changes in DR, attenuated neuronal cell loss
and increased the levels of PAC1-receptor and tyrosine-hydroxylase.

D’Amico et al.,
2015

The effects of PACAP in hyperglycemic retina is mediated
by modulation of HIFs’ expression in retina.

In diabetic rats HIF-1α and HIF-2α expression decreased after PACAP
intraocular administration while HIF-3α downregulated in retinas of STZ
injected rats and increased after PACAP treatment.

Szabadfi et al.,
2016

Analyze the synaptic structure and proteins of
PACAP-treated diabetic retinas after intravitreal PACAP
administration.

In the PACAP-treated diabetic retinas more bipolar ribbon synapses were
found intact in the inner plexiform layer than in DR animals. Degeneration of
bipolar and ganglion cells could be ameliorated by PACAP treatment.

D’Amico et al.,
2017

Protective role of PACAP through IL1β and VEGF
expression in rat diabetic retinopathy

PACAP reduced the IL-1β expression and downregulates VEGF, VEGFRs in
STZ-treated animals.

Maugeri et al.,
2019

Effect of PACAP-38 against high glucose damage is
mediated by EGFR phosphorylation in retina.

PACAP-38 induced p-EGFR over-expression in diabetic rats retina.

In vitro Maugeri et al.,
2019

Effect of PACAP-38 on ARPE-19 cells exposed to
hyperglycemic/hypoxic insult

PACAP-38 treatment improved cell viability.

Unfortunately, there is no data available regarding VPAC1-R
and VPAC2-R involvement in the PACAP response in the retina.
However, VIP and PACAP have been shown to cooperate in
functional studies by using other disease models (Schratzberger
et al., 1998; Ganea and Delgado, 2003; Abad et al., 2016).

Excitotoxic Retinal Injury and PACAP
Excitotoxic retinal injury in animal models mimics the
changes associated with elevated intraocular pressure in human
that causes glaucoma. Several studies have examined the
neuroprotective effect of PACAP in excitotoxic retinal injuries.
In normal conditions, glutamate is a neurotransmitter molecule
in the retina, however, in high concentration it causes
excessive stimulation of glutamate receptors and leads to
excitotoxicity. In animal models of excitotoxic retinal injury,
monosodium-glutamate treatment is used in vivo to model this
pathological condition.

Monosodium glutamate (MSG) injection treatment has
caused severe degenerations in neonatal rat retinas (Tamas et al.,
2004; Atlasz et al., 2009). If prior to MSG treatment PACAP was
injected unilaterally into the vitreous body of neonatal rat eyes,
the MSG-induced degeneration became less pronounced. PACAP
was applied in two different concentrations (1 and 100 pmol) to
examine the dose-dependency of PACAP treatment in excitotoxic
retinal injury. After MSG treatment the thickness of the entire
retina was reduced by more than half and the reduction was
especially due to the degeneration of the inner layers. Retinas
of rats treated with 100 pmol PACAP showed significantly less
damage than the retinas of animals treated with 1 pmol PACAP.
These findings have described how PACAP could significantly
attenuate the degeneration of the retina and underlined the
importance of the dose-dependent effects of PACAP (Tamas
et al., 2004). In another study, two different forms of PACAP
(PACAP1-27, PACAP1-38) and their antagonists (PACAP6-38,
PACAP6-27) have been tested in excitotoxic injury. The thickness
of the retina has been significantly reduced, much of the IPL
disappeared, the GCL and the INL cells intermingled and the

ONL cells were swollen. During the investigation, PACAP1-38
and PACAP1-27 treated groups have shown retained retinal
structure and the INL and GCL remained well separated.
The two isoforms of PACAP have shown the same degree of
neuroprotection after MSG treatments. The application of two
PACAP antagonists after MSG injection did not ameliorate the
MSG-induced retinal degenerations and led to a pronounced
degeneration in the rat retina (Atlasz et al., 2009). During these
experiments, the degenerations of the inner retinal layers were
ameliorated by PACAP treatment. Note that PAC1-R distribution
in the retina corresponds to the location of the protective effect
because it shows the highest expression in the INL and in the
GCL, and the lowest in the ONL and OPL (Seki et al., 2000).
Another study examined the molecular background of signal
transduction pathways underlying the neuroprotective effect of
PACAP in MSG-induced retinal injury. The authors found that
MSG inhibits the production of the anti-apoptotic molecules
(phospho-PKA, phospho-Bad, Bcl-xL and 14-3-3 proteins) using
rat models. PACAP treatment attenuates these effects by inducing
the activation of the anti-apoptotic pathway by phosphorylation
of PKA and Bad molecules and increasing the levels of Bcl-xL,
and 14-3-3 proteins (Racz et al., 2007). These results highlighted
that PACAP has a retinoprotective effect in glutamate induced
injuries by reducing the pro-apoptotic pathways, while inducing
anti-apoptotic signaling.

Interestingly, an enriched environment surrounding the
experimental animals has also been shown to provide strong
protective effect. A combination of enriched environment
and PACAP treatment, however, did not further improve the
protective effect, suggesting that these two treatments may utilize
the same pathway for protection (Kiss et al., 2011).

Retinal Ischemic Conditions and PACAP
Retinal ischemia, as well as ischemia-reperfusion, causes
inflammation which leads to injury progression, though
inflammation usually helps in neuronal repair. These conditions
contribute to excess ROS production, increase intracellular
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calcium levels and initiate mitochondrial damage. In addition,
MAPKs, nuclear factor κB (NFκB) and hypoxia-inducible factor
1α (HIF1α) are also activated when ischemic conditions elicit
inflammation (Rayner et al., 2006; Wang et al., 2014; Kovacs
et al., 2019). In the BCCAO model, PACAP activated one of
the most important cytoprotective pathways, the PI3K-Akt, and
suppressed the p38 MAPK and JNK pathways (Szabo et al., 2012)
just like PARP inhibitors (Mester et al., 2009). Furthermore,
a neurotrophic agent with a similar mode of action, CNTF, a
member of the IL6 family (Wen et al., 2012), has also been tested
in the form of intravitreal injection in preclinical studies. Using
12 animal models from 4 different species, researchers described
a strong neuroprotective effect on photoreceptors and ganglion
cells in the retina (Tao et al., 2002; Pease et al., 2009; Flachsbarth
et al., 2014; Lipinski et al., 2015).

The effect of PACAP fragments has also been tested extensively
in this model (Werling et al., 2014). The rationale for this
study was that bioavailability and fast degradation of PACAP
limit its therapeutic use and therefore scientific attention has
been drawn to shorter fragments, especially the ones where
C-terminus is truncated (Bourgault et al., 2009; Bourgault et al.,
2011; Dejda et al., 2011). Therefore, it was necessary to test
whether shorter PACAP fragments (4–13, 4–22, 6–10, 6–15, 11–
15, and 20–31) have any effect on retinal lesions caused by
chronic retinal hypoperfusion. Since the N-terminal fragments
show a high similarity with the structure of VIP, and the 4-13
domain shows high selectivity to the PAC1-R, the prospect of
creating a short and effective peptide fragment with a similar
neuroprotective potential to PACAP seemed very promising.
However, the authors came to the conclusion that the natural
form of the peptide, PACAP1-38, is the most effective in retinal
ischemia, and the 38 amino acid form of the peptide cannot
be replaced by another fragment or another member of the
peptide family (Werling et al., 2014). It has also been shown
that PACAP mediates functional recovery after 14 days of
intraocular treatment (Danyadi et al., 2014), probably through
downregulation of VEGF production and glutamate release
(D’Alessandro et al., 2014).

COMMON, SYNERGISTIC AND
DIVERGING PATHWAYS OF PACAP
SIGNALING TO ACHIEVE FUNCTIONAL
IMPROVEMENT

In the next few paragraphs, we aim to summarize the pathways
activated, directly or indirectly by PACAP receptors (Figure 1).
Unfortunately, most studies do not provide evidence which
PACAP receptors are involved in the processes described below.
Nevertheless, all the available data point to a critical function of
PACAP in neuroprotection.

Downregulation of Vascular Endothelial
Growth Factor (VEGF)
Vascular endothelial growth factor, a dimeric glycoprotein
functions as a mitogen by stimulating proliferation and migration

of endothelial cells. It is also responsible for formation of
new blood vessels (Ferrari and Scagliotti, 1996). The receptors
of this signal molecule (VEGF- receptor 1, VEGF-R1 and
VEGF- receptor 2, VEGF-R2) have tyrosine kinase domains
and contribute to angiogenesis (Yancopoulos et al., 2000;
Rahimi, 2006).

Among retinal cell types, mainly astrocytes, Müller glia cells,
retinal pigment epithelium (RPE) and pericytes produce VEGF
(Chalam et al., 2014). VEGF expression level is increased under
low-oxygen concentrations through the induction of hypoxia-
inducible factor 1 (HIF-1) expression. Hypoxia inducible factors
(HIFs, see later) are modulators in hypoxia and cause endothelial
cell transmigration across the RPE in the eye. These endothelial
cells contribute to new vessel formation under VEGF control
(Wang et al., 1995; Kaur et al., 2008; Skeie and Mullins,
2009). Elevated VEGF production leads to angiogenesis in order
to supply tissues in hypoxic conditions (Kim et al., 2015).
However, the newly generated blood vessels scatter light, and
thus, instead of contributing to a better vision, they actually
deteriorate visual acuity.

Studies have described diverse effects of PACAP on VEGF
expression levels. Both PACAP and VIP are able to modulate
HIF and VEGF expression during diabetic macular edema. VEGF
expression is increased during hyperglycemic insult compared
to control conditions. This effect can be ameliorated by PACAP
or VIP treatment which could reduce the expression of VEGF
and its receptors (Maugeri et al., 2017). Conversely, in another
study, unrelated to diabetes, intravitreal treatment with PACAP
has increased VEGF expression levels in rats after bilateral
common carotid artery occlusion (Szabo et al., 2012). Although
the results appear contradictory at first, at biological level the
finding further demonstrates how profoundly protective PACAP
is. In the extreme hypoxia at carotid artery occlusion the only
survival strategy is more capillaries, that PACAP can also provide
by an adaptive switch in its signaling bias. Nevertheless, the anti-
VEGF effects of PACAP are clearly beneficial in patients suffering
from DR conditions (Gabriel, 2013).

Upregulation of HIF1alpha
HIFs are important transcriptional regulators under hypoxic
circumstances targeting quite a few genes including VEGF
(Hu et al., 2003). Under reduced oxygen conditions, these
factors could modulate the cellular response to hypoxia
(Loboda et al., 2010; Manalo et al., 2011). The HIF1 protein
has two types of subunits (i.e., HIF1-α and HIF1-β) that
show oxygen-dependent expression; while HIF1-β constitutively
expressed, HIF1-α expression is increased under reduced oxygen
concentrations (Jiang et al., 1996). During hypoxia, HIF1-
α forms dimers with HIF1-β and the dimer binds to the
HRE. This complex is able to regulate transcription of genes,
which contribute to angiogenesis. One of them is the VEGF
gene (Pugh and Ratcliffe, 2003). It has been previously shown
that PACAP is able to modulate expression of HIFs in
streptozotocin (STZ) induced diabetic retinas. After 3 weeks,
HIF-1 alpha and HIF-2 alpha levels increased in diabetic
groups and significantly decreased as a result of PACAP
treatment. Conversely, HIF-3α was downregulated in diabetic
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FIGURE 1 | While PAC1-R-mediated signaling is at least partially synergistic with that of VPAC1-R, VPAC2-R that is inducible in some immune elements and utilizes
additional signal molecules to restore normal function. VPAC1-R, vasoactive intestinal polypeptide receptor 1; VPAC2-R, vasoactive intestinal polypeptide receptor 2;
PAC1-R, pituitary adenylate cyclase-activating polypeptide type I receptor; cAMP, cyclic adenosine3′,5′-monophosphate; AC, adenylate cyclase; PKA, protein
kinase A; ATP, adenosine triphosphate; Gα/β/γ, G protein alpha/beta/gamma subunit; IL, interleukin; TNFα, tumor necrosis factor alpha; PLC, phospholipase C;
PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; IP3, inositol trisphosphate; PI3K, phoshoinositide 3-kinase; JNK, jun N-terminal protein kinase;
ERK 1/2, extracellular signal-regulated-kinase 1/2; Akt, protein kinase; CREB, cAMP response element-binding protein; VEGF, vascular endothelial growth factor;
HRE, hypoxia response element; HIF1α, hypoxia-inducible factor 1 α; HIF1β, hypoxia-inducible factor 1 β.

rats and enhanced after intraocular administration of PACAP
(D’Amico et al., 2015). In normal conditions, HIF1α level
is reduced while HIF3α level increases, unlike in hypoxia or
hyperglycemia, where their expression patterns are reversed.
Treatments with VIP or PACAP reduce HIF1α levels and increase
HIF3α levels in ARPE-19 cells under hyperglycemic conditions
(Maugeri et al., 2017).

Downregulation of c-Jun and p38
Kinases
c-Jun N-terminal protein kinase (JNK) and p38 kinase are
members of the MAPK superfamily and they regulate

apoptotic signaling pathways in cells (Estus et al., 1994;
Ham et al., 1995; Mesner et al., 1995). JNK can have both
pro- and anti-apoptotic effects (Ham et al., 1995; Xia
et al., 1995; Lenczowski et al., 1997). In experiments using
sodium arsenite (NaAsO2) to trigger neuronal apoptosis,
both p38 kinase and JNK3 were upregulated and c-Jun
phosphorylation was induced. The results showed that p38
kinase and JNK inhibitors attenuated apoptosis in cortical
neurons and established the differences between JNK isoforms
which differently contributed to the apoptotic processes
(Namgung and Xia, 2000). It has also been described
that intravitreal PACAP treatment decreased JNK, p38
activation and the activation of ERK1/2, AKT in hypoperfused
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rat retinas (Szabo et al., 2012). In MSG-induced retinal
degeneration, PACAP treatment attenuated the activation
of JNK and caspase 3 and increased the level of phospho-
Bad (Racz et al., 2006). On the contrary, the same group
demonstrated that PACAP treatment decreased the expression
and activation of pro-apoptotic p38 in diabetic rat retinas
(Szabadfi et al., 2014).

Synergism With Other Peptidergic
Mechanisms
The therapeutic potentials of different neuropeptides have
been confirmed by numerous animal models of human
diseases. These substances deserve prominent attention in the
development of peptide-based therapeutic strategies of vision-
threatening diseases.

The effectiveness of SST neuropeptide has been described
in various pathological conditions of the retina. SST is an
important neuromodulator and its immunoreactivity occurs
mainly in the GABAergic amacrine cells in the retina (Feigenspan
and Bormann, 1994; van Hagen et al., 2000). SST levels are
downregulated at the early stage of DR (Carrasco et al., 2007).
Topical administration of SST and its analogs have a preventive
effect in retinal neurodegeneration in STZ-induced diabetes. It
has been established that SST treatment inhibits extracellular
glutamate accumulation, glial activation, ERG abnormalities
and it modulates the proapoptotic/survival signaling pathways
in experimental diabetes (Hernandez et al., 2013). Octreotide
(OCTR) is a synthetic SST analog which, for example, in
an ischemia/reperfusion injury study reduced cell loss, retinal
thickness changes, ROS formation and inhibited NF-κB p65
activation. These findings demonstrated that OCTR application
has a neuroprotective and antioxidant effect on ischemic injury
in the retina (Wang et al., 2015). In another investigation,
OCTR reduced hypoxia induced activation of STAT3 and
HIF1 levels in retinal explants (Mei et al., 2012). OCTR
and another SST analog (Woc4D) decreased neovascularization
in the mouse model of oxygen-induced retinopathy (Higgins
et al., 2002). A metabolomic analysis revealed the roles of
PACAP, SP, and OCTR in ex vivo mouse models of retinal
ischemia. These ex vivo results show a synergistic action of
the above mentioned peptides. All treatments reduce VEGF
overexpression, cell death and glutamate release and modulate
pro-survival pathways by restoring IP3 signaling, cAMP levels
and PIP2/PIP3 ratio in ischemia-induced retinal damages. It has
also been demonstrated in ischemia related oxidative stress that
PACAP and SP treatments help to cope with this condition and
OCTR also contributes to the preventive effect in pathological
processes (D’Alessandro et al., 2014).

Takuma et al. have investigated the effect of an enriched
environment on memory impairments in PACAP deficient-
mice. This environment ameliorates the memory impairments in
knockout mice after 4 weeks and the beneficial effects of it were
also observed if mice were returned to a standard environment
after 2 weeks. The results showed that the levels of BDNF,
phospho-ERK, phospho-CaMKII and N-methyl D-aspartate
receptor subtype 2B (NR2B) in the hippocampus increased in

an enriched environment and these factors are responsible for
the ameliorating effect of the this environment on memory
dysfunction. In PACAP −/− mice, however, these increased
expression levels disappeared after 2 weeks when they were
returned to standard housing, so in the lack of PACAP the long-
lasting ameliorating effects of the enriched environment could
not be verified (Takuma et al., 2014). An in vitro examination by
Ogata and his colleagues have compared morphological effects of
PACAP and BDNF on primary cultures of hippocampal neurons.
Both PACAP and BDNF increased neurite length and numbers
at a similar level, while PACAP increased the axon length only,
but not the branching. Interestingly, the use of PACAP6-38
antagonist blocked both PACAP and BDNF-induced increases in
axon length, suggesting that these two peptides may act through
the same intracellular signal transduction machinery and that
PACAP antagonists can interfere effectively with BDNF signaling
(Ogata et al., 2015).

Divergence in PACAP Receptor
Signaling – How Immune Elements Are
Recruited to Damaged Tissue Sites?
It has been demonstrated that immune cells express functional
PACAP receptors. However, PAC1-R has minor roles in the
immune response whereas VPAC1-R and VPAC2-R signaling
evoke diverging effects. The former is constitutively expressed
on macrophages, while the latter is inducible and particularly
strongly effected by LPS (Abad et al., 2016). While VPAC1-R is
thought to act mainly as an inhibitor of the immune response,
VPAC2-R is able to accelerate inflammatory processes by
initiating the production of several cytokines, most prominently
IL-6 and IL-10. Additionally, D’Amico et al. (2017) have provided
evidence that both IL1ß and VEGF levels are modified in
diabetic rat retinas after PACAP administration. In peripheral
organs PACAP also activates T-lymphocytes. In PACAP KO
mice, however, PACAP treatment failed to reduce neutrophil
infiltration into organs indicating that other indirect downstream
PACAP signaling is also essential in this system (Martinez
et al., 2005). VPAC1 and VPAC2 receptors, but not PAC1-
R mRNA levels, were transiently induced in retinas 1 week
following diabetes induction (Giunta et al., 2012). In the
same diabetic condition, immune cells were attracted to the
retina through the inner limiting membrane and resulted in
strengthening of IL-6 but not tumor-necrosis factor (TNF)
α-immunoreactivity in retinal ganglion cells. The reason for
this difference is currently unknown and research is needed
to clarify the underlying signaling routes. It is even more
interesting that TNFα is dramatically increased in glaucoma and
ischemia (Martinez et al., 2005). Therefore, it seems evident
that not all of the microcircuitry-related disorders have identical
immune cell recruitment pathways. This immune response
may enhance the degeneration of the damaged cells. That,
however, may be beneficial science when a protective signal
like PACAP appears, it may be hasten the clearance of the
dying elements, help to rearrange the neural connections and
maintain the integrity of the remaining cells, to restore function
as quickly as possible.
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DISCUSSION

Our review highlights the importance of PACAP and, some other
neuropeptides in retinal degenerative diseases with metabolic
origins. Neuropeptides with their wide range of signaling
potential could modulate the pathological pathways of retinal
diseases through converging signal pathways. The question arises
why these potentials are neglected in drug development and
subsequent clinical trials. One of the difficulties of using natural
peptides as protective agents is their relatively short half-life (in
some cases it can be shorter than 1 min). The solution for this
problem is to modify these peptides at their N and/or C termini in
order to prevent degradation (acetylation, cyclization, N and/or
C termini modification, PEGylation, D-amino acid substitution,
etc.). In the case of PACAP, half-life can be longer than 4 h
after some modifications (Mathur et al., 2016). Another potential
problem using peptides as therapeutic agents is their limited
passage through the blood brain barrier (Banks et al., 1993; Banks
and Kastin, 1996). In the case of the retina there is no need for
systemic administration since the peptides can injected into the
vitreus body and must pass through the retinal inner limited
membrane. Indeed it has been shown in the case of PACAP
that it reaches the inner retinal layers after intravitreal injection
(Werling et al., 2017).

At the same time, one of the mobilized downstream signals
in the pathogenesis, VEGF is intensively targeted by different
anti-VEGF therapies (Gabriel, 2013). While anti-VEGF therapies
are expensive, synthesis and modification of peptides like
PACAP are cost effective, so they may provide alternatives to
the treatments available today in various retinal conditions,
particularly in the case of DR. It would also be reasonable to
consider the combination of modified neuropeptides, which can
effectively counteract pathological retinal metabolic conditions.
As discussed above, there are a number of candidates to be
included in this mixture. In order to effectively protect every
retinal cell type and layer we suggest trying the combination of

modified BDNF, CNTF, OCTR, and PACAP. These substances
together satisfy the following criteria (i) under normal conditions
their native form is present in the retina in low concentration;
(ii) each retinal cell type has a receptor for at least one of the
four peptides; (iii) the signal transduction pathways behind the
retinal receptors of these substances do not ameliorate or cross
each other’s action; and (iv) none of them causes unwanted
side effects even if they are given in higher concentrations.
Considering that anti-VEGF drugs cost over 500 million
pounds in Great Britain alone in 2015 (Hollingworth et al.,
2017), alternatives are definitely needed, especially in low
and medium income countries (Shanmugam, 2014). Clinical
trials with the combinations of the above substances could be
envisioned based on the results achieved on animal models in
research laboratories.
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Purpose: Photoreceptor degeneration occurs in various retinal diseases including
age-related macular degeneration (AMD), Retinitis pigmentosa (RP), and diabetic
retinopathy (DR). However, molecular mechanisms are not fully understood yet. The
retinal pigment epithelium (RPE) forms the outer blood retinal barrier (oBRB) and supplies
glucose, oxygen and nutrients from the fenestrated choriocapillaris to photoreceptors
for visual function. Therefore, RPE dysfunction leads to photoreceptor injury/death and
progression of blinding eye diseases. This study aims to understand the role of the
thioredoxin (Trx) and its reductase (TrxR) redox signaling in human RPE dysfunction and
cell death mechanism(s) in an in vitro system.

Methods: A human RPE cell line (APRE-19) was cultured in DMEM/F12 medium and
treated with auranofin (AF – 4 µM, an inhibitor of TrxR) for 4 and 24 h. Mitochondrial
and lysosomal function, cellular oxidative stress and NLRP3 inflammasome activity were
measured using cell assays, Western blotting, and confocal microscopy. Antioxidants
and anti-inflammatory compounds were tested for blocking AF effects on RPE
damage. Cell death mechanisms (LDH release to culture media) were determined using
necroptosis, ferroptosis and pyroptosis inhibitors. P < 0.05 was considered significant
in statistical analysis.

Results: Auranofin causes mitochondrial dysfunction (1ψm↓ and ATP↓), oxidative
stress (H2O2↑) and mitophagic flux to lysosomes. Furthermore, the lysosomal enzyme
(cathepsin L) activity is reduced while that of pro-inflammatory caspase-1 (NLRP3
inflammasome) is enhanced in ARPE-19. These effects of AF on ARPE-19 are inhibited
by antioxidant N-acetylcysteine (5 mM, NAC) and significantly by a combination of SS31
(mitochondrial antioxidant) and anti-inflammatory drugs (amlexanox and tranilast). AF
also causes cell death as measured by cytosolic LDH release/leakage, which is not
inhibited by either ferrostatin-1 or necrostatin-1 (ferroptosis and necroptosis inhibitors,
respectively). Conversely, AF-induced LDH release is significantly reduced by MCC950
and Ac-YVAD-cmk (NLRP3 and Caspase-1 inhibitors, respectively), suggesting a
pro-inflammatory cell death by pyroptosis.
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Conclusion: The Trx/TrxR redox system is critical for RPE function and viability. We
previously showed that thioredoxin-interacting protein (TXNIP) is strongly induced in DR
inhibiting the Trx/TrxR system and RPE dysfunction. Therefore, our results suggest that
the TXNIP-Trx-TrxR redox pathway may participate in RPE dysfunction in DR and other
retinal neurodegenerative diseases.

Keywords: neurodegeneration, mitophagy, auranofin, Trx-TrxR, pyroptosis, inflammation, RPE

INTRODUCTION

Retina is a window to the brain (Chiquita et al., 2019). Being
a part of the central nervous system, the retina consumes
large amounts of glucose and oxygen for its bioenergetics
(ATP production), light perception, and visual processing
(Country, 2017). The retina also has tight blood-retinal barriers
(BRB) and protects the neuroretina from the circulating
immune cells and plasma components (Cunha-Vaz et al., 2011).
The inner BRB consists of tight junctions of endothelial
cells in the blood vessel while the outer BRB consists of
a single layer of retinal pigmented epithelium (RPE) and
its tight junction proteins. RPE separates the fenestrated
choriocapillaris from the neuroretina and functions to transport
glucose, oxygen, and nutrients to the retinal outer segments
consisting of rod and cone photoreceptors (Campbell and
Humphries, 2012; Ivanova et al., 2019). Breakdown of the
outer BRB and RPE dysfunction is associated with age-related
macular degeneration (AMD) (Handa et al., 2019; Jun et al.,
2019) while gene mutation in RPE and photoreceptor cause
photoreceptor degeneration and blindness including retinitis
pigmentosa (RP) (Dias et al., 2018; Shu and Dunaief, 2018). In
these various retinal diseases, RPE dysfunction, photoreceptor
injury/death and retinal neurodegeneration leads to blindness.
In addition to nutrient exchange, RPE also involves in recycling
of the visual pigment (retinoid) to photoreceptors, daily
phagocytosis of the photoreceptor outer segment, and synthesis
of melanosome (melanin) to absorb excess light in the retina
(Biesemeier et al., 2015; Spencer et al., 2019).

On the other hand, breakdown of the inner BRB and
formation of new fragile/leaky blood vessels are associated in
proliferative diabetic retinopathy (PDR) leading to blindness
as well as visual distortion in diabetic macular edema (DME)
(Graham et al., 2018; Bapputty et al., 2019). Recent studies
have further demonstrated that photoreceptor oxidative stress
and dysfunction may occur early in diabetics prior to vessel
histopathology (Fu et al., 2018; Liu et al., 2019). However, the
study of the role of RPE in photoreceptor dysfunction in DR is
still limited (Xia and Rizzolo, 2017; Tarchick et al., 2019). Diabetic
retinopathy (DR) is the most devastating disease of diabetes
mellitus affecting millions of people among the working adult
life in the US and around the globe (Cheloni et al., 2019). As the
number of people living with diabetes particularly of obesity and
type 2 diabetes increases, the incident of DR will escalate several
folds in coming decades (Caspard et al., 2018). DR is generally
defined by microvascular complications of capillary endothelium
and pericytes leading to microaneurysm, iBRB leakage, and
fragile new blood vessel formation (neovascularization).

Most patients with Type 1 or Type 2 diabetes will develop some
forms of DR, beginning with non-proliferative DR (NPDR) then
progress to a severe form of proliferative DR (PDR) causing
blindness (Xia and Rizzolo, 2017; Fu et al., 2018). Yet, the
molecular basis of the pathogenesis is not fully understood and,
therefore, no known cure or effective treatment options are
available still today.

The retina consumes large amounts of glucose and oxygen
to generate energy (ATP) for its visual function via the
mitochondrial electron transport chain (ETC) in inner
membranes (Country, 2017). During this process, electrons
leak out from the ETC, which are captured by molecular
oxygen generating reactive oxygen radicals/species (ROS),
which damage mitochondrial membrane lipid, proteins, and
mtDNA. Damaged mitochondrial are inefficient in ATP but
produces more ROS. Mitochondrial ROS and oxidized mtDNA,
when released into the cytosol, are recognized as damaged-
associated molecular patterns (DAMPs) by cytosolic pattern
recognition receptors (PRRs) including toll-like receptors TLR4,
TLR9, and the NLRP3 inflammasome. These inflammatory
receptors produce and activate inflammatory pro-IL-1β and
pro-caspase-1. An assembled NLRP3 inflammasome forms the
platform for pro-caspase-1 processing and activation, which
in turn is responsible for processing pro-inflammatory IL-1 β

and active IL-1 β. Caspase-1 also induces pro-inflammatory cell
death by pyroptosis, which involves release of the N-terminal
part of gasdermin D (Dubois et al., 2019). The cleaved
N-terminus portion of gasdermin D is then inserted into
the plasma membrane forming pores resulting in plasma
membrane permeabilization. Therefore, removal of the damaged
mitochondrial by mitophagy, an autophagic process of degrading
damaged mitochondria by lysosomes, is critical for maintaining
mitochondria health, bioenergetics, and cell survival (Devi
et al., 2019). In addition, the RPE phagocytes the damaged
photoreceptor outer segment daily and recycle visual pigment
retinol for photoreceptor function. Therefore, the mitochondrial-
lysosomal axis in RPE and maintaining its function may play a
critical role in photoreceptor function in DR. Hence, enhancing
the antioxidant capacity while reducing inflammation at initial
stages of the disease may constitute potential therapies (Lin
and Beal, 2006; Di Carlo et al., 2012; Stephenson et al., 2018;
Bapputty et al., 2019).

One of the genes strongly induced by diabetes and aging in
retinal cells and neurons is the thioredoxin-interacting/inhibiting
protein (TXNIP) (Perrone et al., 2010; Devi et al., 2012, 2013,
2019; Singh and Perrone, 2013). TXNIP’s actions include binding
to and inhibition of the anti-oxidant and thiol reducing capacity
of thioredoxin (Trx), thereby, causing cellular oxidative stress,
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inflammation, and premature cell death (Stephenson et al., 2018).
Trx1 and its reductase TrxR1 are present in the cytosol and
nucleus while Trx2/TrxR2 redox system is in the mitochondrion.
Therefore, Trx/TrxR redox system plays an important role
in scavenging reactive oxygen species (ROS) and maintaining
reduced state of proteins in their functionally active sites
and cell survival (Devi et al., 2017; Stephenson et al., 2018;
Booty et al., 2019). Thus, TXNIP inhibition of the Trx/TrxR
system causes oxidative stress, mitochondrial dysfunction, and
retinal cell death in diabetes (Perrone et al., 2010; Singh
and Perrone, 2013). Nonetheless, TXNIP is a multifunctional
protein and is also considered as a scaffold protein of the
α-arrestin type (Stephenson et al., 2018). Therefore, TXNIP
is also involved in interactions with other proteins including
glucose transporter 1 and 4, REDD1 (regulated in development
and DNA damage responses 1), VEGF-R (vascular endothelial
growth factor receptor), and other nuclear proteins that are
involved in cell cycle regulation (Devi et al., 2012; Stephenson
et al., 2018). Therefore, to further understand a direct effect of
the Trx/TrxR redox system in RPE and retinal neurodegenerative
diseases, we used in this study, auranofin, a gold compound,
which specifically inhibits redox proteins TrxR1 and TrxR2
(Yoshihara et al., 2014). We demonstrate that auranofin causes
mitochondrial dysfunction, mitophagic flux and inflammatory
pyroptotic cell death in RPE cells in culture. These findings may
be relevant to various retinal neurodegenerative diseases where
RPE dysfunction plays a causative role in disease progression.

MATERIALS AND METHODS

Tissue Culture Media
DMEM medium was purchased from (Mediatech Inc., Cat #10-
014-CM, Manassas, VA, United States) while Ham’s F12 was
from Hyclone (Cat # SH30025.01, Logan, UT, United States).
Antibiotics and trypsin were also purchased from Hyclone,
whereas fetal bovine serum was obstained (Corning, Cat #
MT35010CV). Details of other chemicals used in this study are
provided in Supplementary Table S1.

Cell Culture
A human retinal pigment epithelial cell line (ARPE-19),
purchased from ATCC (Cat# 2302), was maintained in
DMEM/F12 medium (1:1 ratio) containing LG (low glucose,
5.5 mM), 5% fetal bovine serum (FBS), 2% penicillin, and 1%
antimycotic in a humidified incubator with 5% CO2 at 37◦C as
described previously (Devi et al., 2013). After reaching ∼80%
confluence, the medium was changed to 1% serum overnight.
Initially, a concentration and time dependent effect of auranofin
(AF) on ARPE-19 function was tested; and subsequently we
selected 4 µM and 4–24 h as optimal concentration and
time period for the current study. Then, ARPE-19 cells were
maintained with or without AF (4 µM) for 4 and 24 h,
respectively. Because we observed cell death at 24 h but not at
4 h of AF treatment, we decided to investigate early molecular
defects that might lead to demise and determine potential rescue
mechanisms. Before treatment with 4 µM AF, we pre-incubated

ARPE-19 cells with different concentration of drugs targeting
mitochondria and NLRP3 inflammasome for 2 h and they were
present throughout the period of incubation.

Measurement of Mitochondrial
Membrane Potential
The mitochondrial membrane potential in ARPE-19 cells was
measured using MitoProbeTM JC-1 Assay Kit (Cat# M34152,
Life Technologies, Eugene, OR, United States) (Devi et al.,
2012, 2013). JC1 dye penetrates the cell and exhibits potential-
dependent accumulation in mitochondria. After treatment,
ARPE 19 cells were washed with 1× phosphate-buffered saline
(PBS). Then, the cells were incubated with 200 µl of 2 µM
JC1 dye for 10 min in a 48-well cell culture plate. After
incubation, the cells were washed thrice with 1× PBS. The
relative fluorescence was measured at Ex529/Em590 nm using
(SpectraMax Gemini EM Microplate Reader, Molecular Devices)
as per manufacturer’s instructions.

Measurement of Intracellular ATP
Cellular ATP concentration in ARPE-19 cells was measured
using a ATP determination kit from Life Technologies (Cat #
A22066, Life Technologies, Eugene, OR, United States) (Devi
et al., 2012, 2013). After treatment, ARPE-19 cells were washed
twice with 1× PBS. Then, 250 µl of 1× TE Buffer (Tris EDTA,
1× solution, pH 8.0, Cat #BP24731, Thermo Fisher Scientific)
was added to each well of a 48-well cell culture plate containing
the ARPE-19 cells. The cells were scrapped out and transferred
to a 1.5 ml Eppendorf tube. The samples were boiled for 5 min
in a water bath. After keeping on ice for 3 min, the samples
were centrifuged at 12000 rpm for 10 min at 4◦C. Ninety µl of
the ATP reaction solution and 10 µl of the sample were mixed
and kept protected from light. Relative fluorescence units (RFUs)
were measured using luminometer plate reader (SpectraMax L
Microplate Reader, Molecular Devices).

Measurement of Intracellular Reactive
Oxygen Species (ROS)
Cellular ROS production in ARPE-19 cells was measured using
the CM-H2DCFDA probe (Cat # 6827, Life Technologies,
Eugene, OR, United States) as per company’s instructions. After
different treatments, ARPE-19 cells were washed twice with
1× PBS and incubated with 200 µl of 10 µM CM-H2DCFDA
dye for 30 min at 37◦C on 24-well cell culture plate. Following
incubation, ARPE-19 cells were washed once in 1× PBS.
The fluorescence intensity of CM-H2DXFDA was measured
at Ex495/Em517 nm in 1× PBS buffer using a Fluorescence
Plate Reader (SpectraMax Gemini EM Microplate Reader,
Molecular Devices).

Assessment of Cathepsin-L Activity
Cathepsin-L activity in ARPE-19 cells was measured
using a Magic Red Cathepsin-L detection Kit (Cat #941,
Immunochemistry Technologies, Bloomington, MN,
United States) as described recently (Devi et al., 2013).
Briefly, ARPE-19 cells were incubated with 20 µl Magic Red
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Cathepsin-L reagent and 480 µl of cell culture media for 1 h.
The cells were then washed twice with 1× PBS. The fluorescence
intensity of dye was measured at Ex592/Em628 nm using a
Fluorescence Plate Reader (SpectraMax Gemini EM Microplate
Reader, Molecular Devices).

Assessment of Caspase-1 Activity
Caspase-1 activity in ARPE-19 cells was measured
using a FAM-FLICA Caspase-1 detection kit (Cat #97,
Immunochemistry Technologies, Bloomington, MN,
United States) in a 24-well cell culture plate as described
before (Devi et al., 2013). After treatment with various reagents
for a stipulated time period, ARPE-19 cells were washed with
wash buffer. Then, the cells were incubated with 10 µl of FLICA
solution and 300 µl of freshly replaced 1% serum media for 1 h.
Following incubation, the cells were washed twice with 1× PBS.
The fluorescence intensity was measured at Ex492/Em520 nm
using a Fluorescence Plate Reader (SpectraMax Gemini EM
Microplate Reader, Molecular Devices).

Measurement of Lactate Dehydrogenase
Activity (LDH)
Lactate dehydrogenase activity in ARPE-19 cells was measured
using Pierce TM LDH cytotoxicity Assay Kit (Cat# 88954,
Thermo Fisher scientific). After treatment, 50 µl of the Sample’s
cell culture media were mixed with 50 µl of reaction mixture in
a 96-well plate and incubated at room temperature for 30 min.
The absorbance was measured at 490 nm and 680 nm using
SpectraMax plus 384 Microplate Reader (Molecular Devices), as
per company’s instructions. The amount of LDH release in the
media was calculated by difference in absorbance of 490–680 nm,
according to manufacturer’s instructions.

Western Blotting and Mitophagic Flux
These procedures, both Western blotting and mitophagy analysis,
were performed similar to those described (Devi et al.,
2017, 2019). Cytosol, mitochondria and nuclear fractions were
fractionated using a kit as described before (Devi et al., 2012,
2013). Briefly, for Western blots, 20–30 µg protein extracts
were loaded on SDS-PAGE, and proteins were separated, trans-
blotted and incubated with appropriate primary antibodies.
After overnight incubation with primary antibodies at 40c with
shaking, HRP conjugate secondary antibodies were added for 2 h.
ECL detected the reactive bands in a FluorChem E Western blot
imaging instrument (ProteinSimple, San Jose, California). ImageJ
(NIH) was used to quantitate the blots. The source of primary
and secondary antibodies and their dilution used are shown in
Supplementary Tables S2A,B, respectively.

For mitophagy, Ad-CMV-mt-Keima was expressed in the
mitochondrial matrix by transduction for 3 days; then treated
with AF with or without inhibitors. Mt-Keima emits a green
light (neutral or alkaline pH > 7.0) in mitochondria while, in
lysosomes after mitophagic flux, it emits red light at acidic pH
(<5.0). Therefore, the same mt-Keima can detect mitophagic
flux by a change in color from green to red in living cells.
A Zeiss LMS 780 Confocal Microscope captured multiple images

from triplicate samples. Similarly, a CMV-LAMP1-mCherry
carrying adenovirus was transduced in ARPE-19 cells to examine
lysosomal morphology and distribution after the AF treatment.

Statistical Analysis
Results are represented by means± SEM of the indicated number
of experiments. One-way ANOVA and Bonferroni post hoc
test determined differences among means in multiple sets of
experiments. On the other hand, a comparison between two
sets of experiments was analyzed by unpaired two-tailed t-test.
A p-value of <0.05 was considered to be statistically significant.

RESULTS

Auranofin Causes Mitochondria-
Lysosome Dysfunction and Inflammatory
Responses in ARPE-19 Cells
Treatment of APRE-19 with AF (4 µM) for 4 h reduces
significantly the mitochondrial ATP level as well as mediates
mitochondrial membrane depolarization as measured by a
reduction in JC1 (Figures 1A,B, respectively). In addition, there
is an increase in the cellular ROS level as determined by
H2DCFDA probe (Figure 1C). These results suggest that AF
induces mitochondrial dysfunction and cellular oxidative stress
in ARPE-19. To further investigate if lysosomal function is
also altered due to mitochondrial defects as the mitochondria-
lysosome function are closely related, we measured the activity of
lysosomal acid hydrolase, cathepsin L. Indeed, we observed that
cathepsin L activity is significantly reduced by AF (Figure 1D)
and also increases the activity of pro-inflammatory caspase-1
(Figure 1E) suggesting inflammasome activation by the AF
treatment. Furthermore, we show that lysosome destabilization
by lysosomotropic agent LLME (LeuLeuOMe) also causes
a reduction in ATP level along with activation of caspase
1 and inhibition of the cathepsin L activity, which are
similar to that observed with AF further supporting that the
mitochondria and lysosomal injury in AF action on ARPE-19
cells (Figure 2). Nonetheless, AF does not alter levels of TrxR1
and TrxR2 significantly and similarly no significant change is
observed with Trx1 and Trx2, although Trx2 is marginally
reduced (Figure 3).

Auranofin Does Not Evoke mtUPR but
Mediates Mitophagic Flux in ARPE-19
Cells
The mitochondrion responses to oxidative stress
(i) by increasing the expression of nuclear-encoded
mitochondria-targeted chaperones and proteases to counter
its oxidative protein stress and misfolding known as the
mitochondrial unfolded protein response (mtUPR) (Harper,
2019). (ii) Another mitochondrial stress response is segregation
of the damaged part of the mitochondrion by fission involving
Drp1 (dynamin related protein 1), then engulfment within
a double-membrane autophagosome, which is further
targeted to lysosomes for degradation, a process known as
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mitophagy – autophagy of damaged mitochondria (Pareek and
Pallanck, 2018). Nonetheless, we did not observe significant
changes in the expression of mitochondrial proteases (LonP
and YMEIL1) and chaperones (Tid1/mtHSP40 and PDIA,
protein disulfide isomerase A) by AF. Conversely, during
the same period of AF treatment, autophagic/mitophagic
markers, such as microtubule light-chain LC3BII and adaptors
optineurin and p62/Sequestosome1, are reduced within
minutes to hours (Supplementary Figure S1), suggesting a
mitophagy induction.

Subsequently, we examined AF-induced mitophagic flux
in ARPE-19 cells using a mito-probe known as mt-Keima

(Devi et al., 2013), which emits green light in mitochondria at
neutral or alkaline pH (>7.0) whereas it emits red light after
mitophagic flux to lysosomes at acidic pH (<5.0). Using confocal
live cell imaging of ARPE-19 after mt-Keima transduction and
treatment with AF, we observed mt-Keima in control cells
as green filaments of mitochondria, and a lesser amount of
the red mt-Keima (Figure 4A, first panel). Conversely, AF
treatment increases the level of red mt-Keima in ARPE-19,
indicating a mitophagy flux to acidic lysosomes (Figure 4A,
second panel). Next, we tested effectiveness of several inhibitors
in combination targeting different steps in the mitochon-
dria-lysosome pathway (Supplementary Figures S2, S3).

FIGURE 1 | Auranofin causes mitochondrial dysfunction and lysosomal enzyme inactivation in ARPE-19 cells. (A) AF treatment (4 µM, 4 h) of ARPE-19 cells reduces
cellular ATP level and (B) causes mitochondrial membrane depolarization as measured by a reduction in JC1. (C) In addition, AF increases cellular ROS levels and
(D) reduces lysosomal cathepsin L activity. These changes in mitochondrial and lysosomal function are associated with an increase in the activity of proinflammatory
enzyme, caspase-1 (E). Significant changes are indicated by p values of ∗<0.05; ∗∗<0.001; and ∗∗∗<0.0001; n = 6.
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FIGURE 2 | Lysosomal damage reduces ATP levels and activates Caspase-1 activity in ARPE-19 cells. (A,B) Treatment with auranofin (AF, 4 µM, 4 h) or lysosomal
membrane iononophore (LLMe, 0.33 mM, 4 h) significantly reduces ATP levels and cathepsin L activity. In addition, H2O2 also reduces cathepsin L activity
significantly suggesting a role for oxidative stress. (C) Conversely, both AF and LLMe increase pro-inflammatory caspase1 activity in ARPE-19 cells. Significant
changes in figures are indicated by p values of symbols ∗∗<0.001 and ∗∗∗<0.0001; n = 6 for each experiment.

These include SS31 – mitochondrial antioxidant (Fivenson
et al., 2017), Mdiv-1 – Drp1 fission inhibitor (Campbell et al.,
2019), amlexanox – TBK1 and Optineurin/p62 inhibition
(Devi et al., 2013; Manczak et al., 2019) and tranilast – NLRP3
inhibitor (Oral et al., 2017). As shown in Figure 4A (last
2 panels), we observe that the presence of Mdiv-1 reduces
the level of red mt-Keima of AF but produces vesiculated
mitochondria, indicating a prevention of the mitophagic flux
and an accumulation of damaged mitochondria. However,
a combination of SS31 + Amlexanox + Tranilast prevents
AF-induced mitophagic flux as the level of green mt-Keima
is maintained and the mitochondria are seen as filamentous
networks. In support, the level of autophagic/mitophagic
markers, LC3BII and Optineurin proteins, are increased in
the present of Mdiv-1 suggesting mitophagy inhibition and
reduced lysosomal degradation, which is not observed with
SS31 + Amlexanox + Tranilast (Supplementary Figure S4).
Furthermore, this later three drug combination normalizes
mitochondrial ATP level, which is also seen with anti-oxidant
NAC (N-acetylcysteine) (Figure 5), again suggesting a role for
oxidative stress in mitochondrial dysregulation in ARPE-19.

Therefore, this drug combination may have potential therapeutic
benefits in neurodegenerative diseases.

AF Causes Nuclear Deformation and
Transcription Factor EB Translocation in
ARPE-19 Cells
An interesting observation with AF treatment in ARPE-19 is
that the perinuclear DNA shrinks and deform when compared
with the control suggesting nuclear stress (shown in Figure 4B).
However, AF effects on nuclear deformation are restored by
combination treatment with SS31 + Amlexanox + Tranilast,
but not in the presence of Mdiv-1 (Figures 4B,C). Furthermore,
AF treatment causes lysosomal destabilization shown by
peripheral LAMP1-mCherry expression and membrane
exocytosis in ARPE-19 cells (Supplementary Figure S5).
Subsequently, one of the lysosomal membrane-associated
transcription factors, TFEB, migrates from the lysosome
to the nucleus as a mitophagy-lysosomal stress response
(Figures 6A–C). In fact, the combination treatment with
SS31 + Amlexanox + Tranilast also restores AF-induced TFEB
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FIGURE 3 | Auranofin does not change the level of redox proteins significantly in ARPE-19 cells. (A,B) On Western blots, auranofin treatment does not cause a
significant change in protein levels of TrxR1, TrxR2, Trx1, or Trx2 when normalized to actin (p > 0.05; n = 3).

nuclear translocation (Supplementary Figure S6), suggesting
lysosomal stabilization. TFEB is involved in the synthesis of
lysosomal and autophagy genes within a gene network known as
the coordinated lysosomal expression and autophagy regulation
(CLEAR) (Huang et al., 2018; Pan et al., 2019). On the other hand,
p53 also known to response to DNA damage and cellular stress is
not altered by AF treatment. However, AF treatment significantly
reduces the level of nuclear actin (Figures 6A,B). Nuclear actin
filaments together with lamins form the peripheral nuclear
skeletal network; therefore, this observation may be related
to nuclear DNA deformation or shrinkage as described above
(Figure 4B) and may affect transcriptional network of TFEB.

AF Induces Pro-inflammatory Pyroptotic
Cell Death in ARPE-19 Cells
To examine further that AF causes ARPE-19 cells death, we
used the release of cytosolic LDH to the culture media upon
plasma membrane leakage. We did not observe ARPE-19 cell
death at 4 h although mitochondrial dysregulation occurs as
demonstrated above. However, as shown in Figures 6A, 7A AF
increases LDH release at 24 h indicating ARPE-19 demise, which
is significantly reduced by 2 h pre-incubation of a combination
of SS31 + Amlexanox + Tranilast before auranofin. However,
the AF-mediated LDH release is not prevented by ferrostatin 1,
an inhibition of ferroptosis (Settembre and Medina, 2015), while
NAC prevents cell death indicating oxidative stress mechanisms
(Figure 7B). Ferroptosis is a newly identified cell death
mechanism due to iron-accumulation and lipid peroxidation and
inactivation of glutathione peroxidase 4 (GPX4), which detoxifies
membrane lipid peroxidation (Yoshida et al., 2019). Similarly,
necrostatin 1, an inhibitor of necroptosis (Forcina and Dixon,
2019), has no effect on AF-mediated ARPE-19 death (Figure 7C).
On the other hand, inhibition of NLRP3 inflammasome and
caspase-1 together (MCC950 and Ac-YVAD-cmk, respectively)

reduces AF-mediated LDH leakage significantly in ARPE-19
(Figure 7D), indicating an inflammatory cell death mediated
by caspase-1 known as pyroptosis (Hanus et al., 2016). Because
mitochondria are critical for iron metabolism and its TCA cycle
enzymes and ETC complexes contain iron-sulfur complexes
(Pronin et al., 2019), when fluxed to lysosomes via mitophagy,
there may be iron accumulation and ferroptosis. Therefore,
to ensure that AF-induced ARPE-19 demise is indeed due
to pyroptosis, but not by ferroptosis under the experimental
conditions, we again treated ARPE-19 cells with RSL3, an inducer
of ferroptosis (Lill et al., 2012). Indeed RSL3 induces LDH release
in ARPE-19, which is prevented by ferrostatin 1 (Figure 7E),
indicating that ferroptosis occurs in RPE cells. Furthermore, AF
increases the level of gasdermin D (a pyroptosis marker) in
ARPE-19 at 4 h significantly (p < 0.05 vs. control, 0 time), then
returns to the basal level at 24 h (Supplementary Figure S7).
Cytosolic gasdermin D is cleaved by activated caspase-1 and then
inserts into the plasma membrane to form pores and leakage
(Dubois et al., 2019). Thus, the results here suggest that AF causes
cellular oxidative stress, mitochondria-lysosome dysregulation,
and inflammatory pyroptotic cell death in ARPE-19.

DISCUSSION

The current study identifies that the Trx redox system is critical
for RPE function and an inhibition of the Trx/TrxR thiol
redox by AF leads to cellular oxidative stress, mitochondrial
damage, lysosomal dysfunction, and pro-inflammatory cell death
as summarized in Figure 8. Furthermore, we recently published
that hyperglycemia-induced TXNIP upregulation in RPE cells
where Trx1 and Trx2 are inhibited causes mitochondrial damage,
mitophagic flux to lysosomes and lysosomal enlargement in
human RPE cells under diabetic conditions (Devi et al., 2019).
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FIGURE 4 | Auranofin causes mitophagic flux and nuclear deformation in ARPE-19 cells. (A) AF treatment (4 µM, 4 h) increases the level of red mt-Keima in
ARPE-19 cells when compared to the control where green mt-Keima is predominantly observed. Combination treatment of ARPE-19 cells with SS31 + Midiv-1 +
Amlexanox (added 2 h before AF) reduces red mt-Keima; however, the treatment also results in the formation of vesiculated (round and enlarged) mitochondria.
Conversely, pretreatment with SS31 + Amlexanox + Tranilast prevents AF-induced mitophagy (reduced red mt-Keima); also seen as filamentous green network.
A representative of n = 3 is shown here at mag. 630×. (B,C) AF causes nuclear deformation or chromatin shrinkage as shown by DAPI staining and reduced nuclear
diameter compared to the control ARPE-19 (significant decrease, p < 0.001 AF vs. Control; n = 10 nuclei). Such nuclear changes are prevented by pre-treatment
with a combination of SS31 + Amlexanox + Tranilast (p = ns vs. LG, control) but not with SS31 + Midiv-1 + Amlexanox (p = 0.051; n = 10 vs. LG, control).
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FIGURE 5 | AF reduced ATP levels are restored by combination treatment
with SS31 + Amlexanox + Tranilast in ARPE-19 cells. (A) Here, AF (4 µM, 4 h)
reduces cellular ATP levels significantly in ARPE-19 cells (p = 0.0008; n = 6),
which is nullified by NAC (5 mM) suggesting a role of ROS stress. (B) AF
mediated ATP reduction in ARPE-19 (p = 0.02; n = 6) is restored by
pre-treatment with SS31 + Amlexanox + Tranilast (p = 0.12; n = 6 vs. LG,
control) but not with SS31 + Midiv1 + Amlexanox (p = 0.01; n = 6 vs. LG,
control).

Therefore, the AF effect on ARPE-19 observed here may also
be similar to defects in TXNIP and Trx-thiol redox signaling
defects in DR to an extent (Di Carlo et al., 2012; Devi et al., 2013;
Stephenson et al., 2018). RPE oxidative stress and mitochondrial
dysfunction are also seen in AMD and RP, serious blinding retinal
neurodegenerative diseases (Kaarniranta et al., 2019; Zhou et al.,
2019). RPE is a fully differentiated cell; therefore, they cannot
dilute or distribute damaged mitochondria to daughter cells.
Therefore, an efficient removal of the damage mitochondria by
mitophagy and biosynthesis of new mitochondria (mitogenesis)
to maintain number and bioenergetics is critically important.
In addition, lysosomal function needs to be preserve for its
POS phagocytosis and visual pigment recycling. Mitophagy is
a protective and survival mechanism for cell viability (Pareek
and Pallanck, 2018); however, too much of a mitophagic
flux could lead to lysosomal overloading, enlargement, and
reduced capacity to digest proteolipids causing accumulation
of undigested lipofuscin and drusens in Bruch’s membrane in

AMD (Dias et al., 2018; Zhou et al., 2019). Similarly, the
pathogenesis of genetic neurodegenerative diseases including RP
also involves RPE mitochondrial dysfunction and photoreceptor
demise. As mentioned before, photoreceptors are very active
neurons, which maintain a large number of mitochondria
for its bioenergetics (Shu and Dunaief, 2018; Kaarniranta
et al., 2019). Therefore, not only in RPE cells, mitophagy
defects, and bioenergetics failure in photoreceptors may also
be involved in RP etiology. Nonetheless, the role of redox
imbalance and mitophagy dysfunction in RP is yet to be
fully understood.

Mitochondria are the powerhouse of the cell; therefore,
their dysregulation leads to excess ROS production while
ATP synthesis is blunted causing bioenergetics failure in
neurodegeneration (Moreno et al., 2018). In addition, damaged
mitochondria release their components into the cytosol, such
as mtROS and oxidized mtDNA, which are recognized
as DAMPs (damage associated molecular patterns) by the
cytosolic PRRs including TLRs (Toll-like receptors) and NOD-
like NLRP3 inflammasomes (Zhao et al., 2019). Indeed,
we demonstrate in this study that AF increases caspase-1
activity while that of the lysosomal enzyme cathepsin L is
reduced, indicating an autophagic/mitophagic flux to lysosome
and its destabilization (Devi et al., 2013). Cathepsins and
other lysosomal acid hydrolases are important for proper
digestion of the ingested cargos and recycling (exocytosis
of) the digested material as nutrients (Wilkins et al., 2017).
Therefore, the removal of damaged mitochondria by mitophagy
is critically important to reduce cellular ROS, inflammation and
premature cell demise.

Two important cellular anti-oxidant systems are the Trxs
and glutathione (Samie and Xu, 2014). The Trx/TrxR works
with NADPH and peroxiredoxin 3 (Prx3) to scavenge hydrogen
peroxide in mitochondria and to maintain a reduced state
of cysteines in a protein (Ren et al., 2017). The GSH/GPX
(particularly the mtGPX4 and cytosolic GPX4) are the sole
enzymes to detoxify membrane lipid peroxidation and damage
(Forred et al., 2017). Therefore, these two systems work
together to maintain mitochondrial health and cellular function
and, therefore, a defect in one of the two systems will lead
to overburden and depletion of the anti-oxidant system in
mitochondria, bioenergetics failure, and mitophagy-lysosome
pathway dysregulation leading to demise (Samie and Xu, 2014).
Indeed, we show in this study that AF induces caspase-1
activation and cell death by pyroptosis in APRE-19 as NLRP3
and caspase-1 inhibitors prevent AF-mediated cell death. In
support, we also observed an increase in gasdermin D levels
by AF. Caspase-1 cleaves a 50-kD gasdermin D to a 29-kD
pore forming N-terminus fragment, which is inserted into the
plasma membrane causing membrane leakage and cell death by
pyroptosis (Dubois et al., 2019). Recently, a role for gasdermine E
in pyroptosis was implicated (Jiang et al., 2019); therefore, we will
perform further studies on the role of caspase-1 and gasdermin
isoforms in pyroptosis.

Furthermore, necrostatin 1 (necroptosis inhibitor) and
ferrostatin 1 (ferroptosis inhibitor) are ineffective in blocking the
AF-induced cell death in ARPE-19. Mitochondrial involvement
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FIGURE 6 | AF increases nuclear TFEB level and reduces actin in ARPE-19. (A,B) AF treatment (4 µM, 4 h) of ARPE-19 induces nuclear translocation of
transcription factor TFEB significantly than in controls (p = 0.006; n = 5) on Western blots while that of the p53 is unchanged (p = 0.245; n = 5). Interestingly, the level
of nuclear actin is significantly reduced (p = 0.007; n = 5) than in controls. All proteins were normalized to nuclear lamin B1. (C) Similarly, nuclear translocation of
TFEB after treatment with AF (4 µM, 4 h) is also seen when examined by confocal microscopy. A representative of n = 3 is shown; mag. 630×.

in this ARPE-19 death is also evident by inhibition of the
mitochondrial dysfunction and cell death by a combination of
SS31 (mitochondrial antioxidant), Amlexanox (inhibits TBK1
and normalize mitophagic flux) and tranilast (which inhibits
NLRP3). Therefore, these three drug combinations may be useful
in the treatment of mitochondria-associated neurodegenerative
diseases particularly in DR as well as in AMD and PR.

One of the important factors in the mitochondrial quality
control is coordinated regulation of mitophagy (removal of
damaged parts of mitochondria by autophagy as mentioned
earlier) and mitogenesis (synthesis of new mitochondrial
and fusion with existing mitochondria) to maintain an
optimal mitochondrial number and efficient bioenergetics
(Maiorino et al., 2018). One transcription factor that is critical for
lysosome and autophagy gene expression is TFEB (Huang et al.,
2018). TFEB is also involved in the mitochondrial biogenesis via
induction of PGC1α, another important transcription factor for

nuclear-encoded mitochondrial gene expression (Ni et al., 2015;
Pan et al., 2019). The fact that we observe TFEB translocation to
the nucleus upon AF addition to ARPE-19 indicates lysosomal
destabilization. Interestingly, the nuclear actin is downregulated
suggesting nuclear chromatin organization may be disturbed
and, therefore, transcriptional activity may be altered (Salma
et al., 2015; Lammerding and Wolf, 2016). Further studies
are needed to clarify this observation. TFEB is phosphorylated
at multiple sites, including Ser122, Ser142, and Ser211, by
mTORC1 at the lysosomal membrane and traps TEFB in the
cytosol via an interaction with 14-3-3 scaffold proteins (Hatch
and Hetzer, 2016). Conversely, TFEB nuclear translocation is
regulated by mucolipin 1/TRPML1, a lysosomal calcium and
divalent metal ion channel (Napolitano et al., 2018). Transient
release of lysosomal calcium locally by TRPML1 activates
calcineurin, a protein phosphatase, which dephosphorylates
TFEB sites targeted by mTORC1 and releases from 14-3-3,
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FIGURE 7 | AF induces ARPE-19 death by pyroptosis. (A) AF (4 µM, 24 h) treatment of ARPE-19 cells induces cell death as measured by cytosolic LDH release in
the culture media. AF effect is significantly countered by addition (2 h before AF) of three drugs combination SS31 + Amlexanox + Tranilast. (B) AF-induced LDH
release is not reduced by ferrostatin-1 (inhibitor of ferroptosis, an iron-dependent cell death) but with NAC (N-acetylcysteine), suggesting the role of anti-oxidants.
(C) Similarly, necrostatin-1 (an inhibitor of necroptosis) was without an effect on AF-mediated LDH release. (D) Conversely, AF-mediated LDH release is significantly

(Continued)
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FIGURE 7 | Continued
reduced by a combination of NLRP3 (MCC950, 8 µM) and caspase-1 (Ac-YVAD-cmk, 10 µg/ml) inhibitors (pyroptosis inhibitors). Symbols, ∗p < 0.05; ∗∗p < 0.001;
∗∗∗p < 0.0001; n = 6 for all experiments. (E) Lastly, ferroptosis inducer RSL3 (an inhibitor GPX4) causes LDH release (ferroptotic cell death), which is significantly
reduced by ferrostatin-1, further indicating that AF-mediated ARPE-19 cell death is due to inflammatory pyroptosis.

FIGURE 8 | A schematic diagram depicting a potential role for the Trx/TrxR redox pathway in oxidative stress and mitochondria-lysosome axis dysfunction in RPE.
Inhibition of the Trx/TrxR pathway either by auranofin on TrxR or by TXNIP on Trx under hyperglycemia (Devi et al., 2019) may lead to cellular oxidative stress,
mitochondrial dysfunction, altered mitophagic flux, lysosomal damage and pro-inflammatory cell death in DR as well as in other chronic retinal neurodegenerative
diseases such as AMD and RP. A combination therapy strengthening the Trx/TrxR redox system and normalizing the mitochondrial-lysosomal axis may be a potential
therapeutic approach to prevent progression of various neurodegenerative diseases.

thereby translocating to the nucleus (Napolitano et al., 2018).
Nonetheless, TRPML1 is also regulated by PI3,5 bisphosphate
in the lysosomal membrane, which is synthesized by PIKFYVE
kinase (Di Paola and Medina, 2019). Therefore, these kinases
and phosphatases may also involve in the regulation of
lysosomal function, autophagy/mitophagy flux, exocytosis, and
mitochondrial biogenesis. Indeed, we observe that apilimod
(Medina et al., 2015), an inhibitor of PIKFYVE, causes lysosomal
enlargement and cathepsin L downregulation, while ML-SA1
(Medina et al., 2015), an activator of TRPML1, causes lysosome
biogenesis and increase cathepsin L level (unpublished data).

To what extent the Trx-TrxR and redox signaling regulates
these kinases and phosphatases are yet to be determined
in RPE and retinal neurodegenerative diseases. Nonetheless,
most chronic neurodegenerative diseases involve dysregulation
of mitochondrial function and lysosomal defects leading to
bioenergetics failure and accumulation of undigested materials
inside cells as well as extracellularly, particularly for RPE cells
because they are involved in the degradation of melanosomes
and phagocytosis of photoreceptor outer segments (POS) daily
(Isobe et al., 2019). Thus, an accumulation of undigested
oxidized lipoproteins with lysosomes will reduce lysosomal
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enzyme activities and enhance exocytosis of undigested material
to the Bruch’s membrane (a combined basement membrane of
the RPE and endothelium of the choriocapillaris), which form
Drusens, yellow deposits under the retina (Isobe et al., 2019).
Such an event may cause RPE dysregulation and photoreceptor
dysfunction in chronic retinal neurodegenerative diseases.

CONCLUSION

The present findings suggest that the Trx/TrxR redox system
is critical for reducing oxidative stress, normalizing mitophagic
flux, lysosome function, and prevention of pyroptotic cell
death in the RPE, and therefore, in preventing retinal
neurodegenerative diseases. Furthermore, the effectiveness of
the therapy with three drug combinations targeting the
mitochondrial ROS, mitophagic flux and NLRP3 inflammasome
(SS31 + Amlexanox + Tranilast, respectively) needs to be
tested in retinal neurodegenerative diseases of animal models
particularly in DR. This three drugs combination may also
be beneficial in the treatment and prevention of retinal
neurodegenerative diseases such as AMD and RP as they also
encounter mitochondrial and lysosomal dysregulation in the
etiology of the diseases (Warburton et al., 2007; Bergen et al.,
2019). The present study was presented as a poster at the
annual meeting of the ARVO April 28, 2019 – May 02, 2019 at
Vancouver, Canada.

DATA AVAILABILITY STATEMENT

All materials and data developed in this study will be made
available upon request.

AUTHOR CONTRIBUTIONS

TY performed the cell assays, developed the methodologies,
and wrote the Materials and Methods section and reviewed
the manuscript. TD performed the Western blotting and
immunohistochemistry. LS developed the concept, provided the
guidance, and wrote the manuscript.

FUNDING

This work was supported by the grants EY023992 (LS), Research
to Prevent Blindness (RPB to OVAS), and Core Grant P30
EY004068 (OVAS).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.01065/full#supplementary-material

REFERENCES
Bapputty, R., Talahalli, R., Zarini, S., Samuels, I., Murphy, R., and Gubitosi-Klug,

R. (2019). Montelukast prevents early diabetic retinopathy in mice. Diabetes 68,
2004–2015. doi: 10.2337/db19-0026

Bergen, A. A., Arya, S., Koster, C., Pilgrim, M. G., Wiatrek-Moumoulidis, D., van
der Spek, P. J., et al. (2019). On the origin of proteins in human drusen: the
meet, greet and stick hypothesis. Prog. Retin. Eye Res. 70, 55–84. doi: 10.1016/j.
preteyeres.2018.12.003

Biesemeier, A., Yoeruek, E., Eibl, O., and Schraermeyer, U. (2015). Iron
accumulation in Bruch’s membrane and melanosomes of donor eyes with age-
related macular degeneration. Exp. Eye Res. 137, 39–49. doi: 10.1016/j.exer.
2015.05.019

Booty, L. M., Gawel, J. M., Cvetko, F., Caldwell, S. T., Hall, A. R., Mulvey, J. F.,
et al. (2019). Selective disruption of mitochondrial thiol redox state in cells and
in vivo. Cell Chem. Biol. 26, 449–461. doi: 10.1016/j.chembiol.2018.12.002

Campbell, M. I, and Humphries, P. (2012). The blood-retina barrier: tight junctions
and barrier modulation. Adv. Exp. Med. Biol. 763, 70–84. doi: 10.1007/978-1-
4614-4711-5_3

Campbell, M. D., Duan, J., Samuelson, A. T., Gaffrey, M. J., Merrihew, G. E.,
Egertson, J. D., et al. (2019). Improving mitochondrial function with SS-31
reverses age-related redox stress and improves exercise tolerance in aged mice.
Free Radic. Biol. Med. 134, 268–281. doi: 10.1016/j.freeradbiomed.2018.12.031

Caspard, H., Jabbour, S., Hammar, N., Fenici, P., Sheehan, J. J., and Kosiborod, M.
(2018). Recent trends in the prevalence of type 2 diabetes and the association
with abdominal obesity lead to growing health disparities in the USA: an
analysis of the NHANES surveys from 1999 to 2014. Diabetes Obes. Metab. 20,
667–671. doi: 10.1111/dom.13143

Cheloni, R., Gandolfi, S. A., Signorelli, C., and Odone, A. (2019). Global prevalence
of diabetic retinopathy: protocol for a systematic review and meta-analysis. BMJ
Open 9:e022188. doi: 10.1136/bmjopen-2018-022188

Chiquita, S., Rodrigues-Neves, A. C., Baptista, F. I., Carecho, R., Moreira, P. I.,
Castelo-Branco, M., et al. (2019). The retina as a window or mirror of the

brain changes detected in Alzheimer’s disease: critical aspects to unravel. Mol.
Neurobiol. 56, 5416–5435. doi: 10.1007/s12035-018-1461-6

Country, M. W. (2017). Retinal metabolism: a comparative look at energetics in the
retina. Brain Res. 1672, 50–57. doi: 10.1016/j.brainres.2017.07.025

Cunha-Vaz, J., Bernardes, R., and Lobo, C. (2011). Blood-retinal barrier. Eur. J.
Ophthalmol. 21(Suppl. 6), S3–S9. doi: 10.5301/EJO.2010.6049

Devi, T. S., Hosoya, K., Terasaki, T., and Singh, L. P. (2013). Critical role of TXNIP
in oxidative stress, DNA damage and retinal pericyte apoptosis under high
glucose: implications for diabetic retinopathy. Exp. Cell Res. 319, 1001–1012.
doi: 10.1016/j.yexcr.2013.01.012

Devi, T. S., Lee, I., Hüttemann, M., Kumar, A., Nantwi, K. D., and Singh, L. P.
(2012). TXNIP links innate host defense mechanisms to oxidative stress and
inflammation in retinal müller glia under chronic hyperglycemia: implications
for diabetic retinopathy. Exp Diabetes Res. 2012:438238.

Devi, T. S., Somayajulu, M., Kowluru, R. A., and Singh, L. P. (2017). TXNIP
regulates mitophagy in retinal Müller cells under high-glucose conditions:
implications for diabetic retinopathy. Cell Death Dis. 8:e2777. doi: 10.1038/
cddis.2017.190

Devi, T. S., Yumnamcha, T., Yao, F., Somayajulu, M., Kowluru, R. A., and Singh,
L. P. (2019). TXNIP mediates high glucose-induced mitophagic flux and
lysosome enlargement in human retinal pigment epithelial cells. Biol Open
8:bio038521. doi: 10.1242/bio.038521

Di Carlo, M I, Giacomazza, D., Picone, P., Nuzzo, D., and San, Biagio PL
(2012). Are oxidative stress and mitochondrial dysfunction the key players in
the neurodegenerative diseases? Free Radic. Res. 46, 1327–1338. doi: 10.3109/
10715762.2012.714466

Di Paola, S., and Medina, D. L. (2019). TRPML1-/TFEB-dependent regulation of
lysosomal exocytosis. Methods Mol. Biol. 1925, 143–144. doi: 10.1007/978-1-
4939-9018-4_12

Dias, M. F., Joo, K., Kemp, J. A., Fialho, S. L., da Silva Cunha, A. Jr., Woo, S. J., et al.
(2018). Molecular genetics and emerging therapies for retinitis pigmentosa:
basic research and clinical perspectives. Prog. Retin. Eye Res. 63, 107–131. doi:
10.1016/j.preteyeres.2017.10.004

Frontiers in Neuroscience | www.frontiersin.org 13 October 2019 | Volume 13 | Article 106593

https://www.frontiersin.org/articles/10.3389/fnins.2019.01065/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.01065/full#supplementary-material
https://doi.org/10.2337/db19-0026
https://doi.org/10.1016/j.preteyeres.2018.12.003
https://doi.org/10.1016/j.preteyeres.2018.12.003
https://doi.org/10.1016/j.exer.2015.05.019
https://doi.org/10.1016/j.exer.2015.05.019
https://doi.org/10.1016/j.chembiol.2018.12.002
https://doi.org/10.1007/978-1-4614-4711-5_3
https://doi.org/10.1007/978-1-4614-4711-5_3
https://doi.org/10.1016/j.freeradbiomed.2018.12.031
https://doi.org/10.1111/dom.13143
https://doi.org/10.1136/bmjopen-2018-022188
https://doi.org/10.1007/s12035-018-1461-6
https://doi.org/10.1016/j.brainres.2017.07.025
https://doi.org/10.5301/EJO.2010.6049
https://doi.org/10.1016/j.yexcr.2013.01.012
https://doi.org/10.1038/cddis.2017.190
https://doi.org/10.1038/cddis.2017.190
https://doi.org/10.1242/bio.038521
https://doi.org/10.3109/10715762.2012.714466
https://doi.org/10.3109/10715762.2012.714466
https://doi.org/10.1007/978-1-4939-9018-4_12
https://doi.org/10.1007/978-1-4939-9018-4_12
https://doi.org/10.1016/j.preteyeres.2017.10.004
https://doi.org/10.1016/j.preteyeres.2017.10.004
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01065 October 8, 2019 Time: 12:32 # 14

Yumnamcha et al. Redox Imbalance, Mitophagic Flux and RPE Dysfunction

Dubois, H., Sorgeloos, F., Sarvestani, S. T., Martens, L., Saeys, Y., Mackenzie,
J. M., et al. (2019). Nlrp3 inflammasome activation and gasdermin D-driven
pyroptosis are immunopathogenic upon gastrointestinal norovirus infection.
PLoS Pathog 15:e1007709. doi: 10.1371/journal.ppat.1007709

Fivenson, E. M., Lautrup, S., Sun, N., Scheibye-Knudsen, M., Stevnsner, T., Nilsen,
H., et al. (2017). Mitophagy in neurodegeneration and aging. Neurochem. Int.
109, 202–209. doi: 10.1016/j.neuint.2017.02.007

Forcina, G. C., and Dixon, S. J. (2019). GPX4 at the crossroads of lipid homeostasis
and ferroptosis. Proteomics 19:e1800311. doi: 10.1002/pmic.201800311

Forred, B. J., Daugaard, D. R., Titus, B. K., Wood, R. R., Floen, M. J., Booze, M. L.,
et al. (2017). Detoxification of mitochondrial oxidants and apoptotic signaling
are facilitated by thioredoxin-2 and peroxiredoxin-3 during hyperoxic injury.
PLoS One 12:e0168777. doi: 10.1371/journal.pone.0168777

Fu, Z., Löfqvist, C. A., Liegl, R., Wang, Z., Sun, Y., Gong, Y., et al. (2018).
Photoreceptor glucose metabolism determines normal retinal vascular growth.
EMBOMol. Med. 10, 76–90. doi: 10.15252/emmm.201707966

Graham, P. S., Kaidonis, G., Abhary, S., Gillies, M. C., Daniell, M., Essex, R. W.,
et al. (2018). Genome-wide association studies for diabetic macular edema and
proliferative diabetic retinopathy. BMCMed. Genet. 19:71. doi: 10.1186/s12881-
018-0587-8

Handa, J. T., Bowes Rickman, C., Dick, A. D., Gorin, M. B., Miller, J. W., Toth,
C. A., et al. (2019). A systems biology approach towards understanding and
treating non-neovascular age-related macular degeneration. Nat. Commun.
10:3347. doi: 10.1038/s41467-019-11262-1

Hanus, J., Anderson, C., Sarraf, D., Ma, J., and Wang, S. (2016). Retinal pigment
epithelial cell necroptosis in response to sodium iodate. Cell Death Discov.
2:16054. doi: 10.1038/cddiscovery.2016.54

Harper, M. T. (2019). Auranofin, a thioredoxin reductase inhibitor, causes platelet
death through calcium overload. Platelets 30, 98–104. doi: 10.1080/09537104.
2017.1378809

Hatch, E. M., and Hetzer, M. W. (2016). Nuclear envelope rupture is induced by
actin-based nucleus confinement. J. Cell Biol. 215, 27–36. doi: 10.1083/jcb.
201603053

Huang, Y., Jiang, H., Chen, Y., Wang, X., Yang, Y., Tao, J., et al. (2018). Tranilast
directly targets NLRP3 to treat inflammasome-driven diseases. EMBO Mol.
Med. 10:e8689. doi: 10.15252/emmm.201708689

Isobe, Y., Nigorikawa, K., Tsurumi, G., Takemasu, S., Takasuga, S., Kofuji, S.,
et al. (2019). PIKfyve accelerates phagosome acidification through activation of
TRPML1 while arrests aberrant vacuolation independent of the Ca2+ channel.
J. Biochem. 165, 75–84. doi: 10.1093/jb/mvy084

Ivanova, E., Alam, N. M., Prusky, G. T., and Sagdullaev, B. T. (2019). Blood-
retina barrier failure and vision loss in neuron-specific degeneration. JCI Insight
5:126747. doi: 10.1172/jci.insight.126747

Jiang, S., Gu, H., Zhao, Y., and Sun, L. (2019). Teleost gasdermin E Is cleaved
by caspase 1, 3, and 7 and induces pyroptosis. J. Immunol. 203, 1369–1382.
doi: 10.4049/jimmunol.1900383

Jun, S., Datta, S., Wang, L., Pegany, R., Cano, M., and Handa, J. T. (2019). The
impact of lipids, lipid oxidation, and inflammation on AMD, and the potential
role of miRNAs on lipid metabolism in the RPE. Exp. Eye Res. 181, 346–355.
doi: 10.1016/j.exer.2018.09.023

Kaarniranta, K., Pawlowska, E., Szczepanska, J., Jablkowska, A., and Blasiak, J.
(2019). Role of mitochondrial DNA damage in ROS-mediated pathogenesis
of age-related macular degeneration (AMD). Int. J. Mol. Sci. 20:E2374. doi:
10.3390/ijms20102374

Lammerding, J., and Wolf, K. (2016). Nuclear envelope rupture: actin fibers are
putting the squeeze on the nucleus. J. Cell Biol. 215, 5–8. doi: 10.1083/jcb.
201609102

Lill, R., Hoffmann, B., Molik, S., Pierik, A. J., Rietzschel, N., Stehling, O., et al.
(2012). The role of mitochondria in cellular iron-sulfur protein biogenesis
and iron metabolism. Biochim. Biophys. Acta 1823, 1491–1508. doi: 10.1016/
j.bbamcr.2012.05.009

Lin, M. T., and Beal, M. F. (2006). Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature 443, 787–795. doi: 10.1038/nature
05292

Liu, H., Tang, J., Du, Y., Saadane, A., Samuels, I., Veenstra, A., et al. (2019).
Transducin1, phototransduction and the development of early diabetic
retinopathy. Invest. Ophthalmol. Vis. Sci. 60, 1538–1546. doi: 10.1167/iovs.18-
26433

Maiorino, M., Conrad, M., and Ursini, F. (2018). GPx4, lipid peroxidation, and cell
death: discoveries, rediscoveries, and open issues. Antioxid. Redox. Signal. 29,
61–74. doi: 10.1089/ars.2017.7115

Manczak, M., Kandimalla, R., Yin, X., and Reddy, P. H. (2019). Mitochondrial
division inhibitor 1 reduces dynamin-related protein 1 and mitochondrial
fission activity. Hum. Mol. Genet. 28, 177–199. doi: 10.1093/hmg/ddy335

Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R., et al.
(2015). Lysosomal calcium signalling regulates autophagy through calcineurin
and TFEB. Nat. Cell Biol. 17, 288–299. doi: 10.1038/ncb3114

Moreno, M. L., Mérida, S., Bosch-Morell, F., Miranda, M., and Villar, V. M.
(2018). Autophagy dysfunction and oxidative stress, two related mechanisms
implicated in retinitis pigmentosa. Front. Physiol. 9:1008. doi: 10.3389/fphys.
2018.01008

Napolitano, G., Esposito, A., Choi, H., Matarese, M., Benedetti, V., Di Malta, C.,
et al. (2018). mTOR-dependent phosphorylation controls TFEB nuclear export.
Nat. Commun. 9:3312. doi: 10.1038/s41467-018-05862-6

Ni, H. M., Williams, J. A., and Ding, W. X. (2015). Mitochondrial dynamics and
mitochondrial quality control. Redox. Biol. 2015, 6–13. doi: 10.1016/j.redox.
2014.11.006

Oral, E. A., Reilly, S. M., Gomez, A. V., Meral, R., Butz, L., Ajluni, N., et al. (2017).
Inhibition of IKKε and TBK1 improves glucose control in a subset of patients
with type 2 diabetes. Cell Metab. 26, 157.e7–170.e7. doi: 10.1016/j.cmet.2017.
06.006

Pan, H. Y., Alamri, A. H., and Valapala, M. (2019). Nutrient deprivation and
lysosomal stress induce activation of TFEB in retinal pigment epithelial cells.
Cell Mol. Biol. Lett. 24:33. doi: 10.1186/s11658-019-0159-8

Pareek, G., and Pallanck, L. J. (2018). Inactivation of lon protease reveals
a link between mitochondrial unfolded protein stress and mitochondrial
translation inhibition. Cell Death Dis. 9:1168. doi: 10.1038/s41419-018-
1213-6

Perrone, L., Devi, T. S., Hosoya, K. I., Terasaki, T., and Singh, L. P. (2010).
Inhibition of TXNIP expression in vivo blocks early pathologies of diabetic
retinopathy. Cell Death Dis. 1:E65. doi: 10.1038/cddis.2010.42

Pronin, A., Pham, D., An, W., Dvoriantchikova, G., Reshetnikova, G., Qiao, J., et al.
(2019). Inflammasome activation induces pyroptosis in the retina exposed to
ocular hypertension injury. Front. Mol. Neurosci. 12:3. doi: 10.3389/fnmol.2019.
00036

Ren, X., Zou, L., Zhang, X., Branco, V., Wang, J., Carvalho, C., et al. (2017).
Redox signaling mediated by thioredoxin and glutathione systems in the central
nervous system. Antioxid. Redox. Signal. 27, 989–1010. doi: 10.1089/ars.2016.
6925

Salma, N., Song, J. S., Arany, Z., and Fisher, D. E. (2015). Transcription factor
Tfe3 directly regulates Pgc-1alpha in muscle. J. Cell. Physiol. 230, 2330–2336.
doi: 10.1002/jcp.24978

Samie, M. A., and Xu, H. (2014). Lysosomal exocytosis and lipid storage disorders.
J. Lipid Res. 55, 995–1009. doi: 10.1194/jlr.R046896

Settembre, C., and Medina, D. L. (2015). TFEB and the CLEAR network. Methods
Cell Biol. 126, 45–62. doi: 10.1016/bs.mcb.2014.11.011

Shu, W., and Dunaief, J. L. (2018). Potential treatment of retinal diseases with iron
chelators. Pharmaceuticals 11:E112. doi: 10.3390/ph11040112

Singh, L. P., and Perrone, L. (2013). Thioredoxin interacting protein (TXNIP) and
pathogenesis of diabetic retinopathy. J. Clin. Exp. Ophthalmol. 4:287.

Spencer, W. J., Ding, J. D., Lewis, T. R., Yu, C., Phan, S., Pearring, J. N., et al. (2019).
PRCD is essential for high-fidelity photoreceptor disc formation. Proc. Natl.
Acad. Sci. U.S.A. 116, 13087–13096. doi: 10.1073/pnas.1906421116

Stephenson, J., Nutma, E., van der Valk, P., and Amor, S. (2018). Inflammation in
CNS neurodegenerative diseases. Immunology 154, 204–219. doi: 10.1111/imm.
12922

Tarchick, M. J., Cutler, A. H., Trobenter, T. D., Kozlowski, M. R., Makowski, E. R.,
Holoman, N., et al. (2019). Endogenous insulin signaling in the RPE contributes
to the maintenance of rod photoreceptor function in diabetes. Exp. Eye Res. 180,
63–74. doi: 10.1016/j.exer.2018.11.020

Warburton, S., Davis, W. E., Southwick, K., Xin, H., Woolley, A. T., Burton, G. F.,
et al. (2007). Proteomic and phototoxic characterization of melanolipofuscin:
correlation to disease and model for its origin. Mol. Vis. 13, 318–329.

Wilkins, H. M., Weidling, I. W., Ji, Y., and Swerdlow, R. H. (2017). Mitochondria-
derived damage-associated molecular patterns in neurodegeneration. Front.
Immunol. 8:508. doi: 10.3389/fimmu.2017.00508

Frontiers in Neuroscience | www.frontiersin.org 14 October 2019 | Volume 13 | Article 106594

https://doi.org/10.1371/journal.ppat.1007709
https://doi.org/10.1016/j.neuint.2017.02.007
https://doi.org/10.1002/pmic.201800311
https://doi.org/10.1371/journal.pone.0168777
https://doi.org/10.15252/emmm.201707966
https://doi.org/10.1186/s12881-018-0587-8
https://doi.org/10.1186/s12881-018-0587-8
https://doi.org/10.1038/s41467-019-11262-1
https://doi.org/10.1038/cddiscovery.2016.54
https://doi.org/10.1080/09537104.2017.1378809
https://doi.org/10.1080/09537104.2017.1378809
https://doi.org/10.1083/jcb.201603053
https://doi.org/10.1083/jcb.201603053
https://doi.org/10.15252/emmm.201708689
https://doi.org/10.1093/jb/mvy084
https://doi.org/10.1172/jci.insight.126747
https://doi.org/10.4049/jimmunol.1900383
https://doi.org/10.1016/j.exer.2018.09.023
https://doi.org/10.3390/ijms20102374
https://doi.org/10.3390/ijms20102374
https://doi.org/10.1083/jcb.201609102
https://doi.org/10.1083/jcb.201609102
https://doi.org/10.1016/j.bbamcr.2012.05.009
https://doi.org/10.1016/j.bbamcr.2012.05.009
https://doi.org/10.1038/nature05292
https://doi.org/10.1038/nature05292
https://doi.org/10.1167/iovs.18-26433
https://doi.org/10.1167/iovs.18-26433
https://doi.org/10.1089/ars.2017.7115
https://doi.org/10.1093/hmg/ddy335
https://doi.org/10.1038/ncb3114
https://doi.org/10.3389/fphys.2018.01008
https://doi.org/10.3389/fphys.2018.01008
https://doi.org/10.1038/s41467-018-05862-6
https://doi.org/10.1016/j.redox.2014.11.006
https://doi.org/10.1016/j.redox.2014.11.006
https://doi.org/10.1016/j.cmet.2017.06.006
https://doi.org/10.1016/j.cmet.2017.06.006
https://doi.org/10.1186/s11658-019-0159-8
https://doi.org/10.1038/s41419-018-1213-6
https://doi.org/10.1038/s41419-018-1213-6
https://doi.org/10.1038/cddis.2010.42
https://doi.org/10.3389/fnmol.2019.00036
https://doi.org/10.3389/fnmol.2019.00036
https://doi.org/10.1089/ars.2016.6925
https://doi.org/10.1089/ars.2016.6925
https://doi.org/10.1002/jcp.24978
https://doi.org/10.1194/jlr.R046896
https://doi.org/10.1016/bs.mcb.2014.11.011
https://doi.org/10.3390/ph11040112
https://doi.org/10.1073/pnas.1906421116
https://doi.org/10.1111/imm.12922
https://doi.org/10.1111/imm.12922
https://doi.org/10.1016/j.exer.2018.11.020
https://doi.org/10.3389/fimmu.2017.00508
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01065 October 8, 2019 Time: 12:32 # 15

Yumnamcha et al. Redox Imbalance, Mitophagic Flux and RPE Dysfunction

Xia, T., and Rizzolo, L. J. (2017). Effects of diabetic retinopathy on the barrier
functions of the retinal pigment epithelium. Vis. Res. 139, 72–81. doi: 10.1016/
j.visres.2017.02.006

Yoshida, M., Minagawa, S., Araya, J., Sakamoto, T., Hara, H., Tsubouchi, K.,
et al. (2019). Involvement of cigarette smoke-induced epithelial cell ferroptosis
in COPD pathogenesis. Nat. Commun. 10:3145. doi: 10.1038/s41467-019-10
991-7

Yoshihara, E., Masaki, S., Matsuo, Y., Chen, Z., Tian, H., and Yodoi, J. (2014).
Thioredoxin/Txnip: redoxisome, as a redox switch for the pathogenesis of
diseases. Front. Immunol. 4:514. doi: 10.3389/fimmu.2013.00514

Zhao, Y., Sun, X., Hu, D., Prosdocimo, D. A., Hoppel, C., Jain, M. K.,
et al. (2019). ATAD3A oligomerization causes neurodegeneration by coupling
mitochondrial fragmentation and bioenergetics defects. Nat. Commun. 10:1371.
doi: 10.1038/s41467-019-09291-x

Zhou, B. I, Liu, J. II, Kang, R. III, Klionsky, D. J. IV, Kroemer, G. V, and Tang, D. VI
(2019). Ferroptosis is a type of autophagy-dependent cell death. Semin. Cancer
Biol. . doi: 10.1016/j.semcancer.2019.03.002 [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Yumnamcha, Devi and Singh. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 15 October 2019 | Volume 13 | Article 106595

https://doi.org/10.1016/j.visres.2017.02.006
https://doi.org/10.1016/j.visres.2017.02.006
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.3389/fimmu.2013.00514
https://doi.org/10.1038/s41467-019-09291-x
https://doi.org/10.1016/j.semcancer.2019.03.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


ORIGINAL RESEARCH
published: 15 October 2019

doi: 10.3389/fnins.2019.01096

Frontiers in Neuroscience | www.frontiersin.org 1 October 2019 | Volume 13 | Article 1096

Edited by:

Mohammad Shamsul Ola,

King Saud University, Saudi Arabia

Reviewed by:

Yang Hu,

Stanford University, United States

Michael B. Powner,

City University of London,

United Kingdom

*Correspondence:

Marta Agudo Barriuso

martabar@um.es

†Joint second authors

Specialty section:

This article was submitted to

Neurodegeneration,

a section of the journal

Frontiers in Neuroscience

Received: 29 July 2019

Accepted: 30 September 2019

Published: 15 October 2019

Citation:

Lucas-Ruiz F, Galindo-Romero C,

Salinas-Navarro M,

González-Riquelme MJ, Vidal-Sanz M

and Agudo Barriuso M (2019)

Systemic and Intravitreal Antagonism

of the TNFR1 Signaling Pathway

Delays Axotomy-Induced Retinal

Ganglion Cell Loss.

Front. Neurosci. 13:1096.

doi: 10.3389/fnins.2019.01096

Systemic and Intravitreal Antagonism
of the TNFR1 Signaling Pathway
Delays Axotomy-Induced Retinal
Ganglion Cell Loss

Fernando Lucas-Ruiz 1,2, Caridad Galindo-Romero 1,2†, Manuel Salinas-Navarro 1,2†,

María Josefa González-Riquelme 1,2, Manuel Vidal-Sanz 1,2 and Marta Agudo Barriuso 1,2*

1Grupo de Oftalmología Experimental, Instituto Murciano de Investigación Biosanitaria Virgen de la Arrixaca (IMIB-Arrixaca),
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Here, we have blocked the signaling pathway of tumor necrosis factor α (TNFα) in a

mouse model of traumatic neuropathy using a small cell permeable molecule (R7050)

that inhibits TNFα/TNF receptor 1 (TNFR1) complex internalization. Adult pigmented

mice were subjected to intraorbital optic nerve crush (ONC). Animals received daily

intraperitoneal injections of R7050, and/or a single intravitreal administration the day of

the surgery. Some animals received a combinatorial treatment with R7050 (systemic or

local) and a single intravitreal injection of brain derived neurotrophic factor (BDNF). As

controls, untreated animals were used. Retinas were analyzed for RGC survival 5 and

14 days after the lesion i.e., during the quick and slow phase of axotomy-induced RGC

death. qPCR analyses were done to verify that Tnfr1 and TNFα were up-regulated after

ONC. At 5 days post-lesion, R7050 intravitreal or systemic treatment neuroprotected

RGCs as much as BDNF alone. At 14 days, RGC rescue by systemic or intravitreal

administration of R7050 was similar. At this time point, intravitreal treatment with BDNF

was significantly better than intravitreal R7050. Combinatory treatment was not better

than BDNF alone, although at both time points, the mean number of surviving RGCs

was higher. In conclusion, antagonism of the extrinsic pathway of apoptosis rescues

axotomized RGCs as it does the activation of survival pathways by BDNF. However,

manipulation of both pathways at the same time, does not improve RGC survival.

Keywords: optic nerve crush, retinal ganglion cells, R7050, BDNF, combinatory therapy, neuroprotection

INTRODUCTION

The link between tumor necrosis factor-α (TNFα) and retinal ganglion cell (RGC) loss in glaucoma
and traumatic optic neuropathies has been extensively investigated in humans (Yuan and Neufeld,
2000; Tezel et al., 2001) and animal models (Agudo et al., 2008; Tezel, 2008; Roh et al., 2012; Cueva
Vargas et al., 2015; Tse et al., 2018; Wei et al., 2019).

TNFα is a multi-functional cytokine that promotes inflammation and mediates cell death
through the binding to TNF receptor 1 (TNFR1), a death receptor that triggers the extrinsic
pathway of apoptosis (Lorz and Mehmet, 2009; Cabal-Hierro and Lazo, 2012; Sedger and
McDermott, 2014). In the retina, TNFα is expressed by microglial cells (Yuan and Neufeld, 2000;
Roh et al., 2012), and TNFR1 by RGCs (Tezel et al., 2001; Agudo et al., 2008).
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TNFα induced cell death does not occur in healthy cells, but
in stressed or metabolically imbalanced ones (reviewed in Sedger
and McDermott, 2014). Thus, TNFα/TNFR1 signaling depends
on the cellular context and can lead to proliferation, apoptosis,
or necroptosis. TNFα binding to TNFR1 causes the formation
of two multiprotein complexes. Complex I prevents apoptosis,
while complex II induces cell death. Complex I is membrane
bound, and complex II is activated after being endocytosed and
released from the cytoplasmic membrane (reviewed in Cabal-
Hierro and Lazo, 2012).

In pre-clinical models of ocular hypertension, the main risk
factor of glaucoma, or of traumatic optic nerve injury (optic
nerve crush or transection) both, the blockade of TNFα using
decoy-receptors (Roh et al., 2012; Tse et al., 2018) or natural
anti-TNFα compounds (Kyung et al., 2015), and the deletion of
TNFR1 (Tezel et al., 2004) have neuroprotective properties on the
injured RGCs.

Anti-TNFα therapies based on decoy-receptors or anti-TNF
antibodies have some intrinsic problems such as availability,
potential antigenicity, and tissue distribution.

R7050 is a small cell permeable triazoloquinoxaline
that blocks TNFα signaling through the inhibition of
the ligand-induced TNFR1 endocytosis (Gururaja et al.,
2007), impairing the association of TNFR1 with the
intracellular adaptor molecules that form the multi-
protein complexes. Thus, R7050 is a selective antagonist
of the TNFα/TNFR1 pathway. Importantly, R7050 crosses
the blood brain barrier and it has been shown that
attenuates neurovascular injury and improves neurological
behavior in an animal model of intra-cerebral hemorrhage
(King et al., 2013).

Here we have tested the neuroprotective potential of R7050
on axotomized RGCs. Because single therapies are not sufficient
to stop RGC degeneration (Harvey, 2007) we assayed the
TNFR1 antagonist alone or in combination with brain derived
neurotrophic factor (BDNF), to date the best administered
neuroprotectant for injured RGCs (Mansour-Robaey et al.,
1994; Peinado-Ramon et al., 1996; Di Polo et al., 1998;
Pernet and Di, 2006; Parrilla-Reverter et al., 2009; Sanchez-
Migallon et al., 2011, 2016; Galindo-Romero et al., 2013b;
Valiente-Soriano et al., 2015; Feng et al., 2016, 2017; Osborne
et al., 2018). BDNF activates survival pathways [PI3K/Akt and
ERK; (Isenmann et al., 1998; Klocker et al., 2000; Nakazawa
et al., 2002)] and TNFR1 antagonism inhibits apoptosis. Thus,
the combinatory treatment directed to increase pro-survival
pathways and to decrease apoptotic ones would, ideally, have a
synergistic effect.

We have used the well-characterized model of optic nerve
crush (ONC) in mice (Galindo-Romero et al., 2011, 2013b;
Sanchez-Migallon et al., 2016, 2018). The course of RGC death
induced by ONC in mice occurs in two phases, a quick one that
lasts 7–9 days during which ∼85% of RGCs die, and a second
slower one thereafter. In this model, 50% of RGCs are lost at day
5 post-lesion (reviewed in Vidal-Sanz et al., 2017). Here we have
administered R7050 intravitreally and/or intraperitoneally, and
BDNF intravitreally, and analyzed RGC survival at 5 or 14 days
post-ONC, i.e., during the quick and the slow phase of death.

MATERIALS AND METHODS

Animal Handling
Adult pigmented C57Bl/6 male mice (25 g) were obtained from
the University of Murcia breeding colony. All animals were
treated in compliance with the European Union guidelines
for Animal Care and Use for Scientific Purpose (Directive
2010/63/EU) and the guidelines from the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research.
All procedures were approved by the Ethical and Animal
Studies Committee of the University of Murcia, Spain
(number: A1320140704).

Animals undergoing surgery were anesthetized by
intraperitoneal injection of a mixture of ketamine (60 mg/kg;
ketolar, Pfizer, Alcobendas, Madrid, Spain) and xylazine
(10 mg/kg; Rompum, Bayer, Kiel, Germany). Analgesia was
provided by subcutaneous administration of buprenorphine
(0.1 mg/kg; Buprex, Buprenorphine 0.3 mg/mL; Schering-Plow,
Madrid, Spain). During and after surgery, the eyes were covered
with an ointment (Tobrex; Alcon S.A., Barcelona, Spain) to
prevent corneal desiccation. Animals were sacrificed with an
intraperitoneal injection of an overdose of sodium pentobarbital
(Dolethal, Vetoquinol; Especialidades Veterinarias, S.A.,
Alcobendas, Madrid, Spain).

Animal Groups
Animal groups are detailed in Figure 1. The number of retinas
per group and time point was 4–6 for anatomical analysis (see
Table 1 for a detailed n), and 4 for qPCR.

Surgery
The left optic nerve was crushed at 0.5mm from the optic disc
following previously described methods (Galindo-Romero et al.,
2011; Sanchez-Migallon et al., 2016). In brief, to access the optic
nerve at the back of the eye, an incision was made in the skin
overlying the superior orbital rim, the supero-external orbital
contents were dissected, and the superior and external rectus
muscles were sectioned. Then, the optic nerve was crushed at
0.5mm from the optic disc for 10 s using watchmaker’s forceps.
Before and after the procedure, the eye fundus was observed
through the operating microscope to assess the integrity of the
retinal blood flow.

Intravitreal and Intraperitoneal Treatments
Intravitreal injections were all done in a final volume of 2.5
µl, following previously published methods (Galindo-Romero
et al., 2013b; Sanchez-Migallon et al., 2016). Animals were treated
with single or combinatory intravitreal treatments of R7050 (0.2
or 1mM, in 1 and 5% of DMSO-saline, respectively. Tocris
Bioscience; Bio-Techne R&D Systems. Madrid, Spain) and/or
BDNF (2.5 µg in 1% bovine serum albumin-PBS, PreproTech,
London, UK).

Systemic treatment with R7050 (12 mg/kg i.p.) was done daily
for 7 or 14 days. Some animals received a combinatorial therapy
of intravitreal and intraperitoneal treatments. All groups are
detailed in Figure 1.
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FIGURE 1 | Experimental design and animal groups. R7050 toxicity was studied at 0.2mM in intact retinas, which were analyzed 5 days after administration. As

vehicle control groups, we assayed R7050 1mM vehicle (5% DMSO in saline) since it has been published that at this concentration is toxic for neurons (Galvao et al.,

2014). Two groups were done, intact + i.v. of 5% DMSO and ONC + i.v. of DMSO analyzed 5 days later. To reduce the number of animals, control groups for 1%

DMSO (R7050 0.2mM vehicle) were not done since in our conditions neither the population of RGCs nor their loss after axotomy was affected by an i.v. injection of

5% DMSO. Likewise, intraperitoneal vehicle of R7050 and intravitreal vehicle of BDNF groups were not done because we have already shown that those vehicle

formulations and administration routes do not have a negative effect in the retina (Galindo-Romero et al., 2013b; Di Pierdomenico et al., 2018). i.v, intravitreal injection;

i.p., intraperitoneal injection.

Immunodetection
Animals were perfused transcardially with 0.9% saline solution
followed by 4% paraformaldehyde in 0.1M phosphate
buffer. Retinas were prepared as flat mounts, or eyes were
cryo-sectioned. In all experimental groups, RGCs were
immunodetected in whole-mounts as reported (Galindo-
Romero et al., 2011; Sanchez-Migallon et al., 2016) using mouse

α-Brn3a primary antibody (1:500; MAB1585, Merck Millipore;
Madrid, Spain). Secondary detection was carried out with
donkey α-mouse IgG1-Alexa fluor 594 (1:500; Molecular Probes;
Thermo Fisher Scientific, Madrid, Spain). In brief, flat mounted
retinas were permeabilized in PBS 0.5% Triton by freezing
them for 15min at −70◦C, rinsed in new PBS 0.5% Triton, and
incubated overnight at 4◦C with the primary antibody diluted in

Frontiers in Neuroscience | www.frontiersin.org 3 October 2019 | Volume 13 | Article 109698

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Lucas-Ruiz et al. Neuroprotection by Systemic Antagonism of TNFR1

blocking buffer (phosphate buffer saline (PBS) with 2% donkey
normal serum and 2% Triton). Then, the retinas were washed
three times in PBS and incubated for 2 h at room temperature
with the secondary antibody. Finally, they were thoroughly
washed in PBS, mounted vitreous side up and covered with
antifading solution (Vectashield, Vector laboratories, Palex
Medical, Barcelona, Spain).

In retinal cross sections from intact animals or animals
processed 5 days after ONC, Tnfr1 (1:100, ab19139 Abcam,
Cambridge, UK) and Brn3a (MAB1585, 1:500) were double
immunodetected. Secondary antibodies were donkey α-mouse
IgG1-Alexa fluor 488 or α-rabbit-Alexa fluor 594 (1:500;
Molecular Probes). Briefly, sections were incubated overnight
a 4◦C with the primary antibodies diluted in blocking buffer.
Secondary detection was carried out as in flat-mounts.

Image Acquisition and Analysis
Images were acquired using an epifluorescence microscope
(Axioscop 2 Plus; Zeiss Mikroskopie, Jena, Germany) equipped
with a computer-driven motorized stage (ProScan H128 Series;
Prior Scientific Instruments, Cambridge, UK) controlled by
image analysis software (Image-Pro Plus, IPP 5.1 for Windows;
Media Cybernetics, Silver Spring, MD).

Retinal photomontages of Brn3a+RGCs were reconstructed
from 154 (11 × 14) individual images (Galindo-Romero et al.,
2011). The whole population of Brn3a+RGCs was quantified
automatically and their distribution assessed by neighbor maps
using previously reported methods (Galindo-Romero et al.,
2013a). Briefly for each RGC its center mass position coordinates
(x, y) were measured using the IPP macro language and
the data were exported to a spreadsheet (Office Excel 2000;
Microsoft Corp., Redmond, WA). Next, the Java (Oracle
Corporation, Redwood Shores, California, USA) application
described previously (Galindo-Romero et al., 2013a) was used to
calculate the number of neighbors around each cell by measuring
their euclidean distance to the rest of cells. Those cells closer
than the fixed radius (0.22mm) were counted. Finally, spatial
study was used to spatially plot every RGC, and the number of
neighbors served to color each one with a color scale representing
the number of neighbors for each one. All maps were plotted
using SigmaPlot (SigmaPlot 9.0 for Windows; Systat Software,
Inc., Richmond, CA, USA).

qPCR
Fresh dissected retinas were immediately frozen on dry ice (n= 4
per group and time point). Total RNA was extracted using Trizol
reagent (Thermo Fisher Scientific) and the RNA samples were
dissolved in 20 µL Milli-Q water. Total RNA concentration
was determined using SimpliNanoTM (GE Healthcare Life
Sciences, Madrid, Spain). Complementary DNA amplification
was performed according to the instructions provided by the
manufacturer SuperScriptTM IV VILOTM Master Mix, Thermo
Fisher Scientific) using 1 µg total RNA.

Mouse pre-designed SYBR green primers (pair 1) for
Tnfrs1, Tnfα, and Hrpt (housekeeping) were purchased from
Sigma Aldrich.

SYBR Premix Ex Taq II (Tli RNaseH Plus, TaKara; Thermo
Fisher Scientific) based qPCR was carried out by the Genomic
Platform at the IMIB-Arrixaca in a final volume of 5 µl
with a primer concentration of 450 nM using the QuantStudio
5 (Applied Biosystems; Thermo Fisher Scientific). Technical
triplicates were done for each sample. The Ct values were
converted to relative quantification using the 211Ct method
(Livak and Schmittgen, 2001).

Statistics
Data were analyzed and plotted with GraphPad Prism v.7
(GraphPad San Diego, USA). Anatomical data are presented as
mean ± standard deviation (SD), and qPCR data as mean ±

standard error of the mean (SEM). Differences were considered
significant when p < 0.05. Tests are detailed in results.

RESULTS

TNFR1 Expression in Intact and Injured
Retinas
In intact retinas, TNFR1 is expressed in the inner nuclear
layer (INL) and in the ganglion cell layer (GCL) (Figure 2A).
TNFR1+ cells in the GCL do not express Brn3a, and most
possibly are displaced amacrine cells, since they are 50% of the
cells in the GCL (Pérez De Sevilla Müller et al., 2007; Nadal-
Nicolás et al., 2015). Five days after ONC, TNFR1 is expressed
more brightly and by more cells than in intact retinas. In
the GCL many RGCs are TNFR1 positive (Figure 2B, yellow
arrows). Interestingly, TNFR1 expression is observed in those
RGCs with a lower signal of Brn3a, as we observed before
for those RGCs expressing the cleaved form of caspase 3
(Sanchez-Migallon et al., 2016).

qPCR analyses support the anatomical data, and at 3, 5, and
9 days after ONC there is a 2–3-fold increase of Tnfr1 mRNA
compared to intact retinas (Figure 2C, left graph). Furthermore,
after ONC there is as well a significant increase of the Tnfr1
ligand, TNFα (Figure 2C, right graph), in agreement with
previous reports (Tse et al., 2018).

Intraperitoneal and Intravitreal Antagonism
of TNFR1 Rescues RGCs From Optic Nerve
Crush
To evaluate if a systemic treatment with R7050 protects
axotomized RGCs, we performed ONC and animals were treated
daily with an intraperitoneal injection of 12 mg/kg of R7050. This
dose was chosen based on a previous work where this antagonist
was used to treat the brain (King et al., 2013).

Five and fourteen days after the lesion, when without
treatment 50 and 92%, respectively, of the RGCs have died, the
number of RGCs is significantly higher in the treated than in the
untreated groups (Table 1; Figures 3, 4).

Next, we wondered whether a single intravitreal treatment
would improve this outcome. We tested two different
concentrations (0.2 and 1mM) because this is the first time
this route is used for this drug. Since R7050 is dissolved in
DMSO, which has been reported toxic for RGCs after intravitreal
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FIGURE 2 | TNFR1 is over-expressed in the retina after ONC. (A,B) Magnifications from retinal cross-sections showing the double immunodetection of Brn3a (green),

TNFR1 (red), and the merged image with DAPI. In intact retinas (A) TNFR1 expression is observed mainly in the inner nuclear layer (INL), and in few Brn3a negative

cells in the ganglion cell layer (GCL). Five days after ONC (B) many cells in the GCL, including RGCs (yellow arrows) express TNFR1. (C) Graph bars showing the fold

change ± SEM of Tnfr1 and TNFα mRNA levels in ONC-injured retinas relative to intact retinas (value 1, red dotted line; **p < 0.01; ***p < 0.001; ****p < 0.0001,

T-test vs. naive). d, days post-lesion.

administration (Galvao et al., 2014), we injected 5% DMSO in
PBS (the maximum concentration used here) in intact retinas
and after ONC, and both groups were analyzed 5 days later.
Our data show that in intact retinas 5% DMSO does not cause
RGC loss, and it does not increase the loss of RGCs after
ONC (Table 1).

Five days after the lesion, R7050 intravitreal treatment
increases significantly the number of surviving RGCs
compared to untreated retinas. With the 0.2mM
intravitreal injection, the elicited neuroprotection was
significantly higher than after intraperitoneal treatment
(Table 1; Figure 3).
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TABLE 1 | Total number of RGCs.

Intact ONC

5d 14d

No treatment Mean 43,609 22,832 3,782

SD 1,237 2,362 585

n 6 6 5

i.p. R7050 Mean 25,802* 6,993**†

SD 1,002 1,064

n 5 5

i.v. 5% DMSO Mean 43,935 23,374

SD 773 252

n 4 4

i.v. 0.2mM R7050 Mean 43,683 28,911***## 5,371*†

SD 1,355 1604 942

n 4 5 5

i.v. 1mM R7050 Mean 28,207***

SD 2,313

n 4

i.v. 0.2mM + i.p.

R7050

Mean 29,710***#

SD 1,827

n 5

i.v. 2.5 µg BDNF Mean 27,201** 10,222***‡

SD 2,275 2,187

n 5 4

i.v. 2.5 µg BDNF +

i.v. 0.2mM R7050

Mean 29,351*** 11,392***

SD 1,812 4,023

n 5 5

i.v. 2.5 µg BDNF

+ i.p. R7050

Mean 12,109***

SD 1,926

n 5

Intact retinas treated with 5% DMSO or with 0.2mM of R7050 were analyzed 5 days

after the injection. SD, standard deviation; i.v., intravitreal injection; i.p., intraperitoneal

injection; *Statistically different from ONC alone within the same time point (*p < 0.05;

**p < 0.01; ***p < 0.001). #Statistical difference with i.p. treatment (##p < 0.001;
#p < 0.01).

†
Significantly different compared to combinatorial treatments (p < 0.05).

‡Significantly different compared to i.v. R7050 treatment (p < 0.05). At all time post-

lesions and irrespectively of the treatment, the loss of RGCs was significant compared

to intact retinas (p < 0.01). T-test to compare two treatments. ANOVA Kruskal-Wallis

test with Dunn’s multiple comparisons post-hoc test, to analyze the effect of a treatment

along time.

Both intravitreal doses achieved a similar RGC rescue and we
chose the lower one for subsequent experiments. To verify that
the treatment itself was not toxic for RGCs, 0.2mM R7050 was
intravitreally injected in intact retinas. As observed in Table 1, at
this dose there was no RGC loss 5 days post-injection. Because
the 1mM dose was not used further and to save animals, we did
not test its toxicity.

At 14 days, the intravitreal treatment still protects RGCs
(Table 1; Figure 4), but the mean number of surviving RGCs is
smaller than with the intraperitoneal treatment, although this
difference does not reach statistical significance.

Finally, we combined both routes and treated animals
with a single intravitreal injection and a daily intraperitoneal

one. This posology does not improve the neuroprotection
observed by intravitreal injection alone at 5 days post-
lesion, therefore we did not assayed this combination at 14
days (Table 1; Figure 3).

The study of RGC topography by neighbor maps, shows
in agreement with previous works, that RGC loss by axotomy
affects the whole retina (Galindo-Romero et al., 2011; Nadal-
Nicolás et al., 2015; Sanchez-Migallon et al., 2016, 2018). In
addition, here we show that the intraperitonal and intravitreal
administration of R7050 protects RGCs across the whole
retina (Figures 3B, 4B).

In conclusion, at 5 days the percent of surviving RGCs
in R7050-treated retinas is 13% (intraperitoneal), 26%
(intravitreal, 0.2mM), 23% (intravitreal, 1mM), and 30%
(intraperitoneal+intravitreal) higher than after ONC alone.
Neuroprotection by R7050 is relatively better at 14 than at 5 days:
at 14 days there are 54% (intraperitoneal) and 42% (intravitreal)
more RGCs than in untreated retinas.

Combinatorial Treatment: TNFR1
Antagonism and BDNF
BDNF is, excluding knocking out pro-apoptotic proteins or
transfecting anti-apoptotic ones (Malik et al., 2005; Nickells
et al., 2008), the best neuroprotectant for axotomized
RGCs. Thus, we decided to test whether a combinatory
therapy with BDNF and R7050 was better than each
one alone.

At 5 days after ONC, a single intravitreal injection of BDNF
rescues as many RGCs as the intravitreal or intraperitoneal
treatment with R7050 (Table 1; Figure 3). An intravitreal
injection of BDNF and 0.2mM of R7050 increases the mean
number of surviving RGCs, but no significantly so compared
to either treatment alone. To save animals, we did not combine
BDNF with systemic R7050, because R7050 administered
intravitreally gives better results at this time point.

At 14 days post-injury, RGC neuroprotection by BDNF alone
was significantly higher than R7050 administered intravitreally
and better, but no significantly, than intraperitoneal R7050.
Combination of BDNF and R7050 administered intravitreally
or systemically, does not increase significantly the number of
surviving RGCs compared to BDNF treatment alone. Even so,
and as it occurs at 5 days, the mean number of RGCs is higher in
the combinatory experiment (Table 1; Figure 4).

Again, and as observed for the single therapy with R7050,
RGC neuroprotection by the combinatory treatments expands
the whole retina (Figures 3B, 4B).

In summary, while none of the treatments rescued the
whole population of RGCs (see Table 1, intact retinas and
neighbor map from an intact retina in Figure 3B), they elicited
significant neuroprotection: at 5 days and compared to ONC
alone, the percent of surviving RGCs in the treated retinas is 19%
(BDNF), and 28% (BDNF + intravitreal R7050) higher. Again
neuroprotection is relatively better at 14 than at 5 days: at 14
days there are 270% (BDNF), 301% (BDNF+ intravitreal R7050),
and 320% (BDNF + intraperitoneal R7050) more RGCs than in
untreated retinas.

Frontiers in Neuroscience | www.frontiersin.org 6 October 2019 | Volume 13 | Article 1096101

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Lucas-Ruiz et al. Neuroprotection by Systemic Antagonism of TNFR1

FIGURE 3 | Systemic and intravitreal treatment with R7050 alone or in combination with BDNF rescues RGCs during the quick phase of death after optic nerve

axotomy. (A) Column bar graph showing the total mean number ± standard deviation of RGCs quantified in the different animal groups analyzed 5 days after ONC.

*Statistically different from ONC alone (*p < 0.05; **p < 0.01; ***p < 0.001. ANOVA, Kruskal-Wallis. Dunn’s post-hoc test). #p < 0.01 (T-test). For detailed statistics

see Table 1. (B) Neighbor maps showing the distribution of RGCs in a representative retina from each group and treatment. These maps illustrate the number of

RGCs around a given RGC in a radius of 0.200mm with a color scale (top left panel) from 0 to 22 neighbors (purple) to >160 neighbors (dark red). At the bottom left

of each map is shown the number of RGCs counted in the original retina.
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FIGURE 4 | Systemic and intravitreal treatment with R7050 alone or in combination with BDNF rescues RGCs during the slow phase of death after optic nerve

axotomy. (A) Column bar graph showing the total mean number ± standard deviation of RGCs quantified in the different animal groups analyzed 14 days after ONC.

(Continued)
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FIGURE 4 | *Statistically different from ONC alone (*p < 0.05; **p < 0.01; ***p < 0.001). †p < 0.01; ‡p < 0.05 (ANOVA, Kruskal-Wallis. Dunn’s post-hoc test). See

Table 1 for more details. (B) Neighbor maps showing the distribution of RGCs in a representative retina from each group and treatment. These maps illustrate the

number of RGCs around a given RGC in a radius of 0.220mm with a color scale (top left panel) from 0 to 22 neighbors (purple) to >160 neighbors (dark red). At the

bottom left of each map is shown the number of RGCs counted in the original retina.

DISCUSSION

The role of TNFα in neurodegeneration has been widely
reported, not only in the retina (Yuan and Neufeld, 2000; Tezel
et al., 2001; Kitaoka et al., 2006; Agudo et al., 2008; Tezel, 2008;
Cueva Vargas et al., 2015; De Groef et al., 2015) but also in
neurodegenerative diseases such as Alzheimer’s or Parkinson’s
(Mogi et al., 1994; Cheng et al., 2010).

Our results confirm and extend those previous reports
connecting axonal damage, RGC loss and TNFα. Our
strategy differs from previous works targeting TNFα
(Roh et al., 2012; Tse et al., 2018; Park et al., 2019) in
that instead of blocking TNFα using decoy-receptors, we
have used an antagonist of the TNFα/TNFR1 signaling
pathway. R7050 inhibits the endocytosis of the TNF-
α/TNFR1 multiprotein complex (Gururaja et al., 2007),
thus blocking the extrinsic pathway of apoptosis. This
antagonist is a small cell permeable molecule that crosses
the blood brain barrier, allowing a systemic administration
to treat the central nervous system (King et al., 2013).
TNFα decoy receptors are also administered systemically,
however because they are proteins they come with inherent
problems such as bioavailability, tissue distribution and most
importantly, antigenicity.

Our data show that R7050 administered locally or
systemically, rescues axotomized RGCs. Intravitreal treatment
elicits a better neuroprotection at 5 days than the intraperitoneal
route. At long time post-lesions, intraperitoneal and intravitreal
administration render similar results. Nevertheless, we should
not forget that here we performed a single intravitreal injection,
while the systemic dose was administered daily.

Neuroprotection by R7050 14 days after ONC is higher
(54–42%) than that shown in a previous work where TNFα
was intercepted with etanercept, a decoy-receptor (Tse et al.,

2018). Tse et al. reported an increase of ∼24% of RGC
survival. These differences could mean that R7050 is a better

inhibitor of the TNFα apoptotic signaling. Alternatively, the

differences could be due to the different route (subcutaneous)
or methodology, as they sample the retinas and present

RGC densities, while here we quantify the total population
of RGCs.

Another strategy to study the implication of a given
protein in axotomy-induced RGC death is the use of
knockout mice. In a time course study using TNFR1−/−

mice, Tezel et al. (2004) analyzed the retinas from 1 to
6 weeks after ONC and observed, in agreement with
our data that compared to wild type animals, RGC
neuroprotection in the deficient mice was higher at longer
times post-lesion.

RGC loss by axotomy triggers a myriad of signals,
encompassing multiple pro-death, and pro-survival pathways
(Agudo et al., 2008, 2009; Agudo-Barriuso et al., 2013), and this
is believed to be one of the reasons why single treatments are not
enough (Harvey, 2007). Thus, combinatory therapies are needed
to increase neuroprotection not only in number of neurons, but
also in time. Here we combined BDNF, whose neuroprotective
potential has been widely studied (Mansour-Robaey et al., 1994;
Peinado-Ramon et al., 1996; Di Polo et al., 1998; Pernet and
Di, 2006; Parrilla-Reverter et al., 2009; Sanchez-Migallon et al.,
2011, 2016; Galindo-Romero et al., 2013b; Valiente-Soriano
et al., 2015; Feng et al., 2016, 2017; Osborne et al., 2018) with
R7050. We hypothesized that activating pro-survival pathways
while inhibiting pro-apoptotic ones would increase RGC
survival. However, our data show that the combined rescue of
R7050 and BDNF is not summative. This suggest that either
both pathways share a common denominator, and/or that the
activation of the survival pathways by BDNF blocks the apoptotic
signals thus effectively overriding the effect of R7050. Further
experiments are needed to assess whether a sequential treatment
first with BDNF and then with R7050 (or vice versa) would be
more effective.

In conclusion, here we show for the first time that
local and systemic treatment with the small inhibitor of the
TNFR1 signaling, R7050, protects RGCs from axotomy-induced
degeneration. While knockout or transgenic animals are very
useful to assign specific functions to specific proteins, this
strategy cannot (yet) be used in human patients. Given that to
date there are no therapies to overcome neuronal death, proof
of concept pre-clinical studies are needed to expand the possible
therapeutic avenues to treat not only traumatic neuropathies, but
also neurodegenerative diseases.
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Diabetic retinopathy (DR) is a common complication of diabetes and constitutes a major

cause of vision impairment and blindness in the world. DR has long been described

exclusively as a microvascular disease of the eye. However, in recent years, a growing

interest has been focused on the contribution of neuroretinal degeneration to the

pathogenesis of the disease, and there are observations suggesting that neuronal death

in the early phases of DR may favor the development of microvascular abnormalities,

followed by the full manifestation of the disease. However, the mediators that are involved

in the crosslink between neurodegeneration and vascular changes have not yet been

identified. According to our hypothesis, vascular endothelial growth factor (VEGF) could

probably be the most important connecting link between the death of retinal neurons

and the occurrence of microvascular lesions. Indeed, VEGF is known to play important

neuroprotective actions; therefore, in the early phases of DR, it may be released in

response to neuronal suffering, and it would act as a double-edged weapon inducing

both neuroprotective and vasoactive effects. If this hypothesis is correct, then any retinal

stress causing neuronal damage should be accompanied by VEGF upregulation and by

vascular changes. Similarly, any compound with neuroprotective properties should also

induce VEGF downregulation and amelioration of the vascular lesions. In this review,

we searched for a correlation between neurodegeneration and vasculopathy in animal

models of retinal diseases, examining the effects of different neuroprotective substances,

ranging from nutraceuticals to antioxidants to neuropeptides and others and showing

that reducing neuronal suffering also prevents overexpression of VEGF and vascular

complications. Taken together, the reviewed evidence highlights the crucial role played

by mediators such as VEGF in the relationship between retinal neuronal damage and

vascular alterations and suggests that the use of neuroprotective substances could be

an efficient strategy to prevent the onset or to retard the development of DR.

Keywords: nutraceuticals, antioxidants, neuropeptides, vascular endothelial growth factor, blood-retina barrier

INTRODUCTION

Diabetes is a disease affecting a growing number of people worldwide. It is expected to increase to
a little <700 million by 2045, with almost half of diabetics suffering from the slowly progressive
type 2 diabetes, which in many cases remains undiagnosed (Cho et al., 2018). Type 2 diabetes is the
main cause of diabetes in the population aged 40–74 years, although there is an increasing number
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of people aged <40 suffering from this form of the disease
(Pantalone et al., 2015). Untreated or poorly controlled
diabetes may lead to the appearance of serious complications,
including diabetic retinopathy (DR). DR is the most common
complication of diabetes and the leading cause of preventable
visual impairment in the working age population in developed
countries. It is also one of the main causes of blindness
worldwide. In 2010, it has been estimated that about 95 million
people suffered from a form of DR (Leasher et al., 2016). Due to
the increasing number of diabetic people and the increased life
expectancy, these numbers are expected to rise in the near future.

DR is a multifactorial progressive disease characterized by
an extremely complex pathogenesis involving different factors
and a variety of pathophysiologic mechanisms. Hyperglycemia
represents a link between diabetes andDR complications. Indeed,
prolonged high glucose levels damage the retina, inducing
metabolic changes that result in dysregulation of a number
of mediators, including growth factors, neurotrophic factors,
cytokines/chemokines, vasoactive agents, and inflammatory and
adhesion molecules. The altered retinal microenvironment is
responsible for the appearance and the progression of extended
vascular lesions and cell death (Qian and Ripps, 2011; Ola et al.,
2012; Tarr et al., 2013; Abcouwer and Gardner, 2014).

DR has often been regarded as a purely vascular disorder
of the retina. Clinically, it is classified as non-proliferative,
characterized by microvascular damage, including blood-retina
barrier (BRB) breakdown, basement membrane thickening,
leukocyte adhesion, occurrence of acellular capillaries,
capillary degeneration, pericyte loss; or proliferative, where
neoangiogenesis phenomena are observed and new blood vessels
are formed. These neovessels may generate a mechanic traction,
causing retinal detachment and consequent blindness (Stitt et al.,
2013). The key factor involved in pathologic vascular changes,
from microvascular damage to neoangiogenesis, is vascular
endothelial growth factor (VEGF). Consequently, DR treatments
aremainly based on intraocular delivery of anti-VEGFmolecules;
however, the intravitreal administration of anti-VEGF drugs
has several drawbacks, not the least of which is the fact that,
due to the short half-life of the drug, frequent intraocular
injections are necessary, generating different side effects, such

Abbreviations:ACE, Angiotensin-converting enzyme; ADNP, Activity-dependent

neurotrophic protein; AGE, Advanced glycation end products; AngI, Angiotensin

I; AngII, Angiotensin II; AT1R, Angiotensin type 1 receptor; AT2R, Angiotensin

type 2 receptor; BRB, Blood-retina barrier; CaD, Calcium dobesilate; DNMT,

DNA methyltransferase; DPP4, Dipeptidyl peptidase 4; DR, Diabetic retinopathy;

EPO, Erythropoietin; ERG, Electroretinogram; ET, Endothelin; ETRA, ET

type A receptor; ETRB, ET type B receptor; GLP-1, Glucagon-like peptide-

1; HIF, Hypoxia-inducible factor; HIF-1α, α subunit of HIF-1; ICAM-1,

Intercellular adhesion molecule-1; IL-1β, Interleukin-1β; IL-6, Interleukin-6; NF-

κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, Nuclear

factor erythroid-2-related factor 2; PACAP, Pituitary adenylate cyclase-activating

polypeptide; PAC1, PACAP receptor 1; PPARα, Peroxisome proliferator-activated

receptor α; RAS, Renin-angiotensin system; SRIF, Somatotropin release inhibiting

factor (or somatostatin); sst, Somatostatin receptor subtype; STZ, Streptozotocin;

TNFα, Tumor necrosis factor α; uPA, Urokinase-type plasminogen activator;

uPAR, Urokinase-type plasminogen activator receptor; VEGF, Vascular endothelial

growth factor; VIP, Vasoactive intestinal peptide; VPAC1, Vasoactive intestinal

peptide type 1 receptor; VPAC2, Vasoactive intestinal peptide type 2 receptor;

α-MSH, α-Melanocyte-stimulating hormone.

as endophthalmitis and cataracts (Simo et al., 2014; Duh et al.,
2017; Zhao and Singh, 2018). In addition, anti-VEGF drugs are
used in mid to late stages of DR—when the vascular phenotype
becomes evident, the disease is well-established, and vision has
been significantly affected. Therefore, new alternative approaches
to the current standard are urgently required to develop effective
and early treatment options that may counteract the progression
of DR at stages preceding the appearance of an evident vessel
damage or vessel proliferation.

In addition to, and in contrast with, the view of DR
as a purely vascular pathology, several investigations have
studied the involvement and the role of retinal neurons in
the disease. Indeed, since neurons are the most fragile and
demanding cellular elements in the retina, it is conceivable
that they are the first to be affected by damage when
the microenvironment composition is drastically changed.
Consistent with this hypothesis, a large amount of data has been
collected in recent years, confirming that considerable damage of
retinal neurons is present in early stages of DR (Antonetti et al.,
2006; Hernandez and Simo, 2012; Zhang et al., 2013; Jindal, 2015;
Simo and Hernandez, 2015; Hernandez et al., 2016b) and that
DR may be considered a neurodegenerative disease of the retina
(Barber, 2003).

Summarizing the evidence, one can say that both retinal
neurons and vessels are affected in DR; therefore, the question
is what kind of relationship, if any, exists between neuronal and
vascular damage in DR. A first possibility is that there is no
relationship and that neurons on one side and vascular elements
on the other independently respond to the alterations caused by
high glucose. Only at late stages of the disease, when proliferating
vessels cause retinal detachment, the vascular pathology would
affect neuronal function and survival. This hypothesis seems
unlikely because neuronal, glial, and vascular cells are known to
be intimately connected in the neurovascular unit, and recently
reviewed evidence indicates that glial, neural, and microvascular
dysfunctions are interdependent and intimately involved in the
development of DR (Hammes, 2018; Simo et al., 2018). In this
line, the American Diabetes Association has defined DR as a
tissue-specific neurovascular complication involving progressive
disruption of the interdependence between multiple cell types
in the retina (Solomon et al., 2017; Simo et al., 2018). In
particular, the function of the neurovascular unit is precociously
affected in DR often before microvascular complications can
be appreciated (see Simo and Hernandez, 2015, for references).
Therefore, we favor the hypothesis that in DR, retinal neurons are
primarily affected and their reaction to stress induces the vascular
complications. Supporting this hypothesis, there are observations
suggesting that brain damage, together with the activation of
death pathways, also stimulates protective mechanisms mediated
by chemical signals derived from the injured brain itself (Iadecola
and Anrather, 2011). In the case of DR, one of these signals is
likely to be represented by VEGF, which would be released by
the retina in the early phases of the disease as an immediate
response to neuronal stress. Indeed, this growth factor not only
is a powerful inducer of vascular responses but is also known
to exert important neuroprotective actions in the retina (Azzouz
et al., 2004; Saint-Geniez et al., 2008; Romano et al., 2012;
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FIGURE 1 | Hypothetic cascade of events occurring in the retina during

diabetes and leading to the development of DR. Hyperglycemia induces

metabolic changes in the retinal milieu, leading to oxidative stress and

inflammation. Oxidative and inflammatory processes cause damages to

neuron and glial cells both directly and indirectly by inducing alterations in the

production and release of neurotrophic factors. As a consequence,

neurodegenerative processes are activated. In an attempt to protect

themselves, suffering neurons would trigger production and release of VEGF,

mainly by Müller cells, that may act as a neuroprotectant, thus counteracting

neurodegeneration (blue arrow). However, if in the early phases of DR VEGF

may act as a neuroprotective factor, its prolonged release triggers vascular

damages (which, in turn, may reinforce in a different fashion inflammation and

retinal damage), ultimately leading to new vessel proliferation. If untreated,

neurodegenerative and neovascular processes concur to visual dysfunction,

finally leading to vision loss.

Beazley-Long et al., 2013; Foxton et al., 2013; Casini et al., 2014;
Hombrebueno et al., 2015; Amato et al., 2016). Consistent with
this view, glutamate excitotoxicity, one of the major causes of
retinal neuronal death in DR, has been reported to upregulate
VEGF production in diabetic retinas (Cervantes-Villagrana et al.,
2010), while inhibition of NMDA receptors resulted in decreased
vitreoretinal VEGF in diabetic rats (Kusari et al., 2010). In
general, it is interesting to note that in studies analyzing
VEGF in DR models after treatment with neuroprotectants,
a decrease in apoptotic markers is often associated with a
decrease in VEGF expression and/or release (see for instance
Amato et al., 2016, 2018b).

In summary, our hypothesis is that, in early DR, VEGF
is expressed and released to protect retinal neurons. In this
phase, VEGF would not act as a proangiogenic but as a
prosurvival factor. Then, a prolonged upregulation of VEGF
would lead to microvascular lesions and, further on, to the
full manifestation of the pathology (Figure 1). If our hypothesis
is correct, then any retinal stress causing neuronal damage
should be accompanied by increased VEGF expression and/or
release and by vascular changes. Similarly, any compound
with neuroprotective properties should also induce VEGF
downregulation and amelioration of the vascular lesions. The
present review examined a variety of studies in models of DR
and of other retinal diseases to highlight the co-occurrence of
neuronal damage and VEGF upregulation (with the appearance
of vascular lesions) as well as the concomitant neuroprotection
and VEGF downregulation (with the amelioration of vascular
lesions) in response to neuroprotective treatments.

METHODOLOGY AND DEFINITIONS

We considered different compounds belonging to different
molecular classes but sharing the characteristic of protecting
retinal neurons from a variety of stressing conditions. For
each compound, a possible correlation between neuroprotective
effects and the effects on VEGF expression/release or on
vasculopathy has been considered. For the sake of simplicity,
only in vivo and ex vivo studies have been reviewed. A
compound was considered “neuroprotective” when it induced
a decrease of oxidative stress, inflammation, or apoptotic
markers or if it induced an amelioration of retinal function
as evaluated, for instance, with electroretinogram (ERG).
It was considered “vasoprotective” when it reduced VEGF
expression/release, BRB leakage, or vascular lesions (including
basement membrane thickening, leukocyte adhesion, occurrence
of acellular capillaries, capillary degeneration, pericyte loss). For
each compound, papers are first reviewed that documented
either neuroprotective or vasoprotective effects of the compound.
Then, we considered the papers in which both neuroprotective
and vasoprotective effects were documented in the same
experimental samples.

NUTRACEUTICALS

The term “nutraceutical” indicates a food (or part of a food)
that can provide health benefits, including the prevention
and/or treatment of a disease (Brower, 1998). Nutraceuticals are
effective antioxidants since they may act as direct scavengers of
reactive oxygen species or they may induce the expression of
antioxidant enzymes (Milatovic et al., 2016). They may also exert
anti-inflammatory effects by inhibiting pathways linked to the
production of inflammatory mediators, including those activated
by the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) (Aggarwal et al., 2009). These compounds can be
used as natural dietary supplements and therefore can be easily
administered, are readily available, and are not likely to induce
collateral side effects (Chauhan et al., 2013). Nutraceuticals are
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known to display neuroprotective effects due to their antioxidant
and anti-inflammatory properties and to protect the retina from
the vascular damage typical of DR (Rossino and Casini, 2019).

Curcumin
Curcumin is a yellowish polyphenolic substance constituting the
major active compound of Curcuma longa. It is largely known for
its antioxidant and anti-inflammatory properties (Hewlings and
Kalman, 2017), and it may have therapeutic potential for retinal
diseases (Wang et al., 2013).

Some studies reported beneficial effects of curcumin on
the side of retinal neuroprotection. For instance, in rats with
streptozotocin (STZ)-induced diabetes (a model of type 1
diabetes), curcumin inhibited retinal oxidative stress, protected
Müller cells, and prevented the downregulation of glutamine
synthetase, the enzyme involved in glutamate detoxification and
recycling, thus protecting the retinal neurons from glutamate
excitotoxicity (Zuo et al., 2013). On the other hand, there are
data documenting an inhibitory effect of curcumin on diabetes-
induced VEGF upregulation in diabetic rat retinas (Mrudula
et al., 2007).

Other studies investigated the neuroprotective actions of
curcumin together with its effects on VEGF expression and/or
retinal vascular lesions. In particular, in STZ diabetic rats, oral
curcumin administrations significantly reduced retinal oxidative
stress, inflammation, thinning of the retina, and apoptosis,
inhibiting, at the same time, VEGF upregulation and thickening
of retinal capillary basement membrane (Kowluru and Kanwar,
2007; Gupta et al., 2011; Yang et al., 2018). Similarly, in a rat
model of retinal ischemia-reperfusion, curcumin administered
with the food inhibited NF-κB activation, with a consequent
decrease of pro-inflammatory cytokines, and protected retinal
neurons from apoptosis, while it also reduced the retinal capillary
degeneration induced by the ischemic treatment (Wang L. et al.,
2011).

Resveratrol
Resveratrol is a polyphenol found in different plants, such as
grapes, peanuts, and berries. Similar to curcumin, it possesses
important antioxidant properties (Gerszon et al., 2014).

There are studies reporting neuroprotective effects, while
other investigations describe vasoprotective actions of resveratrol
in retinal diseases. Indeed, orally administered resveratrol has
been reported to decrease oxidative stress, NF-κB activation, and
apoptosis in diabetic rat or mouse retinas (Kim et al., 2010; Soufi
et al., 2012). On the other hand, additional studies in mice with
STZ-induced diabetes documented the efficacy of resveratrol in
decreasing diabetes-induced retinal VEGF upregulation, pericyte
loss, and BRB breakdown (Kim et al., 2012).

Different studies have reported concomitant protective effects
of resveratrol against diabetes-induced retinal inflammation or
apoptosis of retinal cells on one side and VEGF overexpression,
BRB leakage, or leukocyte adhesion on the other (Kubota et al.,
2011; Sohn et al., 2016; Chen Y. et al., 2019). Similarly, in a
mouse model of endotoxin-induced uveitis, resveratrol led to
significant and dose-dependent suppression of oxidative stress,
NF-κB activation, and leukocyte adhesion (Kubota et al., 2009).

Carotenoids
The carotenoids lutein and zeaxantin are themain constituents of
oranges, yellow fruits, and dark green leafy vegetables. Together
withmeso-zeaxanthin, they form themacular pigment of primate
eyes and prevent oxidative damage to the retina (Jia et al., 2017).

Likely due to its antioxidant properties, lutein is a recognized
protective agent in the retina. In particular, in models of DR
or of light-induced retinal degeneration, lutein was reported to
preserve neurotrophin levels, protect retinal cells from apoptosis,
and prevent both the oxidative stress and functional visual
impairment caused by the disease (Sasaki et al., 2010, 2012; Hu
et al., 2012; Ozawa et al., 2012).

Several papers have reported an effect of lutein and zeaxantin
favoring both retinal cell protection and retinal function on
one hand and inhibition of VEGF increase and vascular
lesions on the other. Indeed, in retinas of STZ rats, zeaxantin
inhibited the diabetes-induced oxidative stress as well as the
upregulation of VEGF and intercellular adhesion molecule-
1 (ICAM-1), an indicator of leukocyte adhesion (Kowluru
et al., 2008). In addition, in the rat STZ model, a nutritional
supplement containing lutein, zeaxantin, and other nutrients
preserved retinal function, as evaluated with ERG, and at
the same time reduced the diabetes-induced increase of NF-
κB activation and interleukin-1β (IL-1β) expression, while it
decreased VEGF and capillary degeneration (Kowluru et al.,
2014). Similarly, in an obesity-induced high-fat diet rat model,
lutein and zeaxantin, or meso-zeaxantin, reduced oxidative
stress by promoting the expression of antioxidant enzymes and
inhibited NF-κB activation, while they also inhibited VEGF and
ICAM-1 upregulation and vascular pathology (Orhan et al., 2016;
Tuzcu et al., 2017).

Catechins
Green tea is a popular beverage rich in catechin, epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin gallate.
Among these, epigallocatechin gallate is the most abundant
catechin in green tea and possesses antioxidant and anti-
inflammatory activities (Chu et al., 2017).

Catechins have been shown to exert powerful anti-
inflammatory effects in the retinas of STZ rats by decreasing
NF-κB activation and the production of inflammatory factors,
such as tumor necrosis factor α (TNFα), IL-6, and IL-1β (Wang
N. et al., 2018). In addition, epicatechin has been shown to
exert neuroprotective effects in retinas of diabetic rats likely by
reducing the production of the precursor form of nerve growth
factor (Al-Gayyar et al., 2011). On the vascular side, recent
observations reported an effect of epigallocatechin-3-gallate in
reducing vascular leakage and permeability in an in vivo model
of VEGF-induced BRB breakdown (Lee et al., 2014).

There is evidence of concomitant neuroprotective and
vasoprotective effects of catechins in rat models of DR. In
particular, orally administered green tea was observed to protect
the diabetic retina against oxidative stress and promote glutamate
uptake by Müller cells. It also preserved retina functionality, as
demonstrated by ERG responses, and reduced BRB permeability,
as demonstrated by reduced downregulation of occludin, a tight
junction protein of the BRB (Silva et al., 2013). In addition,
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green tea was observed to prevent not only the diabetes-induced
decrease of antioxidant enzymes and the increase of TNFα but
also VEGF upregulation and the increase of retinal capillary
basement membrane thickness (Kumar et al., 2012a).

Hesperetin
Hesperetin is a flavonoid polyphenol that is commonly present in
citrus fruits and has been reported to exert antioxidant effects in
diabetic retinas (Rossino and Casini, 2019).

In rodent models of retinal ischemia-reperfusion, hesperetin
displayed potent neuroprotective actions as it prevented
oxidative stress and apoptosis and preserved retinal layer
thickness (Kara et al., 2014; Shimouchi et al., 2016). In addition,
in retinas of STZ-treated rats, hesperetin administrations
significantly reduced VEGF overexpression, BRB leakage, and
pathologic vascular changes (Kumar et al., 2012b).

There is only one report in the literature concerning
neuroprotective and vasoprotective effects of hesperetin in the
same experimental material. In retinas of STZ-induced diabetic
rats, orally administered hesperetin was effective in promoting
antioxidant enzyme expression and preventing the increase of the
pro-inflammatory cytokines TNFα and IL-1β and of apoptotic
markers, while a protective effect of limiting the increase of
basement membrane thickness was also reported (Kumar et al.,
2013).

Other Nutraceuticals
There are a number of additional nutraceuticals that have
been sporadically reported to exert both neuroprotective and
vasoprotective effects, mostly in models of DR.

Quercetin, a common flavonoid polyphenol found in
vegetables and fruits, has been reported to protect the diabetic
retina from oxidative stress, inflammation, and histopathologic
changes (Kumar et al., 2014; Ola et al., 2017) probably by
promoting the expression of neurotrophic factors (Ola et al.,
2017). Notably, quercetin has also been reported to prevent
diabetes-induced retinal VEGF upregulation (Chen B. et al.,
2017). Chrysin, another natural flavonoid, is found in herbs
and honeycomb. It may exert neuroprotective effects since it
has been shown recently to protect retinal photoreceptors by
maintaining valid retinoid visual cycle-related components in the
retinal pigment epithelium of diabetic rats (Kang et al., 2018).
It has also been observed to inhibit VEGF upregulation, BRB
leakage, and vascular lesions in the retinas of diabetic db/db
mice (Kang et al., 2016). Anthocyanins constitute a further class
of flavonoids, which are responsible for the red or blue color
of plants, fruits, and flowers. Blueberry anthocyanins have been
observed to protect diabetic rat retinas from oxidative stress and
decrease VEGF levels in these same retinas (Song et al., 2016),
while a Vaccinium myrtillus extract, containing large amounts
of anthocyanins, reduced VEGF expression and preserved BRB
integrity in retinas of STZ rats (Kim et al., 2015).

Different compounds have been described to exert at the same
time neuroprotective and vasoprotective effects. For instance,
eriodictyol, one of the most abundant dietary flavonoids,
administered to STZ rats inhibited the retinal expression of
the pro-inflammatory cytokine TNFα, while it also decreased

the retinal levels of VEGF and of ICAM-1 and suppressed
BRB breakdown (Bucolo et al., 2012). In both an ex vivo
mouse model of retinal oxidative stress and the in vivo STZ rat
model, Lisosan G, a fermented powder obtained from organic
whole grains, has been described recently to exert powerful
antioxidant, antiapoptotic, and anti-inflammatory actions. It also
preserved retinal function, as evaluated with ERG. Concurrently,
it inhibited upregulation of retinal VEGF and prevented BRB
breakdown (Amato et al., 2018b). Similarly, an ethanolic extract
of Morus alba leaves displaying high free radical scavenging
activity reduced oxidative stress, inflammation, apoptosis, and
VEGF expression in retinas of STZ rats (Mahmoud et al., 2017).
Also, the traditional Chinese prescription Tang Wang Ming Mu
granule has been found to protect diabetic rat retinas from
oxidative stress and inflammation reducing at the same time
retinal VEGF levels and vascular changes (Chen M. et al., 2017).
Finally, kaempferol, a flavonol found in tea, broccoli, apples,
strawberries, and beans, protected rat retinas from sodium
iodate-induced retinal degeneration by reducing histopathologic
changes and apoptosis, while it also reduced the upregulated
VEGF protein expression (Du et al., 2018).

Taken together, these studies with nutraceuticals documented
an action of these compounds that was at the same time both
neuroprotective and vasoprotective. Indeed, the data, prevalently
obtained in rodent models of DR, revealed that nutraceuticals,
acting as antioxidant and/or as anti-inflammatory agents, not
only are effective in reducing retinal neurodegeneration but also
prevent the deleterious increase of VEGF levels and consequent
vascular lesions.

ANTIOXIDANTS

The nutraceuticals discussed above display important
antioxidant capabilities, but other antioxidant compounds
have been also described, which may act in retinal diseases and
protect both retinal neurons and vessels.

Calcium Dobesilate
Calcium dobesilate (CaD) is an oxygen free radical scavenger
(Brunet et al., 1998; Szabo et al., 2001). It is considered a
vasoprotective drug, and it has been approved for the treatment
of DR in several countries for many years (Tejerina and Ruiz,
1998; Berthet et al., 1999); however, it has not been widely used
in clinical practice. In effect, CaD exerts multifaceted actions
contrasting neurovascular unit impairment, and therefore, it can
be considered a good candidate drug for targeting the early stages
of DR. In particular, the effects of CaD in DR have been recently
reviewed, and they include (i) reduction of capillary permeability
and consequent BRB leakage; (ii) inhibition of endothelial
cell apoptosis; (iii) antioxidant activity and protection against
reactive oxygen species; and (iv) inhibition of the expression of
VEGF and ICAM-1 (Zhang et al., 2015).

In retinas of db/db mice (a model of type 2 diabetes) and
in retinas of STZ rats, CaD significantly reduced biomarkers of
oxidative stress and NF-κB activation with consequent decrease
of pro-inflammatory cytokines, such as TNFα, IL-1β, IL-6, and
IL-8 (Bogdanov et al., 2017; Voabil et al., 2017). In addition, in
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STZ rats, CaD reduced vascular leakage and VEGF expression
(Rota et al., 2004). Both neuroprotective and vasoprotective
effects of CaD have been described in diabetic retinas. Indeed,
in retinas of STZ rats, in addition to protective effects against
oxidative stress, inflammation, and retinal thinning, CaD has
been reported to exert inhibitory effects against diabetes-
induced BRB breakdown, downregulation of tight junction
protein expression, increasedVEGF and ICAM-1 expression, and
leukocyte adhesion (Leal et al., 2010). In retinas of db/db diabetic
mice, CaD significantly decreased diabetes-induced oxidative
stress and retinal cell apoptosis. In addition, it reduced glutamate
extracellular concentration, by preventing glutamate transporter
downregulation, and improved ERG responses. At the same
time, CaD inhibited VEGF upregulation and vascular leakage
(Sola-Adell et al., 2017).

Other Antioxidants
It is clear that suppression of antioxidant defenses is deleterious
to the retina. For this reason, recent studies have focused on the
ability of some antioxidant compounds to regulate antioxidant
gene expression, such as the nuclear factor erythroid-2-related
factor 2 (Nrf2) activator dh404 and a DNA methyltransferase
(DNMT) inhibitor.

Nrf2 is a redox-sensitive transcription factor that is kept in a
latent state until an increase in free radical concentration releases
Nrf2, which enters the cell nucleus and initiates the transcription
of antioxidant genes (Di Marco et al., 2015). Boosting Nrf2 with a
specific activator increases the transcription of antioxidant genes
and therefore may protect tissues from oxidative damage. In
retinas of STZ rats, the Nrf2 activator dh404 has been reported
not only to decrease oxidative stress and the expression of
inflammatory mediators but also to prevent VEGF upregulation
and vascular leakage (Deliyanti et al., 2018).

It has been observed that DNA methylation may be involved
in the regulation of gene expression in the retina during the
progression of DR (Kowluru et al., 2015; Mishra and Kowluru,
2016, 2019). In particular, DNMT inhibitors may favor the
expression of antioxidant genes. Indeed, in diabetic rat retinas,
DNMT inhibition restored antioxidant enzyme expression and,
in parallel, also prevented the diabetes-induced increase of VEGF
and of ICAM-1 expression (Xie et al., 2019).

These observations on the effects of antioxidant compounds
in models of DR indicate that reduction of oxidative stress is
accompanied by positive effects on the vascular pathology and
therefore favors both neuroprotective and vasoprotective actions.

NEUROPEPTIDES

Neuropeptides are short to medium amino acid chains, which
function primarily as complementary signals to “classic”
neurotransmitters to fine-tune neurotransmission (Hokfelt et al.,
2003). Some of them have been found to be important for the
regulation of cell death/survival in different neuronal systems,
where they express important neuroprotective properties
(Catalani et al., 2017; Reglodi et al., 2017; Chen X.Y. et al.,
2019). Neuropeptides and their receptors are widely expressed
in mammalian retinas, where they exert multifaceted functions

both during development and in the mature animal (Bagnoli
et al., 2003). In particular, some of them may exert important
roles in retinal diseases (Gabriel, 2013; Cervia et al., 2019).

Glucagon-Like Peptide-1
Glucagon-like peptide-1 (GLP-1) is known as a hormone secreted
by the gastrointestinal tract in response to food, stimulating
insulin and inhibiting glucagon secretion (Drucker and Nauck,
2006). GLP-1 has also been recognized as a neuropeptide. Indeed,
GLP-1 and its receptor GLP-1R are expressed in the brain,
where they influence multiple neural circuits modulating feeding
behavior and reward (Smith et al., 2019). Both GLP-1 and GLP-
1R are expressed inmammalian retinas (Zhang et al., 2009; Zhang
Y. et al., 2011; Hernandez et al., 2016a; Cai et al., 2017; Hebsgaard
et al., 2018).

Neuroprotective effects of GLP-1R activation have been
demonstrated in a rat model of optic nerve crush, where
intravitreal implants of beads with genetically modified cells
producing GLP-1 decreased apoptosis and promoted survival of
retinal ganglion cells (Zhang R. et al., 2011), and in diabetic
rats, where exendin-4, an analog of GLP-1, protected from
oxidative stress from apoptotic cell death and ameliorated retinal
function as assessed with ERG (Zhang et al., 2009; Zhang Y.
et al., 2011; Fan et al., 2014b; Zeng et al., 2016; Cai et al., 2017;
Cervia et al., 2019). Most importantly, both neuroprotective and
vasoprotective effects of GLP-1 agonists have been described in
models of retinal diseases. For instance, in a rat model of retinal
ischemia-reperfusion, exendin-4 suppressed inflammatory gene
expression and reduced BRB permeability (Goncalves et al.,
2016). Strong evidence for a double action of GLP-1 as a
neuroprotectant and vasoprotectant also comes from studies
in models of DR. Indeed, recent studies in rodent retinas
have reported that GLP-1 or GLP-1R agonists may exert a
neuroprotective action since they improved retinal function,
as assessed with ERG, protected retinal cells from death,
reduced oxidative stress and IL-1β expression, and inhibited
the increase of extracellular glutamate. At the same time, these
compounds induced vasoprotection since they decreased VEGF
levels, preserved the expression of tight junction proteins of the
BRB, reduced BRB leakage, and inhibited the increase of ICAM-1
levels (Fan et al., 2014a; Hernandez et al., 2016a; Sampedro et al.,
2019).

Similar to GLP-1R agonists, inhibitors of dipeptidyl peptidase
4 (DPP4, the GLP-1 degrading enzyme) have been tested for
their potential use in DR treatments. The data of different
studies indicated that DPP4 inhibitors, such as linagliptin,
saxagliptin, or sitagliptin, efficiently increase retinal GLP-1 levels
and that this increase, in rodent models of DR, is correlated
with reduced oxidative stress, inflammation (as assessed by IL-
1β levels), extracellular glutamate levels and neuronal apoptosis
and with preservation of retinal function. At the same time,
DPP4 inhibitors induced amelioration of different vascular
features, including diabetes-induced changes in the subcellular
distribution of the tight junction proteins occludin, claudin-5,
and zonula occludens-1; BRB breakdown; ICAM-1 upregulation;
pericyte loss; and formation of acellular capillaries (Goncalves
et al., 2012, 2014; Dietrich et al., 2016; Hernandez et al., 2017).
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Somatostatin
Somatostatin (somatotropin release inhibiting factor, SRIF) is
expressed in the retina, together with its five receptor subtypes
(named sst1-5), where they express important physiological
functions (Casini et al., 2005; Cervia et al., 2008a). Low vitreous
levels and low intraocular production of SRIF have been found
in patients with diabetic macular edema, chronic uveitis macular
edema, and quiescent intraocular inflammation (Simo et al.,
2007; Fonollosa et al., 2012), suggesting that SRIF alterations
may be directly involved in the pathogenesis of these conditions.
In addition, a variety of experimental observations suggested
that SRIF may exert powerful neuroprotective effects in different
retinal diseases (Cervia et al., 2008a; Cervia and Casini, 2013;
Hernandez et al., 2014; Wang et al., 2017).

The SRIF analog pasireotide and SRIF receptor agonists
targeting the sst2 or sst5 receptors were found to significantly
protect rat retinal neurons in in vivo models of AMPA
excitotoxicity (Kiagiadaki and Thermos, 2008; Kiagiadaki et al.,
2010; Kokona et al., 2012). In addition, in a retinal ischemia-
reperfusion mouse model, SRIF mediated the neuroprotective
and anti-inflammatory effects of capsaicin, a selective agonist for
transient receptor potential vanilloid type-1, a ligand-gated non-
selective cation channel (Wang et al., 2017). Moreover, in retinas
of STZ rats, topical SRIF administrations prevented glutamate
accumulation, apoptosis, and ERG abnormalities (Hernandez
et al., 2013). Similarly, studies in ex vivo ischemic retinas of
mice or rats reported that SRIF, its analogs, or the constitutive
activation of the sst2 receptor significantly preserved retinal
neurons from ischemia-induced morphological changes and
apoptosis (Catalani et al., 2007; Cervia et al., 2008b; Kokona
et al., 2012). Moreover, in retinal explants in which hypoxic
conditions induced the expression of apoptotic markers, the sst2-
preferring SRIF analog octreotide reduced apoptotic signals (Dal
Monte et al., 2012). Finally, in ex vivo explants of mouse retinas
treated with high glucose, octreotide prevented apoptosis of
retinal neurons, likely stimulating an increase of the autophagic
flux (Amato et al., 2018a). Interestingly, a study in ex vivo
ischemic mouse retinas reported that acute ischemia induces a
sudden increase in VEGF release from neurons, suggesting that
VEGF may represent a stress signal released by retinal neurons
when their integrity is threatened. Supporting this view, the
neuroprotective SRIF analog octreotide reduced VEGF release
from ischemic retinas (Cervia et al., 2012).

Some studies reported concomitant effects of SRIF, or its
analogs, on neuroprotection and vasoprotection. For instance,
in a mouse model of retinal ischemia-reperfusion, octreotide has
been reported to protect from oxidative stress, inflammation (as
assessed by NF-κB activation), and neuronal death, while it also
significantly reduced ICAM-1 expression, indicating decreased
leukocyte adhesion (Wang et al., 2015). In ex vivo ischemicmouse
retinas, octreotide inhibited the ischemia-induced increase
of oxidative stress, glutamate levels, apoptosis, and VEGF
expression (D’alessandro et al., 2014). Similar observations were
reported in ex vivo mouse retinal explants challenged with high
glucose, oxidative stress, or advanced glycation end products
(AGE), toxic products that accumulate under hyperglycemic

conditions and that are likely to play an important role in
the pathogenesis of DR. In particular, these studies showed
that protecting retinal neurons from diabetic stress also reduces
VEGF expression and release, while inhibiting VEGF leads to
exacerbation of apoptosis (Amato et al., 2016). Therefore, the
retina in early DR may release VEGF as a prosurvival factor,
and a neuroprotective agent such as octreotide may decrease the
need of VEGF production by the retina, therefore limiting the
vasculopathy associated with VEGF upregulation.

Angiotensin
The renin-angiotensin system (RAS) is involved in the regulation
of blood pressure. Angiotensin I (AngI) is generated from the
proteolytic cleavage of angiotensinogen, a reaction catalyzed by
the enzyme renin. AngI is further processed by angiotensin-
converting enzyme (ACE) and ACE2 to angiotensin II (AngII),
the main effector of the RAS, acting at the angiotensin type 1
and type 2 receptors (AT1R and AT2R) (Fletcher et al., 2010).
A local RAS is present in the retina, where RAS components
have been localized to different retinal cell types, including retinal
neurons andMüller cells (Wilkinson-Berka et al., 2012). A variety
of studies have shown that reduction of AngII expression or
blockade of AT1R on the one hand, or stimulation of ACE2 on
the other, may reduce the retinal damage occurring in retinal
pathologies, such as glaucoma, retinal ischemia, autoimmune
uveitis, or DR (Cervia et al., 2019).

Several investigations have provided evidence for a
neuroprotective role exerted by AT1R inhibitors in different
models of retinal diseases. For instance, inhibitors like valsartan,
losartan, or candesartan were effective in attenuating light-
induced retinal damage in mice by reducing oxidative stress and
improving ERG responses (Narimatsu et al., 2014). Similarly,
candesartan prevented ganglion cell loss, thinning of the retina,
and ERG deficits in a retinal excitotoxicity mouse model (Semba
et al., 2014). In mice with increased intraocular pressure, used
as models of glaucoma or ischemia-reperfusion, AT1R blockade
reduced oxidative stress, inhibited the increase of extracellular
glutamate, and mitigated ganglion cell loss (Yang et al., 2009;
Fujita et al., 2012; Liu et al., 2012; Quigley et al., 2015). In rats or
mice with STZ-induced diabetes, blockers of AT1R, in addition
to protecting the retina from oxidative stress, apoptotic cell
death, and histopathologic damage (Silva et al., 2009; Ola et al.,
2013; Thangaraju et al., 2014), also preserved mitochondrial
integrity, increased the expression of neurotrophic factors,
and improved functional ERG responses (Silva et al., 2009;
Ozawa et al., 2011; Ola et al., 2013). In experimental models of
mouse autoimmune uveitis or endotoxin-induced uveitis, the
delivery of different formulations of ACE2 and/or its product
Ang(1-7) or the administration of an ACE2 activator reduced
retinal inflammation (Qiu et al., 2014, 2016; Shil et al., 2014)
and prevented histologic damage as well as ERG abnormalities
(Qiu et al., 2016). Similarly, both in an experimental glaucoma
model and in STZ rats, retinal ganglion cells were protected from
apoptotic cell death by the administration of an ACE2 activator
(Foureaux et al., 2013, 2015). On the vascular side, in retinas of
STZ rats evidence was provided of an inhibitory effect on VEGF
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expression and on leukocyte adhesion exerted by a prorenin
receptor blocker (Satofuka et al., 2009).

There are a few studies documenting concomitant effects of
the Ang system both on the side of neuroprotection and on
that of vasoprotection. One study reported that in diabetic rats,
increased plasma prorenin levels exacerbated the expression of
inflammatory cytokines, retinal apoptotic cell death, as well as
the formation of acellular capillaries, while a prorenin receptor
blocker significantly reduced these effects (Batenburg et al.,
2014). Similarly, adeno-associated virus-mediated gene delivery
of ACE2 or Ang(1-7) significantly reduced diabetes-induced
oxidative damage, inflammation, retinal vascular leakage, and
formation of acellular capillaries in both diabetic mice and rats
(Verma et al., 2012).

These data support the possibility that the documented
neuroprotective actions of AngII blockade or ACE2 stimulation
also influence the vascular pathology and induce an amelioration
of the vascular traits (VEGF upregulation, acellular capillaries,
leukocyte adhesion, BRB breakdown) especially in models of DR.

Pituitary Adenylate Cyclase-Activating
Polypeptide and Vasoactive Intestinal
Peptide
Pituitary adenylate cyclase-activating polypeptide (PACAP) and
vasoactive intestinal peptide (VIP) belong to the same peptide
superfamily, which also includes secretin and glucagon. The
PACAP receptors can be classified into two groups: PACAP
receptor 1 (PAC1), which binds PACAP with higher affinity than
VIP, and vasoactive intestinal polypeptide receptors (VPAC1 and
VPAC2), which bind PACAP and VIP with similar affinities
(Vaudry et al., 2009).

PACAP and PAC1R have been detected in the retina, where
they are involved in neurotransmission, neuromodulation, and,
mostly, neuroprotective functions (Nakamachi et al., 2012).
VPAC2 expression has also been reported in the mouse retina
(Harmar et al., 2004). The retinoprotective effects of PACAP
have been the subject of a variety of studies, and these data
have been excellently reviewed (Atlasz et al., 2010; Nakamachi
et al., 2012; Shioda et al., 2016). Further evidence has been
provided bymore recent studies. Indeed, PACAP has been shown
to inhibit apoptosis and promote survival of retinal ganglion
cells in different models of retinal injury (Lakk et al., 2015; Ye
et al., 2019). In addition, intravitreal or topical administrations of
PACAP or a PAC1 agonist to ischemic retinas in vivo ameliorated
ERG responses, prevented inflammation, and reduced the
thinning of retinal layers and the loss of cells in the ganglion cell
layer (Danyadi et al., 2014; Vaczy et al., 2016; Werling et al., 2017;
Atlasz et al., 2018). Similarly, PACAP intraocular delivery in rats
with STZ-induced diabetes protected the retina from apoptosis
and maintained retinal synaptic integrity (Szabadfi et al., 2014,
2016). PACAP was also demonstrated to contrast the diabetes-
induced modifications of the expression of hypoxia-inducible
factors (HIFs), among which HIF-1 is the main regulator of
VEGF expression (D’amico et al., 2015).

Both neuroprotective and vasoprotective effects of PACAP
have been documented in retinas of STZ rats and in ischemic

retinas in vivo, where PACAP reduced thinning of retinal layers
and prevented the expression of both inflammatory cytokines
and VEGF (Werling et al., 2016; D’amico et al., 2017b). In
addition, in an ex vivo model of retinal ischemia, PACAP
effectively decreased oxidative stress, glutamate accumulation,
inflammatory mediators, and apoptosis. At the same time, it
also decreased VEGF expression, which was upregulated in the
ischemic retina (D’alessandro et al., 2014). Finally, in ex vivo
retinal explants stressed with high glucose, oxidative stress, or
AGE, the strong PACAP antiapoptotic effects were paralleled by
inhibition of the stress-induced increase of VEGF expression and
release (Amato et al., 2016).

VIP is expressed in the retina in a population of amacrine
cells (Perez De Sevilla Muller et al., 2019). It has been reported
to reduce retinal neurodegeneration caused by ischemia-
reperfusion injury, promoting an antioxidant effect (Tuncel et al.,
1996). The neuroprotective effects of VIP may be mediated
by activity-dependent neurotrophic protein (ADNP) (Bassan
et al., 1999; Zusev and Gozes, 2004; Giladi et al., 2007). Indeed,
both ADNP and an 8-amino acid peptide derived from ADNP
(referred to as NAP) display important neuroprotective activities
(Magen and Gozes, 2014). Interestingly, NAP seems to exert
protective effects against both the neural and the vascular
pathology induced by DR, as it reduced inflammation (D’amico
et al., 2019) and apoptosis (Scuderi et al., 2014) as well as the
levels of the α subunit of HIF-1 (HIF-1α) and VEGF in retinas
of rats with STZ-induced diabetes (D’amico et al., 2017a).

Other Peptides
α-Melanocyte-stimulating hormone (α-MSH) is a widely-
distributed 13-amino acid peptide derived from proteolytic
cleavage of proopiomelanocortin (Wardlaw, 2011). It acts at
five subtypes of G protein-coupled receptors designated MC1R
to MC5R (Yang, 2011). α-MSH protected the rat retina from
both functional and structural damage induced by ischemia-
reperfusion (Varga et al., 2013), suppressed inflammation and
maintained retinal structure in a mouse model of experimental
autoimmune uveitis (Edling et al., 2011), and protected
photoreceptors from degeneration in a rat model of retinal
dystrophy (Naveh, 2003). In a rat model of STZ-induced
diabetes, intravitreal injections of α-MSH reduced oxidative
stress, inflammation, and apoptosis, while they also inhibited the
expression of ICAM-1 (Zhang et al., 2014), indicating reduced
leukostasis. In early diabetic retinas, α-MSH also reduced
inflammation, ameliorated ERG responses, and reduced retinal
thinning, while it inhibited BRB breakdown and vascular leakage,
likely acting at MC4R (Cai et al., 2018).

Endothelin (ET) is a potent vasoconstrictor composed of three
isoforms designated ET-1, ET-2, and ET-3, whose actions are
mediated by the ET type A receptor (ETRA) and ET type B
receptor (ETRB) (Davenport et al., 2016). There are indications
that ET activity may be involved in DR, and evidence has been
provided that ET inhibition may ameliorate the pathologic signs
of DR. Indeed, an ETRA antagonist has been reported to block
the diabetes-induced upregulation of both VEGF and ICAM-
1 in retinas of STZ rats (Masuzawa et al., 2006), while other
observations have described positive effects of ETR inhibition on
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both neuronal and vascular changes seen in DR. For instance,
ETRA and/or ETRB inhibitors reduced retinal thinning, the
number of apoptotic cells, and the levels of the pro-inflammatory
cytokine TNFα in diabetic rat retinas, and at the same time
they also reduced pericyte loss, capillary degeneration, vascular
leakage, and the levels of both VEGF and ICAM-1 (Chou et al.,
2014; Alrashdi et al., 2018; Bogdanov et al., 2018).

Erythropoietin (EPO) stimulates erythroid progenitor cell and
early erythroblast maturation and is mainly used in anemia
treatment (Jelkmann, 2013). EPO is expressed in the retina
(Hernandez et al., 2006; Fu et al., 2008), where it exerts
well-documented neuroprotective functions (Kilic et al., 2005;
Chung et al., 2009; Colella et al., 2011; Chang et al., 2013).
Both neuroprotective and vasoprotective actions of EPO have
been described. Indeed, in retinas of STZ rats, EPO was
reported to significantly decrease oxidative stress, apoptotic
neurodegeneration, and retinal thinning on one hand, and
VEGF upregulation, BRB breakdown, and pericyte loss on the
other (Zhang et al., 2008; Wang et al., 2010; Wang Q. et al.,
2011). Similarly, carbamylated erythropoietin, an EPO derivative,
protected diabetic rat retinas from retinal thinning, neuron
apoptosis, and functional deficits as evaluated with ERG, while it
also reduced VEGF upregulation and vascular leakage (Liu et al.,
2015).

In addition to the peptides cited above, some evidence
exists for an effect of a few other peptides that is both
neuroprotective and vasoprotective. Indeed, antioxidative, anti-
inflammatory, and/or antiapoptotic actions together with effects
preventing VEGF upregulation and/or BRB breakdown have
been described for the peptides growth hormone-releasing
hormone (Thounaojam et al., 2017), insulin (Rong et al., 2018),
melatonin (Djordjevic et al., 2018), substance P (D’alessandro
et al., 2014), and vasoinhibins (Garcia et al., 2008; Arredondo
Zamarripa et al., 2014).

Together, these data demonstrate that, similar to the
nutraceuticals and antioxidants reviewed above, the powerful
neuroprotective effects exerted by different classes of
neuropeptides also result in VEGF downregulation and
attenuation of the vascular damage in various models of
retinal disease.

OTHER FACTORS

The urokinase-type plasminogen activator (uPA) receptor
(uPAR) is a glycosylphosphatidylinositol-anchored receptor
activated by uPA. uPAR lacks a transmembrane domain, however,
it can activate intracellular signaling pathways through lateral
interactions with other cell surface receptors, including integrins,
G-protein–coupled receptors, and receptor tyrosine kinases, thus
forming a system that is involved in many pathological processes,
including retinal diseases (Cammalleri et al., 2019b). Recently,
the inhibition of the uPAR system has been found to be effective
in slowing down cone degeneration and visual dysfunction in a
mouse model of retinitis pigmentosa (Cammalleri et al., 2019a).
Of interest for this review, in two different models of DR, the
STZ rat model mimicking type 1 diabetes (Navaratna et al., 2008;

Cammalleri et al., 2017b) and the Torii rat model mimicking
type 2 diabetes (Cammalleri et al., 2017a), inhibiting the uPAR
system not only ameliorated diabetes-induced ERG dysfunction
and reduced inflammation and apoptosis but also resulted in
inhibition of VEGF upregulation and BRB breakdown.

Brimonidine is an α2 adrenergic agonist with extensively
documented neuroprotective effects in a variety of models of
retinal disease (see for instance Guo et al., 2015; Marangoz et al.,
2018). In addition, in retinas of rats with STZ-induced diabetes,
it has been reported to induce a significant decrease of VEGF
expression and of BRB breakdown to levels similar to those
observed in control rats (Kusari et al., 2010). Furthermore, in
a mouse model of ischemic optic neuropathy, topically applied
brimonidine not only reduced oxidative stress and ganglion
cell loss but also decreased HIF-1α and VEGF expression
(Goldenberg-Cohen et al., 2009).

Peroxisome proliferator-activated receptor α (PPARα), a
hormone-activated nuclear receptor, is known as an important
modulator of lipid metabolism (Pyper et al., 2010), which
also possesses anti-inflammatory and antioxidant properties
(Li et al., 2005; Simo and Hernandez, 2009). The PPARα

agonist fenofibrate has been used clinically as a triglyceride-
lowering drug. However, it seems that downregulation of
PPARα in the retina plays a major role in the pathogenesis
of DR (Hu et al., 2013), and two independent perspective
clinical trials demonstrated that fenofibrate had unprecedented
therapeutic effects in DR (Keech et al., 2007; Chew et al., 2010).
Emerging evidence suggests that fenofibrate exerts a broad range
of beneficial effects on diabetic complications acting against
oxidative stress, inflammation, cell death, and angiogenesis
(Noonan et al., 2013). In particular, in rodent models of DR,
different studies documented the protective effects of fenofibrate
or another PPARα agonist against oxidative stress, inflammation,
retinal cell death, and decreased retinal function on one hand,
and VEGF upregulation, vascular leakage, thickening of capillary
basement membrane, ICAM-1 expression, and leukostasis on the
other (Chen et al., 2013; Deng et al., 2017; Li et al., 2018; Liu et al.,
2018, 2019; Wang N. et al., 2018; Qiu et al., 2019).

Acetaldehyde dehydrogenase 2 is a rate-limiting enzyme
for alcohol metabolism, which has been shown to exert
neuroprotective effects (Deza-Ponzio et al., 2018). In retinas of
STZ rats, it has been reported to promote antioxidant enzyme
activity, reduce the expression of proinflammatory cytokines,
ameliorate ERG, and significantly reduce VEGF expression (He
et al., 2018).

The last example, in this review, of a neuroprotective factor
that also ameliorates vascular changes in retinal disease is not
concerned with a compound but involves a procedure. Indeed, it
is known that ischemic conditioning can be considered a form
of protection against ischemic injury through the initiation of
endogenous protective mechanisms (Heusch, 2013; Li et al.,
2017). As expected, in retinas of STZ rats, ischemic conditioning
produced anti-inflammatory and antioxidant effects, and
it also protected ganglion cells from death. Interestingly,
diabetic retinas treated with ischemic conditioning also
showed a significantly downregulated VEGF protein expression
(Ren et al., 2018).
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TABLE 1 | Summary of the neuroprotective and vasoprotective effects of different compounds in models of retinal disease.

Neuroprotection Vasoprotection References

Compound OS* IF* APO* FUNC* VASC* BRB VEGF

Curcumin Zuo et al., 2013

Mrudula et al., 2007

Kowluru and Kanwar,

2007

Wang L. et al., 2011

Gupta et al., 2011

Yang et al., 2018

Resveratrol Kim et al., 2010

Soufi et al., 2012

Kim et al., 2012

Kubota et al., 2009

Kubota et al., 2011

Sohn et al., 2016

Chen Y. et al., 2019

Carotenoids Sasaki et al., 2010

Hu et al., 2012

Ozawa et al., 2012

Sasaki et al., 2012

Kowluru et al., 2008

Kowluru et al., 2014

Orhan et al., 2016; Tuzcu

et al., 2017

Catechins Al-Gayyar et al., 2011

Wang W. et al., 2018

Lee et al., 2014

Kumar et al., 2012a

Silva et al., 2013

Hesperetin Kara et al., 2014

Shimouchi et al., 2016

Kumar et al., 2012b

Kumar et al., 2013

Quercetin Kumar et al., 2014

Ola et al., 2017

Chen B. et al., 2017

Chrysin Kang et al., 2018

Kang et al., 2016

Anthocyanins Kim et al., 2015

Song et al., 2016

Eriodictyol Bucolo et al., 2012

Lisosan G Amato et al., 2018b

Morus alba Mahmoud et al., 2017

Tang Wang

Ming Mu

Chen M. et al., 2017

Kaempferol Du et al., 2018

Antioxidants Calcium

dobesilate

Bogdanov et al., 2017;

Voabil et al., 2017

Rota et al., 2004

Leal et al., 2010

Sola-Adell et al., 2017

Nrf2 activator Deliyanti et al., 2018

(Continued)
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TABLE 1 | Continued

Neuroprotection Vasoprotection References

Compound OS* IF* APO* FUNC* VASC* BRB VEGF

DNMT

inhibitor

Xie et al., 2019

Neuropeptides GLP-1 Zhang et al., 2009; Zhang

Y. et al., 2011; Fan et al.,

2014b

Zhang R. et al., 2011

Zeng et al., 2016

Cai et al., 2017

Goncalves et al., 2012

Fan et al., 2014a

Goncalves et al., 2014

Dietrich et al., 2016

Goncalves et al., 2016

Hernandez et al., 2016a

Hernandez et al., 2017

Sampedro et al., 2019

SRIF Catalani et al., 2007;

Cervia et al., 2008b;

Kiagiadaki and Thermos,

2008; Kiagiadaki et al.,

2010; Dal Monte et al.,

2012; Kokona et al.,

2012; Amato et al., 2018a

Hernandez et al., 2013

Wang et al., 2017

Cervia et al., 2012

D’alessandro et al., 2014;

Amato et al., 2016

Wang et al., 2015

Ang Silva et al., 2009; Fujita

et al., 2012; Ola et al.,

2013

Yang et al., 2009; Liu

et al., 2012; Foureaux

et al., 2013, 2015;

Thangaraju et al., 2014;

Quigley et al., 2015

Narimatsu et al., 2014

Semba et al., 2014

Qiu et al., 2014; Shil et al.,

2014

Qiu et al., 2016

Satofuka et al., 2009

Verma et al., 2012

Batenburg et al., 2014

PACAP Danyadi et al., 2014

Szabadfi et al., 2014

Vaczy et al., 2016

Lakk et al., 2015; Szabadfi

et al., 2016; Werling et al.,

2017; Atlasz et al., 2018;

Ye et al., 2019

D’alessandro et al., 2014

(Continued)
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TABLE 1 | Continued

Neuroprotection Vasoprotection References

Compound OS* IF* APO* FUNC* VASC* BRB VEGF

Amato et al., 2016;

Werling et al., 2016

D’amico et al., 2017b

VIP Tuncel et al., 1996

VIP/NAP Scuderi et al., 2014

D’amico et al., 2019

D’amico et al., 2017a

α-MSH Naveh, 2003

Edling et al., 2011

Varga et al., 2013

Zhang et al., 2014

Cai et al., 2018

ET Masuzawa et al., 2006

Chou et al., 2014

Alrashdi et al., 2018

Bogdanov et al., 2018

Erythropoietin Zhang et al., 2008

Wang et al., 2010

Wang Q. et al., 2011

Liu et al., 2015

GHRH* Thounaojam et al., 2017

Insulin Rong et al., 2018

Melatonin Djordjevic et al., 2018

Substance P D’alessandro et al., 2014

Vasoinhibins Garcia et al., 2008

Arredondo Zamarripa

et al., 2014

Other factors uPAR Cammalleri et al., 2019a

Navaratna et al., 2008

Cammalleri et al., 2017a

Cammalleri et al., 2017b

Brimonidine Kusari et al., 2010

Guo et al., 2015;

Marangoz et al., 2018

Goldenberg-Cohen et al.,

2009

PPARα

agonists

Chen et al., 2013

Deng et al., 2017

Li et al., 2018

Liu et al., 2018

Wang N. et al., 2018

Liu et al., 2019

Qiu et al., 2019

ALDH2* He et al., 2018

LRIC* Ren et al., 2018

The data indicated with “ ” are from papers documenting either neuroprotective or vasoprotective effects; those indicated with “ ” are from papers documenting both neuroprotective

and vasoprotective effects in the same experimental samples. *ALDH2, acetaldehyde dehydrogenase 2; APO, apoptosis; FUNC, retinal function; GHRH, growth hormone-releasing

hormone; IF, inflammation; LRIC, remote ischemic conditioning; OS, oxidative stress; VASC, vasculopathy. See “Abbreviations” for the other abbreviations.
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CONCLUSION

The experimental data summarized in this review of the literature
clearly indicate that, in a variety of experimental models of
retinal disease, a neuroprotective treatment is efficacious in
preventing the vascular changes that are usually associated
with the disease (see Table 1 for a comprehensive summary
of the data). Although the participation of VEGF is crucial in
the early stages of DR, we cannot exclude the participation
of some other important molecules, such as the neuronal
guidance cues, including ephrins, netrin, and semaphorins,
which are also released early by damaged neurons and may
promote or attenuate the development of DR (Moran et al.,
2016). These molecules are highly expressed in the retina and
vitreous of patients with advanced DR (Umeda et al., 2004; Liu
et al., 2011; Cerani et al., 2013; Dejda et al., 2014), and their
inhibition, like that of VEGF, could reveal an efficient method
to reduce aberrant growth of retinal vessels. The possibility
exists that treatments with neuroprotectants, in addition to
reducing VEGF expression/release, also limit the release of these
molecules, thereby exerting a multitarget effect that results in
efficient protection from microvascular damage and subsequent
development of advanced stages of DR.

The fact that neuroprotection may limit vascular pathology
could be explained assuming that the reviewed compounds
may trigger two types of independent, parallel responses:
one finalized to neuroprotection and the other affecting the

mechanisms regulating VEGF expression and/or release. This
might be the case, for instance, for SRIF. Indeed, for the
SRIF analog octreotide, there is evidence of an effect, reducing
oxidative stress and glutamate release (Dal Monte et al.,
2003; D’alessandro et al., 2014), and of a regulatory action
on the intracellular mechanisms for VEGF expression (Dal
Monte et al., 2009, 2010; Mei et al., 2012). However, most
compounds listed in this review are primarily antioxidant and
anti-inflammatory substances, which are likely to exert their
primary effects on retinal neurons. Therefore, it appears that
protecting retinal neurons from stress reduces the probability
of VEGF upregulation and the consequent vascular damage.
This evidence indicates that treatments with natural substances
(nutraceuticals or neuropeptides) during early phases of DR may
represent the basis for efficacious therapies of DR that do not
impact on the patients’ quality of life and that may have only little
or no side effects.
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Australia

Recent studies suggest cone degeneration in retinitis pigmentosa (RP) may result from
intracellular energy depletion. We tested the hypothesis that cones die when depleted
of energy by examining the effect of two bioenergetic, nutraceutical agents on cone
survival. The study had three specific aims: firstly, we, studied the neuroprotective
efficacies of glucose and creatine in an in vitro model of RP. Next, we utilized a well-
characterized mouse model of RP to examine whether surviving cones, devoid of their
inner segments, continue to express genes vital for glucose, and creatine utilization.
Finally, we analyzed the neuroprotective properties of glucose and creatine on cone
photoreceptors in a mouse model of RP. Two different bioenergy-based therapies were
tested in rd1 mice: repeated local delivery of glucose and systemic creatine. Optomotor
responses were tested and cone density was quantified on retinal wholemounts. The
results showed that glucose supplementation increased survival of cones in culture
subjected to mitochondrial stress or oxidative insult. Despite losing their inner segments,
surviving cones in the rd1 retina continued to express the various glycolytic enzymes.
Following a single subconjunctival injection, the mean vitreous glucose concentration
was significantly elevated at 1 and 8 h, but not at 16 h after injection; however,
daily subconjunctival injection of glucose neither enhanced spatial visual performance
nor slowed cone cell degeneration in rd1 mice relative to isotonic saline. Creatine
dose-dependently increased survival of cones in culture subjected to mitochondrial
dysfunction, but not to oxidative stress. Despite the loss of their mitochondrial-rich
inner segments, cone somas and axonal terminals in the rd1 retina were strongly
positive for both the mitochondrial and cytosolic forms of creatine kinase at each
time point examined. Creatine-fed rd1 mice displayed enhanced optomotor responses
compared to mice fed normal chow. Moreover, cone density was significantly greater
in creatine-treated mice compared to controls. The overall results of this study provide
tentative support for the hypothesis that creatine supplementation may delay secondary
degeneration of cones in individuals with RP.

Keywords: rd1 mouse, retinitis pigmentosa, cone photoreceptor, bioenergetic neuroprotection, creatine,
nutraceutical, S-opsin, M/L-opsin
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INTRODUCTION

Human photoreceptors have a curious and incompletely
understood energy metabolism. They derive their nutrient supply
from the choriocapillaris, and recent evidence indicates that they
are members of a “metabolic ecosystem” comprising the retinal
pigment epithelium and adjacent Müller cells (Kanow et al.,
2017). Oxidative phosphorylation is an important source of ATP
for the retina (Anderson and Saltzman, 1964), and the region
of greatest oxygen consumption is the mitochondrial-rich inner
segments of the photoreceptors (Cringle et al., 2002). However,
mammalian photoreceptors also display aerobic glycolysis (the
Warburg effect), producing relatively large amounts of lactate
despite the presence of abundant oxygen (Winkler, 1981; Wang
et al., 1997; Chinchore et al., 2017; Narayan et al., 2017; Petit
et al., 2018). The explanation for this unusual metabolism,
which is reminiscent of cancer cells, is unclear, but it seems
reasonable to infer that photoreceptors are promiscuous in terms
of their energy supply.

Photoreceptors require large amounts of energy to maintain
their resting potentials (Ames et al., 1992; Niven et al., 2007),
with cones incurring an even greater energy expenditure
than rods (Okawa et al., 2008). In the face of this relentless
energy demand it seems likely that an impairment of
energy metabolism would be detrimental to photoreceptor
function with serious consequences for vision. Indeed, there
is converging evidence that bioenergetic dysfunction is a key
pathogenic factor in secondary cone degeneration in retinitis
pigmentosa (RP) (Punzo et al., 2009; Ait-Ali et al., 2015;
Narayan et al., 2016; Wang et al., 2016). In the majority of
subtypes of RP, the genetic defect is expressed in the rods,
but in most individuals the cones eventually degenerate
resulting in loss of central vision. Therapeutic targeting of
secondary cone degeneration in RP is a broad-spectrum
strategy applicable to a large proportion of RP subtypes
irrespective of the specific gene defect. Bioenergetic-based
neuroprotection strategies, which include augmenting or
conserving available energy supplies, boosting mitochondrial
efficiency, and improving cellular energy-buffering, and offer
great potential in RP. Nutraceutical approaches to bioenergetic
neuroprotection gain further appeal by their relative safety and
clinical translatability.

Recent studies in animal models of RP have demonstrated
that high glucose is critical for cone survival and that reduced
glucose entry into cones triggers their degeneration (Punzo et al.,
2009; Ait-Ali et al., 2015; Venkatesh et al., 2016). Moreover, a
single injection of glucose has been shown to cause a short-
term improvement in cone morphology in a slow-progressing
porcine model of RP (Wang et al., 2016). We have previously
demonstrated that elevating the vitreal glucose level protects
retinal ganglion cells against experimental ischemic injury
(Casson et al., 2004; Shibeeb et al., 2016) and temporarily recovers
contrast sensitivity in individuals with glaucoma (Casson et al.,
2014; Shibeeb et al., 2016). Importantly, these effects can be
achieved by local delivery of glucose. These insights provide
considerable motivation to further investigate glucose energy
supplementation as a potential therapy for RP.

A second bioenergetic approach with potential applicability
to RP involves boosting levels of the nutraceutical creatine in
cones. The creatine kinase/phosphocreatine system, plays an
important role in mitochondrial energy metabolism (Wallimann
et al., 2011), particularly in cells with high energetic demands
such as photoreceptors (Linton et al., 2010). Functions ascribed
to the creatine kinase/phosphocreatine kinase system include
spatiotemporal buffering of ATP and improving the efficiency
of oxidative phosphorylation. The creatine transporter, which is
responsible for creatine uptake into cells, and creatine kinase,
which catalyzes the reversible conversion of creatine into high
energy phosphocreatine, are both expressed in photoreceptors
(Acosta et al., 2005; Linton et al., 2010; Rueda et al., 2016;
Chidlow et al., 2019); thus, supplementation with creatine is a
neuroprotective strategy worthy of investigation.

The present study had three objectives: firstly, we, studied
the neuroprotective efficacies of glucose and creatine in an
in vitro model of RP. Next, we utilized a well-characterized mouse
model of RP to examine whether surviving cones, devoid of
their inner segments, continue to express genes vital for glucose
and creatine utilization. Finally, we analyzed the neuroprotective
properties of glucose and creatine on cone photoreceptors in the
mouse model of RP.

MATERIALS AND METHODS

Retinal Cells in vitro: Establishment,
Treatment, and Analysis of Cultures
Retinal cultures consisting of a mixed population of cell-types
were established from 2 to 4 day old Sprague-Dawley rat pups via
a combined enzymatic and mechanical dissociation procedure,
as described previously (Wood et al., 2012). Dissociated cells
were seeded on borosilicate glass coverslips pre-coated with
poly-L-lysine (10 µg/ml; 15 min), at 0.5 × 106 cells/ml, in
Minimal Essential Medium (Life Technologies Australia Pty
Ltd, Mulgrave, VIC, Australia), containing 100 U/mL penicillin
and streptomycin, 2 mM L-glutamine, 5 mM D-glucose and
10% (v/v) fetal bovine serum. Cultures were grown for 6 days
in vitro, with no medium change during this time. Importantly,
immunolabeling of cultures demonstrated the presence of
S-opsin-expressing cone photoreceptors (Figure 1), enabling
investigation of the responses of these cells to stressors and
potential protectants in vitro.

Prior to experimental treatments, cultures were changed
into an equivalent medium containing no glucose for 24 h;
metabolic activity of cells was maintained by the presence
of L-glutamine (Wood et al., 2005). For assessment of the
potential protective effects of glucose (5 mM) or creatine (0.5
and 5 mM), cultures were pretreated for an additional 24 h
with these compounds. To establish oxidative stress, tert-butyl
hydroperoxide (tbH; 50 – 250 µM) was applied to cultures for
24 h. To induce metabolic stress, the mitochondrial Complex IV
inhibitor sodium azide (250 µM – 1 mM) was applied for 24 h.
All stressors and protectants were soluble in cell culture medium
and hence, where applied, “vehicle” refers to an added equivalent
volume of medium. After treatments, cultures were fixed in 10%
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(w/v) neutral buffered formalin for 15 min and then processed
for cone photoreceptor analysis via immunocytochemistry.
A schematic representing the experimental timeline is provided
in Supplementary Figure S1.

To assess if sodium azide increased aerobic glycolysis in mixed
retinal cultures, cultures were changed into serum-free medium
and incubated for 3 h in the presence or absence of sodium azide.
Aliquots of medium were then analyzed using a lactate assay kit
(BioVision Inc., Milpitas, CA, United States) and absorbances
read with a microplate reader (Fluostar Optima; BMG Labtech,
Mornington, VIC, Australia).

Survival of cones was assessed by immunocytochemical
labeling of fixed cultures with S-opsin antibody (1:1000,
see Table 1), as described in the immunohistochemistry
methods section below. Nuclear counter-staining of cells
was achieved with a final 5 min incubation of coverslips
in 500 ng/ml 4′,6-diamidino-2-phenylindole (DAPI) before
washing and mounting.

Animals and Procedures
This study was approved by the Animal Ethics Committees of
SA Pathology/Central Adelaide Local Health Network (CALHN)
and the University of Adelaide (Adelaide, SA, Australia) and
conformed with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes, 2013, and with the
ARVO Statement for the use of animals in vision and ophthalmic
research. C3H/HeJArc (rd1) mice and C57BL/6J (wild-type, WT)
mice were obtained from the Animal Resources Centre (Perth,
WA, Australia). The C3H/HeJArc mouse is an inbred strain
homozygous for the PDE6b mutation. rd1 mice were inbred to
produce offspring. All animals were housed in a temperature
and humidity-controlled room with a 12-h light/dark cycle and
provided with food and water ad libitum.

For detection of cone opsin proteins, creatine kinase isoforms,
and glycolytic enzymes by immunohistochemistry, rd1 mice at
various postnatal day (P) time points [P7, P14, P21, P30, P45, and
P60 (all n = 3) and WT mice (C57BL/6, n = 3)] were analyzed.

For the glucose neuroprotection study, rd1 mice were
randomly divided into experimental (n = 13) and control (n = 11)
groups. At the starting age of P14, the right eyes of experimental
mice were treated with an injection of 20 µl of 50% glucose into
the subconjunctival space (see below). Injections were repeated

at 24-hourly intervals. The left eye remained as an untreated
control. Mice in the control group received a subconjunctival
injection of osmotically matched 8.4% saline. Again, the fellow
eye served as an untreated control. Injections were continued for
30 days in both groups. Optomotor testing was performed 10 days
into the treatment regimen at P24. Mice were euthanized at P60.

For the creatine neuroprotection study, rd1 mice were
randomly divided into experimental (n = 21) and control (n = 18)
groups. The experimental group was placed on a 2% oral
creatine diet starting at the age of P21. Mice litters were weaned
from their parents at P21 and this was the age oral treatment
with creatine was commenced. Control animals were given an
equicaloric standard mouse diet, without creatine. Mice were
carefully observed to monitor their eating. Because the creatine
was incorporated in the food, and mice were kept at 4 – 5 per
cage, it was difficult to accurately assess how much food each
mouse consumed. Daily weighing of mice was performed, and
satisfactory weight gain was used as an indicator of appropriate
food consumption. Optomotor testing was performed at P30.
Mice in experimental and control groups continued their diet
until they were euthanized at P60.

Tissue Processing and
Immunohistochemistry
All mice were euthanized by transcardial perfusion with
physiological saline under deep anesthesia. The superior
aspect of each cornea was marked for orientation before
globes were enucleated. For double labeling wholemount
immunohistochemistry, eyes were fixed in 4% (w/v) neutral
buffered formalin for 24 h and dissected into posterior eye-cups.
Retinas were removed and prepared as flattened wholemounts
by making another four radial cuts. Retinas were then incubated
in phosphate buffered saline (PBS) containing 1% Triton X-100
detergent (PBS-T) for 1 h at room temperature. Next, retinas
were incubated in PBS-T containing 3% normal horse serum
(NHS-T) for 1 h at room temperature to block non-specific
antibody binding. Retinas were then incubated overnight at
4◦C with a combination of anti-S-opsin and anti-M/L-opsin
antibodies diluted in NHS-T (see Table 1). On day 2, retinas were
washed for 1 h at room temperature in PBS-T, then incubated
overnight at 4◦C with a combination of AlexaFluor-488 and -594
conjugated secondary antibodies (1:250; Invitrogen, Carlsbad,

TABLE 1 | Primary antibodies used in the study.

Protein Source Cat. No. Species Immunogen Dilution

CK-B Abcam Ab125114 Mouse Synthetic peptide SNSHNALKLRFPAEDEF, corresponding to N
terminal amino acids 4–20 of human creatine kinase B type

1:1000

CK-MT1A Proteintech 15346-1-AP Rabbit CKMT1A fusion protein Ag7583 1:5,000

Hexokinase II Cell Signaling
Technology

2867 Rabbit Synthetic peptide corresponding to the sequence of human
hexokinase II

1:500

LDH-A Santa-Cruz sc-27230 Goat Epitope mapping at the N-terminus of LDH-A of human origin 1:1000

M/L-opsin Merck-Millipore AB5405 Rabbit Recombinant human red/green opsin 1:1500

S-opsin Santa-Cruz sc-14363 Goat Peptide mapping at the N-terminus of the opsin protein
encoded by OPN1SW of human origin

1:1500

LDH-A, lactate dehydrogenase subunit A; CK-B, creatine kinase B-type; CK-MT1A, creatine kinase mitochondrial 1A.
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CA, United States) diluted in NHS-T. Finally, retinas were
washed in PBS for 1 h at room temperature prior to mounting
with the photoreceptor side facing up using anti-fade mounting
medium (Dako, CA, United States).

For immunohistochemistry on transverse sections, globes
were immersion-fixed in Davidson’s solution for 24 h and
transferred to 70% ethanol until processing. Davidson’s solution,
which comprises 2 parts formaldehyde (37%), 3 parts 100%
ethanol, 1 part glacial acetic acid and 3 parts water, is the
preferred fixative for whole eyes as it provides optimal tissue
morphology while avoiding retinal detachment. Globes were
embedded sagittally and 4 µm serial sections were cut. For
fluorescent double labeling immunohistochemistry, visualization
of one antigen was achieved using a 3-step procedure, while
the second antigen was labeled by a 2-step procedure, as
previously described (Chidlow et al., 2011, 2016). In brief,
tissue sections were deparaffinized and high-temperature
antigen retrieval was performed. Subsequently, sections
were incubated overnight in the appropriate combination
of primary antibodies (Table 1). On the following day,
sections were incubated with the appropriate biotinylated
secondary antibody (1:250) for the 3-step procedure plus
the correct secondary antibody conjugated to AlexaFluor
488 (1:250; Invitrogen) for the 2-step procedure for 30 min,
followed by streptavidin-conjugated AlexaFluor 594 (1:500;
Invitrogen) for 1 h. Sections were then mounted using anti-fade
mounting medium.

Image Acquisition and Quantification
Confirmation of the specificity of antibody labeling was judged
by the morphology and distribution of the labeled cells,
by the absence of signal when the primary antibody was
replaced by isotype/serum controls, and, by comparison with
the expected staining pattern based on our own, and other,
previously published results. Retinal wholemounts and transverse
sections were examined under a fluorescence microscope (BX-
61; Olympus, Mount Waverly, VIC, Australia) equipped with a
scientific grade, cooled CCD camera.

Photomicrographs measuring 720 µm x 540 µm were taken
using the fluorescence microscope on whole mounts retinas.
Four photomicrographs of the central retina were taken directly
superior, temporal, inferior, and nasal to the center of the optic
nerve. Four photomicrographs of the peripheral retina were taken
1.5 mm superior, temporal, inferior, and nasal to the center of
the optic nerve. This yielded a total of 16 photomicrographs
per retina. Quantification of cone survival was performed using
Image-J software (NIH, Bethesda, MD, United States). Initially,
however, images were processed in Photoshop CS3 (Adobe, San
Jose, CA, United States) for uneven lighting (using a flatten filter),
sharpened, levels enhanced, and finally converted to 8-bit mode.

For the glucose experiment, three statistical comparisons
were performed: glucose-injected vs. untreated contralateral
eyes (Student’s paired t-test); saline-injected vs. untreated
contralateral eyes (Student’s paired t-test); saline-injected eyes vs.
glucose-injected eyes (Student’s unpaired t-test). For the creatine
experiment, statistical analysis was carried out by Student’s
unpaired t-test. The null hypothesis tested in each case was

that cone density would be significantly higher in experimental
vs. control eyes.

Measurement of Vitreal and Retinal
Glucose After Subconjunctival Injection
Subconjunctival drug administration bypasses the conjunctival
epithelial barrier, which is a rate-limiting factor for the
permeation of water-soluble drugs (Gaudana et al., 2010);
however, various dynamic, static, and metabolic barriers limit
drug access to the posterior segment and retina. In order to
establish whether subconjunctival glucose reaches the retina, a
preliminary investigation was performed to measure the vitreous
glucose concentration after subconjunctival injection. A single
injection of 20 µl of 50% glucose was administered into the
subconjunctival space in the right eyes of C57BL/6J mice.
This procedure involved lifting the inside of the eyelid with
fine forceps and delivering a subconjunctival injection using
a 33G needle. Use of an operating microscope facilitated the
procedure. Injections were performed under isoflurane sedation
and topical amethocaine 0.5% anesthetic. During every injection,
visualization of a subconjunctival bleb provided confirmation
that the injection had been successfully administered. Left eyes
were treated with an injection of osmotically matched 8.4% saline.
Mice were euthanized after 1, 8, and 16 h (n = 3 per time point).
Eyes were enucleated, the vitreous was removed as described
previously (Skeie et al., 2011) and then sonicated. Vitreal samples
(diluted to a final volume of 100 µl with distilled water) were
then analyzed using a glucose hexokinase assay kit (Sigma-
Aldrich Corp., St Louis, MO, United States) and absorbances read
with a microplate reader (Fluostar Optima). The final vitreous
glucose concentration (mmol/L) was determined by allowing for
the 10-fold dilution factor, and comparing the absorbance with
a previously constructed calibration curve. Statistical analysis
was carried out by Student’s paired t-test with Holm-Bonferroni
correction. The null hypothesis tested was that the vitreous
glucose concentration would be significantly higher in glucose-
vs. saline-injected eyes.

A further experiment (n = 3) was carried out in which both the
vitreal and retinal concentration of glucose was measured 30 min
after a single subconjunctival injection of 20 µl of 50% glucose,
using the method detailed above.

To analyze retinal uptake of 2-NBDG, mice underwent
a single subconjunctival injection of 20 µl of 10 mM 2-
NBDG (Invitrogen, Carlsbad, CA, United States) dissolved in
water. After 30 min, mice were euthanized by exposure to
a rising concentration of CO2 and globes were enucleated
under red light. They were then snap frozen in dry ice-
cooled isopentane. Frozen, vertical sections (10 µm) were taken,
mounted using anti-fade mounting medium, and examined
under a fluorescence microscope.

Optomotor Testing
This test measures the tendency of an animal to follow a
moving object using their head and eyes. Optomotor testing is
an established method for quantifying visual function in mice
(Prusky et al., 2004). The room was darkened for testing. The
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only illumination came from the LED screens of the optomotor
cage. However, animals were light adapted before starting the
test, i.e., they were tested under photopic conditions. Mice were
placed on a platform positioned in the middle of an arena
created by a quad square of computer monitors. Vertical sine
wave gratings (100% contrast) were projected on the computer
monitors. The spatial frequencies tested were 0.05, 0.075, 0.1,
0.2, 0.3, 0.4, 0.5, and 0.6 cycles per degree, at a constant speed
of 12 degrees/s. A camera was positioned directly above the
platform in order to observe the animal’s head movements.
Mice were placed one at a time on the platform and allowed to
move freely while the experimenter followed the mouse’s head.
When a grating perceptible to the mouse was projected on the
cylinder wall and the cylinder was rotated (12 degrees/s), the
mouse normally stopped moving its body and would begin to
track the grating with reflexive head movements in concert with
the rotation. A recorder assessed whether the mice tracked the

cylinder by monitoring in the video window the image of the
cylinder and the animal simultaneously. The spatial frequency
of the grating was systematically increased the until the animal
no longer responded. The process of incrementally changing the
spatial frequency of the test grating was repeated until the highest
spatial frequency that the mouse could track was identified as the
threshold. A threshold for each direction of rotation was assessed
this way, and the highest spatial frequency tracked in either
direction was recorded as the threshold. Recorders were blinded
to the treatment group and all mice were habituated before the
outset of testing. For the glucose experiment, three statistical
comparisons were performed: glucose-injected vs. untreated
contralateral eyes (Student’s paired t-test); saline-injected vs.
untreated contralateral eyes (Student’s paired t-test); saline-
injected eyes vs. glucose-injected eyes (Student’s unpaired t-test).
For the creatine experiment, statistical analysis was carried out
by Student’s unpaired t-test. The null hypothesis tested in each

FIGURE 1 | Effect of glucose on stressor-induced S-opsin-labeled cone loss from mixed retinal cell cultures. Representative images from untreated (A),
vehicle-treated (C,E,G) or glucose (5 mM)-treated (B,D,F,H) cultures additionally exposed to (C,D), 100 µM tbH (E,F), 500 µM sodium azide (G,H), 1 mM sodium
azide. These data are followed by graphs quantifying the positive effect of glucose on tBH-induced (I) and sodium azide-induced (J) cone cell loss. It is evident that
both tbH and sodium azide are markedly destructive to S-opsin labeled cones in culture and that glucose has clear protective influences on these cells in both
cases. Values represent mean ± SEM, where n = 8 determinations from separate cultures. ∗∗P < 0.01, and ∗P < 0.05 by Student’s paired t-test with
Holm-Bonferroni correction. Scale bar, 50 µm.
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case was that visual function would be significantly greater in
experimental vs. control eyes.

RESULTS

Glucose Supplementation Protects
Cones in Culture From Mitochondrial
Dysfunction and Oxidative Injury
In order to investigate responses and potential protection
of cone cells in culture, they were treated with one of
two stressors: (1) sodium azide, which in inhibiting
mitochondrial Complex IV causes metabolic compromise
and (2) tbH, which induces intracellular oxidative stress.

Both stressors mimic aspects of the pathology believed
to be associated with RP (Narayan et al., 2016). Of
note, sodium azide, by reducing mitochondrial activity,
causes a compensatory increase in glycolysis, which is
evidenced by increased lactate in the culture medium
(Supplementary Figure S1).

Initially, we tested the protective effects of enriching the
culture medium with 5 mM glucose; data are shown in Figure 1.
Treatment with tbH caused a concentration-dependent loss of
S-opsin cones with no observed decrease when 50 µM was
applied, but with only 38.7 ± 5.9% or 12.0 ± 5.1% of cells
remaining, respectively, when 100 µM or 250 µM tbH were
applied. The presence of 5 mM glucose in the medium for
24 h prior to application of tbH was significantly protective:
104.0 ± 14.1% and 50.1 ± 11.1% of the control cell number

FIGURE 2 | (A) Quantification of the vitreous glucose concentration in C57BL/6J mice at 1 to 16 h after subconjunctival injection of either glucose or saline. Values
represent mean ± SEM, where n = 3. ∗∗P < 0.01, ∗P < 0.05 by Student’s paired t-test with Holm-Bonferroni correction. (B–G) 2-NBDG accumulation in C57BL/6J
mice retinas 20 min after subconjunctival injection. In the control mouse, minimal fluorescence is observed (B–D). In the 2-NBDG injected eye, fluorescent glucose
accumulates in photoreceptor segments and, to a lesser extent, in both plexiform layers (E–G). Scale bar: 50 µm. GCL, ganglion cell layer; INL, inner nuclear layer;
IS, inner segments; ONL, outer nuclear layer; and OS, outer segments.

Frontiers in Neuroscience | www.frontiersin.org 6 November 2019 | Volume 13 | Article 1234132

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01234 November 13, 2019 Time: 16:46 # 7

Narayan et al. Bioenergetic Neuroprotection for Retinitis Pigmentosa

remained when cultures were treated with 100 µM and 250 µM
tbH, respectively, in the presence of glucose (Figure 1).

Mitochondrial dysfunction, as induced by treatment of
cultures with sodium azide for 24 h, caused a concentration-
dependent loss of cones, with no significant loss when 250 µM
was applied (93.1 ± 9.6% of control value), but significant
decreases noted when 500 µM (20.7 ± 5.0% of control) or
1 mM (9.2 ± 4.0% of control) were applied (Figure 1). Pre-
treatment with glucose significantly reduced the loss of cones
with 81.6 ± 11.3% and 55.2 ± 12.3% of cones remaining after
treatment with 500 µM and 1 mM azide, respectively.

Subconjunctival Delivery of Glucose
Elevates the Vitreous Glucose
Concentration
Prior to examining whether daily injections of glucose delay
cone degeneration in a mouse model of RP, it was important to
ascertain whether the delivery strategy resulted in a detectable
increase in the level of glucose available to the retina. Thus,
we measured the vitreous glucose concentration at time points
after single subconjunctival injections of glucose or osmotically
matched saline in WT mice. The results revealed statistically
significant upregulations of glucose in the treated eye, compared
to the saline-injected contralateral eye, at 1 h (P < 0.01, by paired
Student’s t-test) and 8 h (P < 0.05), but not 16 h, after injection
(Figure 2A). Next, we part-repeated the experiment, except on
this occasion we measured the retinal, as well as vitreal, glucose
concentration at 1 h after injection, the time point of maximal
elevation. In the vitreous, the glucose injected eye contained
9.8 ± 0.7 mmol/l glucose, which was significantly (P < 0.01 by
Student’s unpaired t-test) higher than the untreated contralateral
eye (2.3 ± 0.2). In the retina, the glucose injected eye contained
38.3 ± 14.4 µg/retina glucose, whilst the untreated contralateral
eye contained 16.0 ± 6.7 µg/retina glucose, a difference that
did not reach statistical significance (P > 0.1). Of note, it is
not possible for us to rule out that each retinal sample was
contaminated by vitreous. In the mouse, the vitreous adheres
to the retina tightly and this may have contributed to the
trend of an elevated concentration in the retinal sample of the
glucose injected eye.

In order to ascertain whether glucose reaches the
photoreceptors after subconjunctival injection, we utilized
2-deoxy glucose (2-NDBG), a stable, fluorescent glucose
derivative used for monitoring glucose uptake into living
cells (Kanow et al., 2017). At 30 min after subconjunctival
injection of 10 mM 2-NDBG, we harvested the retina for tissue
sectioning and fluorescent imaging. Figures 2B–G reveals that
2-NBDG fluorescence was weakly localized to the inner and
outer plexiform layers and was stronger in the photoreceptor
inner and outer segments, confirming that glucose reaches the
photoreceptor layer after subconjunctival injection.

Surviving Cones in the rd1 Retina
Express Glycolytic Enzymes
Photoreceptors have a high glycolytic flux and rate of lactate
production even in the presence of oxygen, a phenomenon

known as aerobic glycolysis. Accordingly, photoreceptors
express glycolytic isoenzymes associated with aerobic glycolysis,
including hexokinase II, pyruvate kinase M2 and lactate
dehydrogenase (LDH). An increasing body of evidence suggests
that energy starvation contributes to secondary degeneration of
cones in RP (Punzo et al., 2009; Petit et al., 2018). Since glycolytic
enzymes are concentrated in photoreceptor inner segments, and
since loss of cone segments is an early pathological event in
RP, we investigated whether surviving cones in the rd1 retina
continue to express genes vital for glucose utilization, including
hexokinase II and lactate dehydrogenase subunit A (LDH-A).

In WT retinas, hexokinase II labeling was essentially restricted
to rod and cone photoreceptor inner segments (Figures 3A–C).
Despite the loss of inner segments, surviving cones in the
rd1 retina were strongly positive for hexokinase II at all time
points examined, encompassing P7 to P60 (see Figures 3D–L for
representative images).

In WT retinas, LDH-A was expressed by rod and cone
photoreceptor somas, inner segments and axonal terminals, plus
a limited number of cells in the inner retina (Figures 4A–C). In
the rd1 retina, LDH-A labeling was unequivocally expressed by
surviving cones at each time point examined, encompassing P7
to P60 (see Figures 4D–L for representative images).

FIGURE 3 | Representative double labeling immunofluorescence images of
hexokinase II with S-opsin in wild-type (WT) mouse retina and in Rd1 mouse
retinas from postnatal day (P) 14 to P60. (A–C) In WT retinas, hexokinase II is
essentially restricted to rod and cone photoreceptor inner segments. (D–F) At
P14, hexokinase II colocalizes with S-opsin in shrunken inner segments
(arrow) and weakly labels occasional cone somas. (G–L) From P30 to P60,
the ONL comprises a single layer of surviving cones largely devoid of
segments. Hexokinase II colocalizes with S-opsin in cone somas (arrows). All
images were captured from the inferior retina, which comprises primarily
S-cones. INL, inner nuclear layer; IS, inner segments, ONL, outer nuclear
layer; RPE, retinal pigment epithelium. Scale bar: 20 µm.
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FIGURE 4 | Representative double labeling immunofluorescence images of
LDH-A with M/L-opsin in wild-type (WT) mouse retina and in Rd1 mouse
retinas from postnatal day (P) 14 to P60. (A–C) In WT retinas, LDH-A is
associated with rod and cone photoreceptor somas, inner segments and
axonal terminals, together with cells in the inner retina. (D–F) At P14,
hexokinase II colocalizes with M/L-opsin in shrunken inner segments (arrow)
and weakly labels photoreceptor somas and axonal terminals. (G–L) From
P30 to P60, the ONL comprises a single layer of surviving cones largely
devoid of segments. LDH-A is observed in surviving cone somas (arrows). All
images were captured from the superior retina, which comprises primarily
M/L-cones. INL, inner nuclear layer; IS, inner segments, ONL, outer nuclear
layer; RPE, retinal pigment epithelium. Scale bar: 20 µm.

In addition to hexokinase II and LDH-A, surviving cones also
displayed PKM2 and neuron-specific enolase immunoreactivities
(data not shown). The overall data indicate that despite losing
their inner segments, surviving cones in the rd1 retina retain their
complement of enzymes necessary to metabolize glucose.

Subconjunctival Delivery of Glucose
Does Not Preserve Cones in rd1 Retinas
rd1 mice received a daily unilateral injection of glucose or
osmotically matched saline for 30 days. After 10 days of
injections, their visual acuity was assessed using the optomotor
reflex test. Both the saline-injected and glucose-injected groups
displayed modestly enhanced optomotor responses compared
to their respective contralateral eyes (Figure 5), although
only the saline-injected group reached statistical significance
(P < 0.01, by paired Student’s t-test). Importantly, there was
no difference between the glucose-injected and saline-injected
groups (P = 0.25, by unpaired Student’s t-test).

At P60, the number of surviving cones were quantified.
Mouse retinas contain three types of cones, short wavelength
light-responsive S-cones, medium to long wavelength light-
responsive M/L-cones, and a majority of dual cones that express
both opsins (Applebury et al., 2000; Haverkamp et al., 2005;
Ortin-Martinez et al., 2014). In the rd1 mouse, degeneration

FIGURE 5 | Performance of Rd1 mice in the optomotor tracking test
undertaken at P24, following 10 days of treatment. Rd1 mice received a daily
unilateral subconjunctival injection of glucose or saline; the respective
contralateral eyes were untreated. Values represent mean ± SEM, where
n = 11–13. ∗P < 0.05 by Student’s paired t-test (saline-injected vs. untreated
contralateral eyes). There were no significant differences between
glucose-injected and untreated contralateral eyes (Student’s paired t-test) or
between saline-injected eyes and glucose-injected eyes (Student’s unpaired
t-test).

of cones is more rapid in the central than peripheral retina
(Carter-Dawson et al., 1978; Lin et al., 2009). Figures 6A–P,
7A–P, respectively, feature representative images of S-opsin+
and M/L-opsin+ cones from the different treatment groups. The
photomicrographs highlight the central to peripheral divergence
in cone survival in the rd1 retina. The photomicrographs also
reveal that, at P60, M/L-opsin+ cones are more numerous
in the superior retina relative to the inferior retina, whereas
S-opsin+ cones are far more numerous in the inferior retina.
This hemispheric asymmetry in S-opsin+ and M/L-opsin+ cone
expression is in agreement with earlier findings (Lin et al., 2009;
Narayan et al., 2019). The very low numbers of M/L-opsin+
cones in the inferior retina does not necessarily indicate that dual
cones are preferentially lost in the inferior retina, instead it likely
reflects the fact that M/L-opsin protein expression is intrinsically
very much lower in cones in the inferior retina as compared to
the superior retina (Applebury et al., 2000; Haverkamp et al.,
2005). With the loss of their outer segments – which contain
extraordinarily high levels of opsins – M/L-opsin is no longer
detectable in dual cone somas and pedicles, which appear as
apparent S-cones. The low numbers of S-opsin+ cones in the
superior retina simply reflects the fact that there are far fewer
S-opsin+ cones in the superior as compared to inferior retina.
Quantification of the density of S-opsin+ and M/L-opsin+ cones
in the whole retina showed a trend of higher counts of both
cone types in each of the saline-injected and glucose-injected
groups when compared to their respective, paired, contralateral
eyes (Figures 6Q, 7Q), although only the saline-injected group
M/L-opsin+ cone count reached statistical significance (P < 0.05,
by paired Student’s t-test). As for the optomotor testing, there
was no significant difference between the number of S-opsin+
cones or M/L-opsin+ cones in the glucose-injected vs. saline-
injected cohorts (P = 0.25, by unpaired Student’s t-test). When
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FIGURE 6 | Effect of daily glucose injections on S-opsin+-cone survival. (A–P) Photomicrographs of wholemount Rd1 retinas analyzed at postnatal day (P) 60
immunolabeled for S-opsin. Representative images from glucose-injected eyes (A–D) and the respective contralateral untreated eyes (E–H), saline-injected eyes
(I–L), and the respective contralateral untreated eyes (M–P) are shown. S-P, superior-peripheral retina; S-C, superior-central retina; I-C, inferior-central retina; I-P,
inferior-peripheral retina. Scale bar 100 µm. (Q–S) Quantification of S-opsin-labeled cones in retinal wholemounts from Rd1 mice treated with daily unilateral
subconjunctival injections of glucose or saline, and in the respective untreated contralateral eyes. Data are shown for the whole retina (Q), subdivided into central
(R), and peripheral (S) regions. Values, shown as % of the untreated saline group, represent mean ± SEM, where n = 11–13. There were no significant differences
between glucose-injected and untreated contralateral eyes (Student’s paired t-test), saline-injected vs. untreated contralateral eyes (Student’s paired t-test), or
between saline-injected eyes and glucose-injected eyes (Student’s unpaired t-test).
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FIGURE 7 | Effect of daily glucose injections on M/L-opsin+-cone survival. (A–P) Photomicrographs of wholemount Rd1 retinas analyzed at postnatal day (P) 60
immunolabeled for M/L-opsin. Representative images from glucose-injected eyes (A–D) and the respective contralateral untreated eyes (E–H), saline-injected eyes
(I–L) and the respective contralateral untreated eyes (M–P) are shown. S-P, superior-peripheral retina; S-C, superior-central retina; I-C, inferior-central retina; I-P,
inferior-peripheral retina. Scale bar 100 µm. (Q–S) Quantification of S-opsin-labeled cones in retinal wholemounts from Rd1 mice treated with daily unilateral
subconjunctival injections of glucose or saline, and in the respective untreated contralateral eyes. Data are shown for the whole retina (Q), subdivided into central
(R), and peripheral (S) regions. Values, shown as % of the untreated saline group, represent mean ± SEM, where n = 11–13. ∗P < 0.05 by Student’s paired t-test
(saline-injected vs. untreated contralateral eyes). There were no significant differences between glucose-injected and untreated contralateral eyes (Student’s paired
t-test) or between saline-injected eyes and glucose-injected eyes (Student’s unpaired t-test).
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the data were subdivided into central (Figures 6R, 7R) and
peripheral (Figures 6S, 7S) regions, the same patterns of cone
survival were evident, namely a non-significant trend of higher
counts of both cone types in each of the saline-injected and
glucose-injected groups when compared to their respective
contralateral eyes. As for the pan retinal quantification, there was
no significant difference between the glucose-injected vs. saline-
injected cohorts in survival of either cone type in the central or
peripheral retina regions of the retina.

Creatine Supplementation Protects
Cones in Culture From Mitochondrial
Dysfunction but Not Oxidative Injury
The effect of a creatine on survival of cones after induction of
stress in vitro was assessed after a 24-h pre-treatment. Similar
to the glucose experiments shown in Figure 1, tbH application
caused a reduction to 37.9 ± 7.2% and 6.0 ± 3.0% of the
control cell number when applied at 100 µM or 250 µM,

respectively (Figure 8). Creatine pre-treatment (0.5 or 5 mM)
had no significant effect on promoting additional survival of cells
treated with tbH.

Sodium azide also caused a concentration-dependent loss of
S-opsin-labeling cones from mixed retinal cell cultures: 44± 8.9%
and 10.7 ± 2.7% of the control cell number of cones remained
after application of 500 µM and 1 mM sodium azide, respectively
(Figure 8). In this case, pre-treatment with creatine at the
concentration of 0.5 mM was also not protective to cells, however,
when applied at 5 mM, this compound did offer significant
protection: there were 85.3 ± 11.0% and 56.0 ± 15.2% of the
control number of cells remaining after treatment with 500 µM
and 1 mM sodium azide, respectively (Figure 8).

Surviving Cones in the rd1 Retina
Express Creatine Kinase Isoenzymes
The creatine kinase/phosphocreatine system functions as a
spatial and temporal energy buffer in cells, linking sites of

FIGURE 8 | Effect of creatine on stressor-induced S-opsin-labeled cone loss from mixed retinal cell cultures. Representative images from untreated (A),
vehicle-treated (C,E,G) or creatine (5 mM)-treated (B,D,F,H) cultures additionally exposed to (C,D), 100 µM tbH (E,F), 500 µM sodium azide (G,H), 1 mM sodium
azide. These data are followed by graphs quantifying the effect of creatine on tBH-induced (I) and sodium azide-induced (J) cone cell loss. It is evident that both tbH
and sodium azide cause marked loss of S-opsin labeled cones in culture. It is further clear that although creatine has no effect on the cone loss induced by tbH, it is
able to significantly protect these cells from sodium azide-induced toxicity. Values represent mean ± SEM, where n = 8 determinations from separate cultures.
∗∗P < 0.01, by one way ANOVA, followed by Dunnett’s multiple comparisons test. Scale bar, 50 µm.
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energy production, and utilization. Typically, mitochondrial
creatine kinase (MT-CK1A) converts creatine to high energy
phosphocreatine at sites of ATP production, generating a
diffusible energy substrate, whilst the cytoplasmic isoform
(CK-B) catalyzes the reverse reaction at subcellular locations
of energy usage (Wallimann et al., 2011). Before investigating
whether augmenting retinal creatine delays cone loss in
the rd1 retina, it was important to ascertain whether
the enzymes of the creatine-phosphocreatine system are
preserved in surviving cones of the rd1 retina during
the period of cone degeneration. This is important since
mitochondrial creatine kinase is principally localized in
photoreceptor inner segments.

In WT mouse retina, CK-MT1A was present in rod and cone
inner segments, in cone but not rod somas in the outer nuclear
layer, and in photoreceptor terminals in the outer plexiform layer
(Figures 9A–C). The pattern of expression at P7 was similar to
WT (Figures 9D–F). By P14, rod death is quite advanced and
CK-MT1A colocalizes with S-opsin in shrunken inner segments,
cone somas and axonal terminals (Figures 9G–I). Despite the
loss of inner segments from P21, surviving cone somas and
axonal terminals in the rd1 retina were strongly positive for CK-
MT1A at all time points examined, encompassing P7 to P60
(Figures 9J–R). Labeling of cone cell bodies for CK-MT1A was
considerably stronger than at P7 or in WT retinas.

In WT mouse retina, CK-B was present in cone but not rod
inner segments and in terminals in the outer plexiform layer
(Figures 10A–C). From these results, it might be inferred that
creatine kinase plays a greater role in cones compared with rods.
As for CK-MT1A, surviving cones in the rd1 retina were positive
for CK-B at all time points examined, encompassing P7 to P60
(see Figures 10D–L). Unlike the WT retina, in which cone somal
labeling of CK-B was undetectable, from P21 onward cone cell
bodies were clearly positive for CK-B.

Dietary Creatine Supplementation
Augments Cone Survival in Rd1 Retinas
rd1 mice received either normal chow or 2% oral creatine
diet starting at P21. Optomotor testing was performed at
P30, the results of which revealed that the creatine-enriched
group exhibited approximately 4.5-fold greater visual acuity
compared to the control diet cohort (P < 0.01, by unpaired
Student’s t-test; Figure 11). At P60, the number of surviving
cones were quantified. Figures 12A–P shows representative
photomicrographs of S-opsin+ and M/L-opsin+ cones
from each treatment group. Quantification of the density
of S-opsin+ and M/L-opsin+ cones in the whole retina revealed
a modest, but statistically significant, protection of S-opsin+
and M/L-opsin+ cones in the creatine group compared to
the normal diet cohort (P < 0.05; P < 0.01, respectively,
by Student’s unpaired t-test; Figure 12Q). When the data
were subdivided into central (Figure 12R) and peripheral
(Figure 12S) regions, the same patterns were evident, but the
neuroprotective effect of creatine only reached significance in
the peripheral retina for each cone type (P < 0.01, by Student’s
unpaired t-test).

FIGURE 9 | Representative double labeling immunofluorescence images of
ubiquitous mitochondrial creatine kinase (CK-MT1A) with S-opsin in wild-type
mouse retina and Rd1 mouse retinas from postnatal day (P) 7 to P60. In WT
retinas (A–C) and at P7 (D–F), CK-MT1A colocalizes with S-opsin in
photoreceptor inner segments, cone somas, and axonal terminals. At P14,
the ONL is dramatically reduced in thickness. CK-MT1A colocalizes with
S-opsin in shrunken inner segments, cone somas, and axonal terminals (G–I).
From P21 onward, the ONL is reduced to a single layer of surviving cones
largely devoid of segments. CK-MT1A expression within S-opsin-positive
cone somas and axonal terminals persists at all time points (J–R). All images
were captured from the inferior retina, which comprises primarily S-cones.
INL, inner nuclear layer; IS, inner segments; ONL, outer nuclear layer. Scale
bar: 20 µm.

DISCUSSION

Targeting secondary cone degeneration is a broad-spectrum
strategy applicable to a large proportion of RP subtypes
irrespective of the primary gene defect. An increasing body
of evidence has implicated energetic insufficiency as a key
component of cone degeneration, and, in the present study,
we utilized in vitro and in vivo models of RP to explore
whether increasing the availability of two nutrients promotes
cone survival. Our results showed that glucose improved cone
survival in retinal cultures subjected to mitochondrial stress
or oxidative insult; however, daily subconjunctival injections of

Frontiers in Neuroscience | www.frontiersin.org 12 November 2019 | Volume 13 | Article 1234138

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01234 November 13, 2019 Time: 16:46 # 13

Narayan et al. Bioenergetic Neuroprotection for Retinitis Pigmentosa

FIGURE 10 | Representative double labeling immunofluorescence images of
cytosolic creatine kinase (CK-B) with S-opsin in wild-type (WT) mouse retina
and in Rd1 mouse retinas from postnatal day (P) 14 to P60. In WT retinas
(A–C), CK-B colocalizes with S-opsin in cone inner segments (arrows), and in
axonal terminals in the outer plexiform layer (arrows). At P14, CK-B
colocalizes with S-opsin in shrunken inner segments and axonal terminals,
with weak CK-B labeling of somas (D–F). From P30 to P60, the ONL
comprises a single layer of surviving cones largely devoid of segments. CK-B
colocalizes with S-opsin in cone somas and axonal terminals (G–L). At all time
points, CK-B is also expressed by inner retinal neurons and Müller cells. All
images were captured from the inferior retina, which comprises primarily
S-cones. INL, inner nuclear layer; IS, inner segments; ONL, outer nuclear
layer. Scale bar: 20 µm.

glucose neither enhanced spatial visual performance nor slowed
cone cell degeneration in rd1 mice relative to isotonic saline.
In contrast, creatine not only promoted cone survival in retinal
cultures, but also improved vision and reduced cone degeneration
in rd1 mice. The results of this study provide tentative support
for the hypothesis that creatine supplementation may delay
secondary degeneration of cones in individuals with RP.

Glucose Supplementation for Cone
Survival
In order to mimic cone loss in vitro as a first step to
understanding the potential role of nutraceutical protection of
cones in situ, we established culture preparations in which cones
were present. Immunocytochemical labeling of these cultures
revealed a distinct population of small cells with dendrites,
but no obvious segments. In fact, photoreceptors within the
culture system employed lose their segments during the first
24 h in vitro. The absence of outer segments from otherwise
viable photoreceptor cells in similar mixed cultures has been
described previously (Gaudin et al., 1996). Our culture system
can thus be used to assess the survival of cones whose segments
have degenerated or are in the process of doing so. This model,

FIGURE 11 | Performance of Rd1 mice in the optomotor tracking test
undertaken at P30. Values represent mean ± SEM, where n = 18–21.
∗∗P < 0.01 by Student’s unpaired t-test (creatine-enriched diet vs. control
diet eyes).

therefore, is of direct relevance to RP, since degeneration of
segments is an early pathological event in RP.

We subjected cultures to metabolic disturbance (sodium
azide) and oxidative stress (tbH), each of which is implicated
in the pathology of cone loss in RP. In both scenarios,
concentration-dependent toxicity to S-opsin+-cones was noted
that was counteracted by pretreatment with glucose. Glucose has
been shown to protect against retinal cell loss induced by azide in
a previous in vitro study (Wood et al., 2012). Notably, however,
protection was greater to glia than inner retinal neurons, a finding
explained by the greater reliance of neurons on mitochondrial
metabolism. The degree of cone protection was similar to
that measured for inner retinal neurons previously, implying
that the metabolism, and mitochondrial reliance of these cell
types is analogous. It may seem that enhancing glycolysis
by supplementation with glucose would inevitably counteract
mitochondrial compromise, but this makes the assumption that
cell metabolism is plastic and can respond rapidly and efficiently
to altered energy demands and changing substrate supplies.
In the present study, cells are maintained with pyruvate and
glutamine, both of which are predominantly metabolized via
mitochondria-based pathways. When mitochondria are made
dysfunctional with azide, cells will die unless aerobic glycolysis
can be alternatively promoted; the addition of glucose offers that
possibility, but relies on the metabolic flexibility of the cells.
Since aerobic glycolysis contributes to photoreceptor metabolism
in situ (Chinchore et al., 2017), it is unsurprising that cones can
respond to mitochondrial disturbance in vitro.

The protective effect of glucose against induced oxidative
stress is highly unlikely to be mediated through a direct
antioxidative action. Instead, glucose is able to counteract
excessive oxidative stress by activation of the pentose phosphate
pathway, which produces NADPH to maintain cellular
glutathione levels (Ben-Yoseph et al., 1996). Glutathione
is the major intracellular antioxidant and maintenance of
its active reduced state occurs via the enzyme glutathione
reductase. Expression of this enzyme has been demonstrated
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FIGURE 12 | Effect of creatine supplementation on cone survival. (A–P) Photomicrographs of wholemount Rd1 retinas analyzed at postnatal day (P) 60
immunolabeled for S-opsin and M/L-opsin. Representative images from mice fed a creatine-enriched diet (A–D,I–L) or a normal diet (E–H,M–P) are shown. S-P,
superior-peripheral retina; S-C, superior-central retina; I-C, inferior-central retina; I-P, inferior-peripheral retina. Scale bar 100 µm. (Q–S) Quantification of
S-opsin-labeled cones and M/L-opsin-labeled cones in retinal wholemounts from Rd1 mice fed a creatine-enriched diet or a standard diet. Data are shown for the
whole retina (Q), subdivided into central (R), and peripheral (S) regions. Values, shown as % of control diet, represent mean ± SEM, where n = 18–21. ∗P < 0.05,
∗∗P < 0.01 by Student’s unpaired t-test (creatine vs. control eyes).
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in photoreceptors in situ (Fujii et al., 2001). This, then, is a key
action of glucose: maintaining control over oxidative attack via
stimulation of additional or alternate metabolic pathways.

Healthy photoreceptors display a high rate of aerobic
glycolysis (Chinchore et al., 2017). Accordingly, they express
a specific complement of glycolytic isoenzymes, including
hexokinase II, pyruvate kinase M2, and LDH-V, which are
concentrated in their inner segments (Casson et al., 2016;
Petit et al., 2018). The importance of hexokinase II for cone
homeostasis has recently been established in a study by Petit
et al. (2018), who showed that deletion of HK2 has minimal
impact upon cone viability in normal conditions, but, that
HK2 confers a survival advantage in cones under conditions
of metabolic stress. Since loss of cone segments is an early
pathological event in RP, we investigated whether surviving cones
in the Rd1 retina continue to express genes vital for aerobic
glycolysis. The data showed that, at all ages analyzed, cone
somas in the Rd1 retina expressed hexokinase II and LDH-
A (as well as PKM2 and neuron-specific enolase). The robust
labeling of hexokinase II and LDH-A in surviving cones testifies
to the fact that the biochemical machinery required for aerobic
glycolysis persists despite the irrevocable disruption to their
normal cellular architecture. Boosting energy supplies should
allow cones to survive for longer and may even facilitate the
process of segment regeneration, in an analogous manner to that
observed in experimental retinal detachment following oxygen
supplementation (Mervin et al., 1999).

The lack of protective effect of local glucose delivery in Rd1
mice may be due to a number of factors. The first issue to
consider is how much additional glucose is available for uptake
by cones. Subconjunctival injection is considerably less invasive
than intravitreal or subretinal injections, permitting daily
administration, and resulting in higher bioavailability than other
periocular injection sites; however, retinal bioavailability is lower
than intravitreal injection owing to the various barriers between
the sites of administration and the target (Del Amo et al., 2017).
In previous work, we showed that subconjunctival injection of
glucose elevated the vitreal glucose level and protected retinal
ganglion cells from ischemia-reperfusion (Shibeeb et al., 2016),
while in the present study, a single subconjunctival injection
of glucose resulted in >threefold elevation of the vitreous
glucose concentration. These data suggest that subconjunctivally
administered glucose likely reaches the photoreceptor layer;
however, it should be recognized that our earlier study featured
target neurons that reside closest to the vitreous humor, as
well as an acute, rather than chronic, model of injury. In the
Rd1 mouse, inner retinal neurons and glia would be exposed
to the glucose before it reaches the cones, reducing the total
amount delivered. To shed some light on this question, we
analyzed tissue sections of retina from wild type mouse eyes
that had undergone a subconjunctival injection of 2-NDBG, a
stable, fluorescent glucose derivative used for monitoring glucose
uptake into living cells. The data showed 2-NBDG fluorescence
within photoreceptor inner and outer segments, confirming
that at least some glucose reaches the photoreceptor layer after
subconjunctival injection. The pattern of 2-NBDG fluorescence
was similar to that reported after oral administration of the drug

in mice (Kanow et al., 2017). While these qualitative data verify
that glucose reaches cones after subconjunctival injection, they
do not reveal the concentration.

A second issue relates to timing. Whilst there was a substantial
increase in vitreal glucose after 1 h, the concentration decreased
quite rapidly thereafter. In a chronic model of degeneration,
controlled, slow release of drug is advantageous to ensure
continued bioavailability. In contrast to the subconjunctival
route, subretinal injection delivers glucose directly to cones, and
excitingly this methodology has been shown to cause a short-
term improvement in cone function as well as outer segment
synthesis when tested in the early stages of cone pathology in
the P23H porcine model of RP (Wang et al., 2016). Subretinal
injection is, however, technically challenging and only suited
to one-off applications such as delivery of genes or stem cells
(Del Amo et al., 2017).

An additional explanation for the lack of efficacy of glucose
on cone survival relates to reduced uptake of glucose into cones.
Extracellular glucose is believed to enter cones primarily via
GLUT1, although other uptake mechanisms may exist since
GLUT1 expression in cones appears to be very modest given the
extraordinarily high metabolic activity of these cells (Gospe et al.,
2010; Ait-Ali et al., 2015; Swarup et al., 2019). The activity of
GLUT1 is stimulated by a soluble factor released from rods (Ait-
Ali et al., 2015). In rd1 mice, rod death will result in less efficient
uptake of glucose into cones and reduced aerobic glycolysis. In
response, cones compensate by increasing synthesis of GLUT1
in a bid to increase intracellular glucose (Punzo et al., 2009;
Venkatesh et al., 2015). Thus, although more glucose may be
available for uptake after local delivery of glucose, this may not
translate to a higher intracellular concentration. Therapies that
target GLUT1 or its binding partner BSG-1 may need to be
employed (Ait-Ali et al., 2015). A final point worth making is
that, in our study, glucose supplementation began at P14 when
rod photoreceptors would still be present. It is possible that any
effects of glucose on cones were influenced by the presence of
rods. Glucose may conceivably have influenced the time course of
rod degeneration, but since retinas were not analyzed until P60,
this data is not available.

The finding that saline injections had a small beneficial
effect on visual function and cone survival was not entirely
unexpected. It has been proven that saline or dry needle injections
into the subretinal space provide a modest, but significant,
boost to photoreceptor survival in inherited or induced models
of degeneration via a mechanism of action hypothesized to
involve the release of survival factors (Faktorovich et al., 1990,
1992; Silverman and Hughes, 1990). It is likely that repeated
subconjunctival injections elicited an analogous response.

Creatine Supplementation for Cone
Survival
Creatine supplementation has been shown to be support
neuronal survival in a variety of animal models of
neurodegenerative disease, including Alzheimer’s disease
(Brewer and Wallimann, 2000), Parkinson’s disease (Matthews
et al., 1999), amyotrophic lateral sclerosis (Klivenyi et al., 1999),
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and Huntington’s disease (Matthews et al., 1998; Ferrante
et al., 2000; Andreassen et al., 2001). In the present study,
creatine supplementation protected cones against mitochondrial
compromise in vitro, and, improved visual function and cone
survival in rd1 mice.

The first important finding was that surviving cone
photoreceptors in rd1 mice continue to express creatine kinase.
Despite the loss of their mitochondrial-rich inner segments,
cone somas and axonal terminals in the rd1 retina were strongly
positive for both the mitochondrial and cytosolic forms of
creatine kinase at each time point examined. The data reveal
that the fundamental enzymes of the creatine-phosphocreatine
system are preserved in surviving cones of the rd1 retina and
attest to the logic of the neuroprotective strategy.

The cone protection afforded by creatine has several possible
mechanisms. Exogenous creatine supplementation has been
shown to increase the total intracellular phosphocreatine level
(Beal, 2011). Phosphocreatine provides energy to photoreceptor
outer segments for phototransduction and to synaptic terminals
for neurotransmission (Linton et al., 2010; Hurley et al., 2015).
Hence, creatine-induced cone preservation may simply result
from increasing the available phosphocreatine pool, thereby
supporting overall cellular energy production. Secondly, and
relatedly, mitochondrial creatine kinase is tightly coupled to
ATP synthesis, respiratory chain activity and ATP export. This
coupling improves the efficiency of oxidative phosphorylation,
and the transport and utilization of intracellular energy. Creatine
supplementation is believed to enhance these functions through
the action of creatine kinase (see Wallimann et al., 2011). In
the culture experiments outlined in the present study, creatine
was clearly protective against cone loss induced by mitochondrial
inhibition; this action could be explained by either of the
above mechanisms. Thirdly, numerous studies have shown that
exogenous creatine is highly effective at reducing cellular damage
caused by oxidative stress (see Wallimann et al., 2011). This
has been largely explained by the fact that creatine kinase
stabilizes mitochondrial membranes, reducing the release of
reactive oxygen species, although creatine is also a weak free
radical scavenger itself and has been shown to protect against
oxidative stress directly (Lawler et al., 2002). In the present
study, however, creatine was not able to protect cones in culture
from the effects of the tbH, thus dismissing the possibility of
it having a direct antioxidant mode of action in vitro. This
does not discount the possibility that creatine can act in an
indirect antioxidant capacity in situ, however, via a reduction
in mitochondrial release of free radicals. If this were the case,
then this is highly relevant to RP since an increasing body of
evidence implicates oxidative stress in the pathogenesis of cone
degeneration in the disease (Shen et al., 2005; Komeima et al.,
2006, 2007; Usui et al., 2009; Lee et al., 2011; Campochiaro
et al., 2015). Finally, creatine displays anti-apoptotic properties,
by virtue of inhibiting opening of the mitochondrial permeability
transition pore, and induction of differential expression of pro-
survival transcription factors and cell signaling pathways (see
Wallimann et al., 2011). Further investigation is needed to
definitively establish the precise mechanisms by which creatine
enhances cone survival in the rd1 mouse.

The major limitation of the present study is the early onset,
and fast progression, of cone degeneration in the rd1 model
of RP. Creatine supplementation was initiated at the time of
weaning, P21. By this age, however, all rod constituents and
the majority of cone outer segments had degenerated. rd1 mice
do not produce a recordable electroretinogram for many days
beyond P21 (Farber et al., 1994). The improvement observed
in the optokinetic response in creatine-fed mice suggests that
clinically useful visual function might be preserved even when
cone degeneration has progressed to a late stage. Nevertheless,
the use of a slower progressing model of degeneration, such as
the rd10 strain, would permit more expansive evaluation of cone
structure and function, including quantification of the rate of
cone segment loss, and measurement of the electroretinogram
(Wang et al., 2014).

The results of randomized clinical trials with oral creatine
supplementation for neurodegenerative diseases have largely
been disheartening to date. A number of clinical trials
investigating the efficacy of creatine in Parkinson’s disease all
failed to meet primary end points, despite some evidence of
improvements in secondary outcomes (Bender and Klopstock,
2016). Likewise, clinical outcomes in trials of creatine in
Huntingdon’s disease and Amyotrophic lateral sclerosis have also
been disappointing (Bender and Klopstock, 2016). Nevertheless,
there are convincing reasons for further investigation of
creatine in RP: firstly, creatine kinase is extremely abundant
in mammalian photoreceptors and appears to play a pivotal
role in vision (Linton et al., 2010); secondly, RP can be
diagnosed prior to secondary cone degeneration. From the
credible results of preclinical studies, it has been argued
that prophylactic treatment with creatine to prevent neuronal
degeneration is far more effective than treatment at later disease
stages; thirdly, there are no current therapies for RP and
any improvements in visual quality would be beneficial for
individuals; fourthly, the safety and ease of delivery of creatine
supplementation has been established and is clinically appealing,
although it must be recognized that adverse effects such as
gastrointestinal complaints, muscle cramps and an increase in
body weight have been reported to occur occasionally after
creatine supplementation (Andres et al., 2017). The development
of a targeted ocular delivery system, which bypasses the systemic
circulation, would potentially provide a safe, long-term route of
administration of even higher doses of creatine, which has shown
promise in individuals with premanifest Huntingdon’s disease
(Rosas et al., 2014).
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Tvrm4 mice, a model of autosomal dominant retinitis pigmentosa (RP), carry a mutation
of Rhodopsin gene that can be activated by brief exposure to very intense light.
Here, we test the possibility of an anatomical, metabolic, and functional recovery
by delivering to degenerating Tvrm4 animals, Myriocin, an inhibitor of ceramide de
novo synthesis previously shown to effectively slow down retinal degeneration in
rd10 mutants (Strettoi et al., 2010; Piano et al., 2013). Different routes and durations
of Myriocin administration were attempted by using either single intravitreal (i.v.) or
long-term, repeated intraperitoneal (i.p.) injections. The retinal function of treated and
control animals was tested by ERG recordings. Retinas from ERG-recorded animals
were studied histologically to reveal the extent of photoreceptor death. A correlation
was observed between Myriocin administration, lowering of retinal ceramides, and
preservation of ERG responses in i.v. injected cases. Noticeably, the i.p. treatment
with Myriocin decreased the extension of the retinal-degenerating area, preserved the
ERG response, and correlated with decreased levels of biochemical indicators of retinal
oxidative damage. The results obtained in this study confirm the efficacy of Myriocin
in slowing down retinal degeneration in genetic models of RP independently of the
underlying mutation responsible for the disease, likely targeting ceramide-dependent,
downstream pathways. Alleviation of retinal oxidative stress upon Myriocin treatment
suggests that this molecule, or yet unidentified metabolites, act on cellular detoxification
systems supporting cell survival. Altogether, the pharmacological approach chosen here
meets the necessary pre-requisites for translation into human therapy to slow down RP.

Keywords: retinitis pigmentosa, photoreceptor rescue, oxidative stress, Myriocin, mutation-independent
approach

INTRODUCTION

Recently, several experimental approaches have been proposed, aimed at recovering vision or
preventing vision loss caused by retinal degeneration. Photoreceptor degeneration may be initiated
by hundreds of different genetic mutations (RetNet, Retinal Information Network)1 and visually
impaired patients have reached an estimated number of over 20 million worldwide. Among

1http://www.sph.uth.tmc.edu/RetNet/
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these, individuals with retinitis pigmentosa (RP) develop a typical
phenotype characterized by rod degeneration with initial night
blindness and loss of peripheral vision. Subsequently, cones also
undergo degeneration, jeopardizing daytime vision and visual
acuity, eventually leading to legal blindness. RP is a family of
disorders typically caused by a single mutation in any of the
numerous genes, approximately 70 of which have been identified
so far. Thus, defining RP as a highly genetic heterogeneous
disease is justified by a large number of underlying mutations,
the different functions of the mutated genes, and the variable
mode of inheritance (Wright et al., 2010). About 40% of RP
cases show autosomal dominant inheritance and 25–30% of these
are attributable to mutations in RHO, the gene that codes for
rhodopsin, the photosensitive protein of rod photoreceptors.

A biochemical classification introduced in the 1990s (Sung
et al., 1991; Sung et al., 1993) identifies two classes of mutations
(I and II) on RHO. Class I mutations occur mainly near the
C-terminal of the protein, which still retains the ability to
bind to 11-cis-retinal and to form a functional chromophore
but cannot be adequately transported to the outer segment
and shows a constitutive activation or an increase in the
transducin activation (Mendez et al., 2003). The most common
class II mutations occur in the transmembrane or cytoplasmic
domains of the protein, resulting in incorrect rhodopsin folding,
retention in the endoplasmic reticulum, and inability to bind
to 11-cis-retinal. Dominant (or dominant-negative) mutations
are typically associated with a gain of function of the mutant
protein, as observed in the highly studied, highly representative,
P23H mutation, which causes retention of rhodopsin at the
endoplasmic reticulum (ER) level. The consequent unfolded
protein response (UPR) induction and proteosomal inhibition
leads to aggregation of high-molecular-weight oligomers, which
in turn form toxic intracellular inclusions (Lin et al., 2007;
Mendes and Cheetham, 2008; Athanasiou et al., 2018). P23H
and similar mutants are not easily approachable through gene
therapy, because they require simultaneous suppression of native
gene expression and supplementation with a wild-type (wt)
version of the gene (MacLaren et al., 2016). Other forms of
mutated rhodopsin (T4K, T4N, and T17M) show a lack of
glycosylation of the residue N15, which leads to light-dependent
retinal degeneration (Tam and Moritz, 2009).

The Tvrm4 mouse is an animal model particularly useful
to study RHO mutations and the complex link between
primary genetic defect and phenotype manifestation in order
to develop appropriate approaches for preserving vision in
humans with identical or similar genetic defects. The Tvrm4
strain constitutes an autosomal dominant RP model in which
a missense mutation of RHO gene modifies the amino acid
307, isoleucine (ATC), in asparagine (AAC) (Budzynski et al.,
2010). Peculiar characteristics of Tvrm4 mice are that they
do not express the retinal pathological phenotype and exhibit
normal rhodopsin levels if grown in normal housing conditions.
However, these mice undergo RP-type retinal degeneration
when exposed briefly (between 1 and 5 min) to strong white
light (12,000 lux), however harmless to wt controls. The
mutation leads to constitutively active mutated opsin (with
prolonged dark adaptation times) and exposure to light causes

an increase in the production of retinoid metabolites and
intermediates of the phototransduction cascade, as well as an
increase in mutant-free opsin levels that triggers processes
leading to photoreceptor death (Budzynski et al., 2010). Light
exposure for 1 to 5 min induces a massive photoreceptor
death after 24 h; degeneration is mainly limited to the center
of the retina while the peripheral area is less affected (effect
probably due to the geometry of the eye) (Gargini et al.,
2017). The peculiar features of Tvrm4 mutants, including
the possibility of inducing retinal degeneration once neuronal
development is completed, make them particularly useful for
the study of autosomal dominant RP and retinal remodeling
(Stefanov et al., 2019).

Using a widely exploited model of autosomal recessive RP, the
rd10 mouse mutant of phosphodiesterase (Chang et al., 2002;
Gargini et al., 2007), we have previously shown that long-term
topical administration of Myriocin, an inhibitor of the enzyme
serine-palmitoyl-CoA transferase involved in the first step of
sphingolipids (i.e., ceramides) synthesis, is effective in slowing
down the progression of the disease (Strettoi et al., 2010; Piano
et al., 2013).

The involvement of sphingolipid metabolism, and in
particular ceramide, in RP was first hypothesized in 2004.
Tuson and collaborators showed that mutations of the ceramide
kinase-like gene (CERKL) were associated with an autosomal
recessive RP model (RP26) (Tuson et al., 2004); the role of
CERKL in the retinal metabolism of sphingolipids was confirmed
later (Garanto et al., 2013).

It is the purpose of the present study to show that Myriocin
can be effective in more than one form of RP. To this aim, we
administered Myriocin using two distinct protocols (local and
systemic administration) immediately after light-induced retinal
degeneration in Tvrm4 mice.

The results show that Myriocin is effective in slowing
down retinal degeneration in this (fairly aggressive)
model of autosomal dominant RP. Surprisingly, Myriocin,
administered intraperitoneally for five consecutive days lowers
apoptotic processes and increases the anti-oxidant defenses of
the retinal cells.

MATERIALS AND METHODS

Animals
Animals were treated in accordance with Italian and European
institutional guidelines, following experimental protocols
approved by the Italian Ministry of Health (Protocol #14/D-
2014, CNR Neuroscience Institute; Protocol #653/2017-PR,
Department of Pharmacy, University of Pisa) and by the Ethical
Committees of both Institutions. Protocols adhere to the
Association for Research in Vision and Ophthalmology (ARVO)
statement for the use of animals in research.

Heterozygous (±) Tvrm4 mice (RhoTvrm4/Rho+, from now
on “Tvrm4 mice”) with a I307N (near C-terminus) mutation
of the rhodopsin gene (Rho) mice were used for this study
(Budzynski et al., 2010). Tvrm4 mutants are on a C57Bl6/J
background and exhibit no retinal phenotype unless exposed
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to bright light stimuli. Genotyping was performed following
Budzynski et al. (2010) and Jackson Laboratory’s indications and
only heterozygous mice were used for the experiments.

Induction of Retinal Degenerating
Phenotype and Pharmacological
Treatment
In this study we used young, adult mice aged 2–5 months,
thus outside the time window of full retinal development
(completed at around 30 days of age) and much younger
than the manifestation of cellular aging (12 months). The age
range chosen was already used in previous studies on Tvrm4
mutants, demonstrating that the light-induced damage is not
influenced by the age of the animal (Budzynski et al., 2010;
Gargini et al., 2017). Tvrm4 mice were dark adapted for 4 h
and then given 1-µl eye drops of 0.5% atropine (Allergan);
after 10 min, mice were placed in a black box and exposed
to light pulses of 12,000 lux having durations of 2 min (for
details, see Gargini et al., 2017). After light induction, the
animals were assigned to one of the following experimental
protocols:

Protocol I: Acute Administration of Myriocin by
Intravitreal Injection (i.v.)
Mice were anesthetized with i.p. Avertin (0.5 g/mL 2,2,2-
tribromoethanol in ter-amylic alcohol; 20 µl/g body weight).
Using a surgical microscope, 1 µl of a 1.88 or 10 mM solution
of Myriocin in DMSO was injected into the right vitreous
body using a 30-gauge (0.3 × 8 mm) metal needle connected
by a plastic tube to a 10-µl glass Hamilton syringe driven
by an oil microinjector. The 7-fold dilution, considering the
vitreous volume, leads to putative concentration of Myriocin
of 0.27 and 1.43 mM, respectively. Left eyes were injected
with an equal volume of DMSO. After 24 h, the retinas
were isolated from animals under deep anesthesia. Retinas
from n = 3 mice were fixed in 4% paraformaldehyde (PFA),
rinsed in phosphate buffer (PB) 0.1 M, pH 7.4, and stained
with ethidium homodimer to reveal cell nuclei. The outer
nuclear layer (ONL) was imaged at a Leica TCS-SL confocal
microscope using a 568 laser; 12 fields (250 µm × 250 µm)
regularly distributed along the retinal surface were imaged and
subsequently used to count the nuclei of pycnotic photoreceptors,
corresponding to degenerating cells with highly condensed
DNA. This method was used as in previous studies (Strettoi
et al., 2010, PNAS) as it allows estimating the direct reduction
effect of Myriocin on the rate of apoptotic cell death of
photoreceptors. The average density of pycnotic cells per retina
was calculated and the global average value was established
for each experimental group (i.e., Myriocin and corresponding
controls). Data were compared statistically using Sigmastat
Software. Left and right retinas of n = 16 additional mice, injected
with 10 mM Myriocin as above, were quickly isolated in cold
ACSF and analyzed by HPCL-MS (n = 8 mice) and Western
blot (WB) assay (n = 3) as described below. Animals were
killed by cervical dislocation or anesthetic overdose immediately
after eye removal.

Protocol II: Sub-Chronic Administration of Myriocin
by Intraperitoneal Injection (i.p.)
Immediately after light induction, the animals were further
subdivided randomly into two groups, a treatment group that
received 1 mg/kg/day of Myriocin and a control group that
received the vehicle (DMSO). In both cases, the animals were
treated for 5 days and, at the end, used for functional analysis
(ERG), biochemistry (WB), and immunohistochemistry. At the
end of the experimental protocol, the animals were examined
to exclude major adverse effects of the treatment (such as the
presence of cataract, body weight loss, shaggy fur, or altered
sensitivity to anesthesia).

Electroretinogram (ERG) Recordings
Animals were anesthetized with 20% Urethane (Sigma Aldrich,
Milan, Italy), used at a concentration of 0.1 ml/10 g body weight.
ERGs were recorded from dark-adapted mice using coiled gold
electrodes making contact with the cornea moisturized by a thin
layer of gel. Pupils were fully dilated by the application of a
drop of 1% atropine (Farmigea, Pisa, Italy). Light stimulation and
data analysis were as previously described in detail (Piano et al.,
2016). Scotopic ERG recordings were average responses (n = 5)
to flashes of increasing intensity (1.7 × 10−5 to 377 cd∗s/m2,
0.6 log units steps) presented with an inter-stimulus interval
ranging from 20 s for dim flashes to 1 min for the brightest
flashes. Isolated cone (photopic) components were obtained by
superimposing the test flashes (0.016 to 377 cd∗s/m2) on a steady
background of saturating intensity for rods (30 cd/m2), after at
least 15 min from background onset. The amplitude of the a-wave
was measured at 7 ms after the onset of the light stimulus and the
b-wave was measured from the peak of the a-wave to the peak of
the b-wave.

The leading edge of the a-wave was fitted to the model of
the activation phase of the rod G-protein transduction cascade
(Lamb and Pugh, 1992) according to the following equation:

F(t) = exp[−1/28A(t − teff )2
] (1)

where F(t) is the fraction of the circulating current normalized
to its dark value, A is the amplification factor with the units
of s−2/8, expressed in terms of the gain parameters of the
cascade stages, and teff is inclusive of any delay contained
in both the response and the instrumentation. Further details
for the application in the RP animal model are given in
Gargini et al. (2007).

Oscillatory potentials (OPs) were also measured in both
scotopic and photopic conditions. OPs were extracted digitally
by using a fifth-order Butterworth filter as previously described
(Hancock and Kraft, 2004; Lei et al., 2006). The peak amplitude
of each OP (OP1–OP4) was measured. The ERG data for each
condition of light induction were collected from at least six
different animals.

Western Blot
Retinas from Tvrm4 mice were lysed in modified RIPA buffer as
described before (Piano et al., 2019) and protein was quantified
with the Bradford assay (Bio-Rad). For each experiment
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performed, three different samples (each one composed of both
retinas mixed together) for each experimental group were loaded
on the gel, each from an animal previously used for ERG
recordings. Proteins (25 µg) were separated onto a pre-cast
4–20% polyacrylamide gel (Mini-PROTEAN R© TGX gel, BioRad)
and transferred to PVDF membranes (Trans-Blot R© TurboTM

PVDF Transfer packs, Bio-Rad). Membranes were blocked with
5% of non-fat dry milk (Bio-Rad) diluted in Tris-buffered saline
(TBS, 20 mM Tris–HCl, pH 7.5, 150 mM NaCl) with 0.1%
Tween 20. Primary antibodies against rhodopsin (cod. R5403,
antibody concentration: ∼1 mg/ml, working dilution1:1000,
Sigma Aldrich), cone-opsin blue and cone-opsin red/green
incubated altogether (cod. AB5407 and AB5405, respectively
antibodies concentration 1 mg/ml, working dilution 1:500,
Millipore), caspase-3 (cod. sc-7272, antibody concentration:
200 µg/ml, working dilution 1:100, Santa Cruz Biotechnology),
and Sod1 (cod. SAB5200083, antibody concentration 1 mg/ml,
working dilution 1:500, Sigma Aldrich) were incubated overnight
at 4◦C. After performing three washings for 10 min each in T-TBS
(TBS buffer with 0.1% of Tween-20), membranes were incubated
with secondary antibodies (anti-mouse or anti-rabbit HRP
conjugated, cod. AP308P or AP147P, respectively, antibodies
concentration 1 mg/ml, working dilution 1:5000; Sigma Aldrich)
for 2 h at room temperature. The immunoblot signal was
visualized by using an enhanced chemiluminescence substrate
detection system (LuminataTM Forte Western HRP Substrate,
Millipore). The chemiluminescent images were acquired by
Chemidoc XRS+ (Bio-Rad). Densitometry was undertaken using
Bio-Rad ImageLab software.

Each protein of interest for the study was normalized for total
protein content by using the Stain Free Technology (Bio-Rad)
(Gürtler et al., 2013). To optimize the number of animals and
the use of samples obtained, in some cases different proteins were
analyzed on the same membrane following a stripping procedure
preceded by three washings (10 min each) in glycine buffer, pH 2,
followed by three washings in T-TBS and blocking in 5% of non-
fat dry milk. The incubation of primary and secondary antibodies
was performed with the same protocol described above.

Tissue Preparation, Histology, and
Immunocytochemistry (IHC)
For retinal histological studies, mice were deeply anesthetized
with intraperitoneal injections of 0.1 ml/5 g body weight Avertin
as described above, their eyes quickly enucleated, and the animals
killed by cervical dislocation. Eyes were labeled on the dorsal
pole, the anterior segments were removed to obtain eye cups
and fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer, (PB), pH 7.4, for 30 min or 1 h, at room temperature.
Eye cups were washed extensively in PB, infiltrated in 30%
sucrose in PB at 4◦C, frozen in Tissue-Tek O.C.T. compound
(4583, Sakura Olympus, Italy) using cold isopentane and stored
at −80◦C until use. The eyes were used to prepare retinal
whole mounts, in which the retina was separated from the
pigment epithelium and flattened by making four radial cuts
toward the head of the optic nerve, maintaining a reference
on the dorsal pole. Areas of maximum photoreceptor loss

were imaged on retinal whole mounts stained with 0.2 mM
ethidium homodimer (Strettoi et al., 2010) and mounted with the
photoreceptor side facing the coverslip. IHC on whole mounts
was performed following Barone et al. (2012), by incubation in
(a) block solution with 0.3% Triton X-100, 5% goat serum in
0.01 M phosphate buffer saline (PBS); (b) anti cone-arrestin (cod.
AB15282, 1 mg/ml; working dilution 1:1000) primary antibody,
overnight at 4◦C; and (c) anti-rabbit 568-conjugated secondary
antibody (cod. SAB4600310, 2 mg/ml, working dilution 1:5000).
After rinsing in PBS, specimens were mounted in Vectashield
(H-1000; Vector Laboratories, Burlingame, CA, United States)
and coverslipped.

Ethidium-stained retinal whole mounts were examined with
a Leica TCS SL confocal microscope equipped with a 568-
nm laser using a 40×/1.25 oil objective. ONL series (n = 10
images along the z axis, encompassing the outermost 10 µm)
and having a size of 250 × 250 µm were acquired for each
retinal samples along the dorsoventral and peripheral axis (n = 12
fields/retina), using identical acquisition parameters for treated
and control samples. Pycnotic profiles (corresponding to actively
dying photoreceptors) were counted on projection images of
each confocal series using the manual object counting tool of
Metamorph. Counts were averaged and statistically compared
using SigmaStat software.

Low-magnification images of retinal whole mount for cone-
arrestin preparations were obtained with the Nikon Ni-E
microscope using CFI plan fluor 10×/0.3 NA objective, with
16 mm working distance; images were tiled with Nis “Tiles
and Positions” software to reconstruct the entire retinal surface.
Areas of maximum photoreceptor loss were measured on full
retinal montages saved as tiff files and transferred to an ImageJ
analyzer. Images were homogeneously thresholded for brightness
and the darkest, central region surrounding the optic nerve
head (ONH) was automatically tracked and measured. This
method was chosen as, at advanced stages of degeneration, cone-
arrestin staining highlights clearly the dark, central area devoid
of cones, allowing a quick and reproducible measurement of
the extension of this zone in treated and control cases. This
zone coincides with the central part of the retina where pycnotic
(dying) photoreceptors are visible at early stages.

Ceramide Content
The third group of retinas from light-induced Tvrm4 mice,
injected intravitreally with 10 mM Myriocin, as described in
protocol 1, was used for paired ERG recordings and biochemical
assessment of retinal ceramides. Freshly isolated retinas were
rinsed in ACSF, placed in Eppendorf tubes and weighed on an
analytical balance. The entire procedure took less than 2 min;
samples were then snap frozen on dry ice stored at −80◦C until
use. Animals were killed by cervical dislocation immediately
after eye removal.

The analysis and the extraction procedure from the retina
sample for the determination of sphingolipids were carried out
as already described (Platania et al., 2019). Briefly, retinas were
homogenized in the TissueLyser (Qiagen, Hilden, Germany) and
then aliquoted for the extraction of sphingolipids. Sphingolipids
were extracted using a mixture of water/methanol/chloroform
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(1:6:3, v/v/v). The analytical system consisted of a UPLC
Dionex 3000 UltiMate (Thermo Fisher Scientific, United States)
connected to an ABSciex 3200 QTRAP with electrospray
ionization TurboIonSprayTM source (AB Sciex S.r.l., Milan,
Italy). Quantitative sphingolipid determination was performed
by multiple reaction monitoring (MRM) using as internal
standard C12 ceramide. The separation was carried out
on a reversed-phase BEH C-8 10 × 2.1 mm, 1.7 µm
particle size (Waters, Milford, MA, United States) by mixing
eluent A (water + 2 mM ammonium formate + 0.2%
formic acid) and eluent B (methanol + 1 mM ammonium
formate+ 0.2% formic acid).

Statistical Analysis
Statistical comparisons for ERG and WB analysis were performed
with analysis of variance (ANOVA) one- or two-way test followed
by Bonferroni-corrected t test using Origin Lab 8.0 software
(Microcal, Northampton, MA, United States).

RESULTS

Two studies previously published by the authors (Strettoi et al.,
2010; Piano et al., 2013) showed that ocular administration of
Myriocin, through instillation of nanosphere-based eye drops,
was effective in slowing down the primary degeneration of rods
as well as the degeneration of cones in rd10 mutants, mimicking
typical, autosomal recessive RP. Current literature correlates the
mechanism of action of Myriocin to the reduction of long-chain
ceramides, mediated by the inhibition of the de novo synthesis of
these important bioactive sphingolipids (Sanvicens and Cotter,
2006; German et al., 2006; Ranty et al., 2009; Kurek et al., 2017).

To verify whether this therapeutic approach can be considered
mutation-independent, we administered Myriocin to the Tvrm4
mouse, which carries a different pathogenic mutation, with a
different transmission modality compared to the rd10 mutant.

Pilot experiments were done following the protocol previously
used on rd10 mutants and based on a single intraocular
administration of Myriocin, as this route was proven by us
to produce readily-measurable retinal effects. Two-month aged
animals were exposed to a strong white light for 2 min to
trigger retinal degeneration; after 24 h, Myriocin was injected
in the vitreous body of the right eye. The left eye, injected
with vehicle, served as control. Figure 1 illustrates whole-
mount retinas stained with ethidium and imaged at the
ONL (Figures 1A,B): the dark areas are zones of decreased
fluorescence corresponding to thinning of the ONL and of lost
missing photoreceptors. The extension of degenerated zones
(circled in green) is visibly reduced in the retina treated with
Myriocin with respect to the control side. Coherently, the
number of pycnotic profiles (corresponding to condensed nuclei
of actively dying photoreceptors) illustrated in Figures 1C,D is
lower in retinas treated with Myriocin than in controls. The bar
graph in Figure 1E shows an average decrement of over 1/3
dying photoreceptors in the retina of Myriocin-injected mice. As
for the rd10 mutants used in the previous study (Strettoi et al.,
2010), also in acutely treated Tvrm4 animals, the retinal function
was tested by recording the ERG response. The experimental
group shows a collective trend toward a higher conservation
of the amplitude of the scotopic b-wave in Myriocin-injected
mice, however, the difference with controls reaches statistical
significance (Figure 1F).

To increase the chances of retinal rescue, we tested the
effects of a single intraocular injection of 10 mM Myriocin
by measuring in the same mice both retinal function by
ERG recordings and total ceramide levels assessed by HPL-
MS. Figures 2A,B illustrate the sensitivity curve of scotopic
and photopic ERG, respectively, recorded from animals in
which the right eye was injected with 10 mM Myriocin (red
dots) and the left eye with vehicle (black dots); Figure 2C
shows retinal ceramide levels measured in the same animals.
Effective recovery of a retinal function cannot be demonstrated

FIGURE 1 | Myriocin intravitreal injections in Tvrm4 mice. (A,B) Montages of images of whole-mount retinas stained with ethidium nuclear dye (red fluorescence).
The focal plane is on the outer nuclear layer (ONL). Darker zones (green-encircled) indicate areas where photoreceptors have degenerated and their nuclei are
missing. Larger degenerating zones are labeled with larger asterisks (*). The Myriocin-injected side shows dark zones that are visibly smaller (labeled with smaller
asterisks) and less numerous compared to the control. (C,D) High magnification of the ONL of retinal whole mounts as those shown in A and B. Bright red nuclei
belong to photoreceptors that entered in a stage of DNA condensation (pyknotic nuclei), visibly less numerous in the Myriocin-injected compared to the control eye.
Imaged fields have consistent eccentricity and have been acquired with identical confocal microscope settings. (E) In the underlying bar graph, the average number
of pyknotic nuclei is compared in retinas treated with Myriocin (red bars) and retinas treated with vehicle (black bars). Measurements are from three different mice
(n = 3). (F) Sensitivity curve of the scotopic b-wave amplitude in Myriocin-treated (red squares) and vehicle-treated eyes (black circles) (n = 3). Bar values represent
mean ± SEM.
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(mainly due to the high variability encountered). Yet, an inverse
correlation between the preservation of retinal light-responses
and retinal ceramide content is observable (Figure 2D), albeit
the finding does not reach statistical significance. The analysis
of individual animals shows that when the amplitude of the
ERG response in the eye treated with Myriocin is higher
than in the eye injected with DMSO, ceramide levels are
lower in Myriocin-treated eye than in the vehicle-treated
one (sample no. 5). On the other hand, sample no. 9,
in which the treatment was not effective, shows that the
amplitude of the ERG is lower in the eye with higher
ceramide levels. These data, showing a high individual variability,
nevertheless indicate a direct correlation of retinal ceramide
levels and degeneration and death of photoreceptors in Tvrm4
mutants (Figure 2D).

To test the possible therapeutic efficacy of Myriocin on a
longer time scale, and considering (a) the impossibility to use
repeated ocular administrations in mice and (b) the relatively
quick rate of central retinal degeneration in Tvrm4 mutants

(Gargini et al., 2017), we delivered Myriocin by intraperitoneal
(i.p.) injections at the dose of 1 mg/kg/day for 5 days. The dose,
route, and protocol of administration were based on existing
literature (Glaros et al., 2007; Glaros et al., 2010; Lee et al., 2012).

The results obtained by recording the ERG in Tvrm4 animals
exposed to light and treated via i.p. with Myriocin or vehicle,
for 5 days, are shown in Figure 3. The bar graph shown in
A compares the amplitude of the scotopic b-wave obtained
from Tvrm4 animals where the degeneration was not induced
(green bar—healthy control) with the two groups of animals
exposed to light (pathological phenotype) treated with the
vehicle (black bar) and with Myriocin (red bar). Figures A–C
show that the treatment with Myriocin is effective in reducing
retinal damage compared to animals treated with the vehicle
alone, although photoreceptor preservation is not complete (Ctr
vs. DMSO p = 0.0008; Ctr vs. Myr p = 0.006). Figure 3B
shows that the amplitude of the b-wave is significantly larger
(p = 0.02112; p = 0.02744; p = 0.01, respectively) in the group
of animals treated with Myriocin (n = 8, red dots) compared

FIGURE 2 | Correlation between the decrease of ceramide content and functional recovery. (A,B) Sensitivity curve, respectively, of scotopic and photopic b-wave
amplitude as a function of light flashes of increasing intensity. Although not significantly, the amplitude of the ERG response is increased in the eyes injected with
Myriocin (red dots) compared to the eyes treated with the vehicle (black dots). Values represent mean ± SEM (n = 12; 11). (C) Bar graph showing quantification of
Ceramide content in the same retinal samples used for ERG analysis. The value represents mean ± SEM (n = 9). (D) Correlation between retinal ceramide levels and
functional activity. The bar graph on the left shows the scotopic and photopic b-wave amplitude recorded from Tvrm4 mice injected with 10 µM Myriocin in the right
eye (red bars) and with vehicle in the left eye (black bars); representative (i.e., average-size) traces recorded at the highest luminance used (377 cd*s/m2) are shown
in the squared boxes on the right. The bar charts in the right of the panel show HPLC-MS quantification of ceramide content in the same retinas used for the ERG
analysis. A correlation between the functionality of retinal neurons and ceramide levels is noted, even in cases when Myriocin does not show a protective effect: for
instance, animal 5 has a larger ERG response of the eye treated with Myriocin, which corresponds to reduced levels of ceramide; animal 9 shows a smaller
amplitude of the ERG in the Myriocin-treated eye, which, however has a higher ceramide content, possibly as a result of improper eye injection procedures.
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FIGURE 3 | Functional recovery in Tvrm4 mice after Myriocin intraperitoneal (i.p.) treatment. (A) The bar graph shows the scotopic b-wave amplitude measured at
the highest luminance in non-induced control animals (green bar), in animals treated, after light induction, with vehicle (black bar), or with Myriocin (red bar). (B) The
sensitivity curve of b-wave amplitude as a function of luminance shows a significant increase in Myriocin-treated versus control group. (C) The sensitivity curve of
a-wave amplitude as a function of luminance shows a significant increase in Myriocin-treated versus control group. The inset represents an example of ERG traces
recorded at the highest luminance used (377 cd*s/m2). (D) Scotopic OPs obtained from ERG traces; the bar graph shows that only the OP1 relative to
photoreceptor activity is significantly larger in Myriocin-treated mice with respect to the control mice. (E) Photopic ERG recordings from the not light-exposed Tvrm4
mice (green bar), vehicle-treated (black bar), and Myriocin-treated (red bar) mice. (F) The sensitivity curve of b-wave amplitude as a function of luminance shows a
tendency to be larger in the Myriocin-treated group with respect to the control group. (G) Representative example of ERG traces recorded at the highest luminance
used (377 cd*s/m2) superimposed on a steady background (30 cd/m2). (H) Photopic OPs obtained from ERG traces. The value represents mean ± SEM; *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001.

to the group of animals treated with the vehicle (n = 7, black
dots). Similarly, Figure 3C shows that also the amplitude of
the a-wave is significantly higher in the animals treated with
Myriocin with respect to the vehicle group (p = 0.018; p = 0.0093;
p = 0.01, respectively); this effect is also confirmed by the a-wave
analysis according to Lamb and Pugh (1992). The amplification
parameter (A, s−2/8) and the effective delay of the responses
(teff ) are shown in Tables 1, 2. It can be observed that the
amplification factor is significantly reduced and that the total
delay is substantially increased in the group treated with the
vehicle alone with respect to the Myriocin-treated group and
also with respect to the healthy control; the analysis also shows
that the injection of Myriocin is effective in restoring the A
parameter near the physiological condition. Figure 3D shows
that the OP amplitude shows a significant increase, mainly in
the OP1 (directly correlated with the function of photoreceptors)
in Myriocin-treated mice with respect to the vehicle group
(p = 0.048).

Photopic ERG recordings are illustrated in Figures 3E–H;
massive degeneration of the cones in the Tvrm4 mutant results
in a significant reduction of the photopic b-wave amplitude with
respect to the healthy control mice (Ctr vs. DMSO; p = 0.00054).
The treatment with Myriocin shows a tendency, although not
significant, to preserve the amplitude of the b-wave due to the
activation of cone photoreceptors. The analysis of photopic OPs
shows no differences between the two groups of mice.

The retinas obtained from the animals used for
electrophysiological recordings were processed for

TABLE 1 | Average value of amplification factor (A) of the a-wave measured at
14000. photoisomerization*rod−1 (8).

Experimental
Group

A (s−2/8) Mean ± St.
Err.

P value
(calculated
respect to
ip-DMSO)

P value
(calculated

respect to No
light-exposure)

ip-DMSO 4.258 ± 0.45056

ip- Myr 9.56067 ± 1.13184 0.0066** N.S. (P > 0.05)

No
light-exposure

9.7215 ± 0.97015 0.0092**

TABLE 2 | Average value of effective delay (Teff) of the a-wave measured at 14000
photoisomerization*rod−1 (8).

Experimental
Group

Teff (s) Mean ± St.
Err.

P value
(calculated
respect to
ip-DMSO)

P value
(calculated

respect to No
light-exposure)

ip-DMSO 0.01097 ± 3.61E-4

ip- Myr 0.00996 ± 2.27E-4 0.036* 0.00001***

No
light-exposure

0.00772 ± 1.42E-4 0.00007***

immunohistochemistry and biochemistry experiments.
Figures 4A,B show a retina obtained from an animal treated
with Myriocin and one treated with the vehicle stained with
cone-arrestin antibodies; the central area of degeneration
(highlighted by the green outline) is largely reduced in the
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FIGURE 4 | Reduction of the photoreceptor-degeneration area after i.p. administration of Myriocin. (A,B) Representative images of retinal whole mounts obtained
from control and Myriocin-treated mice obtained by anti-cone arrestin immunostaining (red fluorescence). The green lines surround the area affected upon the
induction of the mutation by light exposure. (C) Quantification of the affected area calculated as a percentage of the total retinal area from three different experiments
(shown in the insert bar graph, C1), showing a significant reduction in animals treated with Myriocin (red bars) compared to animals treated with vehicle (black bars).
The values reported in the main bar graph represent global averages of all the experiments; Values are shown as mean ± SEM (n = 3, for each analyzed group);
*p ≤ 0.05.

retina from the animal treated with Myriocin with respect
to the control. Measurement of the degeneration zone with
respect to the total retinal area, reported as a percentage, is
shown in the bar graph of Figure 4C, proving how systemic
administration of Myriocin for 5 days significantly reduces
(p = 0.03471) the area of photoreceptor death. These data also
indicate the ability of Myriocin or of an active metabolite to
cross the blood–retinal barrier and reach the retina, which

is known to weaken in neurodegenerations, thus allowing
the passage of molecules useful for therapeutic treatment
(Acharya et al., 2017).

In order to confirm the rescue effects described above, we
measured the levels of rhodopsin and of blue and red/green
cone-opsins by WB analysis (Figures 5A–C). The bar graph
in Figure 5B shows that after induction of the mutation
by light exposure, rhodopsin levels are significantly reduced

FIGURE 5 | Preservation of rhodopsin and cone-opsins level following treatment with Myriocin. (A) Representative example of WB experiment of rhodopsin and
cone-opsins content. (B) Quantification by optical densitometry of rhodopsin levels in Tvrm4 animals not exposed (green bar) and treated with Myriocin (red bar) or
with vehicle (black bar) by both intravitreal and intraperitoneal injection after light induction. The bar graph shows that the levels of rhodopsin are significantly reduced
in the animals treated with DMSO with respect to the non-exposed controls; i.p. treatment with Myriocin results in a rhodopsin content significantly higher with
respect to the group of animals treated with vehicle. (C) Quantification by optical densitometry of cone-opsins levels in Tvrm4 animals not exposed (green bar) and
treated with Myriocin (red bar) or with vehicle (black bar) by both intravitreal and intraperitoneal injection after light induction. The bar graph shows that the levels of
cone-opsins are significantly reduced in the animals treated with DMSO with respect to the non-exposed control. Treatment with Myriocin, by both routes of
administration, leads to an increase in cone-opsins levels, although not statistically significant. Values are shown as mean ± SEM (n = 3, for each analyzed group);
*p ≤ 0.05, ***p ≤ 0.001.
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FIGURE 6 | Systemic Myriocin treatment increases the level of Sod1 protein. (A) Representative example of WB experiment of caspase-3 and Sod-1 content.
(B) Quantification by optical densitometry of caspase-3 levels in Tvrm4 animals treated with Myriocin (red bar) or with vehicle (black bar) compared to the level in
non-exposed mice (green bar). The bar graph shows that the levels of the pro-apoptotic marker caspase-3 are reduced in the group of animals treated with
Myriocin. (C) Quantification by optical densitometry of Sod1 levels in Tvrm4 animals not light-induced (green bar), treated with vehicle (black bar), or treated with
Myriocin (red bar). The bar graph shows that the levels of the anti-oxidant enzyme Sod1 are significantly increased in the group of mice treated with Myriocin, with
respect to both the group of non-degenerate control animals and the group of mice treated with the vehicle alone. Values are shown as mean ± SEM (n = 4, for
each analyzed group); ∗p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) Representative example of WB experiment.

compared to the levels measured in a healthy control animal
(Ctr vs. i.v.-DMSO p = 0.012; Ctr vs. i.p.-DMSO p = 0.0004).
The graph also shows that previously described i.v. treatment
with Myriocin is not sufficient to preserve a number of rods
such as to result in a significant increase in rhodopsin content;
on the other hand, i.p. treatment with Myriocin is effective
in saving a larger number of photoreceptors, resulting in a
significant increase of this protein (i.p.-DMSO vs. i.p.-Myriocin
p = 0.035). Figure 5C shows a similar trend also for the cone-
opsins levels, which are significantly reduced in the induced
animals treated with the vehicle alone with respect to healthy
controls (Ctr vs. i.v.-DMSO p = 0.033; Ctr vs. i.p.-DMSO
p = 0.014). Again, although not significantly, the treatment with
Myriocin shows a trend toward cone preservation as shown in
the bar graph of Figure 5C. These data are in agreement with
ERG recordings that show a significant recovery only for the
scotopic protocol.

The levels of caspase-3, a specific marker of apoptosis, were
also measured by WB assay (Figure 6A), to confirm the reduction
of common apoptotic pathway activation. Figure 6B shows
how the levels of caspase-3 are increased in degenerating retina
with respect to the control healthy group. Furthermore, i.p.
treatment with Myriocin significantly reduces (p = 0.0057) the
levels of caspase-3 compared to those obtained from control
animals (n = 4/experimental group). This result confirms the
anti-apoptotic effect of Myriocin, at the retinal level, also when
administered systemically.

Finally, to assess whether Myriocin (or any derivative
metabolites) could act via signaling pathways known to
act in inherited retinal degeneration, we analyzed retinal
protein levels of Sod1, one of the main enzymes of the
physiological anti-oxidant system. Figure 6C shows how, in
retinas obtained from light-induced Tvrm4 mice, the Sod1
content is significantly reduced with respect to the control
healthy mice (Ctr vs. i.v.-DMSO; p = 0.0008; Ctr vs. i.p.-DMSO;

p = 0.008). This result indicates a reduced ability of the damaged
photoreceptors to remove ROS from the cellular environment.
In both treatment protocols (i.v. and i.p.) with Myriocin, it is
possible to note an increase in Sod1 levels toward physiological
ones, although only in the case of i.p. administration is this
increase significant (p = 0.035).

These results indicate that Myriocin, administered i.p., directly
or by means of yet unknown metabolic derivatives, reaches the
interior of the eye and exerts a protective effect on RP-like
retinal degeneration. Besides the known activity as a suppressor
of ceramide de novo synthesis and an anti-apoptotic agent,
Myriocin could act, in medium and long-term treatments, on
other cellular pathways, including induction of detoxifying anti-
oxidant systems.

DISCUSSION

Previous studies have shown that increased ceramide levels in the
rd10 animal model of autosomal recessive RP are in temporal
association with the process of photoreceptor demise and that
in vivo inhibition of de novo ceramide biosynthesis delays
effectively this process (Strettoi et al., 2010; Piano et al., 2013).
This observation supports the notion that this sphingolipid is
involved in the neurodegenerative process taking place in RP. The
results are in agreement with the increased ceramide levels found
in tissues from individuals with other pathologies leading to
apoptosis, such as brain tissue from Alzheimer’s disease patients
and thus provide additional evidence that elevated ceramide is
a common pathogenic factor of a variety of neurodegenerative
diseases (Han et al., 2002; He et al., 2009; Kurek et al., 2017). Both
in vitro and in vivo studies on various animal models confirm
that ceramide is involved in processes that trigger apoptotic death
of photoreceptors and that treatments aiming at to reducing
ceramide content are beneficial to cell viability and function
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(Acharya, 2003; Acharya and Acharya, 2005; German et al., 2006;
Sanvicens and Cotter, 2006; Rotstein et al., 2010).

The present study suggests that Myriocin, a selective inhibitor
of SPT, the rate-limiting enzyme of ceramide biosynthesis,
exerts rescue effects on the (rather acute) retinal degeneration
process occurring in Tvrm4 mice, carrying a dominant mutation
of rhodopsin inducible by light in adulthood and therefore
completely different from the rd10 mutants previously employed.

We show that, similarly to rd10 mice, rescue effects obtained
with a single intraocular injection of 1.88 mM Myriocin reduce
the number of pycnotic photoreceptors, but this is not sufficient
to efficiently rescue the ERG response (Strettoi et al., 2010)
and does not change reproducibly ceramide levels (data not
shown). Increasing the dose of Myriocin to 10 mM results in a
similarly limited recovery of visual function and reveals single-
case correlations between ERG amplitude and levels of retinal
ceramide, without reducing it significantly on averaged data.
WB analysis shows a Myriocin-related tendency to restore the
levels of enzymes involved in apoptotic processes (caspase 3) and
oxidative stress (Sod1) toward physiological values, indicating
a reduction in the degenerative process. Most likely, the lack
of functional effects after intravitreal treatment with Myriocin
depends on the short duration of the treatment that fails to
save a number of photoreceptors large enough to affect a mass-
recording measurement such as the ERG. Moreover, the intrinsic
variability in the size of the light-induced, degenerating area
typical of the Tvrm4 phenotype makes the acutely induced
and treated model quite complex for quantitative mass assays,
despite the fact that we invariably use the contralateral, vehicle-
treated eyes as controls. Conversely, a measurable decrement in
the number of degenerating photoreceptor profiles (which are
counted with single-cell resolution) is achieved with a single i.v.
injection of 1.88 mM Myriocin, demonstrating efficacy in the
acute phase of degeneration as already shown on the rd10 model
(Strettoi et al., 2010).

To extend the time window of Myriocin treatment and
appreciate the likely beneficial effects on the Tvrm4 retinal
phenotype, we chose sustained (5-day) treatment achieved by
the systemic administration of the drug by intraperitoneal
injections (Osuchowski et al., 2004). Intraperitoneal treatment
did not cause any adverse effect at general and ocular level
although specific toxicity studies will be necessary in the future.
Indeed, sustained, i.p. administration of Myriocin in Tvrm4
mice effectively reduces the size of the central-degenerating
retina, rescues rhodopsin levels, and preserves the scotopic ERG.
These results strongly suggest that Myriocin, or some active,
yet unknown metabolite, are able to permeate the blood–retinal
barrier, which, in these animals, could already be damaged
due to the degenerative processes in progress and reduce the
processes that lead to the death of photoreceptors. Indeed,
levels of activated caspase-3 protein are reduced as well. Our
experiment indications about levels of physiological defense
pathways against the oxidative stress implicated in secondary
cone degeneration (Usui et al., 2011) show that Myriocin i.p.
treatment is associated with a significant increase in the content
of the cytosolic isoform of retinal Sod1. Hence, Myriocin is not
only an effective anti-apoptotic agent acting by inhibiting SPT

and decreasing ceramide levels, in turn involved also in ROS
generation (Sanvicens and Cotter, 2006) but is also capable of
increasing the physiological anti-oxidant defenses by stimulating
the synthesis of the key enzyme Sod1.

Although the efficacy of Myriocin as an anti-apoptotic and
as a regulator of the cell cycle has already been proven in other
tissues by means of either local (Reforgiato et al., 2016) and
systemic administration to target cancer cells (Lee et al., 2012)
or lipid metabolism in an animal model of type I diabetes (Kurek
et al., 2017), our study is the first that demonstrates the ability
of Myriocin, or of some active metabolite, to act effectively on
the retina, an outpost of the brain, even when administered
systemically, exerting a measurable anti-degenerative action and
activating local anti-oxidant defenses. An anti-inflammatory
benefit on retinal survival is not to be excluded, given the
proven action of Myriocin as an immunosuppressant and anti-
inflammatory agent (Caretti et al., 2014) and the increasing
evidence of a contribution of inflammation-immune response
on worsening of retinal phenotype in inherited photoreceptor
degeneration (Zabel et al., 2016; Guadagni et al., 2019).
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