translational vision science & technology

tvst

https://doi.org/10.1167/tvst.8.6.36

Topical Brimonidine or Intravitreal BDNF, CNTF, or bFGF
Protect Cones Against Phototoxicity

Francisco J. Valiente-Soriano'"*, Arturo Ortin-Martinez"**, Johnny Di Pierdomenico’,
Diego Garcia-Ayuso’, Alejandro Gallego-Ortega', Juan A. Miralles de Imperial-Ollero’,
Manuel Jiménez-Lépez', Maria Paz Villegas-Pérez', Larry A. Wheeler®, and Manuel

Vidal-Sanz'

! Departamento de Oftalmologia, Facultad de Medicina, Universidad de Murcia, e Instituto Murciano de Investigacion Biosanitaria Virgen
de la Arrixaca (IMIB-Arrixaca), Murcia, Spain

2 present Address: Donald K. Johnson Eye Institute, Krembil Research Institute, University Health Network, Toronto, ON, Canada

3 Ophthalmology and Visual Science, University of Utah Health Sciences Center, Salt Lake City, UT, USA

Correspondence: Manuel Vidal-
Sanz, Dpto Oftalmologia, Facultad
de Medicina. Edificio Departamental,
Campus de Ciencias de la Salud,
Universidad de Murcia, 30120 El
Palmar, Murcia, Spain. e-mail:
manuel.vidal@um.es

Francisco J. Valiente-Soriano, Dpto
Oftalmologia, Facultad de Medicina.
Edificio Departamental, Campus de
Ciencias de la Salud, Universidad de
Murcia, 30120 El Palmar, Murcia,
Spain. e-mail: fjvaliente@um.es

Received: 5 July 2019
Accepted: 7 October 2019
Published: 16 December 2019

Keywords: neuroprotection; cone
photoreceptors; light induced
phototoxicity; BDNF; bFGF; CNTF;
Brimonidine; alpha-2-adrenergic
agonist; microglia; SD-OCT

Citation: Valiente-Soriano FJ, Ortin-
Martinez A, Di Pierdomenico J,
Garcia-Ayuso D, Gallego-Ortega A,
Miralles de Imperial-Ollero JA,
Jiménez-Lopez M, Villegas-Pérez MP,
Wheeler LA, Vidal-Sanz M. Topical
brimonidine or intravitreal BDNF,
CNTF, or bFGF protect cones against
phototoxicity. Trans Vis Sci Tech.
2019;8(6):36, https://doi.org/
10.1167/tvst.8.6.36

Copyright 2019 The Authors

Purpose: To develop a focal photoreceptor degeneration model by blue light-
emitting diode (LED)-induced phototoxicity (LIP) and investigate the protective effects
of topical brimonidine (BMD) or intravitreal brain-derived neurotrophic factor (BDNF),
ciliary neurotrophic factor (CNTF), or basic fibroblast growth factor (bFGF).

Methods: In anesthetized, dark-adapted, adult female Swiss mice, the left eye was
dilated and exposed to blue light (10 seconds, 200 lux). After LIP, full-field
electroretinograms (ERG) and spectral-domain optical coherence tomography (SD-
OCT) were obtained longitudinally, and reactive—lba-1+monocytic cells, TUNEL™ cells
and S-opsin® cone outer segments were examined up to 7 days. Left eyes were
treated topically with BMD (1%) or vehicle, before or right after LIP, or intravitreally
with BDNF (2.5 pg), CNTF (0.2 ng), bFGF (0.5 pg), or corresponding vehicle right after
LIP. At 7 days, S-opsin® cone outer segments were counted within predetermined
fixed-size areas (PFA) centered on the lesion in both flattened retinas.

Results: SD-OCT showed a circular region in the superior-temporal left retina with
progressive thinning (207.9 = 5.6 um to 160.7 = 6.8 um [7 days], n = 8), increasing
TUNEL™" cells (peak at 3 days), decreasing S-opsin* cone outer segments, and strong
microglia activation. ERGs were normal by 3 days. Total S-opsin™ cones in the PFA for
LIP-treated and fellow-retinas were 2330 = 262 and 5601 = 583 (n = 8), respectively.
All neuroprotectants (n = 7-11), including topical BMD pre- or post-LIP, or intravitreal
BDNF, CNTF, and bFGF, showed significantly greater S-opsin™ cone survival than their
corresponding vehicle-treated groups.

Conclusions: LIP is a reliable, quantifiable focal photoreceptor degeneration model.
Topical BMD or intravitreal BDNF, CNTF, or bFGF protect against LIP-induced cone-
photoreceptor loss.

Translational Relevance: Topical BMD or intravitreal BDNF, CNTF, or bFGF protect
cones against phototoxicity.
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Introduction

Age-related macular degeneration (AMD) causes a
gradual degeneration of cones located in the human
macula and is the most common cause of blindness in
elderly people.' In addition to environmental factors,
such as smoking, hypertension, or obesity, light may
be an important risk factor of AMD at early stages.”
Several animal models that mimic human retinal
degenerations are studied in order to foster our
understanding of AMD, including (1) spontaneous
or induced genetic alterations, such as the Royal
College of Surgeons rat, the P23H rat or the rd
mouse® '%; (2) chemically induced retinal degenera-
tions, such as poisoning with sodium iodate'*'” or N-
methyl-N-nitrosurea,'®"” and; (3) light-induced reti-
nal degeneration by phototoxicity.”’* Blue light is of
interest, because it has proven to induce retinal
damage through an oxidative stress mechanism
leading to retinal pigment epithelium (RPE) and
photoreceptor loss,” ' and thus is considered a risk
factor for AMD.** Recent studies using a blue
light-emitting diode (LED) to expose the retina in
albino”®* or pigmented”’ mice results in massive
photoreceptor degeneration throughout the entire
retina, as well as RPE damage.”’ These studies
implicated long time intervals of exposure and large
intensities (2 hours, 400—-1100 Lux*"*°; 3 hours 1000—
6000 lux>®; 24 hours 6000 Lux”®) of blue LED light,
and thus there are no models of acute and focal
damage to the retina to investigate the effects of blue
LED damage and rescue.

Several studies have documented the efficacy of
neurotrophic factors in promoting neuronal survival
following diverse types of injuries.’® Indeed, the
rodent retina provides an ideal model to investigate
the short- and long-term responses and neuroprotec-
tion against a variety of diseases or injuries, such as
axotomy,”” " transient ischemia of the retina induced
by elevated intraocular pressure,*' or by selective
ligature of the ophthalmic vessels,**** glaucomatous
damage induced by chronic* or acute® elevation of
the intraocular pressure, and inherited* or phototox-
icity-induced*’ retinal degenerations. Moreover, we
have previously demonstrated that brain-derived
neurotrophic factor (BDNF) and basic fibroblast
growth factor (bFGF) protect cone-photoreceptors
against LED-induced focal retinal damage in adult
rats.”” However, ciliary neurotrophic factor (CNTF)
was ineffective,”” although its neuroprotective effect
has been contrasted in other retinal degenerations.*

In addition, previous studies have shown that
brimonidine (BMD) has neuroprotective effects
against transient ischemia of the retina-induced
neuronal death*'***° and LED-induced phototoxic-
ity (LIP)-induced retinal degeneration.>

Most of the previous studies investigating neuro-
protection afforded against light-induced phototoxic-
ity describe the effects on rod photoreceptors.”® >33
There is however, little information regarding cone
photoreceptor survival.”> Rodents do not have a
proper macula; however, we have previously de-
scribed an “arciform photosensitive area” in the rat
retina,”’ >*” which coincides with the visual streak
described in the dorsal retina in rats and mice,”’ >
with highest densities of retinal ganglion cells and L-
cones in the superior-temporal region,’® that is
probably a specialized region of the retina to provide
best visual acuity. In the albino mice, approximately
73% of cones are dual, 23% are genuine S-cones, and
4% are genuine L-cones; thus, immunodetection of
the S-opsin identifies approximately 96% of the whole
population of cones.”

Here, we aimed to establish a novel reproducible
and reliable model of blue LIP that results in a focal
circumscribed lesion of photoreceptors centered in the
temporal side of the visual streak in the albino mice.
We have examined longitudinally in vivo retinal
thinning and function with spectral-domain optical
coherence tomography (SD-OCT) and full-field elec-
troretinography (ERG), respectively, and ex vivo we
have quantified the effects on the survival of the
population of S-opsin® cone outer segments and
observed the microglial reaction and the presence of
apoptosis. Our studies document that LIP is a
reproducible and reliable model to study focal
photoreceptor degeneration in mice. In addition, we
demonstrate that topical BMD or intravitreal BDNF,
CNTF, or bFGF may prevent, at least in part, light-
induced cone photoreceptor degeneration. Short
accounts were presented in abstract format (Vidal-
Sanz M, et al., IOVS 2015;55:ARVO E-Abstract
5667).

Material and Methods

Animal Handling

All experiments followed the ARVO and Europe-
an Union guidelines for the use of animals in research
and were approved by the Ethical and Animal Studies
Committee (University of Murcia [UM]). Adult
female albino Swiss mice (25-30 g) were obtained
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from Charles River Laboratories (L’Arbresle, France)
and housed at the UM animal facilities in temperature
and light controlled rooms (12-hour light/dark cycle)
with food and water ad libitum. For surgical or
animal manipulations, mice were anaesthetized with
an intraperitoneal (ip) injection of ketamine (70 mg/
kg Ketolar; Pfizer, Alcobendas, Madrid, Spain) and
xylazine (10 mg/kg Rompun; Bayer, Kiel, Germany).
Topical ointment (Tobrex; Alcon-Cusi, S.A., El
Masnou, Barcelona, Spain) was applied during
recovery to prevent corneal desiccation. Mice were
euthanized with pentobarbital (Dolethal, Vetoquinol;
Especialidades Veterinarias, S.A., Alcobendas, Ma-
drid, Spain). In the present experiments we have used
six naive untouched mice, and 110 subjected to LIP;
their left eyes were used as experimental while the
right eyes served as controls. Because our previous
studies characterizing the cone population of adult
mice were done in female mice,” for comparison we
have used only female mice in the present study.

Light-Emitting Diode Induced-Phototoxicity
(LIP)

Light damage differs between rats and mice”
and thus different light protocols are needed for light-
induced retinal degeneration. Light-induced retinal
phototoxicity depends on the type of light employed,
radiation intensity, wavelength, and exposure time
intervals.”>’ Because short wavelengths are known
to cause severe damage, here we have used a blue
LED.? %% Mice were dark-adapted for 12 hours®’
and the left eye was dilated with tropicamide
(Tropicamida 1%; Alcon-Cusi, S.A., El Masnou) 1
hour prior to LIP. Mice heads were placed on a head-
holder and a 10-V blue LED (emission spectrum 390—
410 nm; catalogue number 454-4405; Kingbright
Elec. Co., Taipei, Taiwan) was placed at 1 mm from
the corneal apex of the left eye. The duration of
exposure and illuminance were controlled by a
computer connected to the LED. Preliminary exper-
iments showed consistent results after exposing mice
to 200 Iux for 10 seconds, with light focused always on
the same area of the retina. Lux intensity was
controlled with a luxometer (light meter TES-1330;
TES Electrical Electronic Corp., Taipei, Taiwan).
This LED produces blue radiation, which causes
retinal excitotoxicity®” and has proven effective in a
previously characterized model of focal phototoxicity
in adult albino rats.”> LIP was always performed at
the same hour (10:00 AM to 12:00 PM) to minimize

22,25

retinal susceptibility to light damage influenced by the
circadian rhythm.>’-¢"-%3

Spectral-Domain Optical Coherence
Tomography (SD-OCT)

The effects of LIP were characterized in vivo
longitudinally in the retinas of two naive (n = 4
retinas) and eight LIP-treated anesthetized mice (n = 8
retinas) using a SD-OCT device (Spectralis; Heidelberg
Engineering, Heidelberg, Germany) as described.””
Retinal thickness (from the fiber layer to the RPE) in
the center of the lesion was measured pre-,
1, 2, 3, 5, and 7 days after LIP using the average of
three measurements of calipers provided directly by the
software of the device.

Electroretinography (ERG)

The effects of LIP were analyzed in vivo longitu-
dinally in both retinas of four LIP-treated mice using
full-field ERG as described.®*® In brief, in anesthe-
tized dark-adapted mice, both eyes were stimulated
with increasing light stimuli (—4.4 to 2 log cd-s/m?),
provided by a Ganzfeld dome light. ERG responses
were recorded by Burian-Allen bipolar electrodes
located on both corneas, protected with methylcellu-
lose (Methocel 2%; Novartis Laboratories CIBA
Vision, Annonay, France), a reference electrode was
also placed in the mouth and the ground electrode
was a needle placed subcutaneously at the base of the
tail. Electrical signals were digitized using a Power
Lab data acquisition board (AD Instruments, Chal-
grove, UK). Standard ERG waves were analyzed
according to the method recommended by the
International Society of Clinical Electrophysiology
of Vision.

Administration of the Neuroprotective
Compounds

Neuroprotection against S-cone photoreceptor loss
was examined for noninvasive topical or intravitreal
administration of neuroprotective compounds. The
effects of alpha-2-adrenergic agonist, BMD, were
studied in two groups. Two (2.5 puL) drops of 1%
BMD (Allergan Inc., Irvine, CA) in 0.9% NaCl were
administered topically three times a day; in one
group, BMD treatment started the day before LIP
(pre-LIP group; n = 11) and in the other BMD was
instilled immediately after LIP (post-LIP group; n =
7). We also tested three neurotrophic factors intra-
vitreally injected right after LIP, 2.5 uL containing 2.5
pg of BDNF (Preprotech, London, UK) (n=8), or 0.2
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Table. Total Numbers of S-Opsin® Outer Segments
Automatically Quantified in the Fixed-Size Areas

Parameter n Area Mean = SD
No treatment 8 R 5601 £ 583
L 2330% * 262
Topical administration
Saline PRE 13 R 6053 * 672
L 2247* + 858
BMD PRE 11 R 5993 + 987
L 3527*t = 556
Saline POST 7 R 5923 + 872
L 2040*% x 773
BMD POST 7 R 5532 = 594
L 3777*t = 900
Intravitreal administration
PBS 9 R 5911 = 1271
L 1703* * 665
BDNF 8 R 5057 * 610
L 3365*t = 558
CNTF 7 R 5448 + 1369
L 3245*t = 1116
TRIS 7 R 6136 = 933
L 2179*% £ 525
bFGF 7 R 6135 £ 950
L 3650*t = 786

Comparison of the total numbers of S-opsin™ outer
segments automatically quantified in the fixed-size areas
(radius of 0.4 mm) located in the center of the LED induced
lesion for the left retinas and in a corresponding region for
the right retinas. All left areas (L) show a significative
reduction of positive cones compared to their right control
areas (R) (Mann-Whitney test, *P < 0.05). Also, left areas
treated topically with brimonidine before and just after LED
photoexposition or treated intravitreally with BDNF, CNTF
or bFGF show a significative protection of S-cones
compared to their corresponding vehicle treated left areas
(Mann-Whitney test, TP < 0.05).

pg of CNTF (R&D Systems, Vitro S.A. Madrid,
Spain) (n = 7), both diluted in phosphate buffered
saline (PBS), or 0.5 pg of bFGF (Preprotech) (n =7)
diluted in Tris-Cl 2 mM pH 7.6. As controls, mice
treated with each vehicle solution at the same
frequency and route than the experimental groups
were used (n = 7-13). All animals were analyzed 7
days after LIP (Table).

Tissue Processing

Mice were deeply anesthetized and perfused trans-
cardially with saline and 4% paraformaldehyde in 0.1

M phosphate buffer at 1, 2, 3, 5, or 7 days after LIP.
Both eyes were enucleated’®°°®® and all retinas
prepared as whole-mounts following a standard
protocol in our laboratory.?>>*¢%72

Immunohistofluorescence

To study cone photoreceptor damage and its
protection, S-opsin antibody (goat anti-OPNISW;
1:1,000; Santa Cruz Biotechnologies, Heidelberg,
Germany) detected with Alexa Fluor-594 donkey
anti-goat (1:500; IgG [H+L]; Molecular Probes,
Invitrogen, ThermoFisher, Madrid, Spain) was used
to immunodetect S-cones, which represent 96% of all
cones.”>*

To study the microglial reaction (microglia and
recruited macrophages) in untouched naive mice (n =
2, 4 retinas) and at 1, 3, 5, or 7 days (n =4 per time)
after LIP, the left experimental, LED exposed, and
the contralateral unexposed retinas were doubly
immunodetected with S-opsin antibodies and ionized
calcium binding adaptor molecule (Iba-1) antibodies
(1:500; rabbit anti-Ibal, EPR16589; ABCAM, Cam-
bridge, UK) and counterstained with 4’,6-diamidino-
2-phenylindole (DAPI). Secondary antibody for Iba-1
was Alexa Fluor-488 donkey anti-rabbit IgG (1:500;
Molecular Probes, Invitrogen, ThermoFisher, Ma-
drid, Spain).

To assess whether S-opsin® outer segments loss
was due to apoptosis and not to S-opsin downregu-
lation, both whole-mounted retinas underwent a TdT-
mediated dUTP nick-end labeling (TUNEL) assay,
immunolabelling for S-opsin, and counterstaining
with DAPI at 1, 2, 3, 5, or 7 days (n = 3 per time)
after LIP and also in untouched naive mice (n =2, 4
retinas). To detect apoptotic nuclei, TUNEL assay
(FragEL DNA Fragmentation Detection Kit; Qiagen,
Merck Bio, Nottingham, UK) was performed as
described''** with minor modifications.

Retinal Analysis

All retinal wholemounts were examined and
photographed with a microscope (Axioscop 2 Plus;
Zeiss, Jena, Germany) following a standard proto-
col.?¥*70 ba-1"cells and TUNEL" cells were exam-
ined in wholemounts and photographed using a Leica
SP8 confocal microscope (X20, X40, or X63; Leica
Microsytems, Wetzlar, Germany). Images were fur-
ther processed using a graphics editing program when
required (Adobe Photoshop CS 8.0.1; Adobe Sys-
tems, Inc., San Jose, CA). Photomontages of whole-
mounts were constructed from 154 consecutive frames
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CONTROL

148,523 c.”

LIGHT EXPOSURE

. 147,164 c.

Figure 1.

0.8 mm

5,793 c. inside PFA

12,1454 c. inside PFA

Focal loss of S-cones. Whole-mount of a control (contralateral unexposed) (A) and the experimental (D) mouse retina analyzed

7 days after LIP showing S-cone immunodetection, its corresponding isodensity maps (B, E) and photomontages of the superior-temporal
retinal quadrants depicting the analyzed/damaged area (C, F). (A, B) The total number of S-cones (c.) and their normal distribution in
control retinas; (D, E) this distribution is altered within a small circular region (focal damaged area) of S-cone degeneration after LIP. The
damaged area after LIP could be seen in the superior-temporal quadrant (D, E) and in the magnification of this quadrant ([F]; outlined in
the red dotted circle). (C) lllustrates the predetermined fixed-size circular area (PFA) outlined in the red dotted circle (diameter of 0.8 mm)
circumscribing the focal lesion that was analyzed in control (contralateral unexposed) and experimental retinas. This area was located at
approximately 1.2 mm from the optic disc. Note that while the PFA in the control retina (C) contains 5793 S-opsin’ cones, the
experimental retina (F) only shows 2154. ON, optic nerve; S, superior; |, inferior; T, temporal; N, nasal. Scale bar = 500 um.

captured side by side. Reconstructed images were
further processed with image-editing computer soft-
ware (Adobe Photoshop CS; ver. 8.0.1; Adobe
Systems, Inc.) when correct orientation of the retina
or image coupling was needed.’®’*"

Automatic Quantification of S-Cones in a
Predetermined Fixed-Size Circular Area and
Isodensity Maps

Total numbers of surviving S-cones were counted
automatically using routines developed in our labo-
ratory,”>*>*375 and isodensity maps were con-
structed (Sigmaplot 9.0; Systat Software Inc.,
Richmond, CA) for detailed S-cone topologic distri-
bution.”*>* The LIP retinas exhibited damage in a
circular region within the superior-temporal quadrant
whose center was located at approximately 1.2 mm
from the optic nerve head. S-opsin® outer segments
were counted within a predetermined PFA centered in

the middle of the lesion with a radius of 0.4 mm (Fig.
1). These counts were done in the left (LIP-treated)
and in the corresponding region of the right (fellow)
retina for each mouse (Fig. 1).

Automatic Quantification of the Positive
TUNEL Signal Area in a Predetermined Fixed-
Size Circular Area

TUNEL" cells were examined in whole mounts
using a Leica SP8 confocal microscope (X20), and the
positive TUNEL signal was automatically quantified
in a smaller predetermined circular area (radius =0.25
mm) centered in the lesion delimiting the TUNEL
expression using the commercial Image] software
(National Institutes of Health, Bethesda, MD). This
analysis was performed in untouched naive mice (n =
3, 3retinas) and at 1, 2, 3, 5, or 7 days (n =3 per time)
after LIP.
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Statistical Analysis

Statistical analysis was done using GraphPad
Prism (GraphPad Software, San Diego, CA). Tukey
test or Kruskal-Wallis test were used when compar-
ing more than two groups and Mann-Whitney U test
when comparing two groups only. Data is shown as
mean = SD and differences were considered signifi-
cant when P < 0.05.

In Vivo Analysis of Retinal Damage Induced
by LIP

In control mice, SD-OCT scans showed a mean
retinal thickness of 207.9 = 6 um (n = 12; Fig. 2) in
the superior-temporal area, coincident with the
damaged area in experimental mice. In experimental
animals, SD-OCT scans of the left retina showed
retinal alterations in a circumscribed area of the
superior-temporal quadrant that were evident upon
inspection of the eye fundus (Fig. 2). Longitudinal
SD-OCT measurements indicate a significant and
progressive retinal thinning between 1 and 7 days
after LIP (Tukey test, P < 0.05). By 1 day after LIP
there was retinal thickness reduction (192.5 = 7 pum,
n=238) that progressed until 7 days (2 days, 182.9 = 6
um; 3 days, 171.6 £ 6 um; 5 days, 166.4 = 7 um; and
7 days, 160.7 = 7 um; n = 8) showing a significant
exponential trend (> = 0.865) (Fig. 2). Such retinal
thinning was mainly due to outer nuclear and
segment layer thinning. On days 1 and 2, the OCT
images showed a hyperreflective material in the
center of the lesion that encompassed the entire
external retina without discriminating layers that
resolved by day 3. It has been postulated that this
type of nonspecific signal in the external retina may
be due to a process of inflammation derived from
light damage that causes an alteration in the Miiller
cells and an accumulation of debris from the external
segments that causes a redistribution of the retinal
fluid.>’®"® This edema can cause a barrier in the
passage of OCT infrared light and generate a
refractive change, which causes a nonspecific hyper-
reflective signal’®’’ (Fig. 2).

In Vivo Functional Analysis of Retinal
Damage Induced by LIP

Longitudinal analyses of full-field ERGs from
both retinas in LIP-exposed mice (n = 4) showed a
significant reduction in retinal function on the left

retina (decrease in response: a wave 26.5%, b wave
38.4%) within 24 hours of LIP, that recovered fully by
3 and 7 days (Fig. 3).

Immunocytochemical Analysis of the
Damaged Region in Whole-Mounts: Focal
Loss of S-Cones

The naive and the right retinas of the LIP animals
showed the typical distribution of S-opsin™ cones.’” In
contrast to the pigmented strain, in which S-opsin™
cones are located mainly in the ventral retina, albino
mice S-opsin' cones are distributed homogeneously
throughout the retina with higher densities in the
dorsal and ventral retina (Fig. 1). The LIP-treated
retinas showed, consistent with the in vivo SD-OCT
observations, diminished S-opsin® outer segments in a
small circular region (approximate diameter of 0.65
mm) located in the superior-temporal quadrant whose
center was placed at approximately 1.2 mm from the
optic disc (Fig. 1). Within this small circular area,
there were diminished numbers of S-opsin® outer
segments in the periphery and an almost complete
absence in the center of the lesion (Fig. 1). Total
numbers of S-opsin™ outer segments in the LIP retinas
and their fellow retinas were comparable (Mann-
Whitney U test, P > 0.05), probably because of the
small size of the lesion (data not shown). We then
counted total S-opsin® outer segments within a
predetermined fixed-size circular area (0.8-mm diam-
eter, centered in the middle of the lesion) and found
that the mean number of S-opsin®™ outer segments
were 5601 * 583 (n = 8) in the contralateral fellow
retinas and 2330 * 262 (n = 8) in the LIP exposed
retinas, indicating a reduction of approximately 58%
of the S-cone population (Fig. 1, Table).

Microglial Activation in the Focal Damaged
Region

Double labeling with Iba-1 and S-opsin allowed to
analyze the presence of active microglia and recruited
macrophages and S-opsin™ outer segments in control
and experimental retinas (Fig. 4). In naive or control
retinas there were few to none Iba-1" cells within the
outer nuclear and outer segment layer of the retina.
However, in the experimental LIP treated retinas, a
few Iba-1" cells were apparent delineating the
boundaries of the area of lesion already at 1 day
after LIP (Fig. 4), at a time when S-opsin immuno-
reactivity only showed shortening of the outer
segments but no clear loss. By 3 days after LIP the
highest numbers of cells Iba-1" were observed within
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SD-OCT longitudinal in vivo retinal thickness analysis after LIP. (A, B) Eye fundus photographs acquired 1 and 7 days after LIP.

Representative SD-OCT scans obtained from control-naive mice retina (C) and from a representative experimental retina 1 (D), 2 (E), 3 (F),
5 (G), and 7 (H) days after LIP treatment on the left eye. () Exponential graph showing significant and progressive retinal thinning (mean
+ SD) in the left LIP-treated retinas from 1 to 7 days in the analyzed area (Tukey test *P < 0.05; r* = 0.865).

the area of the lesion, whose center showed a clear
diminution of S-opsin® outer segments. The microg-
lial cell reaction was similar at 5 and 7 days after LIP
(Fig. 4) but the number of S-opsin® outer segments
continued decreasing. Confocal microscopy examina-
tion showed Iba-1" cells located mainly within the
outer retinal layers (Fig. 4). The morphology of these
microglia cells changed over time from a dendritic
form on day 1 to an ameboid form on day 3. On day
7, Iba-1-positive cells showed a less amoeboid and
more branched pattern.

Apoptotic Nuclei Within the Focal Damaged
Area of the Retina

To assess whether S-opsin’ outer segment loss was
due to apoptosis and not a downregulation of the S-
opsin expression, a TUNEL assay was performed in
whole-mounted retinas at various time intervals after
LIP and retinas were immunolabeled for S-opsin and
counterstained with DAPI (Fig. 5). In control retinas,
TUNEL-positive nuclei were not observed (Fig. 5). In
the LIP-damaged retinas, TUNEL-positive nuclei
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Figure 3. ERG response after LIP. (A) Full-field ERG representative trace recordings from previous, 1, 3, and 7 days after LIP in response
to different increasing light intensities (left margin). Blue lines represent the left eye responses (LIP-treated), and red lines represent the
right eye responses (contralateral noninjured). A significant reduction in a- and b-waves in scotopic and photopic light conditions was
observed 24 hours after LIP. This temporal reduction recovered fully at 3 days and the responses kept normal until day 7. (B, C) Line

—
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«—

graphs representing the a- and b-wave amplitudes (mV) from the longitudinal ERG study on the previous, 1, 3, and 7 days after LIP (n=4)
(x axis for a wave: from —2.49 to 2 log cd-s/m? x axis for b wave: from —3.54 to 2 log cd-s/m?). Data shown as mean * SD; *P < 0.01

(Previous versus day 1; one-way ANOVA post hoc Dunnett’s).

were only detected within the outer nuclear layer. A
few TUNEL-positive nuclei were apparent as early as
1 day after LIP occupying 11% of the small
predetermined circular area. Their number increased
rapidly by 2 days reaching a peak by 3 days after LIP
(occupying 62% and 79% of the small predetermined
circular area, respectively; Fig. 5). By 5 and 7 days the
number of TUNEL-positive nuclei diminished but
were still noticeable (occupying 45% and 21% of the
small predetermined circular area, respectively; Fig.
5). A parallel qualitative examination demonstrated a
progressive diminution in the numbers of S-opsin®
outer segments. By 1 day after LIP there were already
signs of lesioned S-opsin® outer segments, which
appeared shortened (data not shown). The progres-
sive diminution in numbers of S-opsin® outer
segments revealed with clarity the boundaries of the
phototoxic lesion; becoming clearer by 2 and 3 days,
and obvious by 5 and 7 days when very few S-opsin™
outer segments were left in the center of the lesioned
area (Fig. 5).

Prevention of LED-Induced Cone Loss With
Topical BMD or Intravitreal BDNF, CNTF, or
bFGF

BMD was topically administered just before or
right after LIP and the mean population of S-opsin™
outer segments were quantified in the PFA of the LIP-
treated and their fellow retinas (Fig. 6, Table). In the
groups of animals treated before or right after LIP
with BMD, the mean number of S-opsin® outer
segments were 3527 = 556 (mean £ SD; n=11) or
3777 = 900 (n =17), respectively. These numbers were
significantly greater than those found in the groups of
animals treated before or right after LIP with saline
(vehicle group), 2247 = 858 (n=13), or 2040 = 773 (n
= 7), respectively. Thus, topical BMD afforded a
significant neuroprotection of the of S-cone popula-
tion compared with vehicle-treated animals, and this
effect was obtained independently of whether BMD
was administered before or immediately after LIP
(Fig. 7, Table).

The effects of BDNF (2.5 pg), CNTF (0.2 pg), or
bFGF (0.5 pg) administered intravitreally right after
LIP were also quantified in the PFA of the LIP-

treated and their fellow retinas (Fig. 6). Intravitreal
injection of BDNF or CNTF resulted in 3365 * 558
(n = 8) or 3245 = 1116 (n = 7) S-opsin® outer
segments, respectively, and these were significantly
greater than those found in animals treated intra-
vitreally with PBS (vehicle; 1703 = 665; n = 9).
Intravitreal injection of bFGF resulted in 3650 * 786
(n = 7) S-opsin” outer segments while intravitreal
injection of TRIS (vehicle) resulted in significantly
smaller number of S-opsin® outer segments (2179 =
525; n = 7) (Fig. 7, Table). Thus, all the studied
neurotrophic factors showed significant neuroprotec-
tion of the S-cone population when compared with
their corresponding vehicle-treated animals (Fig. 7).

Discussion

The present studies in adult Swiss mice were
designed to address the following three main ques-
tions: (1) Does blue LIP result in a reproducible focal
loss of cones? (2) Does LIP induce apoptosis of
photoreceptors and microglial reaction? (3) Can the
photoreceptor damage be blunted with the use of
neuroprotective substances by topical or intravitreal
administration? We used techniques developed in the
laboratory to identify and count automatically the
population of S-cone-photoreceptors and represent
their topographic distribution with isodensity maps,
in control and experimental conditions. Our results
indicate that LIP results in a reproducible and
quantifiable model of focal phototoxic cone degener-
ation in albino mice. SD-OCT longitudinal in vivo
analysis showed progressive thinning of the outer
retina from 1 to 7 days after LIP, in a small
circumscribed area of the superior-temporal quad-
rant. ERG longitudinal in vivo analysis showed a
transient diminution in retinal function (a- and b-
waves) that recovers fully by 3 days and is maintained
by 7 days after LIP. Focal damage was confirmed by
the presence of activated microglia and recruited
macrophages cells and TUNEL-positive cells, indi-
cating that LIP courses with photoreceptor apoptosis.
Detailed quantification showed, within the focal
lesion, the loss of approximately 58% of the S-opsin™
outer segments, an effect that could be prevented
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G 100~ p<0.001

% of positive TUNEL signal
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Figure 5. LIP induced apoptotic cell loss. Magnification of a control retina and of the damaged area showing TUNEL-positive nuclei (A-
E) and S-opsin® cones (A'-E’) at 2, 3, 5, or 7 days after LIP. (A”~E”) Merged images. TUNEL-positive nuclei increased between 2 and 3 days
after LIP and were still apparent at 5 or 7 days after LIP. In the last row (F, F') a magnification of the damaged area 3 days after LIP shows
DAPI counterstaining coincident with TUNEL signal. (A) The small circle (white dotted line) illustrates the small predetermined circular area
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-
(radius = 0.25 mm) centered in the lesion delimiting the TUNEL expression, that was analyzed in control (contralateral unexposed) and
experimental retinas. (G) Percentage histogram of the positive TUNEL signal area within a small predetermined circular area at each
timepoint studied (*statistical difference with the other groups; Tukey test P < 0.001). Scale bar (A’) = 100 um. Scale bar (F) = 20 pm.

CONTROL RE CONTROL RE

SALINE PRE BRIMONIDINE PRE SALINE POST BRIMONIDINE POST

PBS BDNF CNTF

TRIS bFGF

Figure 6. S-cone survival in the predetermined fixed-size circular areas after LIP and after different treatments. Representative examples
of the predetermined fixed-size circular areas from control (A, B) and experimental (C, D) retinas after different treatments, including
topical administration of Brimonidine before (F) and after (H) LIP and intravitreal administration of BDNF (J), CNTF (K), or bFGF (M) and its
corresponding vehicles, saline (E, G), PBS (I), and TRIS (L), analyzed 7 days after LIP. For quantification, a predetermined fixed-size circular
area (radius of 0.4 mm) was superimposed on the center of the lesion and S-opsin‘cones were quantified (A, B). The total number of S-
cones counted in each predetermined fixed-size circular area is shown. Numbers of quantified S-cones are greater in the brimonidine,
BDNF-, CNTF-, and bFGF-treated groups compared with their corresponding vehicle treated groups (E-M).
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Figure 7. S-cone survival after different treatments. Bar graph

showing S-cone survival 7 days after LIP and topical treatment with
brimonidine pre- or post-LIP and intravitreal treatments with
BDNF, CNTF, or bFGF and their corresponding vehicle solutions
quantified within the predetermined fixed-size circular areas.
Neuroprotection was afforded with all the used treatments.
Kruskal-Wallis test *P < 0.05.

significantly with topical BMD or intravitreal admin-
istration of BDNF, bFGF, or CNTF.

LIP Results in a Consistent Focal Lesion
Within the Superior-Temporal Retina

One goal of the study was to use an acute LED
exposure to induce a reproducible and reliable focal
lesion in the superior temporal region of the retina,
where maximal visual sensitivity resides in the adult
albino mice.’” The in vivo (SD-OCT) analysis as well
as the ex vivo retinal wholemount histologic analysis
on the fluorescence and confocal microscope docu-
mented that LIP resulted in a focal lesion, with a
radius of approximately 0.65 mm, consistently located
in the superior-temporal quadrant with its center
located at approximately 1.2 mm from the optic disc.
This focal region exhibited a progressive thinning of
the outer retina concomitant with the presence of
apoptotic nuclei, infiltration of reactive microglia and
a marked loss of S-opsin® cone outer segments.

Functional studies demonstrated transient alter-
ations of the main a- and b-waves that recovered fully
within 3 days and remain so by day 7. Thus, it is likely
that the small focal LIP-induced lesion that affects
cones and most likely also rods, does not result in
significant permanent alterations of the main a- and
b-waves of the ERG.

SD-OCT Analysis Indicated That LIP Induces
Thinning of Outer Retinal Layers Within the
Area of Lesion

It has been estimated that photoreceptors consti-
tute 69.8% " to 82%"° of the cells in pigmented mice
retina, and that the total number of rods is
approximately 6.4 million per retina whereas the total
number of cones is of approximately 180,000 for
pigmented®” or 153,000 for albino”™ mice retina, and
thus rods outnumber cones by approximately 34.7
times. In this study we have not directly examined rod
photoreceptors, but the in vivo images of the SDOCT
as well as the ex vivo images of the confocal
microscopy suggest that within the area of lesion, a
massive loss of cells occurs in the outer nuclear layer
of the retina, which is predominantly occupied by
rods. Indeed, the thinning of the retina, as measured
with SD-OCT and observed with confocal microsco-
py, indicates that LIP affects mainly the outer nuclear
and outer segment layers of the retina, and thus LIP
affects not only the S-opsin® cones examined in our
study but also rod-photoreceptors.

LIP Results in Focal Activation of Microglia
Within the Area of Lesion

The retina presents a number of advantages for the
study of central nervous system (CNS) func-
tions,”**"**1¥2 including the role of microglia, a key
component of the glial population in the CNS, during
development, adulthood, and disease. 0828485 1p
healthy retinas microglial cells are mainly found in
the inner retinal layers. During photoreceptors
degeneration, microglia become activated and mi-
grates to the outer retinal layer.'"®? Confocal
microscopic examination of the retinas at different
time intervals after LIP allowed us to study in parallel
the progressive loss of S-opsin™ cone outer segments
in the area of lesion as well as the increasing presence
of Iba-1"microglial cells and recruited macrophages.
While on the naive or control retinas, there were few
to none Iba-1" cells within the outer nuclear and outer
segment layer of the retina, in the experimental LIP
treated retinas, a few Iba-1" cells were apparent in the
outer retinal layers delimiting the area of the lesion by
1 day after LIP, and increased progressively thereafter
until 7 days, reaching a peak at 3 days (Fig. 4).
Microglial cells are known to play a crucial role in
retinal degenerations,85’88 specifically in photorecep-
tor degenerations,* where these immune cells became
activated, change their morphology and migrate
through the retina.'"*** %" Indeed, microglial acti-
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vation is an early event in photoreceptor degeneration
and its inhibition increases photoreceptor surviv-
al,**®3 thus it will be interesting to investigate whether
inhibiting microglial activation results in larger
survival of cones.”’

LIP Results in Apoptotic Photoreceptor Cell
Loss Within the Area of Lesion

This study uses S-opsin as a marker to identify the
population of cones, and thus relies on the immune
identification of S-opsin, but light-induced retinal
damage may result in downregulation of proteins
specific to retinal cell types (e.g., light-induced
phototoxicity results in transient downregulation of
the photopigment melanopsin).”> Thus, it became
important to determine if the disappearance of S-
opsin’ photoreceptors was the consequence of down-
regulation of the protein or cell death. TUNEL
staining indicated that following LIP, the progressive
loss of S-opsin™ outer segments is probably not due to
a downregulation of S-opsin but, at least in part, to
apoptotic cell death within the outer layers of the
retina. The presence of TUNEL" cells restricted to the
small circular lesioned area of the retina confirmed
that the injury induced in our setting was focal, and
moreover constrained to the outer layers of the retina.
Our results agree with previous studies indicating that
following phototoxicity there is apoptotic cell death
of photoreceptors.”’ Other studies that have investi-
gated mechanisms involved in blue LED-induced
photoreceptor cell death indicated that in addition to
apoptosis there is necrotic death” accompanied by
the presence of Iba-1" cells. Thus, it is possible that in
our studies, necrotic photoreceptor death was present
because we also observed Iba-1"cells preferentially
located within the circumscribed lesion. However, the
present study was not designed to explore mecha-
nisms involved in cone loss induced by LIP, but rather
on the reliability and reproducibility of a mice model
of focal phototoxicity in which to test neuroprotective
strategies.

Topical BMD or Intravitreal Neurotrophic
Factors Protect Against LIP-Induced
Phototoxicity

The progressive TUNEL staining and parallel
diminution in numbers of the S-opsin® outer seg-
ments, suggest that LIP induced S-cone photorecep-
tor loss is not only apoptotic but also a time-
dependent progressive event. Thus, it was tempting
to hypothesize that neuroprotective therapies at early

time points after LIP could have an effective window
for intervention. Indeed, neuroprotectants already
known to have an effect in several types of retinal
injury were tested, namely, alpha-2 selective agonists
and the neurotrophic factors BDNF, CNTF, and
bFGF.

The neuroprotective effects of alpha-2 selective
agonists on the survival of retinal ganglion cells
following transient ischemia or ocular hypertension of
the retina have been widely studied.***""** More-
over, their effect on the survival of injured photore-
ceptors following phototoxicity is well
established,”>”” although their mechanism of action
is still not fully understood.®®”*”® Our results are
consistent with our previous observations in an albino
rat LIP model,”” and document neuroprotection of S-
opsin” cone photoreceptors afforded by topical
BMD, when administered before or immediately after
LIP exposure.

Trophic factors are endogenous substances with
essential functions, such as promotion of prolifera-
tion, growth, regeneration, maturation, or neuronal
survival.” Their neuroprotective role against photo-
receptor degenerations are well known.>”+*¢-100-103
Moreover, a recent study documented the neuropro-
tective effects of CNTF or bFGF against photore-
ceptor degeneration in two inherited models of
photoreceptor degeneration (P23H-1 rhodopsin mu-
tation, and Royal College of Surgeons, pigment
epithelium malfunction).*® In accordance with these
studies, our results show clear neuroprotective effects
afforded by intravitreal administration of BDNF,
CNTF, or bFGF against light-induced S-cone®
photoreceptor cell loss. Thus, it is anticipated that
this model could help to further understand photore-
ceptor survival and identify targets for effective
neuroprotection in several retinal diseases coursing
with photoreceptor cell loss.

Limitations of the Model

Our present studies have focused on the analysis of
the S-opsin® cone photoreceptors. However, our OCT
results also indicated that there is massive loss of rod
photoreceptors. Thus although we have only analyzed
S-cones, LIP clearly results in massive rod photore-
ceptor damage. Future studies using rod markers are
required to characterize the effects of LIP on this
photoreceptor population.

The morphologic results documented that LIP
induces a small focal lesion of the retina, consistently
located in the superior-temporal retina. The consis-
tency of the location of the lesion in this model is an
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advantage because it impinges upon the region of the
retina that provides best visual acuity. However, the
small size of the lesion requires a sophisticated
quantitative analysis of a predetermined fixed-size
circular area, centered in the lesion, to demonstrate
the loss of S-opsin®™ cone photoreceptors. Further-
more, the small size of the lesion is difficult to assess
with functional or behavioral tests. Our attempt to
characterize functional alterations with full-field ERG
revealed no significant alterations, thus future studies
using multifocal ERG are warranted to characterize
this lesion. Moreover, it is likely that other visual
behavioral test, such as optokinetic tracking or water
maze will not detect abnormalities.

Overall, a detailed quantitative study of the
population of S-cones following light-induced damage
in adult albino mice had not been reported before. The
present studies report that blue LED-induced photo-
toxicity is a reproducible, reliable, and quantifiable
model of acute focal cone degeneration in which to
study light-induced retinal degeneration longitudinally
with noninvasive in vivo imaging techniques. More-
over, the model allows us to investigate quantitatively
neuroprotection afforded by putative neuroprotectants
on the population of S-cones. It is anticipated that this
model may be used to design further strategies to
protect photoreceptors against light-induced photo-
toxicity.
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