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Evaluation of the neuroprotective
efficacy of the gramine derivative

ITH12657 against NMDA-induced
excitotoxicity in the rat retina
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Purpose: The aim of this study was to investigate, the neuroprotective effects of
a new Gramine derivative named: ITH12657, in a model of retinal excitotoxicity
induced by intravitreal injection of NMDA.

Methods: Adult Sprague Dawley rats received an intravitreal injection of 100mM
NMDA in their left eye and were treated daily with subcutaneous injections of
ITH12657 or vehicle. The best dose-response, therapeutic window study, and
optimal treatment duration of ITH12657 were studied. Based on the best survival of
Brn3a+RGCs obtained from the above-mentioned studies, the protective effects of
ITH12657 were studied in vivo (retinal thickness and full-field Electroretinography),
and ex vivo by quantifying the surviving population of Brn3a+RGCs, aRGCs and
their subtypes a-ONsRGCs, a-ONtRGCs, and a-OFFRGCs.

Results: Administration of 10 mg/kg ITH12657, starting 12h before NMDA
injection and dispensed for 3days, resulted in the best significant protection
of Brn3a+RGCs against NMDA-induced excitotoxicity. In vivo, ITH12657-
treated rats showed significant preservation of retinal thickness and functional
protection against NMDA-induced retinal excitotoxicity. Ex vivo results showed
that ITH12657 afforded a significant protection against NMDA-induced
excitotoxicity for the populations of Brn3a + RGC, aRGC, and aONs-RGC, but
not for the population of aOFF-RGC, while the population of a-ONtRGC was
fully resistant to NMDA-induced excitotoxicity.

Conclusion: Subcutaneous administration of ITH12657 at 10 mg/kg, initiated
12 h before NMDA-induced retinal injury and continued for 3 days, resulted in the
best protection of Brn3a + RGCs, aRGC, and aONs-RGC against excitotoxicity-
induced RGC death. The population of aOFF-RGCs was extremely sensitive
while a-ONtRGCs were fully resistant to NMDA-induced excitotoxicity.

KEYWORDS

NMDA excitotoxicity, glaucoma, retina ganglion cell, neuroprotection, Brn3a + RGCs,
SD-OCT, aRGCs, retina calcium blocker
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Highlights

o Administration of 10mg/kg ITH12657, starting 12 hours before
NMDA injection and dispensed for 3 days, resulted in the best
significant protection of Brn3a+RGCs against NMDA-
induced excitotoxicity.

o ITH12657-treatment showed a significant preservation of retinal
thickness when compared to vehicle-treatment.

o Treatment with [TH12657 resulted, in smaller reductions of

pSTR and b-wave amplitudes compared to those treated with

vehicle, indicating that ITH12657 treatment offered functional
protection against NMDA-induced retinal excitotoxicity.

ITH12657 afforded a significant protection against NMDA-

induced excitotoxicity for the populations of Brn3a+RGC, aRGC,

and aONs-RGC, but not for the population of xOFF-RGC.

1 Introduction

The retina has been largely used to explore the response of adult
central nervous system (CSN) neurons to injury, protection and
regeneration (McKerracher et al., 1990a,b; Whiteley et al., 1998;
Aviles-Trigueros et al., 2000; Vidal-Sanz et al., 2002, 2015b, 2017;
Lindqvist et al., 2004).

There are several markers that allow the identification of large
populations of rodent RGCs (pan-markers) such as Brn3a or RBPMS
(Nadal-Nicolas et al., 2023) or specific related RGCs groups, also named
subclasses, such as the intrinsically photosensitive RGCs (Vidal-Villegas
etal, 2021a,b) or the alfa RGCs (aRGCs; Gallego-Ortega et al., 2022),
among others (Tran et al., 2019). Immunohistochemical studies using a
combination of markers allow the study, in parallel but independently,
of how different RGCs respond to different retinal injuries (Vidal-Sanz
etal., 2015a; Agudo-Barriuso et al.,, 2016; Di Pierdomenico et al., 2022b)
and protection (Valiente-Soriano et al, 2015; Rovere et al.,, 2016;
Sanchez-Migallon et al., 2018). For instance, the expression of Brn3a by
rodent RGC:s has allowed to identification of the main population of
RGCs, which accounts for approximately 96% of the RGC population
(Nadal-Nicolas et al., 2014).

Recent studies have suggested up to 46 different types of rodent
retinal ganglion cells (RGCs), based on various criteria such as
their shape, their response to light, their brain connections and the
molecular expression of particular genes (Nassi and Callaway,
2009; Sanes and Masland, 2015; Baden et al., 2016; Rheaume et al.,
2018; Christensen et al., 2019; Sweeney et al., 2019; Goetz et al.,
2022; Huang et al., 2022). Indeed, the use of readily available
immunocytochemical markers has allowed to identify the xRGCs,
a subclass of RGCs well-characterizaed by their large size, fast
conducting velocity and mono-stratified dendritic arbors within
different strata of the inner retinal layer (Gallego-Ortega et al.,
2021, 2022). Moreover, this class acquires particular relevance
because it may constitute the rodent orthologue of the midget
RGCs, the most abundant population of RGCs subserving visual
acuity and color vision in primates (Hahn et al., 2023). This
population in the albino rat accounts for approximately 2.2% of all
RGCs (Gallego-Ortega et al., 2021) with four recently described
subtypes according to their stratification in the inner layer and
functional response to light; ON sustained (dONsRGCs), ON
transient (0@ONtRGCs), OFF sustained (aOFFsRGCs) and OFF
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transient (aOFFtRGCs; Gallego-Ortega et al., 2022). For the
present studies, we identify and quantify aRGCs, «ONsRGCs,
aONtRGCs and aOFFRGCs.

Glutamate is the main excitatory neurotransmitter in the (CNS),
including the retina where it mediates transmission through the main
direct pathway, from photoreceptors to bipolars and RGCs have
glutamate receptors, including the NMDA receptors, and their
overstimulation can cause neuronal excitotoxicity, that is cell death by
excessive activation. The NMDA receptors are permeable to calcium
and sodium and have important roles in neuronal plasticity, learning
and memory. However, excessive NMDA receptor stimulation may
result in changes in the Na*/K* balance and entry of large amounts of
Ca® into the cell (Manev et al., 1989) which may result in direct
damage by activating enzymes that damage DNA and cell membranes
(Stavrovskaya and Kristal, 2005) or by inducing apoptosis through
activation of cAMP (Hardingham et al, 2002). Glutamate
excitotoxicity is believed to play an important role in the loss of RGCs
in various retinal injuries (Lucas and Newhouse, 1957; Choi, 1988),
such as glaucoma (Dreyer et al., 1996; Vorwerk et al., 2004; Izzotti
et al.,, 2006; Tezel, 2013), transient ischemia (Lam et al., 1997) and
optic nerve injury (Schuettauf et al., 2000; Kermer et al., 2001). In
addition, can also play a key role in many CNS diseases that involve
neuronal death (Almasieh et al., 2012). Animal models of NMDA-
induced retinal excitotoxicity are often used to investigate molecular
mechanisms of RGC apoptosis and the way to protect them
(Kobayashi et al., 2017; Fahrenthold et al., 2018; Pichavaram et al.,
2018; Lambuk et al, 2019). The effects of NMDA-mediated
excitotoxicity on RGCs have been previously investigated in adult rats
(Gomez-Vicente et al., 2015; Vidal-Villegas et al., 2019) and mice
(DeParis et al., 2012; Wang et al., 2018). Calcium channel blockade
can improve RGC survival after excitotoxicity-induced injury by
reducing calcium influx into neurons and preventing cell damage.
Calcium channel blockers can act on different types of channels, such
as L, T, N or P/Q channels. Examples of calcium channel blockers are
nimodipine, nifedipine and verapamil (Chen et al., 2022; Evangeliou
etal., 2023).

ITH12657 (1-benzyl-5-methyl-3-(piperidin-1-ylmethyl-1H-
indole, 2) is a Gramine derivative that exhibits neuroprotective
properties against Alzheimer’s disease (AD; Lajarin-Cuesta et al.,
2016; Gonzalez et al., 2018) and represent a hopeful strategy for
the treatment of neurodegeneration. Among the mechanisms of
action exerted by ITH12657 are the blockade of voltage-dependent
calcium channels (VGCC), which prevents excess calcium entry
into neurons and associated cell damage, and the prevention of
inhibition of protein phosphatase 2A (PP2A), an enzyme that
regulates Tau protein phosphorylation of neurofibrillary tangles
(Gonzalez et al., 2018).

In this work, we further investigate the response of two different
RGC populations, the general Brn3a- and the a-RGCs with their
subtypes, to retinal excitotoxicity induced by intravitreal injection of
100mM NMDA and protection with systemic administration of
ITH12567. The purpose of this study in adult albino rats was twofold.
In an initial group of experiments, we characterized the protection
afforded by ITH12657 on the survival of Brn3a*RGCs following a
single intravitreal injection of 5 pL containing 100 mM NDMA. These
studies indicated that the best dose, time window and length of
treatment regime for ITH12657 were 10 mg/kg, starting 12h before
intravitreal NMDA injection and maintained for 3 additional days

frontiersin.org


https://doi.org/10.3389/fnana.2024.1335176
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

Di Pierdomenico et al.

following intravitreal NMDA. A second group of experiments further
investigated the neuroprotective effects of ITH12657 on the retina,
and this was assessed longitudinally in vivo with morphological and
functional techniques, and ex vivo by counting and mapping in retinal
whole-mounts total numbers of surviving Brn3a"RGCs, aRGCs and
their subtypes (dONsRGCs, *ONtRGCs or xOFFRGCs).

2 Methods
2.1 Animal handling

Adult female albino Sprague Dawley (SD; n=144) rats aged
3 months and weighing approximately 180-220g were used since
there is sufficient evidence in the literature to indicate that data
obtained from female rodents are no more variable than those from
male rodents (Becker et al., 2016; Beery, 2018), for a better comparison
with previous published work, and their better docility and smaller
size. The rats were bred and maintained in the Experimental Animal
Facility of the University of Murcia under controlled light (12-h light-
dark cycles with light intensity within the cages ranging from 5 to
301x) and temperature conditions (23-24°C), and with access to food
and water ad libitum.

The animals were treated according to the current European and
national regulations and, specifically, according to Directive 86/609/
EEC, 2010/63/EU on the protection of animals used for scientific
purposes, the R.D.1201/2005 on the protection of animals used for
experimental and other scientific purposes, the Law 32/2007 for the
care of animals, in their exploitation, transport, experimentation, and
slaughter, the Association for Research in Vision and Ophthalmology
(ARVO) guidelines for the use of animals in ophthalmic and visual
system experimentation. Animal experiments were approved by the
University of Murcia Ethical animal studies committee (Protocols
A13171103, A13170110 and A13170111).

2.2 Experimental design

Rats were divided into two main groups of animals. A first group
(n=96) was used to determine the best dose, therapeutic window and
regime of ITH12657 treatment, that is, to: (i) characterize the dose-
response curve (n=36) (6 subgroups) with different concentrations of
ITH12657 (n=6 per subgroup), sacrificed at 7 days after NMDA-
induced excitotoxicity: vehicle, 1, 3, 10, 30, or 60 mg/kg; (ii) determine
the therapeutic window of ITH12657 (n=30) with 5 subgroups
depending on the time of treatment initiation (#=6 per subgroup),
sacrificed 7 days after NMDA-induced excitotoxicity: 12h before, 1 h
before, 12h after, 24h after or vehicle; and (iii) to investigate the
optimal treatment duration (n=30), ITH12657 was administered for
1,2, 3, or 7 days after NMDA injection (Figure 1A). The second group
(n=48) was used to investigate the ITH12657 afforded protection
longitudinally in vivo using functional (full-field ERG was recorded at
3, 7, 10, 14, and 21days) and morphological analysis [Optical
coherence tomography (OCT) was performed at 7, 14, and 21 days]
(n=16) and ex vivo by quantifying at different periods of 7, 14 or
21days the survival of several RGC types; the general population of
Brn3a*RGCs, the population of oaRGCs (OPN*RGCs) and

their subtypes oONsRGCs (OPN*Tbr2*RGCs), aONtRGCs
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(OPN*Brn3a Tbr2"RGCs) and xOFFRGCs (OPN*Brn3a*RGCs). Two
subgroups (one treated with vehicle, and one treated with ITH12657
10mg/kg) (n=8 per subgroup) were analyzed at 7, 14 or 21 days after
NMDA-induced excitotoxicity. The group analyzed at 21 days (n=16)
was used for longitudinal analysis of OCT and full-field
electroretinography (ERG; Figure 1B).

2.3 NMDA-induced excitotoxicity

Animals were placed under general anesthesia and received an
intravitreal injection (IVI) of either 5pL of NMDA (100 mM) or saline
into their left eye, while the right eye served as an untreated intact
control. A 30G needle was used to create a puncture approximately
1 mm posterior to the limbus, through which a 32G Hamilton syringe
needle was inserted and advanced toward the center of the globe,
taking care to avoid lens damage. Any subjects that experienced
retinal injury or cataract formation during the intravitreal injection
were excluded from the study.

2.4 Administration of ITH12657

Animals received a daily subcutaneous (sc) injection of 1 mL of
either ITH12657 or its vehicle (saline with 1% DMSO) for 3 days. The
ITH12657 molecule was synthesized according to previously
established procedures and provided by Gonzalez et al. (2018).

2.5 In vivo analysis

2.5.1 Optical coherence tomography (OCT)

The retinal thickness was analyzed longitudinally in vivo using a
Spectralis SD-OCT system (Heidelberg, Germany) specifically
adapted for its use in rat eyes (Rovere et al., 2015; Nadal-Nicolas et al.,
2018). This group of animals (n=16) was treated with ITH12657
10mg/kg (n=8) or vehicle (n=8) and analyzed at 7, 14 and 21 days
after NMDA excitotoxicity. At the end of the OCT analysis, this group
which was also assessed functionally, was used for ex vivo analysis of
RGC survival. General anesthesia was administered and 1%
tropicamide drops (Colicursi tropicamide 1%; Alcon-Cusi, S.A.,
Barcelona, Spain) were instilled in both eyes to induce mydriasis.
Imaging was performed using two options: 31 B-scans (240-micron
area) to quantify total and outer retinal thickness and the peripapillary
ring B-scan for Ganglion Cell Complex (GCC) thickness.

To measure inner and total retinal thickness we followed
previously described methods that are standard in the laboratory
(Ortin-Martinez et al., 2014; Rovere et al., 2015; Vidal-Villegas
et al., 2019). In brief, four measurements of total (from the nerve
fiber layer to the retinal pigment epithelium) and inner (from the
inner limiting membrane to the outer boundary of the inner
nuclear layer) thickness were taken on three lines of the scans
(superior, inferior, and through the optic nerve). On the upper and
lower lines, these measurements were taken at four equidistant
points, while on the central line, which includes the optic disc, two
measurements were taken on either side of the optic disc. This
resulted in a total of 12 measurements (4 measurements on 3 lines)
of total and inner thickness per subject.
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I

| Dose/response curve |

| Therapeutic window |

1
| Length of treatment |

FIGURE 1

I l 1 injection 2 injections
l Start before Start after 12h before IVI| | Until IV day
. g NMDA IVI NMDA IVI
[1mglkg ][ 3mg/kg |[ 10mglkg ][ 30mg/kg | [ 60mglkg |
5 injections 9 injections
until 3 days until 7 days
after IVI after IVI
B
|Sprague-Dawley (SD) |
|IVI NMDA + subcutaneous injection of ITH12657 |
| |
| Until 7 days | [ Until14days | [ Until21days |
[ In-vivo analysis | [Ex vivo analysis]
[Brn3a*RGC| [aRGCs | [aONSRGCs)| [Brn3a*RGC]| [aRGCs | [aONSRGCs| L°"Gglé‘_1l_i"a"y
[<ONtRGCs | [aOFFRGCs] [ aONtRGCs | [aOFFRGCs | 7,14,21 days
Longitudinally
ERG
3,7,10,14,21 days

Experimental design of the analysis of the protective effects of the compound ITH12657 in an NMDA-induced retinal excitotoxicity model. (A) The first
group (n =96) was used to determine the best dose, therapeutic window, and treatment regime of ITH12657. (B) The second group (n = 48) was
designed to investigate ITH12657-afforded protection, longitudinally in vivo and by quantifying the survival of different RGC types at 7, 14 or 21days.

2.5.2 Electrophysiology

Full-field Electroretinography (ERG) was performed according to
previously published methods (Alarcon-Martinez et al., 2009, 2010;
Gallego-Ortega et al., 2020, 2021). Briefly, after 12 h of dark adaptation,
rats were anaesthetized and both eyes were dilated with topical
mydriatic (Tropicamida 1%; Alcon-Cusi, S.A. Barcelona, Spain).
Scotopic and photopic responses were recorded simultaneously in
both eyes using Burian-Allen corneal bipolar electrodes. A drop of
methylcellulose (Methocel® 2%; Novartis Laboratories CIBA Vision,
Annonay, France) was applied between the cornea and the electrodes
to improve signal conductivity. The reference electrode was placed in
the mouth and a needle at the base of the tail served as a ground
electrode. Retinal ganglion cell (RGC)-mediated responses were
recorded using light flashes ranging from —4.4 log cd-s/m’
scotopically, rod-mediated responses were recorded at — 2.5 log cd-s/
m?, while mixed (a- and b-waves) responses were recorded at — 0.5 log
cd-s/m’. Cone-mediated responses were elicited using 0.5 log cd-s/m’
flashes on a 30 cd/m’ rod-saturating background. Electrical signals
were digitized at 20 kHz using a PowerLab data acquisition board (AD
Instruments, Chalgrove, UK) and standard ERG waves were analyzed
according to the guidelines of the International Society for Clinical
Electrophysiology of Vision (ISCEV). A total of 16 rats were used for
the electrophysiological studies, these were divided into two groups
treated with ITH12657 (n=8) or vehicle (n=8) and analyzed
longitudinally at 3, 7, 10, 14 or 21 days. This group had also been
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analyzed in vivo for OCT. At the end of these studies, this group was
used for ex vivo histological RGC survival analysis at 21 days.

2.6 Ex vivo analysis

2.6.1 Identification of different RGC populations

In order to study the idiosyncratic responses to injury-induced
retinal degenerations and neuroprotection of RGCs, we analyse few
types of RGCs for which immunoystochemical tools are available. The
population of Brn3a expressing RGCs, were immunostained with
Brn3a antibodies (Mouse anti-Brn3a, MAB1585 Millipore, Merck
Burlington, MA, USA). To identify the alpha RGCs (aRGCs) and their
subtypes ON sustained (¢dONsRGCs), ON transient (xONtRGCs), and
OFF (aOFFRGCs), all retinas were exposed to various combinations
of antibodies and subsequently different wavelength fluorophore-
conjugated secondary antibodies following recently described
methods (Gallego-Ortega et al., 2021, 2022). In brief: (i) antibodies
against osteopontin (OPN) (Goat anti-Osteopontin, AF808 Biotech,
Biotech Spain, Barcelona, Spain) were used to detect the aRGC
population, (ii) colocalization of OPN and Tbr2 (T-box transcription
factor T-brain 2) (Rabbit anti-Tbr2, AB23345 Abcam, Cambridge,
UK) was used to detect aONsRGCs, (iii) colocalization of OPN and
Brn3a was used to detect tOFFRGCs, and (iv) positive signal for OPN
but negative for Brn3a and Tbr2 was used to detect xONtRGCs
(Figure 2).
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2.6.2 Image analysis

Immunostained retinal whole-mounts were analyzed and imaged
using an epifluorescence microscope (Leica DM6-B; Leica
Microsystems, Wetzlar, Germany) according to previously described
methods (Gallego-Ortega et al.,, 2022; Di Pierdomenico et al., 2022a).
Briefly, to reconstruct retinal flat mounts, multiple frames were
acquired for each filter in a contiguous raster scan pattern (x10) with
no overlap or spacing between images. Individual images were focused
before acquisition and obtained using the same focus for each specific
filter. To acquire higher magnification images of the retina, x40 and
x60 objectives were used.

2.6.3 Quantification and co-expression analysis

To determine in flat-mounted retinas the total number of RGCs
immunolabeled with Brn3a, we used standard computer routines
developed in our laboratory (Ortin-Martinez et al., 2015; Nadal-
Nicolas et al., 2018). To count aRGCs and different aRGC subtypes,
the labeled and/or colocalized cells were manually marked on each
retinal photomontage and the total number of marks per retina was
quantified using Image ProPlus software (IPP 5.1 for Windows; Media
Cybernetics, Silver Spring, MD, USA) as previously described
(Gallego-Ortega et al., 2022).

2.6.4 Topographical distributions
The topographic distribution of Brn3a*RGCs, xRGCs and aRGC
subtypes was studied using isodensity or neighbor maps according to

10.3389/fnana.2024.1335176

previously described methods (Salinas-Navarro et al., 2009; Galindo-
Romero et al., 2013; Valiente-Soriano et al., 2014; Gallego-Ortega
et al., 2022). All maps were plotted using SigmaPlot software
(SigmaPlot 11.0 for Windows; Systat Software, Inc., Richmond, CA,
USA) and a color code was used to represent the data.

2.6.5 Statistic

RGC numbers are expressed as mean + standard deviation (SD) of
the mean. Statistical comparisons between different groups were done
using one-way analysis of variance (ANOVA-Tukey’s Post hoc tests),
and comparisons between two groups were done using Student’s ¢-test
with the software Graph Pad Prism® for Windows (Version 5.01;
GraphPad Software Inc., La Jolla, CA, EEUU). A value of p <0.05 was
considered statistically significant.

3 Results

3.11TH12657 dose, time window and
length of treatment

The first group of experiments was designed to characterize
the
neuroprotective effects of ITH12657 as a neuroprotectant for
RGCs against NMDA-induced excitotoxicity. These studies
indicated that 10mg/kg ITHI12657, starting 12h before

dose/response  curve, therapeutic ~window, and

+¥br2

aONs RGC

FIGURE 2

merge (D) colocalization of RGC from control animals. Scale bar, 50 pm.

aONt RGC

Immunohistochemical detection of (RGCs populations. Representative fluorescence micrographs of osteopontin (A), Brn3a (B), Tbr2 (C), and the

oaOFF RGC
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intravitreal NMDA injection and maintained for 3 additional
days afforded the best protection on the survival of Brn3a*RGCs
following a single intravitreal injection of 100 mM NMDA.

3.1.11TH12657 dose—response

To analyze the protective effects of ITH12657, we determined
the lowest concentration where the best results were obtained.
Following intravitreal injection in the left eye of (5 pL of 100 mM
NMDA) or vehicle, different doses of the compound ITH12657
were administered (1, 3, 10, 30 or 60mg/kg) (n=6 per
group), and retinas
Brn3a*RGC survival.

All experimental groups showed differences when compared

were examined at 7days for

with the control (intact right eyes) group (One-way ANOVA,
p<0.001) (Figure 3) indicating that intravitreal injection (IVI) of
NMDA resulted in substantial Brn3a*RGC loss (28% survival)
(Figure 3). The ITH12657-treated groups showed significantly
greater total numbers of surviving Brn3a*RGCs when compared
to the vehicle-treated ones, thus showing effective ITH12657
afforded protection against 100mM NMDA-induced
excitotoxicity (Figure 3). Moreover, the 10 mg/kg ITH12657-
treated group showed higher survival than the 3 or 30 mg/kg
ITH12567-treated groups. Thus, for the rest of the study we used
the ITH12567 10 mg/kg dose that resulted in the highest (72%)
survival of Brn3a*RGCs (Figure 3).

3.1.2 Therapeutic window of ITH12657

We next investigated the therapeutic window for compound
ITH12657. Five groups of animals (n =6 per group) were injected
with NMDA in the left eye while the right eye was used as control,
and vehicle (daily injection) or ITH12657 was administered (i.p.)
with different time regimes: (i) 12 h before, just before and the
following 6 days; (ii) 1 h before and the following 6 days; (iii) 12h
after and the following 6 days and; and (iv) 24 h after and the
following 5 days.

10.3389/fnana.2024.1335176

As for the previous dose-response study, we found that all
experimental (left eye) groups presented significant differences in total
numbers of surviving Brn3a*RGCs when compared to the control (right
eye) group (One-way ANOVA, p<0.0001), and all ITH12657-treated
groups showed significantly greater total numbers of Brn3a"RGCs when
compared to the vehicle-treated groups (One-way ANOVA, p<0.0001;
Figure 4). The group treated 12h before, just before and the following
6days after NMDA intravitreal injection, showed the highest Brn3a"/RGC
survival, when compared to the other groups. The group treated with
ITH12657 1h after NDMA-induced excitotoxicity showed no significant
differences with the group treated 12 later (34,448 +7,647 Brn3a*RGC)
or 24h later (33,363 £ 66.53 Brn3a"RGC) (Figure 4). Thus, overall, the best
protective effects were obtained when the ITH12657 treatment started
12h prior to NMDA intravitreal injection.

3.1.3 Length of ITH12657 treatment

Once the ideal concentration (10 mg/kg) and therapeutic window
(12h  before intravitreal injection of NMDA) were found,
we determined the optimal length of ITH12657 treatment. For this
purpose, four groups of animals (n=6 per group) were injected with
NMDA in the left eye while the right eye was used as control and
ITH12657 was injected sc. 12 h before intravitreal injection of NMDA,
but for different lengths of time: (i) group 1 received a single injection
12h prior to NMDA injection, (ii) group 2 received treatment 12h
prior and just prior to NMDA injection (2 injections), (iii) group 3
received treatment 12 h prior, just prior to NMDA injection, and every
day until day 3 post-NMDA injection (5 injections), and (iv) group 4
received treatment until 7 days post-NMDA injection (9 injections).

All ITTH12657 treated groups exhibited significant differences in
mean total numbers of Brn3a*RGCs when compared to the control (right
eyes) (One-way ANOVA, p<0.0001) or the vehicle-treated groups of eyes
(One-way ANOVA, p<0.0001) (Figure 5). Quantification of Brn3a*RGCs
in ITH12657-treated groups revealed that animals treated until 3 days
post intravitreal injection of NMDA showed the highest survival when
compared to the other groups (One-way ANOVA, p<0.04) (Figure 5).
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Dose-response curve. Histogram showing total Brn3a*RGCs surviving after intravitreal injection (IVI) of NMDA-induced excitotoxicity and
subcutaneous treatment with different doses of the compound ITH12657. The survival rate at 7 days was higher in the group in which ITH1657 was
administered at a dose of 10/mg/kg. *Significant differences p <0.05 (One-way ANOVA).
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One-way ANOVA analysis significant differences **p <0.0001 and *p < 0.05.

Start of treatment with ITH12657

Therapeutic window. Histogram of the study of the therapeutic window of the administration of vehicle or the compound ITH12657 after intravitreal
injection (IVI) of 5 pL of 100 MM NMDA in the left eye. The survival rate was highest in the group in which treatment started 12 h before excitotoxicity.
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Length of ITH12657 treatment

Length of treatment. Histogram of the study of the length of treatment of the administration of vehicle or the compound ITH12657 after intravitreal
injection of 5L of 100 MM NMDA or vehicle in the left eye. The survival rate was higher in the group in which treatment started 12 h prior to NMDA
intravitreal injection and was maintained until day 3. *Significant differences p <0.0001 (One-way ANOVA).

3.2 In vivo and ex vivo assessment of
ITH12657-afforded retinal protection
against NMDA-induced excitotoxicity

In a second group of experiments, we employ in vivo functional
and morphological techniques, as well as ex vivo immunohistochemical
methods to assess the effects of intravitreal NMDA-induced
excitotoxicity and protection afforded with systemic ITH12657 in the
adult rat retina. We assessed quantitatively in the same retinal whole-
mounts the survival of Brn3a*RGCs, aRGCs, a-ONs-RGCs, a-ONt-
RGCs and a-OFF-RGCs, at 7, 14 or 21 days. These studies indicated
that ITH12657 afforded morphological and functional longitudinal
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protection of the retina. Moreover, the quantitative analysis of RGCs
indicate that ITH12657 afforded significant protection for
Brn3a*RGCs, ®RGCs and aONsRGCs, but not for xOFFRGCs, while
the tONtRGCs were fully resistant to NMDA-induced retinal injury.

3.2.1 In vivo study of retinal thickness.
ITH12657-afforded protection against
NMDA-induced excitotoxicity

The results obtained in vivo with SD-OCT showed that total and
inner retinal thickness were reduced significantly in all experimental
groups when compared to the control group, with retinal thinning
mainly due to inner retina reduction. Total retinal thickness in the
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NMDA-injected retinas was significantly lower when compared to the
control group (intact right retinas) at all time intervals studied, with
an average thinning of 10.3, 8.65 and 13.65% at 7, 14 and 21 days,
respectively (Figure 6). Furthermore, retinal thickness was
significantly higher in the retinas of the ITH12657-treated animals
than in the retinas of the vehicle-treated animals; the vehicle-treated
retinas showed an inner retinal thickness reduction of 13.6, 9.46% or
24.54% at 7, 14 or 21 days, respectively (Figure 6), while the retinas of
ITH12657-treated animals showed reductions of 6.8, 8.2% or 14.4%
at 7, 14, or 21 days, respectively (Student’s ¢-test, p <0.001) (Figure 6).
Opverall, these results indicate that ITH12657 treatment significantly
reduced NMDA-induced thinning of the retina, acting mainly on the
inner layers.

3.2.2 Retinal functional protection with ITH12657
after NMDA-induced excitotoxicity

To analyze the effects of NMDA-induced retinal excitotoxicity and
to investigate whether ITH12657 affords functional protection of the
retina, we recorded longitudinally full-field electroretinograms
analyzing the pSTR (produced by RGCs), the a-wave (produced by
photoreceptors) and the b-wave (produced by cone bipolar cells, CBs)
of the mixed response (Gallego-Ortega et al., 2020). For this analysis,
we employed the same group of 16 animals used for the SD-OCT
longitudinal analysis, and recordings were obtained at 3, 7, 10, 14, and
21 days after NMDA injection.

Retinal function in the left experimental eyes was impaired
following intravitreal injection of NMDA (Figure 7). There were
significant differences between the mean amplitudes of the pSTR in
the contralateral (intact right) versus the experimental (left) eyes that
received an intravitreal injection of NMDA and those treated with
vehicle. Three days after NMDA administration, there was an 80%
reduction (0.042+0.006 control vs. 0.008+0.0034 vehicle 3d)
(One-way ANOVA, p<0.001) in the mean pSTR amplitude of animals
receiving vehicle as treatment when compared to control. The decrease
in the mean amplitude of the pSTR was maintained throughout the
period of study (0.008 +0.0034 vehicle 3d vs. 0.01+0.04 vehicle 21d)
(One-way ANOVA, p>0.05) (Figure 7).

However, the reduction in mean pSTR amplitude was significantly
smaller in animals that were treated with ITH12657 than in those
treated with vehicle, at all time-intervals studied (Figure 7), suggesting
that ITH12657 affords functional permanent protective properties on
RGC functionality after NMDA-induced excitotoxicity. A very similar
pattern was observed in the b-wave of the mixed response. The left
retinas presented significant differences when compared with the
amplitude of the control (right) retinas. However, such reduction in
the vehicle-treated group was greater (0.55+0.11 control vs. 0.18 £0.07
vehicle 3d) than in the ITH12657-treated one (0.36+0.008 ITH12657
3d). The b-wave amplitudes of the animals that had received the
vehicle showed an initial reduction of 68%, whereas those treated with
ITH12657 were reduced by only 35%, with no further progression
during the rest of the study (One-way ANOVA, p<0.01; Figure 7). The
a-wave of the mixed response, which assesses the functional status of
photoreceptors, did not show significant changes in any of the study
groups or time-intervals analyzed after NMDA-induced excitotoxicity
(One-way ANOVA, p>0.05; Figure 7). Thus, it is tempting to suggest
that intravitreal injection of NMDA does not result in photoreceptor
damage that can be registered functionally with ERG shortly, up to
21 days after injury.
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3.2.3 Ex vivo analysis of the neuroprotective
effects of ITH12657 on Brn3a*RGCs after
NMDA-induced excitotoxicity

NMDA-induced excitotoxicity results in the degeneration of the
Brn3a*RGC population, as already described (Vidal-Villegas et al., 2019;
Milla-Navarro et al.,, 2021). One purpose of the present studies was to
investigate the neuroprotective effects of systemically administered
ITH12657 against NMDA-induced excitotoxicity, in the Brn3a"RGC
population. The retinas from the groups of animals treated with vehicle
underwent a rapid and massive loss of Brn3a*RGCs, already evident by
7 days after NMDA intravitreal injection, with a reduction to 73% of its
original value when compared to control retinas (82,061 + 3,584 control
vs. 21,794+57,222 vehicle 3d) (One-way ANOVA, p<0.05). Such
reductions were maintained at 14 (19,556+5,119) and 21days
(21,794 £5,080) with no significant difference between them (One-way
ANOVA, p>0.05) suggesting that following the initial loss of
Brn3a*RGCs observed by 7 days, there was no further loss (Figure 8;
Table 1). Treatment with ITH12657 significantly prevented NMDA-
induced degeneration of Brn3a*RGCs. When total numbers of
Brn3a*RGCs were compared between the ITH12657-treated groups
versus vehicle-treated groups, significantly greater differences were
obtained at all time intervals analyzed with a survival of 78, 69% or 58%
of the Brn3a*RGC population at 7, 14 or 21 days, respectively (One-way
ANOVA, p<0.05; Figure 8; Table 1). When the ITH12657 treated
groups were compared at 7 (63,639+7,274) and 14 (56,744 +5,995)
days, there were significant differences (One-way ANOVA, p<0.05), but
no significant differences were found between the 14 and the 21 days
groups (56,744 5,995 vs. 47,450+ 7,255) (One-way ANOVA, p>0.05),
suggesting that the ITH12657 afforded protection at 14days was
maintained (Figure 8]; Table 1).

In the control (intact right) retinas, the distribution of
BRN3a*RGCs showed the typical higher densities in the upper retina
along a strip located approximately 1 mm above the optic disc with
maximum values in the superior-temporal quadrant, coinciding with
the existence of the retinal visual streak (Nadal-Nicolas et al., 2009;
Salinas-Navarro et al., 2009; Ortin-Martinez et al., 2010), a distribution
that did not change with the time-intervals studied (Figures 9A-C).
However, in the experimental (left) retinas, the distribution of RGCs,
both in the vehicle- and in ITH12657-treated groups, was reduced at
all times studied, in agreement with the above-shown quantitative
results, and was diffuse throughout the retina (Figures 9D-I).
Nevertheless, it was clear at all time intervals analyzed that the
ITH12657-treated retinas showed higher Brn3a*RGCs densities at all
time intervals analyzed when compared to vehicle-treated retinas
(Figures 9G-I).

3.2.4 Ex vivo analysis of the protection afforded
by ITH12657 against NMDA excitotoxicity in the
aRGC population and its subtypes

3.2.4.1 Protection afforded by ITH12657 on aRGCs against
NMDA excitotoxicity

The aRGCs were identified with OPN antibodies. In control
retinas XRGCs showed the typical heterogeneous distribution within
the retina with higher densities in the temporal hemiretina
(Figure 10A) and mean total numbers of 2,135+ 155 OPN*RGCs
(aRGCs) (n=48; Figure 10E), and these are in agreement with a recent
report from our laboratory (Gallego-Ortega et al., 2022).
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Retinal thickness. In vivo images obtained by optical coherence tomography (SD-OCT) of total and inner retinal thickness. Representative images of
the fundus (A,E,I). Representative images of the contralateral (B,F,J) and experimental retinal layers, analyzed at 7, 14 or 21 days after NMDA injection
treated with vehicle (C,G,K) or ITH12657 (D,H,L). In panel (B), the red lines show the measurements made in the total retina and the blue lines show the
inner retina measurements. (M) Histograms showing total and inner retinal thickness in control (right) (n = 16 for each time point), and in experimental
(left) retinas treated with vehicle (in blue) or ITH12657 (in red) at 7 (n = 8), 14 (n = 8), and 21 (n = 8) days after intravitreal injection of 100 nM NMDA in the
left eye. Student's t-test statistical significance *p <0.001, #p <0.001, or p<0.001.

21 days

Seven days after intravitreal injection of NMDA, the experimental
(left) retinas treated with vehicle showed a 26% survival of the xRGC
population when compared with control (right intact) retinas
(55990 OPN*RGCs 7d vehicle vs 2,135+ 155 OPN*RGCs control),
whereas the retinas treated with ITH12657 presented a 60% survival
(1,294+241 OPN*RGCs 7d ITH12657 vs. 2,135+ 155 OPN"RGCs
control) (Figure 10; Table 1).

When the vehicle-treated groups were compared at different
survival intervals, there were no significant differences (One-way
ANOVA, p>0.05). That is, following intravitreal injection of NMDA
there was a rapid and massive reduction of OPN*RGCs, already at
7 days, which did not progress further with time (559 + 90 OPN*RGCs
7d vehicle vs. 729+ 191 OPN*RGCs 21d vehicle). The groups treated
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with ITH12657 showed significant differences between 7 (60%
survival) and 14 (39% survival) days (1,294+241 OPN*RGCs 7d
ITH12657 vs. 832+133 OPN*RGCs 14d ITH12657, One-way
ANOVA, p <0.005), with no significant further reduction between 14
and 21 days, thus, suggesting that protection afforded by ITH12657 at
14 days was permanent (Figure 10).

3.2.4.2 Protection afforded by ITH12657 against NMDA
excitotoxicity on «xONsRGCs

Cells doubly labeled with OPN and Tbr2 were dotted manually
over retinal wholemounts. Such colocalization identifies a ON
sustained RGCs (a-ONsRGC:s) a subtype of RGC that corresponds
to the M4 type of the intrinsically photosensitive RGCs (Krieger et al.,
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Functional study of the neuroprotection afforded by ITH12657 after intravitreal injection of NMDA in the left eye. (A,A’,B,B’) Representative traces of the
control (right intact) (in black) and the experimental (left) eye (in blue) 21 days after received NMDA injection and were treated with [TH12657 (A,B) or
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that were treated with ITH12657, while the right column shows representative traces of the pSTR (A’) and mixed (B') waves in animals treated with
vehicle after NMDA excitotoxicity. (A”,B™) Histograms of waveform analysis in control (right intact) (n = 16) (in black) or experimental (left) eyes 3, 7, 10,
14 or 21 days after intravitreal injection of NMDA in the left eye, and treatment with ITH12657 (in red) (n = 8) or vehicle (in blue) (n = 8). RE, right eye; LE,
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2017; Gallego-Ortega et al., 2022). In control retinas these cells were
distributed heterogeneously throughout the retina with the highest
densities in the temporal hemiretina (Figure 11A) and a mean total
number of 1,052+ 55 OPN*Tbr2*RGCs, in agreement with recently
published data (Gallego-Ortega et al., 2020, 2021; Figure 11).

The experimental retinas receiving intravitreal injection of NMDA
and treatment with vehicle showed significant losses of a-ONsRGCs at
7days of approximately 71% (One-way ANOVA, p<0.005) when
compared to the contralateral (intact right) group of retinas. These losses,
which were evident on the topological maps did not present any particular
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pattern (Figure 11). The experimental groups of retinas treated with
vehicle were compared with each other at different survival intervals, and
there were no significant further losses of a-ONsRGCs (301+27
OPN*Tbr2*RGC vehicle 7d vs. 295+36 OPN*Tbr2*RGC vehicle 21d,
One-way ANOVA, p>0.05), indicating that NMDA-induced
excitotoxicity resulted in a rapid and abrupt loss. Thus, the 71% loss that
occurred at 7 days after NMDA was maintained until the last time interval
studied of 21 days.

In contrast, the experimental retinas treated with ITH12657
showed at 7 days, a significantly greater survival of approximately
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Brn3a*RGCs. Representative fluorescence micrographs of Brn3a-immunodetected RGC from control (A—C), and experimental retinas with intravitreal
injections of NMDA that were treated with vehicle (D—F) or ITH12657 (G-I) and examined at 7, 14, or 21 days after NMDA excitotoxicity. (J) Histogram
(mean + SD) of the total Brn3a*RGC population in control (right intact) (black columns) and experimental (left, injected with NMDA) eyes treated with
vehicle (blue columns) or ITH12657 (red columns). ns, not statistically difference, p >0.05 One-way ANOVA. Scale bar, 50 pm.

56% of the original OPN*Tbr2*RGC population, when compared  no significant differences in total numbers of OPN*Tbr2*RGCs
to the vehicle-treated retinas (One-way ANOVA, p<0.005), at 7, 14 or 21days (569 +33 OPN*Tbr2*RGC 7d vs. 512+53
suggesting protection afforded by ITH12657 at 7days. Such ~ OPN*Tbr2*RGC 14d vs. 479 + 74 OPN*Tbr2*RGC 21d; One-way
protection was permanent ( ) because there were ~ ANOVA, p>0.05).
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TABLE 1 ITH12657-afforded protection on different RGC types.

Days after NMDA injection

7 days 14 days PANCENS
Brn3a'RGCs
Control (n=16) 82,061+3,584 | 77,677+11,163 | 71,560+15,129
Vehicle (n=8) 21,794+ 5722% 19,785+9953% | 22,349+ 6857+
ITH12567 (n=8) 636397274 | 46879599541 | 42,450 +7274%%
RGC
Control (n=16) 2,176 155 2,177+143 2,135£152
Vehicle (n=8) 559 +90* 474+ 94%% 357+127%
ITH12567 (n=8) 1,294 +242%% 832+ 134%¢ 7294192+
®ONsRGC
Control (n=16) 1,100+55 1,078+51 1,099+58
Vehicle (n=8) 301+73% 329+13* 295:+36*
ITH12567 (n=8) 569+38%% 512+53%¢ 479+75%%
®OFFRGC
Control (n=16) 789+59 809+61 81156
Vehicle (n=8) 12+6% 1£0.8%F 3+2%
ITH12567 (n=8) 18+13% 18+16%¢ 16+23%%
«-ONtRGC
Control (n=16) 300+12 289+10 276+ 14
Vehicle (n=8) 309+37 285444 292+63
ITH12567 (n=8) 310+33 310£70 260+49

Total numbers of Brn3a + RGC, aRGC, «ONsRGC, aOFFRGC or xONtRGC (mean +SD) in
control (contralateral right intact) and experimental (left injected with NMDA) retinas
analyzed 7, 14, and 21 days after injection in the left eye of 5pL containing 100 mM NMDA
and daily s.c treatment with vehicle or ITH12567 (10 mg/kg).

* Statistically significant difference with the control group at the same time point. Student’s
t-test p<0.001.

¥ Statistically significant difference with the vehicle treated group at the same time point.
Student’s ¢-test p <0.001.

+ Statistically significant difference with previous survival interval. One-way ANOVA
p<0.001.

3.2.4.3 Protection afforded by ITH12657 against NMDA
excitotoxicity on «OFFRGCs

Cells doubly labeled with OPN and Brn3a were identified as
a-OFFRGCs. In control retinas we found a mean total number of
811459 OPN*Brn3a*RGCs (Figure 12A). In experimental retinas,
following NMDA-induced excitotoxicity and treatment with vehicle
or ITH12657, we found great reductions to 1-5% of their original
values by 7 days, with only 5-10 cells surviving in the retina. Thus, this
type of a-RGC was extremely sensitive to NMDA-induced
excitotoxicity and ITH12657 treatment did not afford protection of
these RGCs (Figure 12A; Table 1).

3.2.4.4 Protection afforded by ITH12657 against NMDA
excitotoxicity on «ONtRGCs

To investigate the responses of the ®-ONtRGC population to
NMDA-induced excitotoxicity and neuroprotection with
ITH12657, we used OPN, Brn3a and Tbr2 antibodies.
a-ONtRGCs cells are positive for OPN but negative for Brn3a and
Tbr2. A total of 292+ 12 cells were counted in control (right
intact) retinas (Figure 12B; Table 1). In both the ITH12657- or
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vehicle-treated groups of experimental (left) retinas, there were
no differences in total numbers of OPN*Brn3a~Tbr2~ RGCs with
respect to control retinas (One-way ANOVA, p >0.05), nor there
were differences at survival intervals of 7, 14, or 21 days after
NMDA-induced excitotoxicity (One-way ANOVA, p>0.05)
(Figure 12B; Table 1), indicating that the subtype of a-ONtRGCs
(OPN*Brn3a Tbr2~ RGCs) is fully resistant to NMDA-
induced excitotoxicity.

4 Discussion

In this work, we use modern tools to identify, quantify and
represent topologically the responses of different adult rat RGCs, the
Brn3a* and the aRGCs subtypes, to intravitreal injection of NMDA-
induced excitotoxicity and systemic treatment with vehicle or
ITH12657. We report for the first time that ITH12657 administered
subcutaneously: (i) affords the best neuroprotective effects at a dose
of 10mg/kg, first administered 12h prior to NMDA intravitreal
injection and maintained for 3 days; (ii) prevents morphological and
functional deficits of the retina; (iii) rescues significant proportions of
Brn3a*RGCs up to 21days; (iv) protects permanently a significant
proportion of ®ONsRGCs; (v) does not alter the NMDA-induced
massive loss of *®OFFRGCs; and (vi) does not modify the resilience of
@ONtRGCs, which fully NMDA-
induced excitotoxicity.

appear resistant  to

4.1 Characterization of the best dose,
time-window, and treatment regime for
ITH12657 afforded protection against
NMDA-induced excitotoxicity

Our first group of experiments aimed at determining the best
concentration, time-window, and administration frequency of
ITH12567 administered subcutaneously to prevent NMDA-induced
Brn3a"RGC loss. These studies showed that the best treatment regime
for ITH 12657 was 10 mg/kg, starting 12 h before NMDA intravitreal
injection and maintained for 3 additional days following NMDA
IVIL. This treatment protocol with ITH12657 resulted in substantial
rescue of Brn3a*RGC (up to 72%) when compared to vehicle
treatment (27%), and thus, such a treatment regime was implemented
thereafter in the following experiments. It is well known that calcium
channel blockade could influence retinal functionality and other
pathways in a healthy animal (Boccuni and Fairless, 2022). It is
possible that our best results obtained when treatment was started 12h
prior to NMDA administration, were due to the fact that the molecule
has the necessary time to reach the retina before activation of the
death pathways induced by NMDA excitotoxicity, which is very fast
and aggressive (Vidal-Villegas et al., 2019). Other compounds like
loncastuximab tesirine, thiamine, loncastuximab tesirine-lpyl, and
thiamine mononitrate, are being investigated for their potential to
prevent excessive calcium entry into neurons (Kopecky et al., 2014;
Verma et al,, 2022; Tsuruga et al., 2023). These compounds can protect
neurons from damage, reduce oxidative stress and inflammation, and
enhance mitochondrial function (Boccuni and Fairless, 2022).
However, they may also impair synaptic transmission and plasticity,
and affect neuronal development and differentiation (Boccuni and
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FIGURE 9

Representative images of the distribution of Brn3a*RGCs. Isodensity maps of the retinas of the control group (A—C) and experimental group treated
with vehicle (D—F) or ITH12657 (G-1) at 7, 14 and 21 days after intravitreal injection of NMDA. The density of RGCs is represented with a color code

ranging from purple or dark blue (0 RGCs/mm?) to red (>2,500 RGCs/mm?)

). The benefits and side effects of these compounds
depend on their specific properties and the condition being treated.

4.2 In vivo protection afforded by ITH
12657 against NMDA-induced
excitotoxicity

A second group of experiments further investigated the
neuroprotective effects of ITH12657 on the retina. This was
assessed in vivo morphologically with SD-OCT measurements of
retinal layer thickness and functionally with full-field
ERG recordings.

In vivo measurements with SD-OCT revealed a significant
loss of total retinal thickness following NMDA-induced
excitotoxicity and vehicle-treatment. These reductions may
be explained on the basis of the rapid and massive loss of
Brn3a*RGCs that follows NMDA-induced excitotoxicity, as
shown previously ( ) and confirmed in
the present studies. Degeneration of this large population of
RGCs involves the loss of neural processes that extend into the
inner synaptic layer, resulting in retinal thickness reduction. In

addition to RGCs, other neuronal types found in the inner retina

Frontiers in 13

and their resilience to excitotoxic damage may contribute to the
inner retinal thinning. Indeed, other cell types present in this
layer that have not been extensively studied include amacrine and
bipolar cells. While amacrine cells have been shown to
be sensitive to NMDA excitotoxicity in adult pigmented mice
( ) and albino
rats ( ), little is known
about retinal bipolar cells. Retinal thinning following NMDA-
induced excitotoxicity was significantly blunted with ITH12657
treatment. An effect that could be explained not only based on
the protection exerted by ITH12657 on the Brn3a*RGC
population but also over other retinal neurons that may
be affected by NMDA excitotoxicity and were not studied
histologically in the present experiments. Indeed, the ITH12657
treatment contributes to the maintenance of the b-wave
amplitudes, which are produced mainly by retinal bipolar cells.
In vivo retinal functionality was assessed with full field
electroretinograms following intravitreal injection of NMDA and
treatment with vehicle or ITH12567. Our results show in the vehicle-
treated group significant decreases in the mean amplitudes of the
pSTR and b-wave of the mixed response. At 7 days, there was an 80%
reduction in the mean amplitude of the positive component of the
STR wave and a 68% reduction of the b-wave amplitude.
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(B’-D’) retinas. Neighbor maps illustrate the neuroprotective effects afforded by ITH12657 on the OPN*RGCs compared to vehicle at 7, 14 or 21 days.
(E) Bar histogram showing mean total number of OPN*RGCs in control retinas (n = 48) and the protection or loss of OPN*RGC in the experimental
retinas treated with ITH12657 (n = 8 per group) or vehicle (n = 8 per group). One-way ANOVA statistical significance difference ****p <0.0001,
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FIGURE 11

OPN*Tbr2*RGCs. Representative neighbor maps showing the topography of OPN*Tbr2*RGCs (¢ONsRGCs) in a control retina (A) and in ITH12657-
treated (B—D) or Vehicle-treated (B'~D’) retinas. The neighbor maps illustrate the neuroprotective effects of ITH12657 on the OPN*Tbr2*RGCs
compared to vehicle at 7, 14 or 21 days. (E) Bar histogram showing mean total numbers of OPN*Tbr2*RGCs in control retinas and the loss or
neuroprotection of OPN*Tbr2*RGCs in the experimental retina treated with ITH12657 or vehicle. One-way ANOVA statistical significance difference
***p <0.0001, *p < 0.05; ns, not statistically difference p>0.05. Neighbor maps color scale from 0 to 4 (purple) to >32-35 (red) neighbors

which may also affect the outer retina. Our data show no alterations  has been shown to occur for long periods after NMDA-induced
in the a-wave, which is primarily generated by photoreceptors, but this  excitotoxicity ( ), and our present studies only
may be explained because secondary degeneration of the outer retina  extended up to 21 days post-injection.
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Our in vivo results also demonstrate that following glutamatergic
overstimulation there are progressive histological and functional
changes, as reflected by retinal thinning and alterations of the main
electrophysiological waves. Alterations in electroretinographic waves
were observed as early as 7days and persisted until 21 days post-
injection, suggesting that NMDA-induced excitotoxicity produces
immediate functional alterations in the retina, as shown anatomically
in the present and previous studies (Vidal-Villegas et al., 2019). In
contrast, animals treated systemically with ITH12657 did not exhibit
such abrupt functional damage, and there was only a 40% reduction
in pSTR and a 35% reduction in b-wave amplitude. Thus, our
histological data on RGC survival and our electrophysiological
data suggest that treatment with ITH12657 not only increases cell
viability but also improves functionality following NMDA-
induced excitotoxicity.

The progressive histological and functional changes following
intravitreal injection of NMDA are consistent with previous
studies from other research groups (Kermer et al, 2001;
Hardingham et al., 2002; Gomez-Vicente et al., 2015; Huang
et al, 2018; Wang et al., 2018) including our laboratory (Vidal-
Villegas et al., 2019) that investigated RGC loss. At 7 days post-
injection, there was a 74% reduction in the Brn3a’RGC
population, with no subsequent reductions observed in animals
that received only vehicle treatment. This loss is probably due to
the activation of NMDA receptors, which trigger a massive influx
of Ca* that acts as a second messenger to initiate apoptotic
neuronal death pathways (Lebrun-Julien et al., 2009). However,
the exact signaling pathways involved in NMDA-induced RGC
2018).
ITH12657 significantly prevented the detrimental morphological

death are not fully understood (Fahrenthold et al.,

and functional effects induced by NMDA intravitreal injection.
It is tempting to suggest that ITH12657 may exert its protection
by blocking voltage-dependent calcium channels, preventing
excessive calcium influx and subsequent cell death via pathways
activated by NMDA-induced excitotoxicity. Additionally,
ITH12657 prevents inhibition of PP2A, an enzyme involved in
Tau protein synthesis, which is essential for axonal maintenance
and intracellular transport.

Frontiers in Neuroanatomy

4.3 Ex vivo protection afforded by ITH
12657

In the second group of experiments, we further investigated ex
vivo the neuroprotective effects of systemic administration of vehicle
or the novel molecule ITH12657 on the retina against NMDA-induced
excitotoxicity, and this was assessed with total counts of surviving
Brn3a*RGCs, aRGCs and their subtypes (dONsRGCs; xONtRGCs
and aOFFRGCs).

4.3.1 Protection of Brn3a*RGCs afforded by ITH
12657

Intravitreal injection of NMDA resulted by 7 days in the loss of
approximately 74% of the Br3a*RGC population without further loss,
2019).
ITH12657 treatment resulted in significant protection with a survival

as previously reported (Vidal-Villegas et al, However,
of 58% of the Brn3a*RGC population at 14 days, which was permanent.
It is tempting to suggest that the protection afforded by ITH12567
could be mediated by its capacity to block voltage-dependent calcium
channels, thus preventing excessive calcium influx and subsequent cell
death via pathways activated by NMDA injection. Moreover,
ITH12657 prevents inhibition of PP2A, an enzyme involved in Tau
protein synthesis, which is essential for axonal maintenance and
intracellular transport (Gonzalez et al., 2018).
4.3.2 Differential responses of aRGCs and their
subtypes to NMDA-induced injury and protection
with ITH 12657

In vehicle-treated groups of rats, following the NMDA IV], the
aRGC (OPN'RGC) population underwent a 73% loss at 7 days with
no further loss during the rest of the study, whereas treatment with
ITH12657 reduced this loss to 40% at 7 days and to 60% at 14 days,
with such protection maintained for up to 21 days. The a-ONsRGC
(OPN*Tbr2*RGC) population also exhibited different responses to
NMDA-induced excitotoxicity and protection with ITH12657. The
retinas receiving NMDA IVI and vehicle treatment, showed an
approximately 28% survival of the original population of a-ONsRGC
by 7 days, with no significant further losses with time. By contrast, the
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retinas treated with ITH12657 showed protection at 7days that
resulted in the survival of approximately 54% of the OPN*Tbr2*RGC
population, with no significant variations at increasing survival
intervals, suggesting that protection afforded by ITH12657 for
OPN*Tbr2*RGCs was permanent (Figure 11). The a-OFF RGCs
(OPN*Brn3a*RGCs) showed to be extremely sensitive to NMDA-
induced excitotoxicity with only approximately 2% of the original
population remaining by 7days and no response to ITH12657
treatment (Figure 12A). The a-ONtRGCs (OPN*Tbr2"Brn3a RGCs),
on the contrary, were fully resistant to NMDA-induced excitotoxicity
(Figure 12B), as has been previously documented for the melanopsin
expressing RGCs M1-M3 (Vidal-Villegas et al., 2019).

Thus, it is interesting that xRGCs, a subclass that in rats comprises
approximately 2.2% of all RGCs traced from the intra-orbital optic
nerve (Nadal-Nicolas et al., 2015; Gallego-Ortega et al., 2021) and
includes 4 of the 46 known types of RGCs (Rheaume et al., 2018; Tran
et al, 2019; Goetz et al., 2022), exhibit a differential response to
NMDA-induced excitotoxicity. At 7days in animals that received
vehicle treatment, the total population was reduced by 73, 72 or 98%,
for the aRGC, the aONsRGC or the aOFFRGC populations,
respectively, while the RGCa-ONt population was fully resistant to
NMDA-induced excitotoxicity. It is interesting that ®ONsRGCs,
which corresponds to M4, one type of ipRGCs (Schmidt et al., 2014;
Krieger et al., 2017; Sonoda et al., 2020), does not show the typical
resilience shown for other ipRGCs (M1-M3) to light induced
phototoxicity (Garcia-Ayuso et al., 2017), acute ocular hypertension
(Rovere et al., 2016), optic nerve injury (Nadal-Nicolas et al., 2015;
Sanchez-Migallon et al., 2018; Gallego-Ortega et al., 2021; Vidal-
Villegas et al., 2021a) or NMDA-induced excitotoxicity (Vidal-Villegas
etal,, 2019). Moreover, xONsRGCs have been shown to be particularly
resistant to transient ocular hypertension (Zhao et al., 2023) perhaps

due to their ability to modify their synaptic connections (El-Danaf

and Huberman, 2015; Ou et al., 2016; Della Santina et al., 2021), but
not to NMDA-induced excitotoxicity. Moreover, xRGC subtypes have
been shown to exhibit different resilience to optic nerve injury, with
the two sustained types being more resistant than the two transient
types (Tran et al., 2019), while their resilience to NMDA-induced
excitotoxicity differs based on their ON vs OFF responses, with a
resilience for the ON- vs a great fragility for the OFF- aRGC subtypes.
Thus, overall, our present results confirm the susceptibility of different
RGCs to injury (Vidal-Villegas et al., 2019; Gallego-Ortega et al., 2021;
Vidal-Villegas et al., 2021a) and add new data regarding the response
of Brn3a"RGCs, aRGCs and their subtypes to NMDA-induced
excitotoxicity and ITH12567 afforded protection.

An evolving concept over the last years relates to the idiosyncratic
responses of RGCs to injury and protection (Vidal-Sanz et al., 2015a;
Agudo-Barriuso et al,, 2016). Indeed, it is currently thought that of the
many different types of RGCs present in the rodent retina, a large
number exhibit a differential response to injury and protection (Duan
et al,, 2015; Honda et al., 2019; Tran et al., 2019; Vidal-Villegas et al.,
2019; Gallego-Ortega et al., 2021; Vidal-Villegas et al., 2021b; Zhao
et al,, 2023). Following optic nerve crush in mice, RNA sequencing
revealed that not all RGC types respond similarly to injury (Tran et al,,
2019). Our study supports these findings, as we report that different
aRGC types exhibit varying responses to injury, with tONsRGC being
more resistant, aOFFRGCs being extremely susceptible and
aONtRGC being totally resistant. These results are consistent with
other studies that have shown that the OFF pathway is more sensitive
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to NMDA excitotoxicity, with direction-selective RGC-ONs being
more resistant than direction-selective RGC-OFFs (Milla-Navarro
etal, 2021). Moreover, the response to ITH12657 afforded protection
also varied greatly between aRGs and their subtypes, so that final
survival at 21 days in animals that received ITH12657 treatment was
34, 45 or 2%, for the aRGC, the aONsRGC or the aOFFRGC
populations, respectively, while the RGCa-ONt population was fully
resistant to NMDA-induced excitotoxicity.

A previous study reported that xRGCs, immunodetected using an
OPN antibody, are completely resistant and resilient to NMDA
induced excitotoxicity (Christensen et al., 2019; Honda et al., 2019).
Although aRGCs exhibit low expression of calcium-permeable
glutamate receptors, high concentrations of NMDA can still induce
death in these neurons. This may be the explanation for the differences
between our results and those reported by Honda et al. (2019) and
Honda et al. (2019) who used a 100-fold lower concentration of
NMDA than we did. Additionally, their study was conducted on
pigmented mouse retinas, and the susceptibility of cells in the albino
rat retina may differ. Furthermore, their cell counting was performed
by sampling retinal regions whereas we counted the total numbers of
cells in retinal whole-mounts.

Treatment with the ITH12657 molecule had beneficial effects on
neuroprotection of both the «RGC and Brn3a*RGC populations.
Blockade of voltage-dependent calcium channels by ITH12657 may
have prevented excessive calcium influx and subsequent cell death,
resulting in increased survival of kRGCs and their subtype aONsRGCs
in ITH12657-treated animals compared to those treated with vehicle
alone. However, this effect was not observed in the aOFFRGC
population. The high susceptibility of the xOFFRGC population to
NMDA and the high concentration (100 mM) used in this study may
have masked any neuroprotective effect of ITH12657. Further studies
are needed to analyze if at lower concentrations of NMDA, ITH12657
would be neuroprotective on the xOFFRGC population.

In conclusion, following intravitreal injection of NMDA to induce
excitotoxicity in the albino rat retina, systemic administration of
ITH12657 (10 mg/kg) prevented significant retinal thinning, improved
the functionality of RGCs and retinal interneurons, and protected
Brn3a*RGCs, aRGCs and oONsRGCs populations, but not
aOFFRGCs, while aONtRGCs appeared resistant to injury, further
adding to previous findings about the idiosyncrasy of different RGCs
to injury and protection (Vidal-Sanz et al., 2015a; Agudo-Barriuso
et al, 2016; Vidal-Villegas et al, 2019, 2021a; Gallego-Ortega
etal., 2021).

4.4 Limitations of the study

Neuroprotection studies in the retina need detailed knowledge
about the response of different types of RGCs to injury and protection,
as well as new strategies designed to impinge on various injury-
activated death pathways.

It is tempting to suggest that the protective effects of ITH12657
are due to its capacity to block excess intracellular calcium influx.
However, in this study the mechanism of action of ITH-12657 was not
investigated, so additional experiments need to be designed to afford
this purpose.

Our studies rely only in the immunohistochemical identification of
RGCs by the expression or co-expression of specific markers, such as
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Brn3a, Osteopontin or Tbr2 to identify Brn3a+RGCs, xRGCs and their
subtypes aONsRGCs, *ONtRGCs and a«OFFRGCs, respectively. But it is
well known that NMDA-induced excitotoxicity can causes degeneration
of other neuronal populations in the retina such us amacrine cells, and
that injured neurons may modify the expression of typical markers
(Vidal-Villegas et al., 2019). For this reason, a note of caution should
be considered when interpreting the ex vivo and in vivo result.

5 Conclusion

We report for the first time the deleterious effects of intravitreal
NMDA-induced excitotoxicity as well as the protective effects of
subcutaneous administration of ITH12657, to blunt morphological
and functional degeneration of the retina as well as the loss of
Brn3a*RGCs, aRGCs and their subtype aONsRGCs. These results
provide further evidence of the idiosyncratic responses to injury and
protection of the main subtypes of a main class of retinal neurons,
the aRGCs.
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