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1. ABREVIATURAS

C Central
CCG Capa de células ganglionares
CFNR Capa de fibras nerviosas de la retina
CG Células ganglionares
CIBA Centro de Investigacidn Biomédica de Aragon
CNE Capa nuclear externa
CNI Capa nuclear interna
CPE Capa plexiforme externa
CPI Capa plexiforme interna
D Dioptrias
DARC Deteccion de apoptosis de células de la retina (Del inglés: Detection of

Apoptosing Retinal Cells)

EPR Epitelio pigmentario de la retina
ERG Electrorretinograma
GC Glucocorticoides
GPAA Glaucoma primario de angulo abierto
GPAC Glaucoma primario de angulo cerrado
H Hembras
HTO/OHT Hipertensidn ocular/(Del inglés: Ocular HyperTension)
I Inferior
IE Inferior externo

I Inferior interno

IN Inferonasal

P Intraperitoneal

IT Inferotemporal

JCR Del inglés Jounal Citation Reports
M Machos
MLE Membrana limitante externa
MLI Membrana limitante interna
ms Milisegundos
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NI
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ONT
PIO
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RNAmM
RNF
SD
SE
SEF
Sl
SIG
SN
SNC

ST

TE
Ti

VT

Microesferas
Microvoltios
Nasal
Nasal externo
Nasal interno
Tomografia de coherencia dptica (Del inglés: Optical Coherence
Tomography)
Normotensién ocular (Del inglés Ocular NormoTension)
Presidn intraocular
Acido polilactico glicélico (Del inglés: Poly-Lactic-Acid-Glycolic)
Presién venosa epiescleral
Retina polo posterior
Acido ribonucleico mensajero (Del inglés: Messenger Ribonucleic Acid)
Respuesta negativa fotépica (Del inglés PhNR: Photopic Negative Response)
Desviacion estandar (Del inglés: Standard Deviation)
Superior externo
Segmentos externos de los fotorreceptores
Superior interno
Glaucoma inducido por corticoides (Del inglés: Steroid-Induced Glaucoma)
Superonasal
Sistema nervioso central
Superotemporal
Temporal
Temporal externo
Temporal interno

Volumen total
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2. RESUMEN

El tema principal de los cuatro articulos que componen esta Tesis Doctoral es el
andlisis de las diferencias en los patrones de neurodegeneracién retiniana que se
produce en ratas Long-Evans seguin el sexo a lo largo de su vida, en condiciones
fisiologicas y tras la induccion de dafio por hipertensién ocular mediante nuevos
modelos de glaucoma crénico. Para ello, se evalud la presidn intraocular, la refraccién,
y se analizd la estructura neurorretiniana mediante tomografia de coherencia éptica y

la funcién neurorretiniana mediante electrorretinograma.

El glaucoma es una neuropatia Optica multifactorial, en la que se produce una
muerte progresiva de las células ganglionares de la retina que lleva a una pérdida de
vision irreversible. En la actualidad constituye la segunda causa de ceguera a nivel
mundial. El glaucoma se considera una patologia asociada al envejecimiento, y por tanto
la edad es un factor de riesgo no modificable. Ademas, en la literatura reciente, existe
evidencia de que las hormonas sexuales y el cambio de los niveles de éstas segun el sexo
y la edad, parecen influir en el desarrollo de diferentes enfermedades
neurodegenerativas. El estudio de estas diferencias por sexo es una demanda creciente
en el camino de la medicina de precisidn. Por otro lado, la presidén intraocular es el
principal factor de riesgo conocido potencialmente modificable para desarrollar
glaucoma, y hoy en dia, la principal diana terapéutica. Ademas, existen otros factores
gue aumentan el riesgo de desarrollar glaucoma, como es la miopia o el uso de

corticoides.

Para poder comprender la fisiopatologia de esta entidad en mayor profundidad, es
fundamental su estudio en modelos animales que permitan replicar la evolucién de la
enfermedad en humanos. La creacién de nuevos modelos de glaucoma crénico
inducidos mediante la inyeccion de microesferas biodegradables en la cdmara anterior
del ojo de ratas Long-Evans permite realizar un seguimiento de los cambios
neurodegenerativos que sufren a lo largo de su evolucion de manera minimamente

invasiva.
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En primer lugar, para conocer, el neurodesarrollo y la neurodegeneracion retiniana
fisioldgicas se realizd, en una cohorte de ratas Long-Evans sanas, un seguimiento de 24
semanas, correspondiendo desde la pubertad precoz hasta la adultez tardia. Se
analizaron los valores de presion intraocular y las diferencias retinianas fisioldgicas a lo
largo de la vida, asi como la diferencia de estos valores segun el sexo; con el objetivo de
poder comparar en los siguientes estudios de esta Tesis Doctoral (ya que no se
encontraron estudios previos de referencia) la neurodegeneracion fisiologica y Ia
neurodegeneracion patoldgica producida en ratas con glaucoma crénico inducido. Los
machos sanos presentaron una presién intraocular mas elevada (llegando incluso a la
hipertension ocular [>20 mmHg] al final del estudio [7 meses de edad]), un mayor
espesor neurorretiniano pero una mayor pérdida porcentual estructural, y una peor
funcidén adaptada a la luz y a la oscuridad medida por electrorretinografia que las
hembras. Este estudio concluye que la edad y el sexo influyeron en el neurodesarrollo y
la neurodegeneracion. Se observaron diferentes patrones degenerativos estructurales
y funcionales en funcién del sexo, que se produjeron antes y con mayor intensidad en
los machos que en las hembras de la misma edad. Este es el primer estudio que
proporciona una base para comprender mejor la implicacion del sexo en la

neurodegeneracion fisioldgica con un seguimiento prolongado, de 24 semanas.

La miopia es un defecto refractivo cuya prevalencia va aumentando
progresivamente a nivel mundial. Los pacientes con miopia tienen mas riesgo de
presentar glaucoma y de manera mas precoz. Para ampliar el conocimiento sobre el
error refractivo como factor de riesgo implicado en el glaucoma, se realizo el segundo
estudio de esta Tesis Doctoral en el que se evaluaron las diferencias por sexo en la
refraccion, estructura y funcion neurorretininana en funcidon de presencia o no de
hipertension ocular inducida mediante dos modelos de glaucoma crénico en ratas Long-
Evans a lo largo de 24 semanas de seguimiento. Este estudio concluye que los machos
presentaron mayor tendencia a la miopia y que el Gnico pardmetro correlacionado
estadisticamente con la refraccion fue la presién intraocular. La hipertensiéon ocular
crénica acelera el paso de emetropia en ojos de ratas Long-Evans a una miopia
lentamente progresiva, con un aumento inicial de la estructura y la funcién que se

invierte con el tiempo.
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Una vez observado que, en condiciones fisioldgicas, existian diferencias de presion
intraocular y neurodegenereracién en funcion del sexo, el paso siguiente fue comprobar
si estas diferencias también existian en condiciones de patologia; en nuestro caso, en
glaucoma crénico inducido en ratas Long-Evans mediante cuatro modelos de
hipertensidn ocular diferentes: dos modelos de glaucoma no esteroideo y dos modelos

de glaucoma esteroideo.

En el tercer articulo de esta Tesis Doctoral se evaluaron las diferencias por sexo en
dos modelos de glaucoma crénico con hipertensién ocular inducidos mediante el
modelo gold standard de esclerosis de las venas epiesclerales y mediante un nuevo
modelo patentado por nuestro grupo de investigacidon inducido por inyeccién de
microesferas biodegradables de acido poli-lactico-glicélico (PLGA) en la cdmara anterior
del ojo de ratas Long-Evans. Este trabajo demuestra que los machos presentaron una
mayor presién intraocular en ambos modelos de glaucoma crénico, y se encontraron
mayores diferencias en el modelo epiescleral. Los machos mostraron un mayor
porcentaje de pérdida de espesor de la capa de fibras nerviosas de la retina y mostraron
una peor funcionalidad por electrorretinografia adaptada a la oscuridad/luz en ambos
modelos, que empeord precozmente en el modelo de esclerosis epiescleral. Se concluye
gue el sexo y el método de induccidn de la hipertension ocular influyeron en la
degeneracién neurorretiniana y que las ratas hembra con glaucoma crénico parecen

presentar una proteccion neurorretiniana respecto a los machos de su misma edad.

Por ultimo, en el cuarto articulo de esta Tesis Doctoral se evaluaron las diferencias
por sexo en dos modelos de glaucoma crénico corticoideo. Un primer modelo inducido
mediante la inyeccidén en camara anterior de microesferas de PLGA cargadas con
dexametasona, y un modelo, creado con microesferas cargadas con dexametasona y
fibronectina. Los machos mostraron una presion intraocular mas elevada. En el modelo
solo inducido con dexametasona, los machos mostraron valores de presidn intraocular
mas elevados y el mayor porcentaje de pérdida de espesor en la capa de células
ganglionares. Sin embargo, las hembras que recibieron microesferas cargadas con

dexametasona y fibronectina experimentaron un mayor porcentaje de pérdida de
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espesor en retina, capa de fibras nerviosas de la retina y en la capa de células
ganglionares que los machos de la misma edad. Se concluye, por tanto, que aunque en
ambos modelos de glaucoma crénico corticoideo se utilizd dexametasona, se
observaron cambios diferentes en la presion intraocular y en la neurorretina en
funcion del sexo y de otros cofactores influyentes, que en nuestro caso fue la
fibronectina. Es decir, este estudio coincide en que tanto el sexo como el tipo de modelo

de glaucoma inducido parecen influir en la degeneracidén neurorretiniana.

Los cuatro articulos publicados en esta Tesis Doctoral demuestran que existen
diferencias oculares significativas en la estructura y funcién de la neurorretina segun
el sexo; en condiciones fisiologicas, en los diferentes tiempos de vida de las ratas Long-
Evans sanas, y en cuatro modelos diferentes de glaucoma crénico inducido. Ademas,
el modelo de induccion de hipertensién ocular también parece influir en estas

diferencias, lo que corrobora la multifactorialidad del glaucoma.
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3. RELACION DE PUBLICACIONES QUE COMPONEN LA TESIS

A continuacidn, se incluye una breve introduccion y presentacion de cada trabajo,

justificando su unidad tematica y participacion en esta Tesis Doctoral:

1. “Effect of age and sex on neurodevelopment and degeneration in the healthy
eye: longitudinal functional and structural study in young and adult Long-
Evans rat” (“Efecto de la edad y el sexo en el neurodesarrollo y degeneracion
en el ojo sano: estudio estructural y funcional longitudinal en ratas jovenes y

adultas Long- Evans”).
Autores: Rodrigo MJ, Martinez-Rincon T, Subias M, Mendez-Martinez S, Luna C, Pablo LE, Polo V,
Garcia-Martin E.
Revista: Experimental Eye Research.2020 Nov;200:108208.
doi: 10.1016/j.exer.2020.108208. Epub 2020 Aug 31.
PMID: 32882213.
JCR- Q1. Factor de impacto (JCR 2019): 3,011.
ISSN: 0014-4835.

La retina puede considerarse la estructura neural mas accesible del sistema
nervioso central (SNC) y se puede acceder a ella con métodos no invasivos, como la
tomografia de coherencia éptica (OCT) (1). Para el estudio del neurodesarrollo y la
neurodegeneracion, la retina de la rata es un buen modelo, ya que sufre un proceso de
maduracién y de envejecimiento desde el nacimiento con el paso de los meses que se
puede extrapolar a la maduracién y neurodegeneracion que se produce en el ser
humano con el paso de los afios.

En la actualidad, no se conocen por completo cémo funcionan los diferentes
mecanismos y procesos moduladores involucrados en el neurodesarrollo y la
neurodegeneracion. Ademds, en el <caso de la neurodegeneracion,
en ocasiones es dificil diferenciar entre los cambios anatdmicos y funcionales
fisiolégicos que se producen como consecuencia del envejecimiento normal durante el
proceso de senescencia, respecto a los cambios anatémicos y funcionales que se
producen en la situacion premarbida de patologias neurodegenerativas. Esto hace que
sean necesarios estudios que analicen estas sutiles diferencias entre los cambios

precoces producidos por patologia incipiente, pero que aln no muestran cambios
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clinicos evidentes, de los cambios producidos por el propio envejecimiento en animales
sanos.

Por otro lado, también existe evidencia de que las hormonas sexuales tienen efecto
en el crecimiento y en el desarrollo de diferentes patologias con el paso del tiempo. Los
estrégenos concretamente juegan un papel protector importante en diferentes
entidades. Por ejemplo, por un lado, facilitan la vasodilatacion mediante la activacién
de receptores estrogénicos endoteliales y activan la liberacion de o6xido nitrico y
prostaglandinas que se une a estos receptores. Por otra parte, disminuyen la liberacion
de endotelina, un potente vasoconstrictor, y reducen la resistencia vascular periférica
(2). A nivel ocular, se ha demostrado que la expresion de genes retinianos ligados a la
edad también depende del sexo (3). Por lo tanto, ademas de la presion intraocular (PI1O)
como factor de riesgo conocido de progresion del glaucoma, el sexo podria también
tener influencia en la neurodegeneracién que se produce en esta patologia.

Por todo lo anteriormente explicado, para poder valorar cémo influyen los factores
de riesgo de progresidn del glaucoma, es necesario conocer cdmo es el neurodesarrollo
y la neurodegeneracién que se produce en situaciones fisiolégicas en animales sanos,
asi como saber cémo varia la PIO a lo largo de la vida de ratas a las que no se les ha
hecho ninguna intervencién. Ademas, teniendo en cuenta que el sexo podria influir, por
tanto, de manera protectora en el glaucoma, es fundamental conocer las diferencias
segun el sexo que se producen en animales sanos a lo largo del tiempo. En conclusién,
este primer estudio observacional en ratas Long-Evans sanas es la base imprescindible
inicial para entender y poder desarrollar el resto de los estudios experimentales

posteriores de esta Tesis Doctoral.
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2. “Influence of chronic ocular hypertension on emmetropia: Refractive,
structural and functional study in two rat models” (“Influencia de la
hipertension ocular en la emetropia: Estudio refractivo, estructural y
funcional en dos modelos de rata”).

Autores: Mendez-Martinez S, Martinez-Rincon T, Subias M, Pablo LE, Garcia-Herranz D, Garcia-Feijoo

D, Bravo-Osuna I, Herrero-Vanrell R, Garcia-Martin E, Rodrigo MJ.

Revista Journal Of Clinical Medicine. 2021 Aug 20;10(16):3697.

doi: 10.3390/jcm10163697.PMID: 34441992.

JCR- Q1. Factor de impacto (2020): 4,242.

ISSN: 2077-0383.

Open Access. Este articulo fue el mds leido del “Special issue”: “Intraocular Pressure and Ocular

Hypertension” ("Presion Intraocular e Hipertension Ocular).

Existe una asociacidon entre el glaucoma primario de dngulo abierto (GPAA) y la
miopia. Los pacientes con miopia alta tienen mas riesgo de tener glaucoma y de forma
mas precoz (4). Todavia no esta claro cual es el mecanismo por el que la hipertension
ocular (HTO) influye en la refraccion en pacientes jévenes y causa glaucoma en la edad
adulta. La miopia se produce principalmente por un aumento excesivo de la longitud
axial del ojo; sin embargo, la causa exacta que produce este aumento de longitud axial
aun se desconoce y la HTO podria ser uno de los factores mecanicos implicados. En los
ojos con glaucoma, el aumento de longitud axial y los cambios estructurales posteriores
probablemente se produzcan por el estiramiento biomecanico secundario al
desequilibrio entre la HTO vy la elasticidad de la esclera (5), (6).

Hasta la fecha, se han analizado los efectos de la hipertensiéon ocular en estudios
animales mas cortos, normalmente con un maximo de 8 semanas de seguimiento (7),
(8), (9), (10). Este estudio retrospectivo longitudinal de 24 semanas de seguimiento
analiza por primera vez en un seguimiento tan largo, como influye de manera crénica
la HTO crénica leve-moderada (entre 20 y 30 mmHg) en el cambio refractivo, en la
estructura y la funcion de la neurorretina en dos modelos de HTO inducidos en ratas
Long-Evans, comparadas con una cohorte sana con normotensién (ONT) ocular (PIO

menor a 20 mmHg) y ademas se analizan las diferencias por sexo.
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3.  “Influence of sex on neuroretinal degeneration: Six-month follow-up in rats
with chronic glaucoma” (“Influencia del sexo en la neurodegeneracion

retiniana: seguimiento de seis meses en ratas con glaucoma cronico”).
Autores: Rodrigo MJ, Martinez-Rincon T, Subias M, Mendez-Martinez S, Pablo LE, Polo V, Aragon-
Navas A, Garcia-Herranz D, Garcia Feijoo J, Bravo Osuna I, Herrero-Vanrell R, Garcia-Martin E.
Revista: Investigative ophthalmology and visual science.2021 Oct 4;62(13):9.
doi: 10.1167/iovs.62.13.9. PMID: 34643665.
JCR- Q1. FI (2020): 4,799.
ISSN: 0146-0404.

Open Access.

Clasicamente, se ha considerado que el ojo es un érgano sexualmente neutral. Sin
embargo, en los ultimos afios varias publicaciones han ido sefialando que los esteroides
sexuales (andrégenos, estrégenos y progestagenos) tienen influencia en la modulacién
de la estructura, funcion y caracteristicas patoldgicas del ojo, siendo los causantes de
las diferencias relacionadas con la patologia ocular segun el sexo.

Los mecanismos exactos por los que estas hormonas actuan en los tejidos oculares
y en otros tejidos todavia no se conocen con detalle (11), (12). Algunos estudios
empiezan a mostrar evidencias de que los estrégenos pueden tener un papel importante
como protector en algunas enfermedades oftalmoldgicas, tanto en neuropatias como el
glaucoma, como en retinopatias como la degeneracidon macular asociada a la edad, y en
alteraciones del cristalino como la catarata (13). Dado que la cantidad de estrégenos
producidos en un organismo varian segun su edad y sexo, trabajos previos han
manifestado la necesidad de que se disefien estudios que analicen la asociacion
existente entre sexo, hormonas y patologia ocular, y en el caso de que esa asociacién
exista, estudiar las posibles implicaciones terapéuticas de estos hallazgos (12).

Este estudio examina la influencia del sexo en la PIO y en la neurodegeneracion
estructural y funcional retiniana a lo largo de 24 semanas de seguimiento, en dos
modelos distintos de glaucoma crénico inducidos por HTO mediante la esclerosis de
venas epiescleras e inyeccion de microesferas biodegradables en la cAmara anterior

del ojo de ratas Long-Evans.
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4. “Influence of sex on chronic steroid-induced glaucoma: 6- month follow up
study in rats” (“Infuencia del sexo en el glaucoma cronico inducido por

esteroides: estudio de 6 meses de seguimiento en ratas”).

Autores: Rodrigo MJ, Martinez-Rincon T, Subias M, Mendez-Martinez S, Garcia-Herranz D, Garcia-
Feijoo J, Herrero Vanrell R, Pablo L, Bravo Osuna I, Munuera |, Garcia-Martin E.

Revista: Experimental Eye Research. 2023 Nov 28:109736.

doi: 10.1016/j.exer.2023.109736. PMID: 38036216.

JCR- Q2. FI (2022): 3,4.

ISSN: 0014-4835.

El principal factor de riesgo modificable en el glaucoma es tener una PIO elevada.
Los glucocorticoides (GC), como la dexametasona, pueden producir un incremento de la
PIO, y por tanto, causar un glaucoma inducido por GC (14). La exposicidn cronica a GC
ejerce un efecto negativo en las neuronas que exacerba el dafio y produce pérdida
neuronal (15). Por otro lado, existe evidencia que sugiere que los diferentes tipos
celulares de la retina expresan receptores estrogénicos diferentes con distinta respuesta
a las hormonas sexuales (16), (17). Los estrégenos parecen ejercer un papel en el ojo
mediante diferentes mecanismos: reducen la resistencia vascular, lo cual incrementa el
flujo sanguineo del nervio dptico y la retina (18), protegen la matriz extracelular de la
malla trabecular y la lamina cribosa (19), e incluso se ha estudiado que en modelos
animales pueden actuar como neuroprotector endégeno al mantener la viabilidad de
las células ganglionares de la retina incluso bajo condiciones de HTO (20),(21). En
relacion, los estrédgenos ademas, pueden mitigar los efectos negativos de los GC en las
neuronas (22). Se ha sugerido que el sexo podria modular la sensibilidad, accién y
potencia a los GC, en un modelo murino (23).

Por todo ello, en este cuarto articulo se analizan los cambios en la PIO, funciény
estructura de la neurorretina segun el sexo en ratas Long-Evans con glaucoma crénico
inducido por GC durante 24 semanas de seguimiento. Se inducen dos modelos de
glaucoma corticoideo: uno, mediante la inyeccién en la camara anterior del ojo con
microesferas biodegradables cargadas con dexametasona; y el otro, con una cantidad
mas baja de dexametasona, pero afiadiendo fibronectina. El objetivo principal de este
trabajo es evaluar si las diferencias obtenidas segin el sexo en los estudios previos

también se producen en el glaucoma crénico inducido por GC.
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4. INTRODUCCION

4.1 Glaucoma

4.1.1 Definicién y epidemiologia

El glaucoma es una neuropatia 6ptica multifactorial caracterizada por una
pérdida progresiva e irreversible de la vision como consecuencia de la degeneracion de
las células ganglionares de la retina (CGR) (24). Las células ganglionares son neuronas
del SNC que tienen el cuerpo celular en la retina interna, sus axones intraoculares no
mielinizados forman la capa de fibras nerviosas de la retina (CFNR) que se mielinizan a
su salida para formar el nervio éptico o segundo par craneal. El dafio en la CFNR suele
asociar posteriormente cambios estructurales en la cabeza del nervio éptico y defectos

tipicos en el campo visual (25), que pueden llegar finalmente a la ceguera.

El glaucoma constituye la segunda causa de ceguera irreversible a nivel mundial
(26). Hay unas 70 millones de personas afectadas por esta patologia en el mundo, de las

gue aproximadamente 7 millones tienen ceguera bilateral secundaria a glaucoma (25).
M4ds que una unica entidad clinica, el glaucoma incluye a un grupo de
enfermedades oculares en las que se produce un dafio progresivo del nervio éptico por

diferentes causas (26).

4.1.2 Factores de riesgo

El principal factor de riesgo para que se produzca la neuropatia dptica
glaucomatosa es el aumento de presién intraocular (P10). La hipertension ocular (HTO)
es el unico factor de riesgo modificable conocido (27), por lo que se trata de un factor
diana a la hora de realizar el diagndstico, seguimiento y tratamiento de esta patologia.
Uno de los factores asociados a progresion de glaucoma es la fluctuacion de la PIO a lo
largo de las 24 horas del dia o en las sucesivas revisiones del paciente (28). Sin embargo,
aungue la presencia de HTO es un factor que se encuentra en un alto porcentaje de

pacientes, no siempre se presenta. Algunos pacientes desarrollan una neuropatia dptica
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glaucomatosa en presencia de PIO normal; es el conocido como glaucoma

normotensivo.

En cuanto a los factores de riesgo no modificables destacan la edad, larazay la
presencia de antecedentes familiares de glaucoma (29). El glaucoma aumenta con la
edad (28), pues es una enfermedad asociada al envejecimiento y también se ha

observado una mayor prevalencia de esta patologia en pacientes de raza negra (29).

En referencia al sexo, hasta hace relativamente poco tiempo se consideraba que
no influia a la hora de aumentar o disminuir el riesgo de glaucoma. Sin embargo,
recientemente algunas publicaciones han evidenciado diferencias entre hombres y
mujeres. Se han localizado receptores de estrégenos en el cuerpo ciliar y en el epitelio
trabecular (11), en la capa nuclear interna de la retina y concretamente en la glia y las
células ganglionares de la retina (16), e incluso, la retina es capaz de sintetizar neuro-
estrogenos mediante enzimas aromatasas (30). A parte de estas diferencias
estructurales, se han encontrado diferencias funcionales; el flujo sanguineo ocular es
diferente segln el sexo (18) y se han descrito variaciones en la cabeza del nervio éptico
en funcion de la fase del ciclo menstrual correlacionados con los niveles hormonales
(31), (32) con perimetria (33) y mayores amplitudes en el electrorretinograma (ERG) de
ratas pre-menopausicas (34). Se han descrito también cambios oftalmoldgicos durante
el embarazo, causados por el estado de hiperestrogenismo (35), (36), (37). Ademas,
suele haber tendencia a la diferenciacién entre sexos en patologia oftalmoldgica (12),
(13), y en patologia neuropsiquiatrica o asociada al neuro-desarrollo en las que la
influencia del sistema inmune (38), (39) y la modulacion de los genes ligados a la edad
son influenciados por el sexo (3), (40). En cuanto al glaucoma concretamente, cada vez
hay mas evidencia que sugiere que un mayor tiempo de exposicidn a estrogenos en la
vida de una persona puede tener efectos neuroprotectores en la progresion del GPAA,
incluso se ha demostrado neuroproteccidn de la retina tras la inyeccidn intravitrea y
administracion oral de esteroles, mientras que una disminucion temprana de
estrogenos puede conducir a un envejecimiento precoz y a una mayor susceptibilidad

del nervio dptico de sufrir neuropatia dptica glaucomatosa. Sin embargo, es necesario
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realizar mds estudios para confirmar estos hallazgos, que podrian ser claves en futuras

estrategias preventivas y terapéuticas (32), (41).

Existen otros factores de riesgo oculares que se han asociado a un mayor riesgo
de presentar glaucoma, como ocurre en pacientes miopes magnos (28). La miopia es el
error refractivo mas frecuente. La causa exacta de la miopia todavia es desconocida,
pero se sabe que influyen factores genéticos y ambientales (42). La prevalencia de
miopia y miopia magna (equivalente esférico menor que -6.00 dioptrias) es actualmente
del 28,3% y se espera que vaya aumentando progresivamente en los proximos anos (43).
Los pacientes miopes tienen mayor riesgo de presentar glaucoma y de manera mas

precoz (4).

Otro factor que aumenta el riesgo de glaucoma es la exposicion del paciente a
corticoides, tanto topicos como sistémicos. Se ha estudiado que el mecanismo por el
gue los corticoides aumentan la presion intraocular es mediante un aumento de la
resistencia de la salida del humor acuoso, de una forma similar a la que ocurre en el
GPAA (44), (45). Hasta un 30-40% de los pacientes tratados con los corticoides mas
potentes (como la dexametasona), pueden desarrollar hipertensién ocular (45), que
mantenida en el tiempo, puede llegar a producir dafio en el nervio dptico y por lo tanto

glaucoma.

También se han asociado a un mayor riesgo de presentar glaucoma los
sindromes de dispersidon pigmentaria o en sindromes pseudoexfoliativos, siendo esta
Ultima la causa mds frecuente de glaucoma secundario (46). En estas entidades se
produce una acumulacién progresiva de depdsitos granulares de material
pseudoexfoliativo en varios tejidos intraoculares (principalmente en el segmento

anterior) y extraoculares.

Las caracteristicas funduscépicas que asocian mayor riesgo de glaucoma son un
el aumento de la relacién excavacién/disco, la asimetria en la relacion excavacion/disco
entre ojos y un espesor corneal central disminuido (29). Otros de los factores que se han

estudiado en relacion con el glaucoma han sido la hipertensidn arterial sistémica, el
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vasoespasmo y la hipotensidn arterial aguda. Por el momento, varios estudios han visto
asociacion entre una presion diastolica baja, una presion de perfusién ocular baja y una
prevalencia mayor de glaucoma (28). Por ultimo, el tabaco, la diabetes y la migrafia no
han demostrado un aumento del riesgo de glaucoma en todos los estudios, por lo que
la asociacion entre estos factores y la neuropatia dptica glaucomatosa sigue siendo

controvertida (28).

FACTORES GENERALES FACTORES OCULARES

- Edad - Hipertensién ocular

- Raza negra - Uso de corticoides tépicos

- Antecedentes - Traumatismo ocular previo
familiares - Alteraciones oculares congénitas

- Hipertension - Miopia
arterial sistémica - Espesor corneal central disminuido

- Vasoespasmo - Aumento de la relacion excavacion/disco

- Hipotension arterial - Asimetria de la relacién excavacién/disco de cada ojo
aguda - Sindrome de dispersion pigmentaria

- Uso de corticoides - Sindrome de pseudoexfoliacion
sistémicos

- ¢éNiveles bajos de
estrégenos?

- ¢Tabaco?

- ¢éDiabetes?

- ¢Migrafia?

Tabla 1: Factores de riesgo asociados a glaucoma.

4.1.3 Clasificacion

El glaucoma se puede clasificar de diferentes formas. En primer lugar, segun sea
primario o secundario a otra causa. Existen 2 tipos de glaucoma primario: el glaucoma
primario de angulo abierto (GPAA) y el glaucoma primario de angulo cerrado (GPAC)
(ver llustracién 1, 2 y 3). En cuanto a los glaucomas secundarios, pueden producirse por
diferentes mecanismos dependiendo de la causa que los provoque pudiendo ser
secundario a traumatismos, medicacidén sistémica o topica o a patologia general u

ocular.
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Segun la edad del paciente afectado puede clasificarse como congénito, juvenil

o del adulto (47).

El tipo mas frecuente varia segun regiones, pero de forma global, el GPAA es el
mas prevalente a nivel mundial pues constituye un 60% de los casos aproximadamente.
Por ese motivo este trabajo se va a centrar principalmente en este tipo de glaucoma, y
el modelo animal de hipertension ocular va a tratar de asemejar la fisiopatologia del

GPAA.

4.1.4 Fisiopatologia del GPAA

La secrecion del humor acuoso y la regulacién de su circulaciéon son procesos
fisiolégicamente importantes para el funcionamiento normal del ojo. El concepto basico
de que una disfuncion en el drenaje del humor acuoso produce un aumento de la PIO

es fundamental para comprender la fisiopatologia del glaucoma (48).

Las principales estructuras oculares relacionadas con la circulacidon del humor
acuoso son el cuerpo ciliar, la malla trabecular y la via uveoescleral. El humor acuoso se
produce por ultrafiltracién del plasma en el cuerpo ciliar y pasa de la cdmara posterior
a la cdmara anterior a través de la pupila. En el angulo iridocorneal, el humor acuoso
atraviesa la malla trabecular a través de dos vias. En la via tradicional el humor acuoso
pasa a través de la malla trabecular hacia el canal de Schlemm, que drena a través de
los canales colectores a las venas epiesclerales (48). La presion venosa epiescleral (PVE)
es relativamente estable, y puede variar con alteraciones en la posicidén del cuerpo, en
algunas enfermedades que obstruyen el retorno venoso hacia el corazén y en shunts

arteriovenosos (49).
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VENA MALLA
EPIESCLERAL CANAL DE SCHLEMM TRABECULAR ANGULO IRIDOCORNEAL

ESPACIO CUERPO CAMARA
SUPRACOROIDEO CILIAR POSTERIOR

llustracion 1: Circulacion normal del humor acuoso a través de la malla trabecular (flecha

grande) y de la via uveoescleral (flecha pequefa) (Imagen modificada de (50)).

Existe una segunda via minoritaria de drenaje del humor acuoso en la que estan
involucrados diferentes mecanismos, conocida como via uveoescleral. Entre estos
mecanismos, el principal es en el que se produce un paso del humor acuoso de la cdmara
anterior hacia el musculo ciliar y después a los espacios supraciliar y supracoroideo. A
continuacion, el humor acuoso sale del ojo a través de la esclera o a lo largo de los
nervios y vasos que penetran en ella. Se estima que el drenaje por via uveoescleral en
humanos es de aproximadamente un 45% del total. Este drenaje disminuye con la edad

y en los pacientes con glaucoma (49).

En el GPAA, el flujo a lo largo de estas dos vias estd disminuido (50)(ver

ilustracion 2).
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llustracion 2: Ejemplo disminucion de la evacuacion de humor acuoso en el GPAA (50).

En el GPAC el iris bloquea el flujo de salida del humor acuoso cerrando el angulo

iridocorneal (51)(ver llustracion 3).

llustracion 3: Ejemplo de cierre angular en el GPAC (50).

Existen varias teorias sobre como se produce la neuropatia dptica glaucomatosa.
En condiciones normales la PIO se mantiene constante gracias a un equilibrio entre la
produccién de humor acuoso, la salida de humor acuoso por el canal de Schlemm y por
la via uveoescleral y el valor de la PVE. En la teoria mecanica, el aumento de PIO
produciria un abombamiento posterior de la [dmina cribosa con un estrangulamiento
parcial de los axones de nervio éptico (llustracion 4). En la teoria vascular, el aumento
de PIO no solo abomba la Idmina cribosa y dafia los axones por este mecanismo, sino
gue ademas comprime los pequefios capilares que nutren la capa superficial del nervio
Optico (51). En la teoria inmune el disbalance de células gliales como respuesta al

incremento de PIO y muerte celular crénica haria progresar la enfermedad (52).
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llustracion 4: Histofotografia de la cabeza del nervio éptico. Las estrellas verdes marcan la
lamina cribosa por donde pasan los axones de las células ganglionares de la retina (42).

4.2 Modelos de experimentacion de glaucoma inducido en animales

La creacion de modelos de experimentacion animal que simulen de la forma mas
exacta posible la fisiopatologia por la que se produce en humanos la enfermedad que
queremos estudiar es fundamental para poder desarrollar nuevas estrategias de
deteccidon y seguimiento de esa patologia, y sobre todo para poder estudiar nuevos

farmacos y terapias para tratarla.

Aunque existen obvias discrepancias a tener en cuenta entre los animales y los
humanos también hay muchas similitudes anatomo-fisioldgicas, especialmente entre
los humanos y los animales mamiferos. Esto permite a los investigadores estudiar un
gran numero de mecanismos y evaluar nuevas terapias en modelos animales antes de
aplicar sus descubrimientos en humanos. Si bien es cierto que pueden surgir hipdtesis y
modelos de estudios in vitro, a dia de hoy todavia éstos deben ser validados en un

organismo completo para no ser exclusivamente especulativos. Por tanto, los estudios
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en animales siguen siendo fundamentales y no pueden ser reemplazados

completamente por métodos in vitro (53).

Por eso es fundamental proteger a los animales con los que se hace investigacion
animal y garantizar su bienestar. Para ello, la Directiva Europea expone 3 principios
fundamentales que hay que cumplir a la hora de investigar con animales. Estos 3
principios se conocen como las “Normas de las 3 Rs: Reemplazo, Reduccion y
Refinamiento”. Reemplazo significa que no se deben usar animales si es posible realizar
para el mismo propdsito enfoques experimentales no basados en animales, que tengan
la misma fiabilidad y relevancia. Por otro lado, Reduccion significa que el nimero de
animales utilizado debe ser el minimo posible para llegar a una conclusién
estadisticamente significativa y fiable, y por ultimo, el Refinamiento se refiere a que es
necesario tomar medidas para minimizar cualquier dafio causado a estos animales y

aumentar su bienestar (53).

En el caso del glaucoma, los animales de experimentacién han permitido estudiar
el sistema de drenaje y las estructuras importantes en la circulacién del humor acuoso
a través de estudios de anatomia comparada entre especies (54), asi como la
neurodegeneracion retiniana. Ademas, los modelos animales han facilitado el desarrollo
de nuevas estrategias terapéuticas que no podrian haberse obtenido de otra manera al

permitir comprender la hipertension ocular y el glaucoma inducido o espontaneo (55).

Uno de los primeros modelos de glaucoma que se desarrollaron en animales
fueron inducidos en primates no humanos (56), y los datos obtenidos fueron Utiles para
comprender el glaucoma en humanos (55). También se desarrollaron modelos de
glaucoma en cerdos mediante la cauterizacidon de las venas epiesclerales para inducir
HTO (57) y mediante la inyeccion de fluorosferas de latex en su cdmara anterior (58). En
conejos, comenzo a utilizarse en 1960 un modelo de creacion de HTO mediante el uso
de corticoesteroides. En 1984 Beatty et al. descubrieron que la aplicacion de esteroides
tépicos producia aumentos de PIO dosis-dependiente en conejos albinos y en humanos.
Sin embargo, el control del glaucoma utilizando modelos de glaucoma en conejos tiene

algunas limitaciones: la medicién de la PIO es dificil de estandarizar, ya que los valores
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pueden variar dependiendo del estrés del animal y de la sequedad ocular que les
produce. Ademas, la retina del conejo esta parcialmente mielinizada por
oligodendrocitos que no estan presentes en las células humanas ni en las de otros
mamiferos. Por esos motivos el conejo no es el mejor animal para el estudio de

glaucoma (55) .

El desarrollo de modelos de glaucoma en ratas y ratones ha permitido grandes
avances en el estudio del glaucoma. En 1995 Shareef et al.(57) realizaron la
cauterizaciéon de venas epiesclerales en ratas como modelo de obtencion de HTO, pero
se producen picos hipertensivos y tiempos de estudio poco prolongados, alejandose de
la fisiopatologia normal del GPAA del humano. Gran parte de los estudios moleculares
y funcionales de glaucoma han utilizado este método. Mas adelante surgio la inyeccion
de solucién hipersalina en las venas epiesclerales para producir su esclerosis y asi
aumentar la PIO simulando un GPAA con disminucién de drenaje de humor acuoso (59).
En 1998, Ueda et al. (60) utilizaron energia ldser para quemar directamente la malla
trabecular y las venas epiesclerales. En 2006, Urcola et al. (61) estudiaron 3 modelos
experimentales de glaucoma en ratas: a) inyeccion de microesferas de latex en la cdmara
anterior, b) inyeccion de microesferas mas hidroxipropilmetilcelulosa en la cdmara
anterior y c) cauterizacion de las 3 venas epiesclerales. Los tres métodos produjeron un
gran incremento de PIO pero fue la cauterizacion de venas epiesclerales la que consiguio
una elevacion de PIO mas constante durante al menos 24 semanas, y estos mismos
resultados se obtuvieron también al inducirlos en cerdos (58), sin embargo su gran
tamanio y alto coste dificulta su uso. En 2011, Samsel et al. (62) demostraron elevacién
de PIO en ratas utilizando inyecciones de microesferas magnéticas para inducir el mismo
efecto que con las microesferas de latex, pero en este caso las microesferas podian ser
dirigidas hacia el dangulo con un iman. Actualmente, los autores que utilizan esferas para
aumentar la PIO en ratas y ratones utilizan el término “modelo de oclusidon con
microparticulas”, del inglés “microbeads occlusion model”, para referirse al modelo que
Urcola et al. publicaron en 2006 con ratas y Ruiz-Ederra et al. publicaron en 2005 con
cerdos (55). Por ultimo, también se han desarrollado modelos de ratones transgénicos

DBA/2J para el estudio de glaucoma (55).
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Se ha estudiado, asi mismo, el efecto elevador de la PIO con corticoesteroides en
ratas y ratones, y se ha visto que también se produce un aumento atribuible al descenso
de drenaje de humor acuoso por aumento de resistencia en la via convencional con
aumento de la matriz extracelular en la malla trabecular (63), y que retorna a niveles
normales tras el cese de la exposicidon corticoidea, como ocurre en humanos (64).
También se ha utilizado el tratamiento con corticoides para provocar un aumento de
PIO en vacas, demostrandose que la elevacion de PIO que producen altera la expresion
génica de su malla trabecular, lo que podria en un futuro a dilucidar los cambios

primarios que ocurren a nivel molecular en la malla trabecular en humanos (65).

4.3 Caracteristicas de la neurorretina en ratas

Los estudios realizados hasta la actualidad que utilizan modelos de glaucoma en
ratas y ratones trabajan con diferentes lineas de estos animales. Esto, unido a la
ausencia de una base de datos normalizada con estudios basales en estas especies y
seguidas a lo largo del tiempo dificultan en gran medida la posibilidad de comparar los
resultados obtenidos en los distintos grupos de trabajo, que resultan diferentes entre si
(66). Por otro lado, hasta la fecha no existe ninguin estudio publicado que analice las
diferencias en la degeneracion retiniana glaucomatosa entre machos y hembras. Seria
muy Util por tanto evaluar estas diferencias entre ambos sexos, y mas aun ante la tltima
evidencia creciente que apoya la influencia estrogénica en la neurodegeneracién

producida en la patologia glaucomatosa.

Las técnicas mas utilizadas para evaluar esta neurodegeneracion hasta la fecha
en el modelo animal son las técnicas histolégicas, aunque recientemente esta
comenzando a utilizarse también la tomografia de coherencia dptica (OCT) o la
tecnologia DARC (del inglés “detection of apoptosing retinal cells” o deteccion de
apoptosis de las células de la retina) de deteccidn de apoptosis de las células retinianas
(explicada en el punto 4.3.2) para evaluar este dafio morfolégico en la neurorretina. Para
evaluar el dafio funcional, la técnica mas utilizada es la electrorretinografia, aunque

suele presentar amplias variabilidades en sus respuestas.
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4.3.1 Histologia
La retina de la rata (llustracion 5), igual que la de otros vertebrados esta formada
por 10 capas, que desde la mas externa, (en contacto con la coroides) hasta la mas

interna (en contacto con el vitreo), son las siguientes (67), (68):

1. Epitelio pigmentario de la retina EPR: Monocapa de células epiteliales que

contienen granulos de melanina.

2. Capa de fotorreceptores: formada por los segmentos externos de los

fotorreceptores (SEF) (conos y bastones); en la rata principalmente hay

bastones.

3. Membrana limitante externa (MLE): Uniones tipo zdnula adherens entre las

células de Miiller (glia de sostén) y los fotorreceptores.

4. Capa nuclear externa (CNE): Formada por los nucleos celulares de los

fotorreceptores.

5. Capa plexiforme o sindptica externa (CPE): Sinapsis entre los axones de los

fotorreceptoresy los de las células bipolares, horizontales e interplexiformes.

6. Capa nuclear o granular interna (CNI): Formada por nucleos de células

amacrinas, bipolares, interplexiformes, de Miiller y horizontales.

7. Capa plexiforme o sindptica interna (CPl): Sinapsis de los axones de las células

ganglionares, amacrinas y de las células bipolares.

8. Capa de células ganglionares (CCG): Células ganglionares de la retina (CGR) y

células amacrinas desplazadas a esta capa.
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9. Capa de fibras nerviosas de la retina (CFNR): Formada por los axones de las

CGR.

10. Membrana limitante interna (MLI): Capa mas interna, en contacto con el

vitreo, formada por los procesos internos de las células de Miller.

MPl—

CC6— He W Yatd
CFN — PY '
MU — -

llustracion 5: Corte sagital de retina de rata adulta tefiido con hetatoxilina-eosina, imagen a 40
aumentos en la que se ven las 10 capas de la retina (extraida de (69)).(EPR: epitelio pigmentario
de la retina; SEF: segmentos externos de los fotorreceptores; MLE: membrana limitante externa;
CNE: Capa nuclear externa; MPE: membrana plexiforme externa; CNI: capa nuclear interna; MPI:
membrana plexiforme interna; CCG: capa de células ganglionares; CFN: capa de fibras nerviosas
de la retina; MLI: membrana limitante interna).

En cuanto a los tipos celulares, existen 6 tipos de neuronas (fotorreceptores,
células horizontales, células bipolares, células interplexiformes, células amacrinas y

células ganglionares) y células no neuronales o gliales.

El sistema nervioso se compone fundamentalmente de dos tipos celulares: las

neuronas y las células de la glia que superan en nimero a las neuronas, ambos tipos
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celulares ocupan un porcentaje similar del tejido nervioso. Las células de la glia tienen
diferentes papeles en el mantenimiento, regulacién y correcto funcionamiento del
sistema nervioso, asi como en la funcidn de la sinapsis. En el SNC los principales tipos de
células gliales son los astrocitos y los oligodendrocitos, y en el sistema nervioso
periférico, las células de Schwann, las células gliales entéricas y las células satélite (70).
Estas células reaccionan ante casi cualquier tipo de dafo neuronal. En condiciones
normales, la tasa de renovacion de las células gliales maduras es cercana a cero, pero
cuando se produce algun dafio en las neuronas vecinas, la respuesta de las células gliales
es proliferar de forma rapida, cambiando su estructura y funcién, un proceso conocido
como gliosis (71), (70). La retina tiene dos tipos de células gliales: microglia (células
gliales de la cabeza del nervio 6ptico y de la retina, con funcion principalmente
fagocitica) y macroglia (astrocitos, que se encuentran en la CFNR, rodeando las fibras y
los vasos sanguineos y células de Miiller, que dan soporte estructural a las neuronas de
la retina y que mantienen la homeostasis y el soporte metabdlico que necesitan los

fotorreceptores y neuronas) (67), (72).

Comprender y aprender de los modelos animales en roedores es importante
para entender mejor el dafio en la neurorretina producido en la patologia glaucomatosa
en humanos. A la hora de evaluar histolégicamente este dano, es necesario tener en
cuenta que, en los roedores, la poblacion de células ganglionares (CG) en la CCG se ve
desplazada por una cantidad de células amacrinas que puede ser equivalente a la
magnitud de CG, y que ademas en esa capa también hay un pequeiio nimero de células
horizontales desplazadas. Aunque el tamafio de las células amacrinas suele ser menor
gue el de las CG, existen algunas de tamafio similar a estas, por lo que diferenciarlas por
cuestiones puramente anatomicas y de diferencia de tamafio no seria posible. Por este
motivo, es necesario utilizar otras técnicas que permitan garantizar la identificacién de
CG, como puede ser el uso de trazadores neuronales que dependen del transporte
axonal funcional y/o de la integridad anatémica del axén, el uso de marcadores
moleculares especificos para CG o la combinacion de estos dos métodos con el uso de

marcajes nucleares (73).
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Las técnicas de hibridacion molecular se basan en el estudio de secuencias
especificas de DNA o RNA. Para identificarlas o cuantificarlas, se utilizan secuencias
complementarias a las de DNA o RNA. La unién o hibridacion de la secuencia génica
diana y la complementaria puede ser detectada mediante técnicas radiactivas o
colorimétricas (74). Existen métodos para identificar CG mediante la aplicaciéon de
trazadores fluorescentes en lugares diana del cerebro o en el nervio éptico, que viajan
desde el axdn terminal hasta el soma celular, permitiendo detectarlos en el soma de las
CG, en las dendritas proximales y en los axones intrarretinianos (73). Son técnicas mas
cruentas que requieren hacer una craneotomia en el animal para exponer el cerebroy
aplicar el trazador, y posteriormente hay que cubrir la craneotomia y suturar la piel para

dar tiempo a la progresion del trazador.

Otro método alternativo a los trazadores puede ser identificar las CG mediante
inmunodeteccién, es decir, mediante el uso de marcadores neuronales especificos que
detecten proteinas especificas expresadas por las CG, como el Brn3a y el Brn3b, o
mediante hibridacién in situ para detectar su RNA mensajero (RNAm). El grupo de Vidal-
Sanz demostré que el Brn3a es un marcador fiable y especifico para detectar y
cuantificar la poblacidn completa de CG en ratas adultas. La deteccién de Brn31 también
permite valorar indirectamente el estado funcional de las CG, porque a los 3 dias las CG
que tienen destruccién en su axdn muestran una disminucién en la expresién del Brn3a-
RNAm, que se correlaciona con una disminucién gradual de la proteina Brn3a, como

puede comprobarse con Western Blot e inmunohistofluorescencia (73).

Con estos métodos, se ha conseguido detectar que la disposicion principal
fisiolégica en la que se encuentran las de las CG en la retina de las ratas es en el eje
nasal-temporal (75). También permite identificar donde se produce la mayor pérdida de
CG, y hay estudios que sugieren mayor afectacion del sector superior e inferior, mas que

en el sector nasal y temporal (76).
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4.3.2 Deteccidn de apoptosis de las células de la retina

El denominador comun en todos los tipos de glaucoma es la muerte de CG
mediante apoptosis. Este dafio celular se detecta de forma tardia y puede haber hasta
10 afios de diferencia hasta la aparicion de defectos en el campo visual, ademas es
importante recordar la existencia del glaucoma pre-perimétrico (en humanos se detecta
afectacion campimétrtica cuando ya han muerto el 30% de las CGR). Recientemente, ha
surgido una nueva técnica in vivo conocida como “deteccion de las células retinianas
apoptoticas” (DARC, por sus singlas del inglés, “detection of apoptosing retinal cells”)
(Hlustracion 6). Se trata de una técnica no invasiva capaz de visualizar de manera fiable
y en tiempo real los cambios apoptdticos a nivel celular, pudiendo detectar dafio
glaucomatoso desde un estadio muy precoz, y por tanto, en un futuro permitiria iniciar
un tratamiento incluso antes de que se detecten alteraciones funcionales en el campo
visual, asi como evaluar la respuesta al tratamiento (77), (78), (79). Durante la apoptosis,
existen cambios en la superficie de las células que van a morir, como por ejemplo la
expresion del fosfolipido de membrana fosfatidilserina. Esta exposicién precede varias
horas a la pérdida de la integridad de la membrana plasmatica celular. La tecnologia que
mide la apoptosis celular utiliza esta actividad. La Anexina V se une a la fosfatidilserina
expuesta, por lo que introduciendo Anexina V marcada es posible detectar las células
qgue estan en apoptosis. Ademas, introduciendo un contraste que se introduzca en las
células cuando se ha roto la integridad de la membrana celular, como el ioduro de

propidio, se puede saber si la apoptosis ha finalizado (79).

Membrana celular {}

Fosfatidilserina loduro de propidio

Anexina V

A B c D

llustracion 6: A) célula sana que contiene fosfatidilserina en la parte interna de la membrana
plasmdtica. B) Apoptosis precoz con externalizacion de la fosfatidilserina. C) Unidn de la Anexina
V a la fosfatidilserina expuesta. D) Apoptosis tardia, con internalizacion del IP en la célula
(adaptado de (79)).
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4.3.3 Envejecimiento fisioldgico de la neurorretina

Ademas de la degeneracién neurorretiniana que ocurre en el caso del glaucoma,
también hay una degeneracion neurorretiniana fisioldgica asociada al envejecimiento
(80). La proporcién de CFNR que se compone por axones de CG no es constante con la
edad, sino que hay un aumento de espesor total de esta capa por aumento de la
proporcién de tejido no neuronal. Los datos varian entre publicaciones, pero se estima
que la pérdida de CG asociada a la edad es de aproximadamente 0,6% al aiio, mientras
que el adelgazamiento anual de la CFNR es del 0,2% (81). Si ocurre una compensacién
similar en el espesor de la CFNR por la pérdida de axones que se da en el glaucoma,
seria necesario realizar una correccién dependiente del estadio de glaucoma y una
correccion dependiente de la edad para ajustar las medidas del OCT a la cantidad
neuronal remanente real. Por eso, seria necesario conocer si existe un aumento de
tejido no neuronal en el caso de los pacientes con glaucoma, como ocurre con la pérdida
fisiolégica, y ademds conocer, en el caso de la pérdida fisiolégica asociada al

envejecimiento qué tasa de pérdida se produce con mayor exactitud (81).

4.3.4 Neurodegeneracion retiniana

La neurodegeneracion ocurre en tres etapas. Primero se produce un dafo axonal
primario, después se produce la muerte de la neurona dafada y por ultimo se produce
el dafio y posterior muerte de neuronas adyacentes. Este ultimo proceso se conoce
como “degeneracién secundaria”. Ocurre por tanto en células neuronales que
inicialmente no estaban dafiadas, pero que debido a la exposicidn a agentes citotoxicos
que han ido liberando las neuronas con dafio axonal primario terminan muriendo
igualmente. A nivel ocular, tanto las CGR como los fotorreceptores son susceptibles de
sufrir este proceso (82). Esta degeneracién puede desplazarse de manera anterdgrada
cuando el dafio comienza en la retina y se transmite al cerebro o bien retrograda en el
caso opuesto (llustracion 7). Los distintos factores estresores para la degeneracién
neuronal y consiguiente dafio glaucomatoso se representan esquematicamente en la

ilustracion 8.
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llustracion 7: Representacion de la degeneracion anterdgrada y retrograda en la via visual. a)
Representacion de la organizacion de la via visual desde la retina hasta el cértex visual. b) El
dafio en el cortex visual produce retrégradamente degeneracion retiniana. C) El dafio en la retina
produce anterdgradamente degeneracion del cértex visual. (Adaptado de (76)).
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llustracion 8: E/ dafio oxidativo parece ser un factor critico que produce consecuencias
neurodestructivas de las mitocondrias, activacion de la respuesta glial y activacion
descontrolada del sistema inmune durante la degeneracion glaucomatosa. (Adaptado de (83)).



4.3.5 Mecanismos inmunolégicos

La luz atraviesa todas las capas de la retina antes de estimular a los
fotorreceptores, que captan la energia luminosa y la transforman en energia eléctrica
mediante cambios en su potencial de membranas. Después transmiten esta seial
nerviosa mediante contactos sinapticos a través de las células bipolares, horizontales y
amacrinas hasta las CG. Los axones intraoculares no mielinizados forman la CFNR que se
mielinizan a su salida para formar el nervio dptico, que transmite la informacion
luminosa recogida en la retina hasta los nucleos cerebrales correspondientes. En la rata,
los principales territorios de proyecciones de las CG en el cerebro son el coliculo superior
y el nucleo geniculado dorso-lateral. Las capas visuales de los coliculos superiores
reciben aferencias principalmente de la retina contralateral, ya que en la rata mas del
95% de los axones de las CG se decusan a nivel del quiasma 6ptico, a diferencia de lo

gue ocurre en el ser humano, en el que solo se decusan un 53%. (67).

Este hecho tiene importancia para entender que existe evidencia que apoya el
papel del coliculo superior en la propagacion de fenémenos neuroinflamatorios
inducidos por la hipertension ocular de un ojo hacia el ojo contralateral en modelos de
glaucoma en ratas (84), (76). Hay evidencia de que la degeneracidon que se produce en
el ojo contralateral estaria mediada por fenédmenos inflamatorios que se trasladarian al
otro ojo a través del nervio Optico (85) y ese dafio podria entonces ser también

consecuencia de fendmenos de degeneracidn secundaria (76).

La microglia y los astrocitos tienen un papel fundamental como reguladores de
la respuesta inflamatoria en el SNC. La microglia son las células inmunitarias innatas del
SNC, con funciones sensoras y efectoras y con capacidad fagocitica en condiciones
fisiolégicas y patoldgicas (86). El papel de las células de la glia es también muy
importante en la fisiopatologia del dafio neurorretiniano que se produce en el glaucoma,
al igual que en otras enfermedades neurodegenerativas como la enfermedad de
Alzheimer, la enfermedad de Parkinson o la esclerosis lateral amiotréfica (87). Durante
las fases iniciales del glaucoma, una de las alteraciones mas importantes causantes de
la progresién del dafio es la activacién de las células gliales (gliosis). Esta activacion

produce cambios morfoldgicos y estructurales de estas células, migracion y proliferacion
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de las mismas, cambio su distribucion en el tejido, expresidn de diferentes factores de
crecimiento y citoquinas o activacién de su capacidad fagocitica (86). La gliosis tiene
como objetivo proteger el sistema nervioso reestableciendo el medio extracelular y
aportar factores que favorezcan la supervivencia de las neuronas, si bien una respuesta
mantenida en el tiempo y descontrolada, como ocurre en la mayoria de enfermedades
neurodegenerativas, acaba teniendo un impacto negativo en el tejido nervioso (71). El
glaucoma es una neuropatia progresiva que suele ser bilateral, aunque la afectacién es
asimétrica, por lo que el dafio generalmente se presenta en uno de los ojos y con el
tiempo se termina afectando también el ojo contralateral. Recientemente se han
publicado diferentes estudios de modelos experimentales de glaucoma en los que se ha
observado que la hipertensién ocular provocada en uno de los ojos termina afectando
con el tiempo al ojo contralateral normotenso (71), (88), (89), (86), (90). Estos ojos
normotensos contralaterales a aquellos en los que se provocd la HTO, mostraron una
activacién de la macro y de la microglia en ausencia de muerte neuronal (71). Se cree
por tanto que este mecanismo inmune de gliosis en el ojo contralateral al ojo dafiado

inicialmente puede tener un papel importante en la muerte de CG (86).

4.4 Influencia del sexo en la neurorretina

Durante los ultimos afos hay un interés creciente en analizar la influencia del
sexo en las enfermedades neurodegenerativas que afectan a la retina. Se ha puesto
especial interés en analizar esta influencia en patologias asociadas al envejecimiento,
como el glaucoma, la degeneracion macular asociada a la edad o la enfermedad de
Alzheimer, ya que existen cambios en los niveles hormonales asociados a cada etapa
vital y que varian en funcién del sexo (91). Cada vez hay mas evidencia que apoya la
hipdtesis de que el glaucoma es una enfermedad neurodegenerativa que representa el
envejecimiento acelerado del nervio éptico. Debido al envejecimiento de la poblacidn,
la prevalencia de glaucoma va aumentando. En edades avanzadas, hay mds mujeres que
hombres, por lo tanto, la mayor parte de la poblacidn afectada por glaucoma son

mujeres. Por todo ello, se necesita investigacion especifica que analice los mecanismos
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fisiopatologicos especificos segun el sexo involucrados en la progresion del glaucoma

para poder desarrollar nuevas estrategias preventivas y terapéuticas (41).

El envejecimiento produce una acumulacion de estrés oxidativo que puede
producir un deterioro progresivo de la estructura y de la funcién de diferentes tejidos,
incluida la retina (34). Parece que el sexo influye en el envejecimiento fisioldgico. Los
estrégenos tienen efecto antioxidante en distintos tejidos y ejercen neuroproteccién
(34),(92). Desde una perspectiva funcional los estrégenos pueden, por un lado, regular
la PIO influenciando la produccidén y la salida del humor acuoso a través de sus
receptores en el epitelio ciliar y producir PIO mas bajas. Se ha comprobado, por ejemplo,
gue en el estado hiperestrogénico del embarazo se produce un descenso de los valores
de PIO. Por otro lado, los estréogenos pueden mejorar la vascularizacion del nervio éptico
al disminuir la resistencia vascular. A este respecto se ha demostrado en estudios
animales que el estradiol regula el tono del musculo liso y la resistencia vascular,
aumenta la actividad de la sintasa endotelial de éxido nitrico e influye en la perfusién
del nervio dptico, las células ganglionares de la retina y sus estructuras de soporte (41).
Por ultimo, los estrogenos pueden generar mayores sefales en el ERG (34) y por
perimetria automatizada. Desde una perspectiva estructural, los estrogenos han
mostrado neuroproteccion en fotorreceptores y CGR (12), (93), (13). Pero, ademas, la
retina es capaz de sintetizar estrégenos (94). La evidencia apoya la hipdtesis de que la
deficiencia de estrégenos se asocia a la fisiopatologia del nervio éptico y a la

neurodegeneracion glaucomatosa mediante varios mecanismos.
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5. ESTADO ACTUAL DEL TEMA

El glaucoma es una patologia multifactorial con afectacion del nervio 6ptico que
lleva progresivamente a la ceguera. Muchos pacientes con glaucoma permanecen
asintomaticos hasta estadios avanzados de la enfermedad. Esto es debido a que la
pérdida progresiva del campo visual es periférica y tipicamente asimétrica, lo que
permite una compensacion por la superposicion con el campo visual del ojo menos
afectado (48) y solo se observan cambios perimétricos a partir de la muerte de mas del
30% de las células ganglionares (50). Como consecuencia, menos del 50% de los
pacientes afectados por esta patologia son conscientes de su enfermedad y en paises
en vias de desarrollo la cifra aun es inferior (95). Por otra parte, aunque la prevalencia
de glaucoma aumenta con la edad, la mayoria de los pacientes que no son conscientes
de tener glaucoma tienen menos de 60 afos (48), lo que representa una gran necesidad
de ser capaces de diagnosticar la enfermedad en estadios mas precoces. En Espaiia, se
estima que existen alrededor de 1 millon de personas con glaucoma. En Aragon, habria
aproximadamente 29.000 afectados, y la mitad de ellos lo desconocen.

Ademas de la edad, tener una PIO elevada es el factor de riesgo modificable mas
valorado y estudiado hasta ahora para evaluar el riesgo y la progresién del glaucoma
(42). Sin embargo, revisando bibliografia cientifica publicada sobre el tema, cada vez
hay mas evidencia que sugiere que el tiempo de exposicidn a los estrégenos a lo largo
de la vida podria alterar la patogénesis del glaucoma, y que los estrégenos podrian
tener un efecto neuroprotector, aunque es necesario realizar mas estudios para
confirmar este hallazgo. Se ha registrado una prevalencia global mas alta de glaucoma
en mujeres (2,21% en mujeres frente a 1,67% en hombres), que se atribuyé a una mayor
esperanza de vida y a desventajas socioecondmicas y sanitarias (96), (97). Por otro lado,
varios estudios y meta-analisis sobre la prevalencia del GPAA han demostrado de forma
consistente que los hombres tienen entre 1,36 y 1,37 veces mas probabilidades que las
mujeres de padecer GPAA después de ajustar por edad, raza y disefio del estudio (98),
(99), (100), (101). La prevencidn y tratamiento especifico para el glaucoma segtin el
sexo podria tener importancia en el futuro (102), por lo que parece fundamental
profundizar en la investigacion sobre este tema. En octubre de 2018 comencé mi Tesis
Doctoral y el dia 12 de marzo (dia mundial del glaucoma) de 2019, la Asociacién de

Glaucoma para Afectados y Familiares (AGAF) denuncié mediante un comunicado la
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falta de investigadores y estudios en profundidad centrados en el glaucoma en la mujer.
En el caso de la mujer, la pérdida de visidon puede verse influenciada por los cambios
hormonales que se producen a lo largo de su vida. La presidenta de la asociacién, Sra.
Delfina Balonga remarcé que “las mujeres con glaucoma tienen que hacer frente a
muchisimas dudas sobre como actuar en casos como el embarazo, el parto, la
anticoncepcion, la menopausia.. Normalmente se suelen afrontar estos procesos
siguiendo el sentido comun, tanto por parte del paciente como de los médicos, pero es
una problemdtica aun desconocida y de la que atin no sabemos su verdadero alcance”.
Por esos motivos la asociacion solicitd que “se divulguen y se expliquen los
conocimientos obtenidos en las escasas investigaciones que se realizan sobre este
aspecto con el fin de tener una norma cientifica y concreta de actuacion en cada caso y
en cada fase de la vida de la mujer” (103).

Es fundamental realizar mas investigacidon en pro a una medicina de precisién y
tratamiento personalizado en la neuropatia glaucomatosa. Debido al desconocimiento
causal y la escasa bibliografia la presente Tesis Doctoral intenta dar respuesta a este
conocimiento limitado, y pretende estudiar las diferencias por sexo en nuevos modelos
de glaucoma crénico en rata, pues nunca antes se habian realizado este tipo de
estudios.

Las ratas son animales que crecen rapidamente y en relativamente poco tiempo
pasan por diferentes estados madurativos. Su cuidado y mantenimiento es mas sencillo
y econémico que el de otros animales, y han demostrado ser mas utiles en el estudio
del glaucoma que otras especies de mamiferos. Existen trabajos que han estudiado la
relacion entre la edad de una rata y la edad de un ser humano que podrian ayudar a la
hora de estudiar la progresiéon de glaucoma en estos animales asociada al estado
madurativo del animal (104). Las ratas tienen una infancia corta y acelerada, se
desarrollan rapidamente y son sexualmente maduras a las 6 semanas. Cada mes de vida
de la rata equivale aproximadamente a 2,5 afos del adulto humano y de media una rata
de laboratorio puede vivir hasta 3 afios (105). Las ratas maduras sexualmente tienen
ciclos hormonales regulares (106), y mantienen niveles estrogénicos elevados hasta
etapas muy tardias de su vida (107). Conocer todos estos datos pueden permitir
estudiar, en un espacio relativamente corto de tiempo, las diferencias fisiopatoldgicas

entre sexos en nuevos modelos de GPAA similares al humano.
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6. HIPOTESIS

Existen diferencias oculares funcionales y estructurales en funcién de la edad y el
sexo que influyen en la neurodegeneracion fisioldgica, asi como en la patogénesis y
velocidad de progresion del glaucoma crdénico. Dichas diferencias pueden estudiarse en
nuevos modelos de glaucoma crénico inducidos en rata de experimentacidén, mediante
exploraciones in vivo funcionales realizadas con medicién de la presién intraocular por
tonometria y con electrorretinografia, y mediante exploraciones estructurales con
tomografia de coherencia dptica, evitando el sacrificio animal y cumpliendo las 3R’s

(Reemplazo, Reduccidn y Refinamiento).

47



7. OBJETIVOS

Analizar los cambios de la neurorretina de ratas Long-Evans sanas a lo largo de

6 meses de seguimiento como parte del proceso fisioldgico de envejecimiento

1.
con:
a.
b.

2.

Evaluacion de la presion intraocular.
Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia (ERG) y estructurales con tomografia

de coherencia éptica (OCT).

Analizar las diferencias debidas al sexo en cuanto a presién intraocular y

neurodegeneracion de la retina y del nervio éptico en ratas sanas Long-Evans a

lo largo de 6 meses de seguimiento como parte del proceso fisiologico de

envejecimiento con:

a.

b.

Evaluacion de la presion intraocular.
Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de

coherencia éptica (OCT).

3. Analizar los cambios refractivos de ratas Long-Evans producidos por la

hipertension ocular (HTO) crénica mantenida a lo largo de 6 meses, mediante:

a.

b.

Evaluacion del poder didptrico (D)
Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de

coherencia éptica (OCT).

4. Analizar las diferencias debidas al sexo en el cambio refractivo de ratas Long-

Evans producidos por la hipertension ocular (HTO) créonica mantenida a lo largo

de 6 meses.

a.

Evaluacion del poder didptrico (D).
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b. Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de

coherencia éptica (OCT).

Analizar los cambios en la neurorretina de ratas Long-Evans con glaucoma
crénico inducido por HTO a lo largo de 6 meses de seguimiento con:
a. Evaluacién de la presidn intraocular.
b. Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de
coherencia éptica (OCT).

c. Analisis de las estructuras oculares mediante técnicas histoldgicas

Analizar las diferencias debidas al sexo en la retina y nervio dptico de ratas Long-
Evans con glaucoma crénico inducido por HTO a lo largo de 6 meses de
seguimiento con:
a. Evaluacién de la presidn intraocular.
b. Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de

coherencia éptica (OCT).

Analizar los cambios en la neurorretina de ratas Long-Evans con glaucoma
crénico inducido por corticoides a lo largo de 6 meses de seguimiento con:
a. Evaluacién de la presidn intraocular.
b. Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de
coherencia éptica (OCT).

c. Analisis de las estructuras oculares mediante técnicas histoldgicas.

Analizar las diferencias debidas al sexo en la retina y nervio dptico de ratas Long-
Evans con glaucoma crénico inducido por corticoides a lo largo de 6 meses de
seguimiento con:

a. Evaluacién de la presidn intraocular .

49



b. Analisis de la retina y nervio dptico mediante técnicas in vivo no invasivas
funcionales con electrorretinografia y estructurales con tomografia de

coherencia éptica (OCT).

9. Valorar la importancia de tener en cuenta la edad y el sexo de los animales para

interpretar los cambios fisioldgicos y la evolucion del glaucoma crénica en modelos de

degeneracion animal.
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8. METODOLOGIA

Los 4 articulos que forman parte de esta Tesis Doctoral son el resultado de varios
estudios longitudinales (prospectivos y retrospectivo), en los que el trabajo de campo
con animales se realizé en las instalaciones del servicio de cirugia experimental en el
Centro de Investigacién Biomédica de Aragén (CIBA), Zaragoza, Espafia. El cuidado y
manipulacion de los animales se realizé siguiendo los acuerdos del Consejo de Europa
sobre Experimentacién Animal Aplicada, recogidos en las Directivas 86/609/CEE y
2010/63/UE, de conformidad con la resolucion de la asociacién por la investigacién en
vision y oftalmologia (ARVO: del inglés Association for Research in Vision and
Ophthalmology), sobre la regulacion del uso de animales de experimentacion, y
aprobados por el Comité de Investigacion Animal (PI134/17) de la Universidad de

Zaragoza (UZ).

8.1 Animales del estudio

Para poder realizar el trabajo con animales, en primer lugar, obtuve la
certificacién para el manejo de animales de experimentacidén en Animalaria, Formacién
y Gestion S.L., en concreto obtuve la capacitacidn para realizar las funciones B (eutanasia
de los animales) y C (realizacién de procedimientos) (ver anexo V).

Todas las experiencias se llevaron a cabo en ratas Long-Evans de ambos sexos
(40% machos y 60% hembras), a partir de 4 semanas de vida (1 mes), con pesos iniciales
de entre 50 y 100 gramos, y realizados previos controles analiticos y clinicos para
asegurar su idoneidad para la inclusion en este proyecto. La empresa proveedora de los
animales fue Janvier-labs (Le Genest-Saint-Isle, Francia). Durante el tiempo de la
experiencia, los animales permanecieron estabulados separados por sexos en
habitaciones con un ciclo de luz-oscuridad de 12 horas, una temperatura de 222 y una
humedad relativa del 55%, fueron alimentados con agua y pienso ad libitum y las jaulas

tuvieron medidas de enriquecimiento ambiental para garantizar el bienestar animal.
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Se identific6 a todos los animales de forma individual con un microchip

subcutdneo para su correcto estudio. El nUmero de cada microchip se correlaciond con

otro numero independiente y diferente identificativo de la cohorte.

Para la realizacidn de estos trabajos se conté con diferentes poblaciones:

Para el estudio “Effect of age and sex on neurodevelopment and degeneration
in the healthy eye: longitudinal functional and structural study in young and
adult Long- Evans rat” (“Efecto de la edad y el sexo en el neurodesarrollo y
degeneracion en el ojo sano: estudio estructural y funcional longitudinal en
ratas jovenes y adultas Long- Evans”), observacional longitudinal durante 24
semanas de seguimiento, se analizaron 85 ratas (31 machos (M) y 54 hembras
(H)) Long- Evans sanas sin intervencion de entre 4 semanas (1 mes) y 28 semanas

de vida (7 meses)(108).

Para el estudio “Influence of Chronic ocular Hypertension on Emmetropia:
Refractive, Structural and Functional Study in Two Rat Models” (“Influencia de
la hipertension ocular cronica en la emetropia: estudio refractivo, estructural y
funcional en dos modelos de rata”), retrospectivo longitudinal de 24 semanas
de seguimiento, se recogieron de forma retrospectiva datos de nuestra propia
base de datos de ratas Long- Evans con glaucoma inducido. Se seleccionaron 260
ojos y se clasificaron en 2 cohortes: la cohorte ONT (del inglés: ocular
normotension, es decir, ojos normotensivos con PIO < a 20 mmHg: 70 ojos) y la
cohorte OHT (del inglés: ocular hypertension, es decir ojos hipertensivos con PIO
> 20 mmHg: 186 ojos). Los ojos hipertensos fueron aquellos en los que la
hipertension se habia inducido esclerosando las venas epiesclerales cada dos
semanas con solucidn hiperténica como describieron Morrison et al. (59) (grupo
ES: 62 ojos) o inyectando microesferas de acido polilactico glicdlico (PLGA) (del
inglés poly-lactic-acid-glycolic) en camara anterior, cada dos semanas durante el
primer mes y posteriormente una vez al mes hasta la semana 20 como
describieron Rodrigo et al. y Garcia-Herranz et al. (109), (110) (grupo MS: 124
ojos)(111).
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Para el estudio “Influence of Sex on Neuroretinal Degeneration: Six-Month

Follow-Up in Rats With Chronic Glaucoma” (“Influencia del sexo en la

neurodegeneracion retiniana: seguimiento de 6 meses en ratas con glaucoma

cronico”), intervencionista longitudinal de 24 semanas de seguimiento, se

utilizaron 46 ratas (18 M / 28 H) Long-Evans para inducir glaucoma crénico. La

induccion de HTO se realizé utilizando dos modelos diferentes (llustracion 9)
(112):

1. Modelo EPI: Se realizd en 23 ratas (9 M / 14 H). El método consistio

en realizar la esclerosis de las venas epiesclerales segun Morrison et

al describieron (59). Las inyecciones epiesclerales se realizaron

bisemanalmente si la PIO seguia siendo < 20 mmHg.

2. Modelo Ms20/10: Se realizé en 23 ratas (9 M / 14 H). El método

consistid6 en inyectar2 microlitros de una suspensién de
microesferas de PLGA de tamafio 20/10 en la camara anterior del
ojo derecho como citaron Rodrigo et al. (109). Las inyecciones se

hicieron de forma basal y a las semanas 2,4,8,12,16 y 20 del estudio.

Para el estudio “Influence of sex on chronic steroid-induced glaucoma: 24-
weeks follow-up study in rats” (“Influencia del sexo en el glaucoma inducido
por esteroid: estudio de 24 semanas de seguimiento en ratas”), intervencionista
longitudinal de 24 semanas de seguimiento, se utilizaron 88 ratas (38 M / 50 H)
Long-Evans para inducir glaucoma crénico inducido por corticoides. La induccién
de HTO se realizé utilizando dos modelos diferentes. En ambos modelos se
inyectaron 2 microlitros de Ms20/10 de PLGA cargadas con dexametasona de
diferente manera (llustracion 9B):

1. Modelo MMDEX: En 43 ratas (20 M / 23 H) se inyectaron Ms 20/10

cargadas de dexametasona (10% w/v). Las inyecciones de realizaron

de forma basal y en la semana 4.
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2. Modelo MMDEXAFIBRO: En 45 ratas (18 M / 27 H) se inyectaron

Ms20/10 cargadas de dexametasona y fibronectina (10% w/v). Las
inyecciones se realizaron de forma basal Unicamente, para tratar de

producir un aumento de la PIO mas progresivo y suave.

Las microesferas utilizadas en todas las cohortes estaban hechas de PLGA de
acuerdo con la técnica de extraccidon-evaporacién por solvente de emulsién de aceite en
agua previamente descrita por Garcia-Herranz et al. (110). Todas las microesferas (Ms
20/10, MS 20/10 cargadas con dexametasona y MS 20/10 cargadas con dexametasona
y fibronectina) provinieron del grupo de investigacidon InnOftal: Innovacién, Terapia y
Desarrollo Farmacéutico de la facultad de Farmacia de la Universidad Complutense de

Madrid.

llustracion 9: A) Esclerosis de las venas epiesclerales: en la imagen de la izquierda se observa el
momento de realizacion de la inyeccion (flecha), y en la imagen de la derecha se visualiza el drea
blanqueada tras la esclerosis (flecha) B) Inyeccion de microesferas en cdmara anterior.
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8.2 Anestesia

Para realizar la inyeccién de Ms en la cdmara anterior del ojo derecho, las ratas
se anestesiaron con una mascarilla para ratas con una mezcla de gas sevoflurano al 3%
con oxigeno al 1,5%; asi como para la medicion de la PIO, que siempre fue menor de 3
minutos como estd recomendado (113). Para realizar el ERG y el OCT, asi como para
inducir HTO por esclerosis de las venas epiesclerales, se anestesié a los animales con
una inyeccidon intraperitoneal de 60 mg/Kg de Ketamina + 0,25 mg/kg de
Dexmedetomidina y se les puso de forma tépica en los ojos gotas de tetracaina 1mg/ml
+ oxibuprocaina 4 mg/ml (Anestésico doble Colirccusi®, Alcon Cusi® SA, Barcelona,

Spain).

8.3 Procedimiento inductor de glaucoma

Durante los procedimientos los animales tuvieron de forma constante control
térmico con mantas calientes, y después del procedimiento se dejé que los animales se
recuperasen en un ambiente con temperatura controlada y enriquecido con oxigeno al
2,5%. Todos los procedimientos quirurgicos se realizaron bajo condiciones de asepsia.
Se inyectd siempre el ojo derecho de la rata, bien en las venas epiesclerales, bien en
cornea evitando dafiar el iris utilizando una jeringa micrometrada (Hamilton®) y
micropipetas de cristal. Después de los procedimientos quirurgicos (esclerosis venas
epiesclerales e inyeccion de Ms en camara anterior), ademas, se colocé pomada
antibidtica de eritromicina 5 mg/g (Oftalmolosa Cusi® eritromicina, Alcon Cusi® SA,

Barcelona, Espafia) en el ojo intervenido (112).

8.4 Protocolo exploratorio

8.4.1 Control de la presidn intraocular (PI1O)

La secuencia de exploracién fue la siguiente: medicidn de la PIO, adaptacion a la
oscuridad de las ratas durante una noche entera y al dia siguiente por la mafiana
realizacion del ERG seguido del OCT y sacrificio, en determinados casos. De esta manera

se intentd reducir la manipulacion de los animales.
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Para el control de P10 se utilizé el tondmetro de rebote Tonolab® (Tonolab, TyolatOy
Helsinki, Helsinki, Finlandia). Las mediciones se realizaron en el centro de la cérnea (ver
ilustracién 10) con un total de 18 mediciones consecutivas (se realizaban 3 mediciones
en las que cada medicién calculaba la media de 6 mediciones). El valor medio de estas
mediciones se registrd como resultado final. Siempre se media la PIO de ambos ojos,
empezando por el ojo derecho. En nuestro trabajo realizamos una mediciéon de PIO
semanal de todas las ratas de todas las cohortes de los diferentes estudios
longitudinales. La medicién de la PIO se realizé por las mafianas para evitar el patrén de

fluctuacién por el ritmo circadiano (114), sobre la misma hora.

Para el estudio “Influence of Chronic ocular Hypertension on Emmetropia: Refractive,
Structural and Functional Study in Two Rat Models” (“Influencia de la hipertension ocular
cronica en la emetropia: estudio refractivo, estructural y funcional en dos modelos de
rata”), se recogieron los datos medidos en la base de datos de las ratas de nuestro

trabajo de las cohortes por esclerosis de venas epiesclerales y Ms sin carga.

llustracién 10: Tondmetro Tonolab® creado por Icare Finlandia especificamente para roedores
(ratas y ratones).
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8.4.2 Tomografia de coherencia dptica (OCT)

llustracion 11: Tomografia de coherencia optica (OCT) Spectralis, Ingenieria Heidelberg para
animales. 1) pantalla. 2) soporte para rata. 3) Empufiadura de la cdmara 4) Boton de ajuste de
enfoque. 5) Joystick. 6) Objetivo de la cdmara. 7) Pupitre de mando.

Para cuantificar in vivo la estructura neurorretiniana, se utilizé el OCT Spectralis
(OCT Spectralis, Ingenieria Heidelberg®, Alemania) (llustracién 11), adaptando una lente
de contacto sin poder didptrico en la cérnea de la rata para conseguir adquisiciones de
mejor calidad. La tomografia de coherencia éptica (OCT) fue inventada en 1991 por
Huang et al. permite obtener imagenes de cortes cuasihistoldgicos de la retina y medir
cuantitativamente in vivo su espesor. El principio fisico que explica el mecanismo de
accién de la OCT es la interferometria de baja coherencia, que utiliza fuentes de luz de
banda ancha de baja energia. En la OCT se emiten dos rayos de luz: un rayo de muestra
(que contiene el objeto de interés) y un rayo de referencia (habitualmente un espejo).
La combinacidn de la luz reflejada del rayo de muestra y la luz del rayo de la referencia
da lugar a un patrén de interferencia. Explorando el espejo en el rayo de referencia,
puede obtenerse el perfil de reflectividad de la muestra. Las areas de la muestra que
reflejan mucha luz crean mayor interferencia que las areas que no lo hacen y cualquier
luz que esté fuera de la corta longitud de coherencia no interfiere (llustracién 12). Con

todo ello se genera una imagen final con una escala de colores donde las zonas de alta
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reflectividad, que corresponden a areas de bloqueo parcial o total al paso de la luz

(sangre, fibrosis...), se muestran en tonos mas blancos o hiperreflectantes mientras que

las imagenes de zonas de baja reflectividad, que implican baja o nula resistencia al paso

de la luz (quistes, edema...), se muestran en el espectro gris-negro.
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llustracion 12: Ejemplo de sistema de tomografia de coherencia dptica (115).

Para explorar a las ratas en estos estudios, se utilizaron los protocolos de retina

polo posterior (R); capa de fibras nerviosas de la retina (CFNR o RNFL: del inglés Retina

Nerve Fiber Layer) y capa de células ganglionares (CCG o GCL: del inglés Ganglion Cell

Layer); todos ellos centrados en el disco éptico, ya que la rata no tiene févea. Las
subsiguientes exploraciones se realizaron en la misma localizacidn de la basal gracias al
software de eye-tracking y la aplicacidon de seguimiento o follow-up del dispositivo. En

caso de que el algoritmo hubiese fallado, un investigador entrenado enmascarado

realizaba la correccién manual o la eliminacién de las adquisiciones.

Se utilizé el protocolo de la capa CFNR para analizar el espesor comprendido

entre la membrana limitante interna (MLI) hasta el limite de la CCG, dividido en 6

sectores (inferotemporal -IT-, inferionasal -IS-, superotemporal -ST-, superonasal -SN-,
nasal -N-y temporal -T-).

58



El protocolo de retina (R) se utilizé para analizar el espesor desde la MLI hasta el
epitelio pigmentario de la retina, dividido en las 9 areas ETDRS. Las areas ETDRS son
areas definidas en los ensayos clinicos del tratamiento de la retinopatia diabética y que
posteriormente se han aceptado para toda la patologia macular y del polo posterior. En
el estudio “Tratamiento temprano de la retinopatia diabética” (en inglés “Early
Treatment Diabetic Retinopathy Study”, ETDRS) Retinopathy Study Report; 1985, se
subdividio la mdacula en 9 areas definidas por 3 circulos ubicados a 1, 3 y 6 mm; estos
dos ultimos a su vez divididos en sectores superiores, inferiores, nasales y temporales
(116). En el caso de las ratas, estas areas incluyen un circulo central (C) centrado en el
disco dptico (como se dijo anteriormente en las ratas no existe la fovea) de 1 mm de
diametro, un circulo interno de 2 mm de diametro que comprende los sectores inferior
interno (I1), superior interno (SlI), nasal interno (NI) y temporal interno (TI) y un circulo
externo de 3 mm de diametro que comprende los sectores inferior externo (IE), superior
externo (SE), nasal externo (NE) y temporal externo (TE). También se cuantificéd el

volumen total (VT).

Por ultimo, el protocolo CCG fue utilizado para medir el espesor desde CFNR
hasta el limite la capa nuclear interna en de las mismas 9 dreas ETDRS previas

(Nustracion 13).
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llustracion 13: Esquema que representa la division en sectores en el ojo derecho (OD) de una
rata. A) Protocolo capa de fibras nerviosas de la retina (CFNR). B) Protocolo de células
ganglionares de la retina (CGR) A) comprende los sectores inferotemporal (IT), inferonasal (IS),
superotemporal (ST), superonasal (SN), nasal (N) y temporal (T), central (C). B) comprende los
sectores inferior interno (ll), superior interno (Sl), nasal interno (NI) y temporal interno (TI) en el
anillo interno, y en el anillo externo los sectores inferior externo (IE), superior externo (SE), nasal
externo (NE) y temporal externo (TE).

Para poder obtener imagenes de buena calidad, se colocaba una lente de
contacto de polymethylmethacrylate (PPMA) en la cérnea de la rata de poder didptrico
neutro. Esta lente de contacto tenia un grosor de 270 um y un didmetro de 5,2 mm
(Cantor+Nissel®, Northamptonshire, Reino Unido). A todas las ratas de nuestros trabajos
se le realizé una OCT de forma basal (es decir a las 4 semanas de vida de la rata). Los
tiempos de adquisicion de OCT posteriores se ajustaron en cada estudio concreto de la

siguiente manera:

- Para el estudio “Effect of age and sex on neurodevelopment and degeneration
in the healthy eye: longitudinal functional and structural study in young and
adult Long Evans rat” (“Efecto de la edad y el sexo en el neurodesarrollo y
degeneracion en el ojo sano: estudio estructural y funcional longitudinal en
ratas jovenes y adultas Long Evans”) se realizé OCT basal (4 semanas de vida o
inicio de adolescencia), semana 8 (12 semanas de vida o juventud), semana 12
(16 semanas de vida o adultez temprana) y semana 24 de estudio (28 semanas

de vida o adultez media).

- Para el estudio “Influence of Chronic ocular Hypertension on Emmetropia:
Refractive, Structural and Functional Study in Two Rat Models” (“Influencia de
la hipertension ocular créonica en la emetropia: estudio refractivo, estructural y
funcional en dos modelos de rata”) se utilizé6 el OCT para analizar el estado
refractivo y la estructura de la neurorretina igualmente en los tiempos de estudio
basal (4 semanas de vida o inicio de adolescencia), semana 8 (12 semanas de vida
o juventud), semana 12 (16 semanas de vida o adultez temprana) y semana 24

de estudio (28 semanas de vida o adultez media).
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El estado refractivo se midié en dioptrias (D). Para adquirir las imagenes que

permitieron objetivar el estado refractivo se utilizd el protocolo RNFL. Este
protocolo es el que toma imagenes de la cabeza del nervio dptico, que es la
estructura mds posterior del ojo de la rata conforme va creciendo y alargandose.
Para adquirir de forma nitida las imagenes de la retina se ajustd el OCT hasta
enfocar la imagen en las estructuras vasculares retinianas hasta que se vieran
nitidamente. De esta forma, las dioptrias obtenidas a partir de este foco que
permitian visualizar nitidamente las estructuras retinianas se analizaron después

como la potencia de dioptrias del globo ocular.

Para el estudio “Influence of Sex on Neuroretinal Degeneration: Six-Month
Follow-Up in Rats With Chronic Glaucoma (“Influencia del sexo en la
neurodegeneracion retiniana: seguimiento de seis meses en ratas con
glaucoma cronico”), el OCT se realizé de forma basal, en la semana 8 (12
semanas de vida o juventud), semana 12 (16 semanas de vida o adultez
temprana), semana 18 y semana 24 de seguimiento (28 semanas de vida o

adultez media).

Para el estudio “Influence of sex on chronic steroid-induced glaucoma: 24-
weeks follow-up study in rats” (“Influencia del sexo en el glaucoma inducido
por esteroid: estudio de 24 semanas de seguimiento en ratas”), el OCT se realizé
de forma basal y en las semanas 2, 4, 6, 8 (12 semanas de vida o juventud), 12
(16 semanas de vida o adultez temprana), 18 y 24 de seguimiento (28 semanas

de vida o adultez media).
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8.4.3 Electrorretinografia (ERG)

Al estimular la retina con una luz intensa se producen flujos idnicos
(especialmente de sodio y potasio) que entran y salen de las células, generandose un
potencial eléctrico. El ERG representa graficamente ese potencial eléctrico. El ERG flash
es un registro bifdsico, en el que aparece una onda a, que representa la respuesta de los
fotorreceptores (retina externa) y la onda b representa la respuesta de las células de
Miuller y de las células bipolares (retina interna). Podemos medir la amplitud y la
latencia, siendo esta el intervalo desde que se aplica el estimulo luminoso hasta que se
produce la onda. La amplitud se mide en microvoltios (LV) y la latencia en milisegundos

(ms) (llustracion 14).

Y
Ondab

llustracidn 14: Ondas de electrorrtinografia (ERG). Latencia (flecha azul) y amplitud de las ondas

a y b (flechas negras). (Imagen adaptada de (24)).

Se utilizé la electrorretinografia (Roland consult® RETlanimal ERG, Alemania)
(Nustracién 15) para cuantificar in vivo la funcidon neurorretiniana. Se realizaron los
protocolos de ERG flash escotdpico para el estudio de fotorreceptores y células
bipolares e intermedias y el fotdpico de onda de respuesta negativa (PhNR del inglés
Photopic Negative Response) para el andlisis especifico de las CGR. El ERG escotdpico se
realizé en condiciones de oscuridad previa adaptacién de 12 horas, con dilatacion
pupilar maxima con instilacion de colirios midriaticos (Tropicamida 10mg/ml, Fenlefrina
100mg/ml, Alcon Cusi® SA, Barcelona, Espafia), anestésico topico (Anestésico doble
Colircusi®, Alcon Cusi® SA, Barcelona, Espafia) y lubricaciéon ocular con hipromelosa al
2% (Methocel® OmniVision, Alemania). Los electrodos activos se colocaron sobre la

cornea, los electrodos de referencia a ambos flancos, y el electrodo de tierra cerca de
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su cola, en el tejido subcutaneo. Se aceptd una diferencia maxima de impedancia entre
electrodos de 2kQ. Se estimularon y analizaron ambos ojos simultdaneamente con una
esfera de Ganzfeld Q450 SC con flashes tipo LED como estimulo y se realizaron 7 pasos
consecutivos con los siguientes incrementos de iluminacién e intervalos (paso 1: 0,0003
cds/m?, 0,2Hz/s; paso 2: 0,003 cds/m?, 0,125Hz/s; paso 3: 0,03 cds/m?, 8,929Hz/s; paso
4:0,03 cds/m?, 0,111Hz/s; paso 5:0,3 cds/m?, 0,077Hz/s; paso 6: 3,0 cds/m?, 0,067Hz/s;
y paso 7: 3,0 cds/m?, 29,412Hz/s) (117), (118). Los pasos 1 a 5 analizan la respuesta a un
estimulo tenue en adaptacion a la oscuridad, y por tanto la respuesta de los bastones.
El paso 6 analiza la respuesta a un estimulo luminoso en adaptacién a la oscuridad, por
lo que analiza la respuesta mixta de los conos y los bastones. El paso 7 tiene potenciales
oscilatorios. El protocolo PhNR se realizaba a continuacidn, tras una adaptacién a la luz
con un fondo azul (470 nm, 25 cds/m?) y se utilizé como estimulo un flash rojo tipo LED

(625 nm, cds/m?). Se estudiaron la latencia y la amplitud (en microvoltios) de las ondas

a, by PhNR (108).

llustracion 15: Electrorretinograma Roland consult® RETIanimal, Alemania. 1) placa de apoyo;
2) estimulador Ganzfeld; 3) electrodos.

A todas las ratas de nuestro trabajo se les realizd un ERG en los tiempos de
estudio basal (4 semanas de vida o inicio de adolescencia), 12 semanas (16 semanas de
vida o adultez temprana) y 24 semanas de seguimiento (28 semanas de vida o adultez

media).

63



8.4.4 Histologia

Para el analisis histoldgico se sacrificaron 6 animales por tiempo de estudio, bajo
condiciones de humanidad con una inyeccion de sodio tiopenthal (25 mg/ml)
intracardiaca previa sedacién anestésica intraperitoneal. Inmediatamente después se
enuclean los ojos. Los globos oculares extraidos con la maxima longitud de nervio 6ptico
posible se fijaron con formaldehido al 4% para la posterior tincion con hematoxilina-
eosina con el fin de realizar contaje de las CGR y evaluar la presencia de fendmenos
inflamatorios de fibrosis y/o necrosis. Ademds, se realizaron técnicas de tincion
inmunohistoquimica con anticuerpos especificos para células ganglionares de la retina
(Brn-a), entre otros. La histologia se realizé para comprobar la neurodegeneracién en
los modelos de glaucoma inducidos, pero no se evaluaron las diferencias por sexo, por

lo que no debe ser objeto de evaluacion de la presente Tesis Doctoral.

8.5 Andlisis estadistico

Los datos cualitativos y cuantitativos fueron recogidos en dos bases Excel
independientes. Los andlisis estadisticos se realizaron con el programa estadistico SPSS
versién 20.0 (SPSS Inc., Chicago, Estados Unidos). Todos los andlisis los realizé un
investigador ciego. Previamente al analisis de los datos se comprobd su ajuste a la
normalidad mediante el test de Kolmogorov-Smirnov. A continuacion, se analizo la
media y desviacidn estdndar de cada una de las variables y se compararon las diferentes
variables entre casos y controles y entre machos y hembras mediante un test de T de
Student o U de Mann Whitney si la distribucidn de las variables no se ajustaba a la
normalidad y entre las diferentes cohortes mediante el test ANOVA. Todos los valores
se expresaron como media + desviacion estandar (SD: del inglés standard deviation). Un
nivel de p<0,05 fue considerado significativo para todos los analisis estadisticos.
Después se realizo la correccion de Bonferroni para multiples comparaciones para evitar
una tasa alta de falsos positivos. El nivel de significacidon p<0,002 para cada variable se

establecio segln los cdlculos de Bonferroni (expresados como #).
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En el estudio “Effect of age and sex on neurodevelopment and degeneration in
the healthy eye: longitudinal functional and structural study in young and adult
Long- Evans rat” (“Efecto de la edad y el sexo en el neurodesarrollo y
degeneracion en el ojo sano: estudio estructural y funcional longitudinal en
ratas jovenes y adultas Long- Evans”), se comprobd que la mayoria de los datos
siguieron una distribucién paramétrica utilizando el test de Kolgomorov-
Smirnov, por lo que se realizd una T de Student para evaluar las diferencias entre

ambos sexos, y una T de Student emparejada para comprobar los cambios

En el estudio “Influence of chronic ocular hypertension on emmetropia:
Refractive, structural and functional study in two rat models” (“Influencia de la
hipertension ocular cronica en la emetropia: estudio refractivo, estructural y
funcional en dos modelos de rata”), las variables no siguieron criterios de
normalidad segun el test de Kolmogorov-Smirnov. Se realizd un analisis
descriptivo de la PIO, poder didptrico y estructura neurorretiniana con OCT y
funcién neurorretiniana con ERG en las cohortes normotensivas (ONT) e
hipertensivas oculares (OHT) a lo largo del seguimiento. Las comparaciones
entre las cohortes ONT y OHT y entre los grupos ES y MS se hicieron con el test
no paramétrico de la U de Mann Whitney. Las comparaciones entre la cohorte
ONT vy los grupos ES y MS se realizaron con el test de ANOVA. Por ultimo, el
andlisis de la correlacién entre el estado refractivo del ojo (separando cada
cohorte en dos subgrupos, dependiendo de su principal valor refractivo), con la
edad (semanas), el espesor en el OCT (R, GCL y RNFL) y con los parametros de
ERG se hizo con el coeficiente de correlacion de Spearman y con un analisis de

regresion logistica.

En el estudio “Influence of sex on neuroretinal degeneration: Six-month Follow-
up in rats with chronic glaucoma (“Influencia del sexo en la neurodegeneracion
retiniana: seguimiento de 6 meses en ratas con glaucoma crénico”), la mayoria
de los datos siguieron una distribucién no paramétrica, por lo que se realizé el
test de la U de Mann-Whitney para ver las diferencias entre ambas cohortes y el
test de Wilcoxon emparejado para comparar los cambios registrados en cada ojo

a lo largo de las 24 semanas de seguimiento.
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- Para el estudio “Influence of sex on chronic steroid-induced glaucoma: 24-
weeks follow-up study in rats” (“Influencia del sexo en el glaucoma inducido
por esteroid: estudio de 24 semanas de seguimiento en ratas”), los datos
siguieron una distribucidn paramétrica en el test de Kolmogoroz-Smirnov. Por
tanto, para evaluar las diferencias entre ambas cohortes de machos y hembras

se utilizd la T de Student.

8.6 Planificacién temporal

La duracion de este trabajo fue de 5 anos. El trabajo de campo con los animales
en las instalaciones del CIBA comenzé en 2018 y finalizd en 2020. Simultdneamente y en
paralelo con el trabajo experimental de las distintas cohortes consecutivas (animales
sanos, cohorte con glaucoma inducido por esclerosis de venas epiesclerales, cohorte con
glaucoma inducido mediante inyeccion en camara anterior de Ms20/10 sin carga,
cohorte con glaucoma inducido mediante inyeccién en camara anterior de Ms20/10 con
carga de dexametasona, cohorte con glaucoma inducido mediante inyeccidon en cdmara
anterior de Ms20/10 con carga de dexametasona y fibronectina) se realizaron los
analisis de los datos obtenidos en el trabajo de campo, la redaccion de los articulos y se
procedio a la tarea de difusidn y publicacidn de los 4 articulos que forman parte de esta

Tesis Doctoral expuestos en el apartado Resultados.

- El estudio “Effect of age and sex on neurodevelopment and degeneration in
the healthy eye: longitudinal functional and structural study in young and adult Long-
Evans rat” (“Efecto de la edad y el sexo en el neurodesarrollo y degeneracion en el ojo
sano: estudio estructural y funcional longitudinal en ratas jovenes y adultas Long-
Evans”) se publicé en la revista Experimental Eye Research (JCR-Q1. Factor de impacto

[JCR 2019]: 3,011) el dia 31 de agosto de 2020.
- El estudio “Influence of chronic ocular hypertension on emmetropia:
Refractive, structural and functional study in two rat models” (“Influencia de la

hipertension ocular crénica en la emetropia: estudio refractivo, estructural y funcional
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en dos modelos de rata”) se publicé en la revista Journal of Clinical Medicine (JCR- Q1.

Factor de impacto [JCR 2020]: 4,242) el dia 20 de agosto de 2021.

- El estudio “Influence of sex on neuroretinal degeneration: Six-month follow-
up in rats with chronic glaucoma” (“Influencia del sexo en la neurodegeneracion
retiniana: seguimiento de 6 meses en ratas con glaucoma cronico”) se publicé en la
revista Investigative Ophthalmology &Vision Science (JCR- Q1. Factor de impacto [JCR

2020]: 4,799) el dia 4 de octubre de 2021.

- El estudio “Influence of sex on chronic steroid-induced glaucoma: 24-weeks
follow-up study in rats” (“Influencia del sexo en el glaucoma inducido por esteroid:
estudio de 24 semanas de seguimiento en ratas”), se publicd en la revista EER
(Experimental Eye Research), (JCR-Q2. Factor de impacto [JCR 2022]: 3,4) el dia 28 de

noviembre de 2023.
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9. RESULTADOS

9.1ARTICULO 1: Effect of age and sex on neurodevelopment and

neurodegeneration in the healthy eye: longitudinal functional and structural

study in the Long—Evans rat.

Rodrigo MJ, Martinez-Rincon T, Subias M, Mendez-Martinez S, Luna C, Pablo LE, Polo V,

Garcia-Martin E.

Exp Eye Res. 2020;200:108208.

DOI: 10.1016/j.exer.2020.108208

ISSN: 0014-4835

PMID: 32882213

Factor de impacto (JCR 2019):3,011.

Posicidn entre las revistas de Oftalmologia (Ophthalmology) en el JCR 2019: 12/60
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ARTICLE INFO ABSTRACT

Keywords: The processes involved in neurodevelopment and aging have not yet been fully discovered. This is especially
Sex challenging in premorbid or borderline situations of neurodegenerative diseases such as Alzheimer’s or glau-
Retina

coma. The retina, as part of the central nervous system, can be considered the easiest and most accessible neural
structure that can be analyzed using non-invasive methods. Animal studies of neuroretinal tissue in situations of
health and under controlled conditions allow the earliest sex- and aging-induced changes to be analyzed so as to

Neurodevelopment
Neurodegeneration

Aging

Optical coherence tomography
Electroretinography

differentiate them from the first signs occurring in manifested disease. This study evaluates differences by age
and sex based on intraocular pressure (IOP) and neuroretinal function and structure in healthy young and adult
rats before decline due to senescence. For this purpose, eighty-five healthy Long-Evans rats (31 males and 54
females) were analyzed in this 6-month longitudinal study running from childhood to adulthood. IOP was
measured by tonometer (Tonolab; Tiolat Oy Helsinki, Finland), neuroretinal function was recorded by flash
scotopic and light-adapted photopic negative response electroretinography (ERG) (Roland consult® RETIanimal
ERG, Germany) at 4, 16 and 28 weeks of age; and structure was evaluated by in vivo optical coherence to-
mography (OCT) (Spectralis, Heidelberg® Engineering, Germany). Analyzing both sexes together, IOP was below
20 mmHg throughout the study; retina (R), retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL)
thicknesses measured by OCT decreased over time; an increase in ERG signal was recorded at week 16; and no
differences were found between right and left eyes. However, analyzing differences by sex revealed that males
had higher IOP (even reaching ocular hypertension [>20 mmHg] by the end of the study [7 months of age]),
exhibited greater neuroretinal thickness but higher structural percentage loss, and had worse dark- and light-
adapted function as measured by ERG than females. This study concludes that age and sex influenced neuro-
development and neurodegeneration. Different structural and functional degenerative patterns were observed by
sex; these occurred earlier and more intensely in males than in age-matched females.

1. Introduction

The processes involved in neurodevelopment and aging have not yet
been fully discovered. There is literature evidence that the effects of sex
hormones during growth periods of life could influence behavioral
features or even trigger neuropsychiatric diseases in adulthood (Herting
and Sowell, 2017). Meanwhile, normal functional decline in senescence
due to the accumulation of multifactorial degenerative processes over
time is often difficult to differentiate from early stages of disease. This is

especially challenging in premorbid situations, such as occurs when
patients suffer from subjective cognitive impairment (versus Alz-
heimer’s disease), or in borderline situations of other neurodegenerative
diseases (Rajan et al., 2015). In this regard, a rat animal model for the
study of Parkinson’s disease found alterations in the retina that preceded
the brain damage characteristic of this pathology (Normando et al,
2016). Animal studies in situations of health and under controlled
conditions allow the earliest aging-induced changes to be analyzed so as
to differentiate them from the first signs occurring in manifested disease.
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The retina, as part of the central nervous system, can be considered
the easiest and most accessible neural structure that can be analyzed
using non-invasive methods, such as optical coherence tomography
(OCT) (Yap et al., 2018). For the study of neurodevelopment and neu-
rodegeneration, the rat retina has been considered a good model
because the retina is immature at birth and undergoes a process of
neurodevelopment and modulation to reach maturity. The process of
histological and functional retinal maturation involves an expansion of
the retinal area and a decrease in retinal thickness up to months 2-3 of
postnatal life (Weisse, 1995). Greatest nuclei density loss occurs from 3
to 8 weeks in the outer and inner nuclear layers. This results in a
decrease in retinal ganglion cells (RGCs) and photoreceptors (mainly
cones) associated with retina growth (Nadal Nicolas et al., 2018).
Furthermore, a dynamic increase in microglia seems to regulate RGC
and photoreceptor density during this period of retina development.
Microglia is also important in maintaining synapsis in the adult retina
(Wang et al., 2016). Although greater retinal and retinal nerve fiber
layer (RNFL) thicknesses were detected with OCT at 2 months, mea-
surements were statistically significantly lower at 6 months and there
was significant thinning in the inner and outer plexiform layers at 15
and 22 months, respectively (Nadal Nicolds et al., 2018). These struc-
tural changes were accompanied by biphasic retinal function. Peak
retinal function, as indicated by higher amplitudes and shorter implicit
times in the electroretinogram (ERG), was observed at 2 months (Nadal
Nicolas et al., 2018). Similar functional peaks were measured in the
inner retina at 7 weeks (Sandalon and Ofri, 2012) and at 11 weeks
(Ben-Shlomo and Ofri, 2006), followed by synapsis maturity (main-
tained up to 23-30 weeks) and subsequent decline. All this evidence
suggests that development occurs until the second or third month, after
which neurodegeneration begins. This is why studies of aging usually
take this time as the baseline when analyzing progressive decline with
aging until senescence (Nadal-Nicolas et al., 2018). However, different
studies disagree on other age-related changes occurring in the retina,
such as whether there is a loss of RGCs and/or a decrease in retinal
volume (Calkins, 2013) or not (Feng et al., 2007). There are also
different findings as regards the beginning of degeneration, with these
ranging between 12 and 22 months of age (DiLoreto et al., 1994 and
Nadal-Nicolas et al., 2018, respectively), corresponding to 22-60 in
human years (Quinn, 2005; Sengupta, 2013).

In addition to age, elevated intraocular pressure (IOP) is an impor-
tant and well-known risk factor in the onset and progression of neuro-
retinal degeneration (Jonas et al., 2017). Recently, an increasing
number of research groups have demonstrated the protective role of
estrogens on the neuroretina. Therefore, there is now demand for study
of the influence of sex on neurodegenerative and/or ophthalmological
diseases (Cascio et al., 2015).

The expression of retinal genes linked to age (especially fibroblasts,
RGCs and microglia) has shown a sex-dependent influence (Du et al.,
2017). For instance, receptors to the sex steroid hormones were found in
the eye (Wickham et al., 2000), the retina synthesizes estrogens (Salyer
et al., 2000; Cascio et al., 2007), and estrogens have been shown to exert
a protective effect on the eye from both a functional (lower IOP mea-
surements, better vascularization of the optic nerve, and higher signals
recorded by ERG (Chaychi et al., 2015) and automated perimetry) and
structural perspective (neuroprotection in photoreceptors and RGCs
(Pietrucha-Dutczak et al., 2018) Nuzzi et al., 2018; Nuzzi et al., 2019).
Moreover, some studies also found greater mitochondrial (Tower, 2017)
and oxidative damage (Tenkorang et al., 2018) with age in males.

This study explores the changes occurring in the neuroretina of
healthy young and adult Long-Evans rats and the differences in them by
sex, analyzed by functional and structural examinations, with the aim of
evaluating the differences in the physiological neurodegeneration that
occurs by age and sex prior to the known and evident decline in
senescence.
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2. Methods
2.1. Animals

All animal care and experimental procedures were performed in
strict accordance with EU Directive 2010/63/EU on animal experi-
ments, in the Biomedical Research Center of Aragon (CIBA) and
approved by the Ethics Committee for Animal Research (PI134/17).

Long-Evans rats at 4 weeks of age (WOA) (1 month [puberty onset]),
12 WOA (3 months [youth]), 16 WOA (4 months [early adulthood]) and
28 WOA (7 months [adult middle age]), and weighing from 50 to 100 g
at the beginning of the study, were housed in standard cages, separated
by sexes, with environmental enrichment, water and food ad libitum and
were maintained under animal welfare conditions such as 12-h dark/
light cycles at a temperature of 22 °C and a relative humidity of 55%.

A total of 85 healthy animals (31 males [M] and 54 females [F]) were
analyzed.

2.2. Anesthesia and body weight

Body weight was periodically measured to calculate anesthesia
dosage. To measure intraocular pressure, the animals were gas-
anesthetized with a sedative mixture of 3% sevoflurane gas and 1.5%
oxygen for less than 3 min as recommended (Ding et al., 2011) and using
a mouth-nose mask. To perform the ERG and OCT, the animals were
anesthetized by an intraperitoneal injection (IP) with a mixture of 60
mg/kg of Ketamine + 0.25 mg/kg of Dexmedetomidine and topical eye
drops with tetracaine 1 mg/ml + oxibuprocaine 4 mg/ml (Anestesico
doble Colirccusi®, Alcon Cusi® SA, Barcelona, Spain).

2.3. Intraocular pressure measurement

IOP was measured using the Tonolab® tonometer in the morning to
avoid the fluctuation pattern due to the circadian cycle (Lozano et al.,
2015). The values of three consecutive measurements were recorded,
each measurement being the average of 6 rebounds, making a total of
18. Both right and left eyes were measured (always measuring the right
eye first) and sexes were randomly selected. After the procedures, the
animals were left to recover in an enriched 2.5% oxygen atmosphere at a
controlled temperature.

2.4. Invivo electroretinography

Electroretinography technology (Roland consult® RETIanimal ERG,
Germany) was used to quantify neuroretinal function under the scotopic
full field ERG and light-adapted Photopic Negative Response (PhNR)
protocols. The scotopic ERG test was performed after 12 h of dark
adaptation and the eyes were prepared under red light to full dilatation
using topical eye drops (previously mentioned), mydriatics (Tropica-
mide 10 mg/ml, Phenylephrine 100 mg/ml, Alcon Cusi® SA, Barcelona,
Spain), and hypromellose 2% (Methocel® OmniVision, Germany) for
eye lubrication. Active electrodes were placed on the cornea, references
were placed at both sides under the skin and the ground electrode was
placed near the tail. Electrode impedance was accepted with a difference
of <2 KQ between electrodes. Both eyes were simultaneously tested (as
Ross et al., 2018 recommend) using a Ganzfeld Q450 SC sphere with
white LED flashes for stimuli and multisteps (Umeya et al., 2019) with
increasing intensity of luminance and intervals (response to dim stim-
ulus in dark adaptation, which evaluates rod response; step 1: 40 dB,
0.0003 cd/m?, 0.2 Hz [20 recordings averaged]; step 2: 30 dB, 0.003
cd/m?, 0.125 Hz [18 recordings averaged]; step 3: 20 dB, 0.03 cd/m?,
8.929 Hz [14 recordings averaged]; step 4: 20 dB, 0.03 cd/m2, 0.111 Hz
[15 recordings averaged]; step 5: 10 dB, 0.3 cd/m2, 0.077 Hz [15 re-
cordings averaged]; response to bright stimulus in dark adaptation,
which analyses mixed rod-cone response; step 6: 0 dB, 3.0 cd/m?, 0.067
Hz [12 recordings averaged]; and oscillatory potentials; step 7: 0 dB, 3.0
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cd/mz, 29.412 Hz [10 recordings averaged]). The PhNR protocol was
performed after light adaptation to a blue background (470 nm, 25
cd/m?), and a red LED flash (625 nm, —10 dB, 0.30 cd/m?, 1.199 Hz [20
recordings averaged]) was used as the stimulus. Latency (in millisec-
onds) and amplitude (in microvolts) were studied in a, b and PhNR
waves.

2.5. In vivo optical coherence tomography

Optical coherence tomography (OCT Spectralis, Heidelberg® Engi-
neering, Germany) was used to quantify the neuroretinal structure in
vivo, using a contact lens adapted to the rat’s cornea in order to obtain
higher quality images. The protocols used were as follows: Retina pos-
terior pole (R), Retinal Nerve Fiber Layer (RNFL) and Ganglion Cell
Layer (GCL). All of them measured a 3-mm-diameter area centered on
the optic disc using 61 b-scans with the eye-tracking software and seg-
mentation application. The retina posterior pole protocol analyzed the
thickness from the inner limiting membrane to the retinal pigment
epithelium, divided into the 9 ETDRS areas (ETDRS Research Group
Investigators, Early Treatment Diabetic Retinopathy Study Research
Group, 1985), which included a central (C) 1-mm circle centered on the
optic disc, and inner (inferior: II; superior: IS; nasal: IN; temporal: IT)
and outer (inferior: OI; superior: OS; nasal: ON; temporal: OT) rings
measuring 2 and 3 mm in diameter, respectively, as well as total volume
(TV). The RNFL protocol analyzed the thickness from the inner limiting
membrane to the GCL boundaries divided into 6 sectors (inferotemporal:
IT; inferonasal: IN; superotemporal: ST; superonasal: SN; nasal: N; and
temporal: T) and the GCL protocol analyzed from the RNFL to the inner
nuclear layer boundaries within the same ETDRS areas.

The sequence of examinations was as follows: IOP measurements,
overnight dark-adaptation and, the following morning, ERG test fol-
lowed by OCT acquisitions with the aim of reducing animal handling.
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IOP was measured weekly, ERG at 4 (baseline evaluation), 16 and 28
WOA, OCT at 4 (baseline evaluation), 12, 16, 28 WOA with controlled
temperature. A trained, masked researcher rejected or manually cor-
rected the acquisitions if the algorithm had clearly failed.

2.6. Statistical analysis

Data from this study were recorded in an Excel database and statis-
tical analysis was performed using SPSS software version 20.0 (SPSS
Inc., Chicago, IL). To assess sample distribution, the Kolmogorov-
Smirnov test was used. However, given the parametric distribution of
most of the data, the Student T test was performed to evaluate the dif-
ferences between both sexes and eyes, and a paired Student T test was
performed to compare the changes recorded in each eye over time.
Ability of electrophysiological testing to predict neurodegeneration
(considered when there is thinning of the neuro-retina measured by
OCT) was analyzed by area under ROC curves (AUC). All values were
expressed as means + standard deviation. Values of p < 0.05 (expressed
as *) were considered to indicate statistical significance, and the Bon-
ferroni correction for multiple comparisons was calculated to avoid a
high false-positive rate. The level of significance for each variable was
established based on Bonferroni calculations (expressed as #).

3. Results
3.1. Intraocular pressure

A progressive increase in IOP was similarly observed in both eyes
over the study and ocular hypertensive (OHT) values over 20 mmHg
were never reached (when both sexes were analyzed together) (Fig. 1a).
However, when sexes were compared, young and adult male rats
exhibited statistically significant (p < 0.05) higher IOP levels than

RETINA Thickness (um) b
central inner outer inner  outer inner  outer inner outer
temporal temporal superior superior nasal nasal inferior inferior
GCL Thickness (um)
~—4w  ~12w -lew 28w
central  inner  outer inner  outer inner outer inner  outer
temporal temporal superior superior nasal nasal inferior inferior

Fig. 1. Intraocular pressure and neuroretinal thickness in healthy rat eyes up to 28 WOA, analyzing both sexes together a: IOP curve. Abbreviations: RE:
right eye; LE: left eye; w: week; *: statistical significance p < 0.05; #: statistical significance p < 0.020, for Bonferroni correction for multiple comparisons. b: Retinal
thickness by OCT sector; thickness in microns (pm). c: RNFL thickness by OCT sector. d: GCL thickness by OCT sector.
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females, and males even reached statistically significant OHT at 28 WOA
(Fig. 2a).

3.2. Neuroretinal structure by in vivo OCT

- Entire group of male and female rats: Both eyes of each rat showed a
progressive decrease in thickness in R, RNFL and GCL over time (from 4
to 28 WOA), as well as in total volume in R (1.83 + 0.06 to 1.74 + 0.05
pm) and GCL (0.18 + 0.00 to 0.14 + 0.01 pm, respectively), with no
statistical differences between eyes (see Table Al). Explorations at the
two in-between ages (12 and 16 WOA) revealed dynamic fluctuations in
thickness. A similar thickness was measured in the inner and outer R
sectors at 4 WOA, though the outer sectors decreased more in thickness
over time. A mild double hump was observed in RNFL with the superior
nasal sector being the thinnest sector, while the inner superior and inner
nasal sectors in GCL exhibited the lowest thicknesses at 28 WOA (Fig. 1
b, c, d).

- Differences by sex: Males showed significantly greater thicknesses
compared with females (p < 0.05) in the three neuroretinal parameters
from 4 WOA; but these differences diminished over rat development.
However, young and adult males exhibited a greater percentage loss
than females on average, both by sector and in total volume. In addition,
RNFL and GCL were the neuroretinal parameters that showed greatest
loss (Figs. 2c and 3).

The perceptual loss of OCT thickness in each sector was also analyzed
to identify a sex-dependent neuroretinal degeneration pattern. Both
sexes more frequently exhibited a higher percentage loss in the outer R
sectors, as well as the same loss trend in RNFL (I > S > T > N).
Furthermore, females showed a similar loss pattern by sector in conti-
guity in RNFL and a similar pattern between R and GCL. In males, the
temporal and nasal sectors of the GCL were the most affected (Fig. 4).

25 |OP (mmHg) #

20

— MALE FEMALE

TIME (w)

28
RETINA
u -

2.74 2.79

10

Experimental Eye Research 200 (2020) 108208

Table 1

Neuroretinal loss rate measured by OCT by sex in healthy young and adult
Long-Evans rats. Abbreviations: WOA: weeks of age; RNFL: retinal nerve fiber
layer; GCL: ganglion cell layer complex; M: male; F. female; RE: right eye.

HEALTHY ALL SECTORS AVERAGE LOSS RATE (pm)/mmHg/day RE

TIME RETINA RNFL GCL
M F M F M F
12 WOA —-0.025 -0.025 -0.011 —-0.020 —-0.006 —-0.003
16 WOA —-0.009 -0.011 -0.019 -0.019 —-0.005 -0.006
28 WOA -0.005 -0.013 -0.004 -0.006 -0.003 -0.004
AVERAGE —0.013 —0.016 —0.011 —0.015 —0.005 —0.004

In order to standardize the neuroretinal loss, the right-eye loss rate
per day and mmHg of increased IOP each week were calculated and
expressed in pm/mmHg/day from the average of all OCT sectors. Rats
experienced the highest loss rate in R up to 16 WOA and then changed to
the RNFL parameter; and females showed higher loss rate levels.
Furthermore, young and adult rats (both sexes) experienced a similar
and sustained negative loss rate in GCL (Table 1).

3.3. Neuroretinal function by in vivo ERG

- Entire group of male and female rats: Mild progressive increases in
amplitude (b-wave) were measured in the scotopic signal in rats with
rod-cone light stimulation, and latency also increased from 4 to 28
WOA. However, the peak signal measured in right eyes with the lowest
stimuli (DA 0.0003 cd/mz) and PhNR coincided with 4 WOA before
declining (see Table A2).

- Differences by sex: Males showed a slight increase in scotopic b-
wave amplitude (DA 0.003 and 0.03 cd/m?) but a decrease with the
highest flash intensity available (DA 3.0 cd/m?); b-wave latency

WEIGHT (g) b

—MALE FEMALE

#

400

RNFL

11.89

AVERAGE thickness loss (%)

TIME (w)

28

10.49
11.75

BMALE  FEMALE

Fig. 2. Differences in a: IOP curve, b: body weight curve and c: neuroretinal structure (averaged thickness percentage loss (from baseline) in the neuroretinal
parameters) by sex in healthy rat eyes up to 28 WOA. Abbreviations: w: week; *: statistical significance p < 0.05; #: statistical significance p < 0.020, for

Bonferroni correction for multiple comparisons, (%): percentage.

72



M.J. Rodrigo et al.

Experimental Eye Research 200 (2020) 108208

4 WOA 12 WOA 16 WOA 28 WOA
T - 0 RETINA Thickness (um) —wur
ot
MALE — g \/\\
a
. n .
FEMALE—
“ RNFL Thickness (um) —
i L
= — . i
‘ & 1 1 4
FEMALE -
—
.
u
MALE —
“© GCL Thickness (um) —mae
e
©
B
P — T T
. e Cc
FEMALE 19 1 ]
—_—
.
. :

Fig. 3. OCT follow-up by sex a: retina, b: RNFL and c: GCL thickness by OCT from all sectors averaged; thickness in microns (um); upwards arrows: increase in

thickness; downwards arrows: decrease in thickness; WOA: weeks of age.

increased with time with every stimuli explored (DA 0.0003-3.0 cd/mz).
However, a-wave amplitude, mainly obtained from mixed rod-cone
response (DA 3.0 cd/m?), tended to decrease and latency remained
stable. In females, scotopic signal (b-wave amplitude) progressively
increased and latency remained stable up to the end of the study (28
weeks). Moreover, females showed higher values than age-matched
males throughout the follow-up and reached statistical significance at
28 WOA (Fig. 5. Table A3).

3.4. Prediction of early neurodegeneration

Table 2 shows the highest AUC values to predict early neuro-
degeneration (complete group of male and female rats) detected from
ERG and OCT variables. Neurodegeneration is considered to exist if two
or more OCT parameters show less than average thickness at each point
in time. The OCT parameters chosen as affected in neurodegeneration
were macular thickness (central: < 282, <289, <263 microns), RNFL
thickness (global: < 48, <40, <41 microns), and GCL thickness (central:
< 22, <20, <16 microns; inner nasal: < 26, <23, <19 microns; and
inner temporal: < 26, <22, <19 microns) at 4, 16 and 28 WOA,
respectively.

Photoreceptor response to high-intensity stimuli predicted neuro-
degeneration at 4 WOA. The highest AUC values with capacity to predict
neurodegeneration were found in rats in early adulthood (week 16) in
the oscillatory potentials of the mixed rod—cone response (AUC = 0.792)
and, mainly, in the photoreceptor (rods) response (AUC = 0.833). In-
termediate cell (bipolar) function with low stimulus predicted neuro-
degeneration in middle-aged adult rats.
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4. Discussion

The main objective of the study was to evaluate the changes that
occur in the neuroretina with age in young and adult rats, differentiated
by sex, in order to analyze the neurodegenerative process before
senescence or loss of clinical function. There is evidence to suggest that
in older adults with normal cognition (Shi et al., 2020) and neurode-
generative pathologies subclinical retinal changes occur prior to detec-
tion of brain damage (Normando et al., 2016; Knier et al., 2016;
Klistorner et al., 2017) and correlation of the retinal thickness measured
by OCT with brain volume (Shi et al., 2019; Alonso et al., 2018; Pie-
troboni et al., 2019). There is also increasing evidence of a non-linear
decrease in neuroretinal tissue with age and pathology. Previous au-
thors suggested that glial activity seems to be important in neural
modulation (Anderson et al., 2019; Gallego et al., 2012; Damisah et al.,
2020). A good correlation between OCT and glial histology was also
previously demonstrated (Chu et al., 2013; Bosco et al., 2015). There-
fore, in order to investigate the dynamics in the retinal degener-
ation/modulation that occurs with age, this study performed objective
and repeatable structural examinations with OCT at different ages: 4
WOA (puberty), 12 WOA (youth), 16 WOA (early adulthood) and 28
WOA (adult middle age/pre-senescence) (Wang et al., 2011., Moht
et al., 2019., Sengupta et al., 2013). The dynamic fluctuations in neu-
roretinal thickness observed in our study at weeks 12 and 16 with in vivo
OCT measurements would support non-linear neuroretinal thickness
loss. As neuronal plasticity is more prone to occur until early adulthood
and then fluctuates before declining in old age (Cizeron et al., 2020),
analyzing different development timelines seems important to under-
standing retinal changes.
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Fig. 4. Neuroretinal percentage loss in
OCT sectors and loss trend averaged by
sex in healthy young and adult Long-
-Evans rats. Abbreviations: R: retina; C:
central, II: inner inferior; OL outer inferior;
IS: inner superior; OS: outer superior; IN.
inner nasal; ON: outer nasal; IT: inner tem-
poral; OT: outer temporal; RNFL: retinal
nerve fiber layer; IT: inferior temporal; IN:
inferior nasal; ST: superior temporal; SN:
superior nasal; N: nasal; T: temporal; GCL:
ganglion cell layer complex; TV: total vol-
ume; I: inferior; S. superior; N: nasal; T:
temporal; >: higher loss than; M: male; F:
female.
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Fig. 5. Functionality of neuroretina by dark- and light-adapted ERG by
sex in healthy young and adult Long-Evans rats. Phases 1 to 7 dark-adapted
ERG. Abbreviations: LA: light-adapted; PhNR: photopic negative response; pV:
microvolts; ms: milliseconds; w: week.
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IOP was also measured to standardize neuroretinal loss and minimize
the confusion/influence attributable to IOP. With age, fibrillary material
is deposited in the extracellular matrix of the trabecular meshwork and
is accompanied by a decrease in the size of Schlemm’s canal, an increase
in rigidity and a decrease in outflow of the aqueous humor of the eye
(Zhao et al., 2018). Estrogens decrease resistance to outflow of the
aqueous humor and, therefore, premenopausal females exhibit lower
IOP than age-matched males (Huang et al., 2016). In our study, during
the follow-up period there was a minimal increase in IOP, but when
analyzed by sex it was shown that males had higher IOP values, even at
young ages, with greater percentage loss of neuroretinal thickness. This
may be due to the absence of the neuroprotective role played by estro-
gens (Nakazawa et al., 2006; Neumann et al., 2010; Vajaranant and
Pasquale., 2012), but may also be the result of greater IOP-related
damage (Saleh et al., 2007).

IOP-related stress also alters connective tissue and makes it more
rigid. It has been observed in an animal glaucoma model that scleral
rigidity (outer fibrous layer of the eye) is associated with the loss of
RGCs. Increased rigidity in the prelaminar and laminar region of the
optic nerve, both due to accumulation of fibrillary material and to lower
vascularization, can damage axons and RGCs with age (Downs, 2015).
Although Downs did not analyze the differences between sexes, our
study appears to show that all these changes would affect males at an
earlier stage and to a greater extent.

Scleral thickness varies between regions, being thicker at the peri-
papillary level and thinner at the equator (Downs, 2015). In this regard,
our results show a greater percentage loss of retinal thickness at the
peripheral level with time, which could be associated with the growth of
the eye and elongation of that area, since the retinal area increases with
body weight (Nadal-Nicolas et al., 2018) and our rats were in the midst
of growth and transitioning from childhood/puberty to youth/adult-
hood. The growth curve of the rats in our study was similar to that re-
ported by the supplier (Janvier-labs, France). Weight differences by sex
were observed after week 12, and males exhibited higher values.
However, our study shows that the highest standardized rate of neuro-
retinal loss occurs at week 12, when weight is similar in both sexes, and
that it decreases at later stages (week 28), when the greatest weight
differences were observed. Our results suggest that there is no rela-
tionship between body weight and retinal loss with data standardiza-
tion. On the other hand, both sexes showed the same neuroretinal
thickness pattern throughout follow-up. When thickness increased in
males it also increased in females and vice versa, though the percentage
loss was more intense in males (Fig. 2). This temporal sequence by sex
was also described in brain development (Mangold et al., 2017).

Various authors have shown that decreased retinal thickness appears
to occur first peripherally and then centrally, both because of the effect
of age and in the presence of chronic stress. O’Steen et al. (O’ Steen et al.,
1987) conclude that male rats showed greater retinal loss and that the
superior region was affected earliest, as in our study in which the pe-
ripheral superior sector was the most affected on average in males but
not in females. DiLoreto et al. (1994) also showed that there is a decrease
in retinal thickness with age (greater in male rats) and that the degen-
erative pattern differs according to sex (it develops later in females).
They detected decreased retinal thickness in peripheral regions at 3
months of age and reported that at 12 months of age in the case of males,
and at 18 months in that of females, accelerated peripheral cystoid
retinal degeneration occurs, starting in the upper hemisphere and as
detected by histological studies. In our case, at 3 months of age a
decrease in thickness was found by OCT. Srinivasan et al. (2006) like-
wise use OCT to analyze the retinal thickness of young adult Long-Evans
rats of both sexes but do not specify either their age or the number used.
Nor do they analyze the differences between sexes. Their results belong
to a cross-sectional study, not a longitudinal study as in our case, and the
thickness is strikingly less than that obtained in our study (189.3 mi-
crons), the result being that the absence of descriptive data makes it
impossible to use this information for comparison. On the other hand,
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Table 2
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Prediction of neurodegeneration. Abbreviations: ERG: electroretinography; DA: dark-adapted; pV: microvolts; WOA: weeks of age.

PREDICTION OF NEURODEGENERATION (AUC values)

ERG parameters 4 WOA 16 WOA 28 WOA

Mix rod-cone response a wave pv (DA 3.0 cd/m? 0.067hz/s) 0.659 0.333 0.481
b wave pv (DA 3.0 cd/m? 29.412 Hz/s) 0.491 0.792 0.416

Rod response a wave pv (DA 0.003 cd/m? 0.125 Hz/s) 0.645 0.833 0.313
b wave pv (DA 0.003 cd/m? 0.125 Hz/s) 0.522 0.292 0.650

other authors (Nadal-Nicolas et al., 2018; Cuenca et al., 2014) have
demonstrated a decrease in the thickness of the peripheral retina in
agreement with the OCT analysis.

There are, however, differences of opinion in the literature as to
whether this decrease in thickness is due to the growth of the retinal area
or to a loss of cells. According to our results, it may be a consequence of
both. The highest neuromodulator rate occurs in early phases (up to 16
WOA), especially in parameter R (—0.025 pm/mmHg/day). The retina is
made up of a large number of cell types, mainly somas with great syn-
aptic activity and therefore with greater plasticity (Anderson et al.,
2019; Tien et al., 2018; Cizeron et al., 2020). Our results suggest that
total retinal thickness would be the most appropriate parameter with
which to assess neurodevelopment. However, around week 16 the
greatest change seems to occur in the RNFL (—0.019 pm/mmHg/day)
and therefore a remodeling of the axons may correspond to greater
neurodegeneration. The neuroretinal sectors that suffer the greatest
percentage changes throughout the study differ according to sex and
throughout the different periods of development and degeneration,
which implies continuous dynamism and the possible implication of
multiple factors. Greater loss was detected in males from week 16 (early
adulthood) onwards (Figs. 3 and 4) in the nasal and temporal sectors of
the GCL (where RGC density is highest (Nadal-Nicolas et al., 2009;
Nadal-Nicolas et al., 2018)), reflecting physiological neurodegeneration
with ocular normotension.

Some authors (Feng et al., 2007) defend the non-loss of RGCs with
age and also did not find a reduction in retinal volume even though, like
us, they used both young and adult Long-Evans rats of both sexes. They
did not, however, analyze differences by sex. Other researchers
(Nadal-Nicolas., 2018) even found an increase in volume over time, with
a reduction only occurring in very late stages (22 months), although
they only used females. Harman et al. (2003) found likewise, but did not
differentiate between sexes. Our results, in contrast, do suggest a pro-
gressive loss of both retinal and ganglion volume. There was also a loss
of RGCs, although the rate was low and remained constant throughout
the study. Weisse (1995) suggested that the rate of cell loss was similar
in the center, mid-periphery and periphery but that it was more
apparent in the periphery due to lower density. Others (Katz and
Robison, 1986; Cavallotti et al., 2001; Neufeld and Gachie, 2003)
showed a loss of RGCs with age, and Neufeld and Gachie (2003) even
quantified a 1.5% loss of RGCs per month in adult male rats; Calkins
(2013) did likewise as regards RNFL. Our study found a monthly loss of
1.88% in males and of 1.21% in females. With regard to male rats,
Cavallotti (Cavallotti et al., 2001) also suggested that RGCs were more
vulnerable to physiological loss with age than other retinal cell types,
and Wang (Wang et al., 2010) demonstrated that oxidative damage of
mtDNA in photoreceptors and RGCs was greater and that it increased
with age as compared to other neural types. All this corroborates the
results of our study, in which we found a greater percentage loss of RNFL
and GCL than of R.

Although in our study the volume of the synaptic layers was not
analyzed by OCT, we did evaluate the function by ERG, which showed a
decrease in males and an increase in females with time. However, the
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absence of complete retinal layer segmentation (outer nuclear layer
[ONL] or inner plexiform layer [IPL], among others) did not allow us to
study the association between the ONL and IPL and a and b-waves,
respectively. Nadal-Nicolas et al. (2018) found no change in these
layers, but this may be due to only using female rats in their study. In
addition, our results showed that RGC (PhNR test) and photoreceptor
(flash scotopic ERG) function indicated the greater vulnerability
mentioned above. Photoreceptor function even predicted neuro-
degeneration in early adulthood (16 WOA), and RGC function worsened
perceptually more in males (in males, PANR amplitude at 16 WOA
decreased by 45.19% while in females it increased by 6.95%), which
would imply that neurodegeneration starts with evidence of decreased
function; this occurred in the rats at 7 months of age (PhNR amplitude
decreased by 57.39% in males vs 24.80% in females at 28 WOA
[approximately 25 human years]). A decrease in PhNR amplitude
correlated with perceptual GCL loss (20.52% in males and 14.67% in
females) at 28 WOA.

Meanwhile, estrogens have been shown to increase ocular flow
(Schmidl et al., 2015), which provides more oxygen and nutrients to
cells and may have been why the female rats in our study exhibited less
RGC loss and greater photoreceptor and bipolar functional response
than males, as Chaychi et al. (2015) also showed. These authors found
an increase in signal between months 2 and 6.5; in our results, however,
these ranges increased between months 1 and 7 of postnatal life in
Long-Evans rats. In other words, both the literature and our results
suggest that retinal function differs between sexes. However, in month 1
of postnatal life (corresponding to approximately 1 year in humans) we
found no differences, possibly because at this young age sex hormones
have not yet had an influence. Differences were found, however, in early
stages of youth, specifically at 4 months of postnatal life in rats (corre-
sponding to approximately 16 years in humans), with lower measure-
ments in males. In other words, these differences between sexes were
found from the pubertal stage onwards. In this regard, a thorough re-
view by Hertin & Sowell (Hertin & Sowell, 2017) presents evidence of
the effects of sex hormones during puberty on brain structures, sug-
gesting that brain development patterns are age- and sex-dependent.
Various papers have identified the following characteristics in line
with our findings (if we extrapolate the study of the retina, as a window,
to what might happen in the brain (London A, Benhar I, Schwartz,
2013)): development of the volume of grey matter peaks in late child-
hood and diminishes during adolescence (in our case, both neuroretinal
volume and thickness suffered a steady decline in that period); and
subcortical structures decrease with pubertal maturation (perhaps being
why the highest rate of loss in our study is found in the early and
mid-stages, corresponding to pubertal development). On the other hand,
in mid/late puberty the females exhibited a lower total volume of grey
matter (as was the case in our results, where the female rats’ volume was
lower than that of the males), and showed estradiol levels with lower
grey matter density. The occipital lobes of the males were larger than the
females’, though higher testosterone levels have also been linked to
higher volumes of grey matter and thicker occipital cortexes. In addi-
tion, elevated testosterone levels predicted thickening of somatosensory
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cortical areas during childhood, but interestingly also predicted thin-
ning in early adulthood, with lower cortical thicknesses in males
(perhaps that is why our males exhibited greater neuroretinal thick-
nesses but also showed a greater percentage loss on follow-up). In this
regard, longitudinal studies suggest that hormonal changes during pu-
berty may be directly involved in the decrease in grey matter occurring
in adulthood.

Just as the brain seems to exhibit differentiation by sex, the results of
our study likewise suggest that the retina, as a neurosteroid generator,
appears to be modulated, with the results showing different patterns
depending on sex.

Two of the limitations of this study were that no determinations of
hormone levels in the blood or histological studies corroborating OCT
measurements were performed. Nevertheless, we consider the results to
be extrapolatable, as various papers have shown an adequate correlation
between OCT and immunocytochemistry (Cuenca et al., 2014; Adachi
et al., 2016). In futures studies, it would be also interesting to analyze
full segmentation and all ocular metrics using a multidimensional
scaling analysis with the aim of revealing the specific metrics involved in
neurodevelopment and degeneration.

5. Conclusions

This is not the first paper to evaluate the effect of age on healthy
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retina, but it is the first to provide the baseline to better understand the
implication not only of age but also of sex in rat models of neurode-
generative processes in an anatomical and functional manner. Our
findings suggest that, from a structural and functional point of view,
healthy Long-Evans rats present different patterns of neuronal devel-
opment and degeneration by sex and age and that males appear to be
more susceptible to neurodegenerative loss in presenile stages.
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Neuroretinal thickness by OCT in healthy rat eyes (both sexes together). Up: right eye; down: left eye. Abbreviations: OCT: optical coherence tomography; RNFL:
retinal nerve fiber layer; GCL: ganglion cell layer; WOA: weeks of age; p: statistical significance p < 0.05; #: statistical significance p < 0.020, for Bonferroni correction

for multiple comparisons.

Right and left eyes (both sexes) NEURORETINAL THICKNESS FOLLOW-UP

OCT PARAMETERS 4 WOA p 12 WOA P 16 WOA p 28 WOA P
RETINAL THICKNESS
CENTRAL 278.71 £+ 18.02 0.064 288.50 £ 17.69 0.312 289.40 + 22.91 0.933 266.46 + 22.74 0.386
284.96 + 16.85 277.75 + 8.13 288.40 £ 11.99 258.92 + 20.76
INNER INFERIOR 262.47 +£11.48 0.876 255.75 £+ 15.19 0.708 263.00 +11.33 0.379 256.92 + 8.40 0.898
262.12 £ 12.49 252.75 £ 1.25 256.80 £ 9.65 256.38 £ 12.45
OUTER INFERIOR 253.03 + 8.95 0.611 240.50 + 5.44 0.658 246.20 £ 7.53 0.357 243.38 +7.98 0.255
252.16 £ 9.05 242.25 £ 5.18 241.80 £ 6.68 239.92 £7.11
INNER SUPERIOR 255.80 + 10.45 0.315 247.25 + 6.65 0.847 249.80 + 8.55 0.472 245.77 £+ 10.36 0.260
257.71 £9.17 246.50 + 3.31 246.00 £ 7.31 240.54 £ 12.62
OUTER SUPERIOR 256.51 + 8.53 0.835 247.50 + 5.19 0.842 248.00 + 3.39 0.927 248.92 +9.48 0.362
256.16 + 9.09 248.25 + 4.99 247.80 + 3.27 245.31 £ 10.34
INNER NASAL 258.68 + 9.25 0.302 249.00 + 7.43 0.460 256.40 + 11.67 0.705 250.08 + 6.97 0.857
260.67 + 10.85 253.75 + 9.46 259.00 + 9.13 249.38 + 11.75
OUTER NASAL 254.75 + 8.56 0.251 242.75 + 3.40 0.911 249.00 + 5.78 0.483 246.85 + 6.25 0.679
252.84 + 8.69 242.25 + 7.89 245.60 + 8.56 245.69 + 7.72
INNER TEMPORAL 258.14 £ 11.25 0.479 249.50 + 8.06 0.415 251.80 + 8.01 0.355 248.85 + 9.30 0.930
256.69 + 9.97 245.75 + 2.87 247.20 £ 6.76 249.23 + 12.59
OUTER TEMPORAL 254.22 + 8.93 0.834 246.75 + 4.42 0.469 248.80 + 7.25 0.766 246.54 £ 7.60 0.678
253.86 + 8.83 249.25 + 4.71 250.20 + 7.12 24531 +7.33
TOTAL VOLUME 1.82 4+ 0.06 0.798 1.77 £ 0.03 0.708 1.80 + 0.05 0.725 1.76 + 0.05 0.336
1.83 + 0.06 1.76 + 0.03 1.79 + 0.04 1.74 + 0.05
RNFL THICKNESS
GLOBAL 47.42 £ 5.26 0.345 43.25 £ 1.25 0.603 40.80 £+ 1.64 0.455 41.85 + 3.87 0.362
48.43 + 5.86 44.75 + 5.31 40.00 + 1.58 40.46 + 3.73
INFERIOR TEMPORAL 48.81 +10.53 0.722 38.50 + 7.50 0.620 42.20 £ 6.14 0.150 39.77 £ 3.51 0.727
48.08 £ 11.02 43.75 + 18.62 36.80 + 4.43 38.77 £ 9.58
INFERIOR NASAL 50.95 +10.35 0.973 47.50 + 10.87 0.513 44.00 £ 5.14 0.393 43.62 + 8.63 0.504
51.02 £ 11.67 57.75 £ 27.37 40.60 £ 6.65 45.85 £ 8.10
SUPERIOR TEMPORAL 48.98 + 9.15 0.098 41.00 + 6.48 0.999 42.40 + 13.57 0.928 46.77 + 8.34 0.047
51.92 + 9.26 41.00 + 13.06 43.00 + 4.69 40.92 + 5.59
SUPERIOR NASAL 40.69 + 9.77 0.673 40.25 + 8.18 0.231 39.00 + 4.06 0.745 34.23 + 13.71 0.668
41.45 + 8.81 31.50 + 10.27 38.00 + 5.24 36.38 = 11.47
NASAL 46.39 + 9.00 0.294 46.00 + 8.04 0.902 41.40 + 3.20 0.233 39.92 +9.21 0.481
44.71 £ 7.53 45.25 + 8.42 38.60 + 3.64 37.85 + 4.94
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Table A.1 (continued)

Experimental Eye Research 200 (2020) 108208

Right and left eyes (both sexes) NEURORETINAL THICKNESS FOLLOW-UP

OCT PARAMETERS 4 WOA p 12 WOA p 16 WOA p 28 WOA P

TEMPORAL 48.75 + 8.27 0.020 43.50 + 4.65 0.586 37.80 + 2.68 0.123 44.92 + 6.04 0.294
52.71 + 9.27 46.00 + 7.34 42.40 + 5.32 42.31 + 6.36

GCL THICKNESS

CENTRAL 22.10 + 2.63 0.161 22.25 + 3.30 0.348 19.40 + 3.71 0.779 17.00 + 3.05 0.361
22.78 + 2.40 20.00 + 2.94 20.00 + 2.73 15.92 + 2.84

INNER INFERIOR 27.68 + 2.36 0.529 25.00 + 1.41 0.999 25.00 + 2.00 0.159 24.08 + 1.55 0.754
27.94 + 1.94 25.00 + 1.15 26.80 + 1.64 23.85 + 2.11

OUTER INFERIOR 26.36 + 1.91 0.213 24.50 + 1.29 0.390 25.40 + 1.67 0.576 23.69 + 2.05 0.715
26.76 + 1.43 23.50 + 1.73 26.00 + 1.58 23.38 + 2.18

INNER SUPERIOR 26.29 + 2.19 0.130 25.25 + 2.50 0.284 23.20 + 0.44 0.344 20.15 + 2.19 0.091
26.88 + 1.84 23.75 + 0.50 21.40 + 3.97 17.77 + 4.36

OUTER SUPERIOR 25.53 + 2.60 0.553 25.75 + 1.25 0.003* 25.40 + 0.54 0.565 23.46 + 2.72 0.388
25.78 + 1.82 22.50 + 0.57 24.80 + 2.16 22.62 + 2.14

INNER NASAL 25.69 + 2.38 0.064 25.00 + 1.63 0.488 24.20 + 1.30 0.090 19.92 + 3.09 0.313
26.51 + 2.15 24.00 + 2.16 22.20 +1.92 18.85 + 2.15

OUTER NASAL 26.44 + 2.10 0.700 24.50 + 1.29 0.171 25.20 + 0.83 0.371 22.31 + 3.27 0.887
26.29 + 1.83 23.25 + 0.95 24.60 + 1.14 22.15 + 2.03

INNER TEMPORAL 25.76 + 3.32 0.151 22.75 + 2.87 0.501 22.00 + 3.74 0.697 19.54 + 3.68 0.509
26.53 + 1.95 20.75 + 4.78 22.80 + 2.38 18.54 + 3.90

OUTER TEMPORAL 26.56 + 2.40 0.080 24.25 + 2.98 0.573 24.80 + 2.38 0.751 22.08 + 3.66 0.529
27.27 £ 1.71 22.50 + 5.06 25.20 + 1.30 21.23 + 3.05

TOTAL VOLUME 0.18 + 0.01 0.132 0.17 + 0.00 0.194 0.17 + 0.01 0.371 0.15 + 0.01 0.303
0.18 + 0.00 0.16 + 0.01 0.16 + 0.00 0.14 + 0.01

Table A2

Neuroretinal function by dark- and light-adapted ERG in healthy pubertal young and early adult Long-Evans rats (both sexes). Data extracted from
right eyes expressed as mean + sd. Abbreviations: DA: dark-adapted; PhNR: photopic negative response; pV: microvolts; ms: milliseconds; WOA: weeks of

age.

ERG 4 WOA 16 WOA 28 WOA

SCOTOPIC_50.00Nv/DIV

DA 0.0003 (0.2 Hz/s) a_[ms] 19.73 + 7.69 14.94 + 3.60 19.75 + 6.89
b_[ms] 29.73 + 10.55 35.74 + 16.68 38.35 £+ 19.95
a_[pv] 18.13 + 20.53 3.87 +£1.94 18.08 + 14.55
b_[pv] 43.99 + 22.92 34.24 + 22.91 32.05 + 17.87

DA 0.003 (0.125 Hz/s) a_[ms] 24.37 £ 8.26 17.82 + 7.06 23.97 = 7.64
b_[ms] 48.27 + 4.16 50.00 + 0.00 61.26 + 10.97
a_[pv] 21.78 + 17.95 12.32 + 6.55 22.12 + 21.57
b_[pv] 87.62 + 46.03 143.08 + 69.62 289.78 4+ 104.76

DA 0.03 (8.929 Hz/s) a_[ms] 22.37 £7.03 22.20 +7.48 23.34 £ 7.39
b_[ms] 49.46 + 1.17 49.72 + 0.62 54.68 + 14.76
a_[pv] 60.56 + 44.97 53.64 + 20.68 39.33 + 26.57
b_[pv] 127.81 + 56.12 143.12 + 25.61 171.49 + 62.75

DA 0.03 (0.111 Hz/s) a_[ms] 22,92 £5.16 20.70 + 6.48 22.60 + 5.44
b_[ms] 48.23 + 3.02 49.18 + 1.83 56.17 + 6.55
a_[pv] 38.37 + 21.88 38.38 + 27.08 43.42 + 23.71
b_[pv] 433.52 + 161.06 535.92 + 161.95 562.48 + 119.03

DA 0.3 (0.077 Hz/s) a_[ms] 21.94 + 1.68 20.40 + 0.86 21.12 + 1.85
b_[ms] 49.00 + 3.30 49.04 + 2.14 53.89 + 6.45
a_[pv] 167.41 + 72.55 166.60 + 59.77 190.92 + 82.41
b_[pv] 601.31 + 204.22 669.50 + 223.52 731.50 + 221.14

DA 3.0 (0.067 Hz/s) a_[ms] 14.44 + 1.60 14.38 + 1.74 13.75 + 1.18
b_[ms] 45.84 + 6.29 46.84 + 2.41 52.52 + 7.49
a_[pv] 285.25 + 121.26 264.76 + 87.49 266.33 + 88.87
b_[pv] 694.67 + 237.51 701.48 + 247.40 780.75 + 264.33

DA 3.0 (29.412 Hz/s) a_[ms] 19.71 + 8.51 17.96 + 8.32 2297 +£9.23
b_[ms] 36.99 + 13.97 30.70 £ 17.02 37.47 £13.61
a_[pv] 35.36 + 38.57 24.42 + 9.30 25.46 + 21.44
b_[pv] 78.56 + 74.18 44.61 + 30.63 50.68 + 23.53

PhNR_200microV/div

Test a_[ms] 15.49 + 5.64 10.94 + 1.50 16.08 + 6.78
b_[ms] 31.32 + 13.19 32.76 + 19.91 30.86 + 12.27
PhNR_[ms] 46.98 + 3.77 45.38 + 6.20 47.11 + 3.10
a_[pv] 20.00 + 19.27 4.12 + 3.50 14.92 +12.32
b_[pv] 48.22 + 36.73 17.27 +11.85 28.00 + 11.54
PhNR_[pv] 28.41 + 22.78 21.72 + 9.1 15.97 4+ 11.49
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Table A3

Experimental Eye Research 200 (2020) 108208

Neuroretinal function by dark- and light-adapted ERG by sex in healthy pubertal young and early adult Long-Evans rats. Data extracted from right eyes
expressed as mean + sd. Abbreviations: DA: dark-adapted; PhNR: photopic negative response; pV: microvolts; ms: milliseconds; WOA: weeks of age.

ERG 4 WOA P 16 WOA p 28 WOA P
SCOTOPIC_50.00Nv/DIV
MALE FEMALE MALE FEMALE MALE FEMALE
DA 0.0003 (0.2Hz/  a_[ms] 17.39 £ 5.82 21.55 + 8.66 0.206 12.35 + 2.89 16.66 + 3.25 0.229 19.46 + 6.76 20.08 £ 7.67 0.878
s) b_[ms] 26.01 + 9.00 32.60 +£11.10 0.141 30.80 + 27.15 39.03 +12.13 0.660 45.00 + 23.38 30.60 + 12.86 0.207
a_[pv] 8.38 +13.01 25.63 + 22.49 0.043 4.40 £ 1.69 3.52 + 2.38 0.690 17.44 £+ 17.62 18.08 + 14.55 0.945
b_[uv] 41.31 +14.83 46.062 + 0.633 41.10 + 43.84 29.66 + 3.33 0.656 42.33 £ 30.15 32.05 +17.87 0.481
28.07
DA 0.003 (0.125 a_[ms] 22.12 + 6.82 26.12 £ 9.09 0.260 13.70 + 1.97 20.56 + 8.33 0.355 21.63 +7.98 26.70 £ 6.85 0.249
Hz/s) b_[ms] 49.59 + 0.86 47.26 + 5.36 0.191 50.00 + 0.00 50.00 + 0.00 0.999 71.01 £ 0.49 49.88 + 0.29 0.000
a_[pv] 25.88 +22.12 18.64 + 14.11 0.349 11.00 + 4.24 13.20 + 8.60 0.767 32.20 + 25.36 10.37 £ 6.02 0.065
b_[pv] 91.75 + 54.66 84.45 + 40.23 0.716 125.10 + 155.06 + 0.703 349.86 + 219.70 + 0.017
84.14 74.94 81.70 85.93
DA 0.03 (8.929 Hz/  a_[ms] 24.74 £ 7.71 20.55 £ 6.16 0.161 14.05 + 0.49 27.63 + 1.06 0.001 23.87 £7.71 22.73 £7.67 0.795
s) b_[ms] 49.59 £ 1.07 49.37 £ 1.29 0.666 50.00 +£ 0.00 49.53 + 0.80 0.495 64.09 £ 3.89 43.72 £15.39  0.006
a_[pv] 73.14 £55.13 50.90 -+ 34.58 0.249 62.05 + 26.37 48.03 £ 19.74 0.538 24.18 + 20.37 56.98 +22.39  0.018
b_[pv] 134.00 £ 123.05 + 0.654 145.50 + 141.53 £+ 9.93 0.892 198.71 + 139.73 + 0.091
61.81 53.41 49.07 39.67 72.89
DA0.03 (0.111 Hz/  a_[ms] 22.52 + 5.51 23.24 £ 5.09 0.749 17.15 + 9.68 23.06 + 4.00 0.391 20.84 + 6.39 24.65 + 3.57 0.223
s) b_[ms] 47.59 £ 3.45 48.73 £ 2.70 0.382 50.00 +£ 0.00 48.63 + 2.36 0.495 61.46 £ 3.90 50.00 £ 0.00 0.000
a_[pv] 45.89 + 30.79 32.60 £ 9.18 0.153 53.00 + 5.65 28.63 + 33.09 0.399 39.16 + 23.54 48.38 + 25.09 0.508
b_[pv] 439.65 + 428.81 + 0.877 493.75 + 564.03 + 0.700 514.14 + 618.88 + 0.117
158.10 169.58 235.53 147.48 99.59 122.52
DA0.3(0.077Hz/s)  a_[ms] 21.57 + 1.52 22.23 +1.80 0.362 20.55 + 0.91 20.30 + 1.01 0.799 20.14 £ 1.22 22.27 +1.88 0.032
b_[ms] 48.35 + 4.98 49.52 + 0.92 0.415 50.00 + 0.00 48.40 + 2.77 0.495 58.60 + 4.80 48.40 £ 2.24 0.001
a_[pv] 160.82 + 172.49 + 0.711 137.65 + 185.90 + 0.456 132.01 + 259.63 + 0.001
62.23 81.74 71.06 56.78 34.49 65.96
b_[pv] 598.57 + 603.43 + 0.956 572.60 + 734.10 £ 0.510 601.29 + 883.41 + 0.014
195.78 218.42 288.92 206.25 159.62 188.04
DA3.0(0.067Hz/s)  a_[ms] 14.79 £ 2.05 14.19 = 1.19 0.383 14.05 + 1.48 14.60 + 2.19 0.781 14.19 + 1.36 13.23 £ 0.72 0.153
b_[ms] 43.83 £7.19 47.40 + 5.28 0.184 48.65 + 1.90 45.63 + 2.08 0.202 56.94 + 7.40 47.37 £ 3.10 0.013
a_[pv] 286.98 + 283.92 + 0.954 243.95 + 278.63 = 0.726 216.57 + 324.38 + 0.021
132.82 117.14 124.94 82.36 70.97 73.48
b_[uv] 681.96 + 704.45 £ 0.828 638.65 + 743.36 £ 0.707 612.43 £ 977.12 £ 0.006
234.48 248.89 349.09 234.32 216.09 160.39
DA 3.0(29.412Hz/  a_[ms] 18.98 £ 9.11 20.28 + 8.35 0.725 9.95 £ 0.49 23.30 + 5.63 0.050 21.63 £ 8.20 24.53 £ 10.87 0.594
s) b_[ms] 31.93 £17.03 40.89 +10.12 0.130 12.70 + 3.39 42.70 + 5.80 0.008  40.31 + 14.51 34.15 £ 12.92 0.439
a_[pv] 45.68 + 38.35 27.44 + 38.32 0.271 28.75 + 2.61 21.53 £ 11.76 0.476 23.57 + 22.68 27.67 £ 21.79 0.747
b_[pv] 79.58 + 77.79 £ 46.03 0.956 27.28 + 37.21 56.16 + 26.16 0.373 54.95 + 18.74 45.70 + 29.18 0.503
103.08
PhNR_200microV/div
Test a_[ms] 13.91 £ 4.42 16.74 + 6.33 0.221 10.15 + 0.63 11.46 £ 1.81 0.415 16.30 + 7.01 15.82 £ 7.14 0.904
b_[ms] 33.61 +15.17 29.53 +11.68 0.454 11.30 + 1.83 47.07 + 4.90 0.003  34.50 + 11.28 26.62 +12.98 0.266
PhNR_ 46.14 £+ 4.52 47.65 + 3.10 0.331 38.60 + 0.14 49.90 + 0.51 0.000 47.43 + 2.58 46.73 + 3.84 0.705
[ms]
a_[pv] 18.31 + 22.04 21.34 £17.55 0.705 6.85 + 4.87 2.30 + 0.45 0.178 18.88 4 14.53 10.30 £+ 7.95 0.225
b_[pv] 48.47 + 48.69 48.02 + 25.85 0.976 9.14 +12.38 22.70 +£9.71 0.258 29.27 + 14.10 26.52 + 8.73 0.687
PhNR_ 38.04 + 27.87 20.85 + 14.85 0.059 20.85 + 5.30 22.30 +12.28 0.889 16.21 + 13.40 15.68 + 10.07 0.939
[nv]
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Abstract: Chronic ocular hypertension (OHT) influences on refraction in youth and causes glaucoma
in adulthood. However, the origin of the responsible mechanism is unclear. This study analyzes
the effect of mild-moderate chronic OHT on refraction and neuroretina (structure and function) in
young-adult Long-Evans rats using optical coherence tomography and electroretinography over
24 weeks. Data from 260 eyes were retrospectively analyzed in two cohorts: an ocular normotension
(ONT) cohort (<20 mmHg) and an OHT cohort (>20 mmHg), in which OHT was induced either by
sclerosing the episcleral veins (ES group) or by injecting microspheres into the anterior chamber. A
trend toward emmetropia was found in both cohorts over time, though it was more pronounced
in the OHT cohort (p < 0.001), especially in the ES group (p = 0.001) and males. IOP and refraction
were negatively correlated at week 24 (p = 0.010). The OHT cohort showed early thickening in outer
retinal sectors (p < 0.050) and the retinal nerve fiber layer, which later thinned. Electroretinography
demonstrated early supranormal amplitudes and faster latencies that later declined. Chronic OHT
accelerates emmetropia in Long-Evans rat eyes towards slowly progressive myopia, with an initial
increase in structure and function that reversed over time.

Keywords: glaucoma; intraocular pressure; refractive error; neuroretina; myopia

1. Introduction

An increase in intraocular pressure (IOP) is the main factor for developing primary
open-angle glaucoma (POAG), which leads to chronic progressive optic neuropathy and is
a leading cause of irreversible blindness worldwide [1]. An association between POAG and
high myopia was found, as highly myopic patients experience increased risk and earlier
onset [2] of this sight-threatening disease [3-6]. The prevalence of myopia and high myopia
(spherical equivalent less than —6.00 D) in the global population is currently 28.3%, and
this is expected to increase by 2050 [7]. Highly myopic eyes suffer from structural changes
such as peripheral retinal atrophic areas, tilted nerve appearance, temporal crescent of
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the optic disc [8], vitreoretinal traction, retinoschisis, lamellar or complete macular hole,
retinal pigment epithelium (RPE) alterations and myopic choroidal neovascularization,
lacquer cracks and chorioretinal atrophy, decreased choroidal thickness, scleral thinning
with irregular curvature and staphyloma [9], and decreased retinal nerve fiber layer (RNFL)
thickness, among others [10]. All these structural differences in myopic eyes are probably
related to biomechanical stretching resulting from the imbalance between IOP and the
elastic properties of the sclera [11-14]. Several animal and human studies have claimed the
baropathic nature of axial myopia [15]. Indeed, several topical ocular hypotensive drugs
were used in animal [16,17] and in human [18] studies to demonstrate the influence of IOP
on axial length and refractive errors.

Unfortunately, POAG is difficult to diagnose in highly myopic eyes as the structural
configuration of the optic nerve acts as a confounder variable in diagnostic tests such as
spectral domain optical coherence tomography (SD-OCT), visual fields and electroretinog-
raphy (ERG) [19-22]. Commercially available OCT devices still do not accurately measure
RNFL thickness using automatic segmentation protocols in highly myopic eyes, exhibit-
ing thinner average distributions in the superior, nasal, and inferior sectors, with greater
temporal thickness, and a temporal shift in the superior and inferior peak locations [9].

To overcome the difficulties of structural diagnosis, OCT-based ganglion cell layer
(GCL) analysis was proposed as a parameter for earlier detection of glaucomatous dam-
age in myopic patients [23]. However, glaucoma is an aging-linked neurodegenerative
pathology, so age could be a confounding factor in SD-OCT measurements. Indeed, animal
studies showed contradictory results, with no definitive correlation between aging and
thinning of the GCL [24-27] as detected in other neurodegenerative diseases [28], espe-
cially with the RNFL parameter [29-31]. Electrophysiological tests also showed functional
impairment in patients affected by ocular hypertension, glaucoma, demyelinating optic
neuropathies and Alzheimer’s disease in both human [32] and animal studies [33,34], with
a functional electrical deficit followed by structural tomographic thinning [35], even with-
out visual dysfunction [34]. Hence, there is ample scope for studying the physiopathology
of neurodegenerative diseases, aging, myopia and glaucoma.

The aim of this study is to analyze the impact of chronic ocular hypertension (OHT) on
the refractive error, structure and function of the neuroretina in two different OHT-inducing
animal models, comparing it with a control cohort presenting ocular normotension (ONT)
over 24 weeks.

2. Materials and Methods

A retrospective study was conducted by collecting data from a proprietary database
of animal glaucoma projects (PI117/01946, MAT2017-83858-C2-2). To investigate the impact
of IOP on the eye, 260 rat eyes were classified as inclusion criteria into ONT (if IOP was
<20 mmHg) or OHT (if IOP was >20 mmHg) cohorts.

2.1. Animals

Long-Evans rats (40% male, 60% female) were used for the study. All animals were
four weeks old, their weights ranged from 50-100 g at the start of the study and were
similar to that reported by the supplier (Janvier-labs, Le Genest-Saint-Isle, France) over the
study. The animal study was carried out in the experimental surgery department of the
Biomedical Research Center of Aragon (CIBA). The experiments were previously approved
by the Ethics Committee for Animal Research (PI34/17) and were carried out in strict
accordance with the Association for Research in Vision and Ophthalmology’s Statement
for the use of Animals.

The control ONT cohort included non-intervened eyes. The OHT cohort comprised
the episcleral sclerosis (ES) group, in which OHT was induced by biweekly sclerosis of
the episcleral veins with hypertonic (1.8M) solution as described [36]. The microspheres
(MS) group, in which OHT was induced by injecting poly-lactic-acid-glycolic (PLGA)
microspheres into the anterior chamber at baseline biweekly for the first month and then
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once monthly until week 20 as described [35,37]. All OHT injections were performed
in the right eye under surgical conditions: controlled temperature, topical tetracaine
(1 mg/mL + oxibuprocaine 4 mg/mL) eye drops (Anestesico doble Colirccusi®, Alcon
Cusi® SA, Barcelona, Spain) and intraperitoneal (60 mg/kg of Ketamine + 0.25 mg/kg of
Dexmedetomidine) anesthetic. Afterwards, the rats were left to recover in an enriched
2.5% oxygen atmosphere and were treated with antibiotic ointment (erythromycin 5 mg/g
(Oftalmolosa Cusi® eritromicina, Alcon Cusi® SA, Barcelona, Spain)).
For detailed methodology characteristics, consult the original articles [27,35,37,38].

2.2. Intraocular Pressure

IOP measurements using a Tonolab® tonometer (Tonolab, TiolatOy Helsinki, Helsinki,
Finland) were recorded in the morning every week. The IOP value was obtained from
the average of 18 rebounds. This procedure was accomplished using a sedative mixture
of 3% sevoflurane gas and 1.5% oxygen for less than 3 min in order to avoid hypotension
effects [39].

2.3. Optical Coherence Tomography

SD-OCT (Spectralis, Heidelberg® Engineering, Heidelberg, Germany) was used to
analyze the refractive status and the structure of the neuroretina over six months. Record-
ings were performed at the initial (0 weeks), middle (12 weeks) and end time of the study
(24 weeks). In addition, an intermediate test was performed at week 8 of the study, which
corresponds to 12 weeks of age of the rat. At this age, development and growth of the
retina end and the retina reaches maturity [40]. A plane power polymethylmethacrylate
(PMMA) contact lens with a thickness of 270 um and a diameter of 5.2 mm (Cantor+Nissel®,
Northamptonshire, UK) was adapted to the cornea to obtain high-quality images [41].

Refractive status was measured in diopters (D). The RNFL protocol was used for
imaging acquisition. This protocol explores the optic nerve head, which is the most
posterior structure of the rat eye, as the eye is elongated. Retinal images were adjusted
and acquired by focusing on the retinal vascular structure. The diopters obtained through
focusing were then analyzed as the diopter power of the eyeball.

Structural analysis: The RNFL, retina posterior pole (R) and GCL protocol with
automatic segmentation were used to quantify neuroretinal thickness (in micrometers).
These protocols analyze an area of 1, 2 and 3 mm around the center of the optic disc using
61 scans. Subsequent follow-up examinations were acquired at the same location using
the eye-tracking software and follow-up application. Biased examinations were discarded
or manually corrected by a masked, trained technician if the algorithm had obviously
erred. The R and GCL analyzed the 9 ETDRS areas (central area and inner or outer sectors
divided into inferior, superior, nasal, and temporal sectors) and the total volume. The
RNFL protocol analyzed 6 peripapillary sectors (inferotemporal, temporal, superotemporal,
superonasal, nasal, and inferonasal).

For ERG and OCT acquisition, the rats were anesthetized by intraperitoneal adminis-
tration of 60 mg/kg of Ketamine + 0.25 mg/kg of Dexmedetomidine.

2.4. Electroretinography

Electroretinography performed to analyze the outer and inner neuroretinal cells’
functionality at weeks 0, 12 and 24. The electroretinography device (Roland consult®
RETIanimal ERG, Brandenburg an der Havel, Germany) was used to stimulate simultane-
ously both eyes and explore them in multisteps using the flash scotopic and the photopic
negative response (PhNR) protocols. Scotopic test examined rod response: step 1: —40 dB,
0.0003 cds/m?2, 0.2 Hz (20 recordings averaged); step 2: —30 dB, 0.003 cds/m?,0.125 Hz
(18 recordings averaged); step 3: —20 dB, 0.03 cds/m?, 8.929 Hz (14 recordings averaged);
step 4: —20 dB, 0.03 cds/m?, 0.111 Hz (15 recordings averaged). Photopic test examined
retinal ganglion cell functionality: blue background 470 nm, 25 cds/m? and red LED flash
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625 nm, 0.30 cds/m?, 1.199 Hz (20 recordings averaged). For this purpose, the animals
were prepared and the ERG tests were performed as [27,35] described.

2.5. Statistical Analysis

Statistical analysis was performed by a blinded researcher. Descriptive analysis of
quantitative variables was performed using (mean + standard deviation [SD]). As the
Kolmogorov-Smirnov test showed a no normal distribution of the variables, comparisons
between both the ONT and OHT cohorts and ES and MS groups were conducted using
the non-parametric Mann-Whitney U test and comparisons among the ONT, ES and MS
cohorts were made using the Kruskal-Wallis H test. Eyes in every cohort were divided
into two groups: those with a diopter power higher or lower than 17 D for the ONT eyes
and 6 D for the OHT eyes. These sub-groups were used to study the logistic regression to
the model so that correlations between refraction and OCT parameters or IOP values could
be made. Correlations with the refractive status of the eye, age, OCT thicknesses, and ERG
parameters were performed using Spearman correlation coefficient and logistic regression
analysis. p values < 0.05 were considered statistical significative; the Bonferroni correction
for multiple comparisons was also calculated to avoid a high false-positive rate.

3. Results

A total of 260 eyes of Long-Evans rats were analyzed from two different cohorts: 74
eyes with an IOP lower than 20 mmHg (ONT cohort serving as control), and 186 eyes with
an IOP higher than 20 mmHg, named the OHT cohort, which in turn was divided into two
sub-groups by induced OHT model: 62 eyes based on the ES model and 124 eyes based on
the biodegradable MS model.

3.1. IOP Analysis

Comparing ONT and OHT cohorts. ONT eyes (16.09 &+ 2.25 mmHg (range: 13.37-
17.62 mmHg)) showed statistically significant (p < 0.05) lower IOP than OHT eyes (23.66
+ 1.40 mmHg (range 21.44-26.74 mmHg)). Comparing both OHT groups. The ES group
presented the highest IOP values up to week 12, after which the trend reversed (p < 0.001)
(Figure 1a). Analyzing by sex, males suffered from slightly higher IOP values in both the
ONT and OHT groups, and reached statistical significance at weeks 8, 10 and 16 (p = 0.022,
p < 0.001 and p = 0.023, respectively) (Figure 1b).

3.2. Refraction

Comparing ONT and OHT cohorts. Both the ONT and OHT cohorts experienced a
physiological trend toward emmetropia throughout the follow-up, especially over the first
weeks of the study; from 35.16 + 6.38 D at baseline (Table S1 Supplementary Materials)
to 11.87 £ 3.21 D in the ONT and 11.98 + 5.21 in the OHT at 8 weeks. However, the
OHT cohort exhibited lower refractive power that reached statistical significance at week
24 (+4.54 + 1.5 D in the ONT cohort vs.+0.88 + 2.36 D in the OHT cohort, p < 0.001)
(Figure 2). Comparing both OHT groups. A small difference between both OHT groups
was also detected (p = 0.001), with slightly lower dioptric values for the ES group (+1.66 +
1.53 D in MS vs. +0.10 + 2.91 D in ES) (Figure 2a). No statistically significant differences
were found in refraction between sexes (p > 0.05), although males consistently presented
lower dioptric power throughout the follow-up, especially in the OHT cohort (Figure 2b).
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Figure 1. Analysis of intraocular pressure (IOP) in mmHg over the 24-week follow-up comparing the

ocular normotension (ONT) and ocular hypertension (OHT) cohorts (a) and comparing both sexes
(b). Abbreviations: w: week; ES: episcleral sclerosis group; MS: microspheres group; * statistical
differences between the ONT and the OHT cohorts; #: statistical differences between the ES and

MS groups.
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Figure 2. Analysis of refractive power in diopters over the 24-week follow-up, comparing the
ocular normotension (ONT) and ocular hypertension (OHT) cohorts (a) and comparing both sexes
(b). Abbreviations: w: week; ES: episcleral sclerosis group; MS: microspheres group; **: statistical
differences between groups (ONT vs.ES vs. MS) (Kruskal Wallis); A: statistical differences between
ONT and ES; B: statistical differences between ONT and MS.
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3.3. Analysis of the Correlation between Refraction, Ocular Hypertension, and OCT Parameters

There were no statistically significant correlations between the OCT values and the
refractive status of the eye. IOP > 20 mmHg at week 24 was positively correlated to lower
dioptric values with a B coefficient of 4.01 (p = 0.01) for the OHT cohort vs. 4.65 (p = 0.009)
for the ONT cohort.

3.4. OCT Analysis

Comparing ONT and OHT cohorts. The most significant differences were found in
week 8, when the OHT cohort exhibited thicker R values in the inner temporal sector and
all the outer sectors (Table 1). The highest percentage differences by sector also followed
the glaucomatous rule inferior > superior > nasal > temporal until week 12. The ONT
cohort experienced a progressive decrease in RNFL thickness over time, and the OHT
cohort showed an increase in RNFL thickness at week 12 in both the ES and MS groups
(Figure 3). Comparing both OHT groups. Differences between the ONT and OHT cohorts
were usually related to the values found in the MS group.

Table 1. Statistically significant differences found by optical coherence tomography parameters analyzed at weeks 8, 12

and 24.

Tme O sector ONTMemns OHIMem: o, . &2%‘;‘3’; pt
Central 27720 £17.86 26321 +22.03 —5.05 0.022 I\SSS ;23"33 i iiﬁi 0.022
Teligzr‘”al 24470 £835 25190 + 1850 42.86  0.047 I\élss ;gg';g i 31,;1.'32 0.047
. hgs:;‘;r 23990 £ 619 25050 £ 1113  +423  0.003 r\gg 225;16%%11;33: 0.003
W gzi:i 24330 £434 25360 £12.85  +406  0.002 IEISS ;:fgg i 32‘3 0.002
S‘éplftr;;’r 24630 £419 25686 +1728 +413 0017 IEISS 2:2:83 i ;f)'gz 0.017
Te(‘)“lf’t‘;al 24500 +6.48 25410 £16.10 +3.58  0.013 1\1215 ;gg'})ﬁ i ;;;; 0.013
Central 19.80 + 3.39 17.03 & 3.34 —1399 0.014 I\éf }g'.;g i g:; 0.014
S superor 24104185 20914403 1324 0004 0 2055 L4084 004

Inner ) ’ ) ’ : ' ES 22.80 + 3.61 :

12w R Central ~ 28533 +1890  266.00 1673 —6.76  0.039 Délss iggﬁg i i;ﬁ 0.039
24W  RNEL Sf:;‘fgir 3927 +725  2888+1199  —2646 0.036 I\gg i;:gg i 12‘_612 0.050

OCT: optical coherence tomography; R: retina; GCL: ganglion cell layer complex; RNFL: retinal nerve fiber layer; W: week; ONT: ocular
normotension cohort; OHT: ocular hypertension cohort; ES: eFiscleral sclerosis group; MS: microspheres group; D%: differences in
percentage; p: statistical differences (<0.05): * U Mann Whitney; ¥ Kruskal Wallis; the lowest thickness values are highlighted in bold.
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Figure 3. Neuroretinal thickness measured by optical coherence tomography in both the ocular
normotension and ocular hypertension cohorts and the ocular hypertension sub-groups at 8, 12, 24
weeks follow-up. (a) Retina thickness, (b) Retina nerve fiber layer thickness, (¢) Ganglion cell layer
thickness. The analysis is based on the mean values of all the OCT sectors. ONT: ocular normotension
cohort; OHT: ocular hypertension cohort; ES: episcleral sclerosis group; MS: microspheres group;
RNFL: retinal nerve fiber layer; GCL: ganglion cell layer; um: thickness in micrometers; W: week;
star: baseline thickness.
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3.5. ERG Analysis

Comparing ONT and OHT cohorts. The ONT cohort presented wider variability
in subject responses compared to the OHT cohort (Figures 4-6). In the OHT cohort, a
stronger response was found in scotopic and photopic conditions in week 12, with shorter
latencies (Figures 4a, 5a and 6a) and greater amplitudes (Figures 4b, 5b and 6b). However,
maintenance of hypertension over time (week 24) decreased the electrical signal in the ERG,
which almost matched the ONT values, especially in the later stages. Comparing both
OHT groups. Generally, the MS groups exhibited faster latency and greater amplitude in
week 12 in scotopic and photopic conditions, although this trend reversed in week 24.

@ a Latency (ms) MONT BMOHT =ES HMS
200 -

150
100

50

-50 - 12w 24w

@ aAmplitude (1)  WONT EMOHT =ES 3 MS
200

160

Step

Figure 4. a-wave electroretinographic response in both the ocular normotension and ocular hyperten-
sion cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) a-latency in milliseconds
of photoreceptors under scotopic conditions. (b) a-amplitude in microvolts of photoreceptors under
scotopic conditions. Abbreviations: ONT: ocular normotension group; OHT: ocular hypertension
group; ES: episcleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; uV:
microvolts; **: statistical differences between groups (ONT vs. ES vs. MS) (Kruskal-Wallis); #:
statistical differences between the ES and MS groups; A: statistical differences between ONT and
ES; B: statistical differences between ONT and MS; C: statistical differences between ES and MS.
Scotopic test (rod response): step 1: —40 dB, 0.0003 cds/ mZ,0.2 Hz (20 recordings averaged); step 2:
—30dB, 0.003 cds/m?, 0.125 Hz (18 recordings averaged); step 3: —20 dB, 0.03 cds/m?, 8.929 Hz (14
recordings averaged); step 4: —20 dB, 0.03 cds/m?, 0.111 Hz (15 recordings averaged).
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Figure 5. b-wave electroretinographic response in both the ocular normotension and ocular hyperten-
sion cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) b-latency in milliseconds
of intermediate cells under scotopic conditions. (b) b-amplitude in microvolts of intermediate cells un-
der scotopic conditions. ONT: ocular normotension group; OHT: ocular hypertension group; ES: epis-
cleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; (1V: microvolts; * statistical
differences between the ONT and OHT cohorts. **: statistical differences between groups (ONT vs.
ES vs. MS) (Kruskal-Wallis); #: statistical differences between the ES and MS groups; A: statistical dif-
ferences between ONT and ES; B: statistical differences between ONT and MS; step 1: —40 dB, 0.0003
cds/m?, 0.2 Hz (20 recordings averaged); step 2: —30 dB, 0.003 cds/m?, 0.125 Hz (18 recordings aver-
aged); step 3: —20 dB, 0.03 cds/m?, 8.929 Hz (14 recordings averaged); step 4: —20 dB, 0.03 cds/m?,
0.111 Hz (15 recordings averaged).
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Figure 6. PhNR wave electroretinographic response in both the ocular normotension and ocular
hypertension cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) PhNR latency
of in milliseconds under photopic conditions. (b) PhRN amplitude in microvolts under photopic
conditions. Abbreviations: ONT: ocular normotension group; OHT: ocular hypertension group; ES:
episcleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; nV: microvolts; *
statistical differences between the ONT and OHT cohorts. **: statistical differences between groups
(ONT vs. ES vs. MS) (Kruskal-Wallis); #: statistical differences between the ES and MS groups;
A: Statistical differences between ONT and ES; B: Statistical differences between ONT and MS; C:
Statistical differences between ES and MS. Photopic test: blue background 470 nm, 25 cds/m? and
red LED flash 625 nm, 0.30 cds/m?, 1.199 Hz (20 recordings averaged).

4. Discussion

The effects of ocular hypertension have been described in a multitude of short-term
animal studies, generally up to a maximum of 8 weeks of follow-up [37,42—44]. This study
analyzes the effect of chronic OHT maintained over time focusing the study between 8 and
24 weeks of chronicity. To our knowledge, this is the first retrospective longitudinal 24-week
study carried out in young-adult Long-Evans rats in vivo using automatically segmented
OCT images that analyze the effect of mild-moderate OHT (between 20-30 mmHg) on
refraction from the neuroretinal perspective (structure and function) and employs two
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different OHT-inducing models (ES vs. MS), in comparison to healthy controls. This allows
us to analyze the neurodegenerative process in conditions of chronic OHT on myopia.

4.1. Refractive Analysis

The total optic power of the eye depends on factors such as axial length, corneal
power and lens power. At birth, human eyes are usually hyperopic, and afterwards there
is a trend toward emmetropia as the cornea structure stabilizes, though axial length may
continue to grow until the second decade. However, in high myopia there is continuous,
progressive axial elongation throughout life, possibly due to genetic, environmental and
behavioral factors [45,46]. Although all the mechanisms involved in this progressive
enlargement of the eyeball are not completely understood, the effect of IOP on axial
elongation of the posterior pole [47,48], the importance of sclera stiffness [49] and the
dynamic responses of the sclera after a chronic increase in IOP [50] have been factors
involved in the emmetropization process.

Ocular hypertension in congenital glaucoma occurs in developing loose tissue, mean-
ing the sclera still exhibit great plasticity and stretch, increasing axial length [51]. This
is similar to what occurs in high myopia [52,53], which supports the incidence of high
myopia in adulthood [54]. When ocular hypertension occurs in older ages, scleral tissues
are more rigid and stiffen [55], explaining the greater glaucomatous damage (IOP spikes
are more poorly mitigated by less elastic sclera), the outward shift of the lamina cribosa
and remodeling of connective tissue [56], and the deeper anterior chamber described in
both the ES model and DBA /2] glaucomatous mice (not observed in OHT models using
cauterization, probably due to the experimental intervention itself) [57,58]. Indeed, there
is increasing evidence about the development of delayed and sustained OHT associated
with repeated intravitreal anti-vascular endothelial growth factor injections in retinal dis-
eases, such as age-related macular degeneration [59,60]. Several structure optic nerve
head manifestations after intravitreal volume injections have been lately described as a
mechanical displacement of the optic nerve head and canal expansion, with a widening
and deepening of the optic, a prelaminar tissue thinning and a Bruch membrane opening
expansion, suggesting structural changes after IOP and volume increase in aged patients,
with rigid sclera [61]. Our experiments started when the rats were 4 weeks old, so they
should not be considered either adults or newborns, but young rats. The refractive status
was likewise not consistent with high myopia (—6 D) so, in our opinion, eye elongation was
presumably more similar to what occurs in human POAG. Our OHT models supported
the pre-existing evidence, as the ES cohort presented higher IOP, greater axonal damage,
and lower dioptric power.

This study demonstrated the influence of sustained mild-moderate IOP on the em-
metropization process. The baseline optical power was 35.16 & 6.28 D (as [62] reported),
with a progressive trend toward emmetropia in both ONT and OHT eyes. However, the
statistically significant correlations to refraction were found only with mild-moderate OHT
at week 24 in both ES and MS models, and were not found with functional or structural
alterations. Therefore, a chronic sustained increase in IOP was considered the main risk
factor involved in the loss of refractive power in OHT eyes. In this regard, animal and
human studies also correlated hypotensive treatments such as trabeculectomy [63] and
topical drugs such as latanoprost [16] to a decrease in total axial length, although studies
with drugs such as timolol showed inconsistencies in both human [18] and animal mod-
els [17]. One of the next steps worth studying in future prospective studies is the influence
of prompt normalization of IOP on refraction in these OHT models as a possible treatment
for myopia.

Nowadays, high myopia is increasingly prevalent in populations that carry out near-
vision activities [64,65]. Sharp focus on a near image requires concomitant activation of both
inferior and medial rectus muscles, and the subsequent compression of the eyeball by both
muscles may cause an increase in IOP [66], similar to what happens in other compressive
pathologies [67,68]. In addition, greatest drainage of aqueous humor occurs mainly via
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the nasal and lower episcleral veins [69-73], so sustained compression of these muscles at
these locations during near-vision activities for extended periods of time would increase
IOP. Moreover, in childhood and early adulthood, when eye elongation is easily achieved
as it is less rigid, refractive power may consequently decrease [74]. Indeed, lower dioptric
power would require higher demand for more synkinesis accommodation/convergence,
creating a vicious circle [75]. Current studies with atropine drops are showing promising
results in controlling myopia by producing a reversible anti-accommodative effect [76,77],
and the dose-dependent anti-muscarinic effect on the smooth muscles of the episcleral
veins could also balance the outflow.

In this study, the ES model, in which the outflow of the episcleral veins is limited,
induced higher IOP and higher negative dioptric power. MS model produced a progressive
alteration of the trabecular meshwork due to the mechanical clogging [78], but in a slower
and more progressive structural and functional damage, more similar to that of the human
POAG, and a lower negative dioptric power [35]. Moreover, a trend toward higher dioptric
power was found in females, as well as lower levels of IOP, attributed to estrogens [79].
Scleral stiffness depends on choroidal vascular factors, among others, so estrogens could
contribute to vascular protection against peripapillary rigidity and posterior location of the
optic nerve head, which could explain the higher myopia rates found in male rats.

To our knowledge, this is the first study that longitudinally monitors eye growth
in vivo (by indirect study of optical power) using non-invasive, simple, objective OCT tech-
nology that demonstrates progressive myopization in glaucomatous rats, influenced by sex
and the OHT-inducing model. Refractive study in small animals usually requires invasive,
expensive or low-reliability techniques such as enucleation, magnetic resonance imaging or
ultrasound biomicroscopy, respectively, which makes longitudinal studies with the same
animal impracticable. Previous ocular biometric studies using OCT on healthy [80,81] and
glaucomatous mice [50,82] have been performed. However, only one study of healthy rats
measured biometrics in vivo using high-resolution A-scan ultrasonography [62], and no
convincing evidence of emmetropization during normal eye development was detected.
Similar results were found in this study, in which the ONT cohort never experienced
negative optical power (myopia), unlike rats in the OHT cohort.

Analysis of refractive status constitutes a methodological limitation. As it was a
retrospective study, it was not designed to analyze axial length, so the refractive status of
the eye was measured with the OCT focuser, which improves image quality when acquiring
OCT scans. The value obtained via this method is acceptable, but less accurate than axial
length. Moreover, the use of a rigid contact lens for OCT imaging from which the retinal
focusing data were obtained, introduces a tear lens, whose power will vary according to the
mismatch between the fixed, posterior radius of curvature of the lens and anterior corneal
radius, which can be expected to increase with age, and may also be altered in response
to intracameral injections of MS. However, the lens was used in each examination, so the
induced error would be constant, and the refractive trend found in our results would be
constant throughout the study.

4.2. Structural Analysis

A decrease in RNFL thickness is a common feature in both myopic [83] and glau-
comatous patients, though RNFL segmentation errors in automated SD-OCT analysis
are frequent in myopia [84]. The good correlation observed between GCL and RNFL
analysis has surpassed total retinal quantification, and GCL analysis has emerged as a
more appropriate imaging tool for detecting early glaucomatous progression in myopic
patients [85].

When analyzing the R, RNFL and GCL values, OCT protocols were performed around
the optic disc as rats do not have macula, so central values could lead to misinterpretations.
This is one of the main reasons why correlations to human retina are limited. As regards
general trends, differences in R thickness between the ONT and OHT cohorts were seen up
to week 8, although they then decreased through week 24, possibly due to a neurodegener-
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ative process, with an initial inflammatory response that causes an increase in thickness
(activated microglia and other inflammatory mediators [31]), and a final atrophic pattern.
The greater thickness found in external sectors of peripheral retina could be attributed to
peripheral immune infiltration [31]. On the other hand, it is important to highlight that
there were no correlations between refraction and R, GCL, and RNFL thicknesses. IOP was
therefore the most important factor modifying retinal thickness, meaning that the RNFL
thinning observed in the OHT cohorts in week 24 was secondary to neurodegeneration
rather than a stretching of the retinal tissue. Hence, OCT has demonstrated its reliability
when analyzing retinal structures in neurodegenerative diseases [28], even during the
emmetropization process.

Comparing both OHT groups, the ES group exhibited thicker R, RNFL and GCL
values at week 8, but the thickness loss rate was also higher over time, reaching the lowest
thickness at the end of follow-up. As this cohort suffered from higher IOP levels, these eyes
could have suffered intense damage (a more extreme response) at GCL level that explains
this drop. Conversely, RNFL analysis of the OHT cohorts showed an initial increase in
thickness until week 12, after which the trend reversed in both groups, although it did so
more dramatically in the ES group, supporting this theory.

The lack of histological studies is the main handicap of structural analysis, but several
studies reflected the good correlation between immunohistochemistry and OCT thicknesses,
making SD-OCT reliable for research in retinal degeneration [28]. Another limitation of
this study was not having considered the lateral magnification that occurs as the anterior
chamber increases, which overstates the retinal thickness. Most myopic eyes may therefore
have even smaller retinal thicknesses [86].

4.3. Functional Analysis

ERG showed supranormal responses in the OHT cohorts, especially in the MS group in
week 12. These outcomes were also observed in other animal studies with acute [43,47] and
chronic [48] non-ischemic increases in IOP. This noxa could lead to initial hyperstimulation
of the neuronal structures, especially bipolar and intermediate cells, while the process is
neither ischemic nor chronic. In other words, we are possibly witnessing the beginning of
the disease in an early or even reversible phase. However, this initially stronger electrical
response disappeared at week 24, suggesting the decline of this phenomenon, probably
due to ischemia or neurodegenerative damage, as occurs in POAG. It has also been hypoth-
esized that the supranormal ERG responses could be related to the increase in illuminated
retinal area during the test (greater axial length means greater retinal area, compared to
normal axial length), though this hypothesis could not explain all the ERG findings [44],
among them the fact that the supranormal electrical response is not sustained over time,
but only when the eye is more hyperopic (in early phases of the study). In contrast, hu-
man studies showed a negative correlation between axial length (but not refractive error)
and the values of ERG responses in healthy adults [20,87], as occurs here at later stages.
This pattern of electrical response was more extreme in the MS group and was consistent
throughout the steps, showing a coherent pattern of electrical behavior in photoreceptor
and bipolar cells. However, because the ES model is more aggressive, this suprasignal
could have occurred before week 12 in the ES model. We may therefore have witnessed an
ongoing decay phase.

This functional behavior could be somehow correlated to the structural OCT findings
of this study. At week 12, the GCL and RNFL are not as damaged, and their status is
reversible, which could be correlated to the ERG hyperresponsive pattern. This could be
supported by a previous study (also using Long—Evans rats) with a similar electrical pattern
after chronic IOP elevation (by circumlimbal suture) that returned to baseline after suture
removal [88]. This functional damage was not correlated with structural damage to GCL
density, but with a reduction in the RNFL in week 15 in the post-hoc analysis [88]. Again, it
is important to note that the only parameter that was statistically correlated to the refraction
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was IOP > 20 mmHg, not the ERG parameters. Our results therefore suggest that refractive
status also appears to be an independent factor for ERG tests when analyzing POAG.

5. Conclusions

In this article, we pointed out the relationship between ocular hypertension and
refraction over time. Visual disturbances in glaucomatous patients could also be associated
with a progressive negative refractive error, in addition to the neurodegenerative damage
associated with glaucoma, so frequent assessment of refraction may be important in these
patients over time. The study of functional and structural tests in early and late stages in
two different POAG models produced a deeper understanding of the pathophysiological
retinal damage caused by the increase in IOP, with an initial increase in electrical signal
associated with a thickening pattern detected using OCT, followed by functional and
structural impairment. In addition, the lack of correlation between the refractive status
of the eye and the structure and function of the retina provided further insight into the
usefulness of OCT and ERG in relation to the emmetropia process.
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Purrosk. To evaluate differences by sex in the neuroretina of rats with chronic glaucoma
over 24 weeks of follow-up, and to assess by sex the influence on neurodegeneration of
different methods of inducing ocular hypertension.

MEerHoDs. Forty-six Long-Evans rats—18 males and 28 females—with induced chronic
glaucoma were analyzed. Glaucoma was achieved via 2 models: repeatedly sclerosing
the episcleral veins (9 male/14 female) or by injecting poly(lactic-co-glycolic acid) micro-
spheres measuring 20 to 10 pm (Ms20/10) into the anterior chamber (9 male/14 female).
The IOP was measured weekly by tonometer; neuroretinal function was recorded by
dark/light-adapted electroretinography at baseline and weeks 12 and 24; and structure
was analyzed by optical coherence tomography using the retina posterior pole, reti-
nal nerve fiber layer and ganglion cell layer protocols at baseline and weeks 8, 12, 18,
and 24.

Resurrs. Males showed statistically significant (P < 0.05) higher IOP in both chronic
glaucoma models, and greater differences were found in the episcleral model at earlier
stages. Males with episclerally induced glaucoma showed a statistically higher increase in
retinal thickness in optical coherence tomography recordings than females and also when
comparing Ms20/10 at 12 weeks. Males showed a higher percentage of retinal nerve fiber
layer thickness loss in both models. Ganglion cell layer thickness loss was only detected
in the Ms20/10 model. Males exhibited worse dark/light-adapted functionality in chronic
glaucoma models, which worsened in the episcleral sclerosis model at 12 weeks, than
females.

Concrusions. Female rats with chronic glaucoma experienced lower IOP and structural
loss and better neuroretinal functionality than males. Sex and the ocular hypertension—
inducing method influenced neuroretinal degeneration.

Keywords: sex, glaucoma, retina, neurodegeneration, PLGA microspheres, animal model

Traditionally, the eye was considered a sex-neutral
organ. Recent publications, however, have evidenced
male/female sex divergence. There are sex steroid recep-
tors in nearly every part of the eye'? and even the retina
synthetizes neuroestrogens via aromatase enzymes.> Differ-
ences in ocular blood flow were found between sexes,
and variations in the optic nerve head were described
according to phase of menstrual cycle and were corre-
lated to hormonal levels.>® Premenopausal females showed
better recordings by perimetry’ and electroretinography
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(ERG).® Physiological ophthalmologic changes caused by
hyperestrogenism are also described in pregnancy.”~!' More-
over, a clear tendency to gender difference is found in
ophthalmologic,'>'? neuropsychiatric, and neurodevelop-
mental pathologies with immune system implications!#!>
and modulation of aging-linked genes influenced by sex.'¢:'”

Glaucoma is the second biggest cause of blindness world-
wide and will affect 111.8 million people by 2040."® Glau-
coma is considered an aging-linked pathology caused by
progressive death of retinal ganglion cells (RGCs). The IOP
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is the major modifiable risk factor, with other well-known
nonmodifiable factors being age and race.!” However, there
are discrepancies regarding gender in the literature.?’ There
is evidence of higher incidence of POAG in men (adjusted
by age),'® although the higher prevalence and risk of
blindness are found in elderly women, possibly owing to
their increased life-expectancy.?! Nonetheless, ophthalmic
research data on sex differences in glaucoma remain scarce.

The protective effect of estrogens on cardiovascular areas
is widely known and it has been suggested that they have a
similar effect on the eye, delaying the start of glaucomatous
pathology.'® In fact, the risk of POAG increases in condi-
tions of low estrogenic exposure, such as late menarche
onset, early menopause, or polycystic ovarian syndrome!?:22
and better ophthalmologic parameters were found in studies
with hormone replacement therapy, although its use is not
recommended.?*?3-25 Estrogens, and especially 178 estra-
diol, activate endothelial nitric oxide (NO) synthase, which
diminishes vascular resistance, increases blood flow in the
optic nerve®® and decreases the IOP. All of these effects of
estrogens could explain the increase in IOP occurring after
the onset of menopause,?” when estrogenic hormone levels
decrease abruptly. Furthermore, estrogens exert a protective
effect on the extracellular matrix of the trabecular mesh-
work and lamina cribosa.”® In contrast, estrogens act as an
endogen neuroprotector owing to their chemical properties
and phenolic ring,??-*° helping to maintain RGC viability>!:3?
and intraretinal synapsis.'>*®> Neuroprotection exerted by
estrogens has been demonstrated by topical, intravitreal and
systemic administration in animal studies> even under
conditions of induced ocular hypertension (OHT).

Sex equity in animal studies has been recently recom-
mended on ethical grounds. Moreover, there is growing
interest in increasing knowledge about the influence of
sex on aging and aging-linked pathologies such as glau-
coma.?’” Most animal glaucoma studies are performed by
inducing OHT, but usually only 1 sex is used. Moreover, even
when both sexes are used, differences between them are not
analyzed.

To our knowledge, this study is the first to analyze differ-
ences by sex in IOP and neuroretinal structure and func-
tion under conditions of chronic glaucoma in 2 different
OHT models. We demonstrate that females showed physi-
ological protection because they suffered from lower OHT
and less structural and functional neuroretinal damage than
age-matched males at an early stage of chronic glaucoma.
We also showed that the induced model used to increase
IOP influenced sex-dependent neuroretinal degeneration.
We therefore suggest our outcomes be considered in future
studies into neurodegeneration and protection.

METHODS
Animals

All work with animals was approved by the Ethics Commit-
tee for Animal Research (PI34/17) and was carried out in
strict accordance with the Association for Research in Vision
and Ophthalmology’s Statement on the Use of Animals at
the Biomedical Research Center of Aragon (CIBA: Centro de
Investigaciones Biomédicas de Aragon). Long—Evans rats at
4 weeks of age and weighing 50 to 100 g at the beginning of
the study were housed in standard cages. To keep the same
animals together throughout the study, and to preserve the
animals’ welfare, a maximum of either 3 males or 4 females
were placed in each cage and given environmental enrich-
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ment and water and food ad libitum. They were kept under
animal welfare conditions (e.g., a 12-hour dark-light cycled
room, temperature of 22 °C, and relative humidity of 55%).
Body weight was measured periodically to calculate anes-
thetic dosage.

A total of 46 animals were used: 18 males and 28 females.
Chronic glaucoma models were induced using 2 OHT meth-
ods. OHT was induced by biweekly sclerosing injections
of the episcleral veins (EPI model), as described by Morri-
son et al® in 23 rats (9 male/14 female). In the other
23 rats (9 male/14 female), OHT was induced by inject-
ing a suspension of Ms20/10 (10% w/v) into the anterior
chamber of the eye (Ms20/10 model) at baseline, doing so
biweekly for the first month and then once monthly until
week 20, as described by Rodrigo et al.*® The Ms were made
of poly(lactic-co-glycolic acid) (PLGA) according to the oil
in water emulsion solvent extraction—evaporation technique
previously described by Garcia-Herranz et al.®* and were
prepared by the Innovation, Therapy and Pharmaceutical
Development in Ophthalmology (InnOftal) Research Group
(Faculty of Pharmacy, Complutense University of Madrid,
Spain). All OHT injections were performed in the right eye
under surgical conditions: controlled temperature, topical
tetracaine (1 mg/mL + oxibuprocaine 4 mg/mL) eye drops
(Anestesico doble Colirccusi, Alcon Cusi SA, Barcelona,
Spain) and intraperitoneal (60 mg/kg of ketamine + 0.25
mg/kg of dexmedetomidine) anesthetic. Afterward, the rats
were left to recover in an enriched 2.5% oxygen atmosphere
and were treated with antibiotic ointment (erythromycin
5 mg/g [Oftalmolosa Cusi eritromicina, Alcon Cusi SAJ).
The Ms20/10 were injected at baseline and at weeks 2, 4,
8, 12, 16, and 20. Episcleral injections were administered
biweekly if the IOP was less than 20 mm Hg. Animal weight
during the study was similar to that reported by the supplier
(Janvier-labs, Le Genest-Saint-Isle, France). Glaucoma induc-
tion did not alter the morphometric weight parameter versus
healthy animals. No correlation studies were carried out
between body weight and retinal loss since these parame-
ters have been previously demonstrated—by means of data
standardization—to be independent. !

Ophthalmologic Clinical Evaluation

IOP measurements were recorded weekly, using a rodent-
specific rebound tonometer (Tonolab, TiolatOy, Helsinki,
Finland), under a sedative mixture of 3% sevoflurane gas
and 1.5% oxygen for less than 3 minutes as recommended.*?
The IOP value was obtained by averaging three consecutive
measurements, taken from the average of 6 rebounds.
Optical coherence tomography (OCT) (OCT Spectralis,
Heidelberg Engineering, Germany) was used to quantify the
neuroretinal structure in vivo, using a contact lens adapted to
the rat’s cornea in order to obtain higher quality recordings.
The retina posterior pole, retinal nerve fiber layer (RNFL),
and ganglion cell layer (GCL) protocols were used 3414344
All of them measured a 3-mm-diameter area centered on the
optic disc using 61 b-scans, and subsequent follow-up exam-
inations were performed at this same location using eye-
tracking software and a follow-up application. The retina
posterior pole protocol analyzed the thickness from the
inner limiting membrane to the retinal pigment epithelium
divided into the 9 Early Treatment Diabetic Retinopathy
areas,™ which included a central 1-mm circle centered on
the optic disc (no fovea exists in rats), and inner (infe-
rior, superior, nasal, temporal) and outer (inferior, superior,
nasal, temporal) rings measuring 2 and 3 mm in diameter,
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respectively, as well as total volume; the RNFL protocol
analyzed the thickness from the inner limiting membrane to
the GCL boundaries divided into 6 sectors (inferotemporal,
inferonasal, superotemporal, superonasal, nasal, and tempo-
ral); and the GCL protocol analyzed from the RNFL to the
inner nuclear layer boundaries within the Early Treatment
Diabetic Retinopathy areas.

ERG (Roland consult RETIanimal ERG, Germany) was
used to quantify neuroretinal functionality using the
scotopic full-field ERG and the light-adapted photopic
negative response protocols. The scotopic ERG test was
performed after 12 hours of dark adaptation and the eyes
were prepared to full dilatation using topical eye drops
containing tetracaine 1 mg/mL + oxibuprocaine 4 mg/mL
(Anestesico doble Colirccusi, Alcon Cusi SA) and mydri-
atics (tropicamide 10 mg/mL, phenylephrine 100 mg/mL
[Alcon Cusi SA)). Eyes were lubricated with hypromellose 2%
(Methocel OmniVision, Puchheim, Germany). Active elec-
trodes were placed on the cornea, references were placed
at both sides under the skin, and the ground electrode was
placed near the tail. Electrode impedance with a difference
of less than 2 k2 between electrodes was accepted.

Both eyes were tested simultaneously using a Ganzfeld
Q450 SC sphere with white LED flashes for stimuli, and 7
steps with increasing luminance intensity and intervals were
performed (rod response: step 1: —40 dB, 0.0003 cds/m?, 0.2
Hz [20 recordings averaged]; step 2: —30 dB, 0.003 cds/m?,
0.125 Hz [18 recordings averaged]; step 3: -20 dB, 0.03
cds/m?, 8.929 Hz [14 recordings averaged]; step 4: —20 dB,
0.03 cds/m?, 0.111 Hz [15 recordings averaged]; step 5: 10
dB, 0.3 cds/m?, 0.077 Hz [15 recordings averaged]; mixed
rod-cone response: step 6: 0 dB, 3.0 cds/m?, 0.067 Hz [12
recordings averaged]; and oscillatory potentials: step 7: 0 dB,
3.0 cds/m?, 29.412 Hz [10 recordings averaged]). The
photopic negative response protocol was performed after
light adaptation to a blue background (470 nm, 25 cds/m?),
and a red LED flash (625 nm, -10 dB, 0.30 cds/m?, 1.199 Hz
[20 recordings averaged]) was used as stimulus. Latency (in
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milliseconds) and amplitude (in microvolts) were studied in
a, b and photopic negative response waves.

OCT tests were performed at baseline, 8 weeks, 12 weeks,
18 weeks, and 24 weeks; ERG tests were performed at
baseline, 12 weeks, and 24 weeks, both under intraperi-
toneally administered anesthesia (60 mg/kg of ketamine +
0.25 mg/kg of dexmedetomidine, as mentioned above for
ocular injections). A trained, masked researcher rejected
or manually corrected the recordings if the algorithm had
clearly failed.

Statistical Analysis

Data from this longitudinal study were recorded in an Excel
database and statistical analysis was performed using SPSS
software version 20.0 (SPSS Inc., Chicago, IL). To assess
sample distribution, the Kolmogorov-Smirnov test was used;
however, given the nonparametric distribution of most of
the data, the Mann-Whitney U test was performed to eval-
uate the differences between both cohorts, and a paired
Wilcoxon test was used to compare the changes recorded
in each eye over the 24-week study period. All values were
expressed as means + standard deviations. Values of P <
0.05 (expressed as *) were considered to indicate statisti-
cal significance, and the Bonferroni correction for multiple
comparisons was calculated to avoid a high false-positive
rate. The level of significance for each variable was estab-
lished based on Bonferroni calculations (expressed as *).

RESULTS
10P

Both OHT models showed an increase in IOP over follow-
up, which occurred earlier and more abruptly in the epis-
cleral sclerosis model. Males in both OHT models, but espe-
cially the episcleral model, showed statistically significant
higher IOP measurements than females (Fig. 1 and Supple-
mentary Table S1).

Ms 20/10 M
—EPImM

Ms 20/10 F
--EPImF

TIME (w)

2 16 20 24

IOP curve in both sexes and chronic glaucoma models over follow-up. EPIm, episcleral sclerosis model; Ms 20/10, microsphere

20/10 model; M, male; F, female. #P < 0.020, for Bonferroni correction for multiple comparisons.

Downloaded from iovs.arvojournals.org on 10/14/2021

105



Investigative Ophthalmology & Visual Science

Influence of Sex on the Neuroretina in Chronic Glaucoma

RETINA Thickness (pum) OCT

280 50

270

RNFL Thickness (pm) OCT

IOVS | October 2021 | Vol. 62 | No.13 | Article 9 | 4

GCL Thickness (pm) OCT
—EPIm MALE

5 -- EPIm FEMALE

30

260 40 20
250
240 TIME (W) 5 TIME (W) 4o TIME (w)
0 8 12 18 24 0 8 12 18 24 0 8 12 18 24
280 RETINA Thickness (pm) OCT so RNFL Thickness (pm) OCT 3 GCL Thickness (pm) OCT
—Ms20/10 MALE
-~ Ms20/10 FEMALE
204 | s #mN ] s
260 40 20

250

T TIMEW) 30
24 0 8

240

12

18

12

TIME (w)
24

TIME (W) 19

18 24 ] 8 12 18

FiGure 2. Structural analysis of the neuroretina using OCT in both sexes and chronic glaucoma models. EPIm, episcleral sclerosis model;
Ms 20/10, microsphere 20/10 model; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer complex;

average thickness in microns (um).

Structural Neuroretinal Analysis by in VIVO OCT

Neuroretinal thickness in males and females was quantified
over the study in both chronic glaucoma models (see Supple-
mentary Tables S2 and S3). Males in the episcleral sclero-
sis model had greater retinal thickness (but similar RNFL
and GCL) than females at the end of the study. Moreover,
males showed greater fluctuations in retina posterior pole
and RNFL thickness than females, which exhibited a progres-
sive and sustained decrease in all three OCT parameters.
However, these features were not observed in the Ms20/10
model, in which males had lesser thicknesses and females
exhibited greater fluctuations in RNFL (Fig. 2).

The percentages of thickness loss in both sexes and both
chronic glaucoma models were then analyzed and compared
over the study. As can be seen in Figure 3, the percentage
of RNFL thickness loss was greater in males in both OHT
models. It was also greater in the GCL and retina posterior
pole in the Ms20/10 model, reaching statistical significance
at an early stage (week 8). Interestingly, increased retina
posterior pole thickness was found in males in the episcleral
sclerosis model.

Although perceptual loss of OCT thickness in each sector
was also analyzed to identify a sex-dependent neuroretinal
degeneration pattern, no obvious pattern was found. Both
chronic glaucoma models and sexes lost more (on aver-
age) in the inner retina posterior pole and GCL sectors and
in the superior-inferior axis sectors in the RNFL. Further-
more, losses in contiguous sectors were found in females in
the Ms20/10 model. The patterns of degeneration found are
shown in Figure 4.

To standardize the neuroretinal loss, the right eye loss
rate per day and the millimeters of mercury of increased
IOP each week were calculated from the average of all
OCT sectors and expressed in micrometers per millimeters
of mercury per day. The parameter most affected in both
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OHT models per millimeter of mercury increase was GCL
followed by RNFL and, finally, retina posterior pole. In the
Ms20/10 model, both sexes showed a similar rate of GCL
loss over time; in the episcleral sclerosis model, a similar loss
rate was only observed in the later stages. This feature was
also observed in retina posterior pole, although males in the
episcleral sclerosis model experienced an inverted loss rate
in the early stages. RNFL was the parameter that exhibited
widest variations between sexes and models. At the end of
the study (week 24), the loss rate in the episcleral sclerosis
model was similar between sexes; however, in the Ms20/10
model females showed a slightly lower loss rate than males
(Fig. 5).

Functional Neuroretinal Analysis by in VIVO ERG

In the episcleral sclerosis model, males exhibited statisti-
cally significant lower scotopic ERG signals at week 12; in
the Ms20/10 model, no differences by sex were found. In
the light-adapted photopic negative response test explor-
ing RGC functionality the males showed a clear tendency
to produce worse measurements in both chronic glaucoma
models up to week 24. Lower recordings were measured in
both models over time, with the episcleral sclerosis model
producing the lowest values (see Fig. 6).

DISCUSSION

Several models have been developed for the study of glau-
coma. However, the results regarding neurodegeneration
differ among different groups, and it has been proposed
that this may be due to the use of different animals, animal
strains, amounts of injected solution, injection times, and
even particle sizes when using microbeads.®®4” However,
until now, no study considered sex as an influential factor
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FiGure 3. Percentage neuroretinal structure loss measured using OCT in both sexes and chronic glaucoma models over 24 weeks of follow-
up. EPI, episcleral sclerosis model; Ms20/10, microsphere 20/10 model; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer complex;

M, male; F, female.

in glaucomatous degeneration (Table). In fact, most stud-
ies employed only one sex and, when males and females
were used together, differences between sexes were not
analyzed.®®-®2 Glaucoma is a neurodegenerative disease in
which associations with another neurodegenerative diseases
that are influenced by sex, such as Alzheimer’s disease, have
been found 384

Given the lack of knowledge about the influence of sex
in glaucoma, and given current needs,* the purpose of our
study was to investigate the existence of differences between
males and females in 2 animal models of glaucoma (sclerosis
of episcleral veins and injection of PLGA microspheres in the
anterior chamber of the eye).

As stated elsewhere in this article, IOP is the main
risk factor for development and worsening of glaucoma-
tous pathology. Several glaucoma models have been devel-
oped to induce increased IOP. The episcleral sclerosis model
produces very high pressures at early stages, leading to
faster neuroretinal degeneration. However, the microsphere
model, in which it is possible to modify injection frequency,
allows for modulation of the hypertensive curve, thereby
achieving a slower and more progressive IOP increase,*
as is consistent with our results. Our results also showed
that females exhibit lower IOP levels than males in both
models. A possible explanation for this finding is the pres-
ence of estrogenic receptors in the trabecular meshwork
and endothelial cells that regulate NO synthase, these being
responsible for increased vasodilation and a lower IOP.*
Therefore, females may also benefit from a protective effect
in OHT. However, both sexes suffered from higher IOP in the
episcleral model. This finding may be due to the induction
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method itself, because hypersaline solution is injected into
the episcleral veins and, via a retrograde pathway, reaches
the trabecular meshwork and may even opacify the lens as
evidence of the solution entering the eye.?” The hyperos-
motic effect could damage the endothelial cells, altering the
effect of the NO synthase and eliminating, at least partially,
the protective effect exerted by estrogen on the vasodilation-
mediating enzyme (NO synthase) and increasing IOP in both
sexes. In contrast, mineralocorticoid receptors have been
found in the iris, ciliary body, endothelial cells, and even
in the neuroretina and pigmentary epithelium.*’ In addi-
tion to an NaCl imbalance (as with 1.8 M NacCl solution),
aldosterone is upregulated and binds to the mineralocorti-
coid receptors, causing endothelial dysfunction and vascu-
lopathy.®® However, because this damage would not occur
so abruptly with the injection of microspheres, it seems that
the OHT-inducing method could influence the results differ-
ently by sex.

As the increase in IOP produces neuroretinal degen-
eration, an OCT-based study was designed to evaluate
the changes in the neuroretina over time. This technol-
ogy allows consecutive re-explorations while decreasing the
number of euthanized animals. In addition, several stud-
ies have shown an adequate correlation between OCT and
immunocytochemistry and ERG.*7°! The OCT recordings
were performed from baseline with first re-exploration at 8
weeks of follow-up (corresponding to 12 weeks of rat life).
At this age, development and growth of the retina end and
the retina reaches maturity.”?

In a previous article, we demonstrated that the episcle-
ral sclerosis model induced a more aggressive retinal glial
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FiGure 4. Neuroretinal percentage loss in OCT sectors and loss trend averaged over 24 weeks of follow-up. R, retina; C, central, II, inner
inferior; OI, outer inferior; IS, inner superior; OS, outer superior; IN, inner nasal; ON, outer nasal; IT, inner temporal; OT, outer temporal;
IT, inferior temporal; IN, inferior nasal; ST, superior temporal; SN, superior nasal; N, nasal; T, temporal; EPIm, episcleral sclerosis model;
Ms20/10, microsphere 20/10 model; TV, total volume; I, inferior; S, superior; N, nasal; T, temporal; >, greater loss than; ~, similar; M, male;
F, female.
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FiGure 5. Neuroretinal loss rate measured using OCT in both sexes and chronic glaucoma models. EPIm, episcleral sclerosis model; Ms20/10,
microsphere 20/10 model; M, male; F, female.
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reaction than the microsphere model.** However, differences
between the sexes were not evaluated. This article now
shows that these differences are mainly found in males. It
seems that the glaucoma-inducing method could also influ-
ence sex-dependent neurodegeneration. Our results showed
a significant increase in retinal thickness in males at week
12 (which decreased at week 18 and increased again at
week 24) in the episcleral sclerosis model; it did not occur
in females and did not occur in the Ms20/10 model. These
fluctuations* may be due to greater immune infiltration®®
or increased glia sensitivity to hydroelectrolytic or vascu-
lar changes, especially in males. A potential transfer of
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hyperosmotic solution to the posterior pole could have
upregulated aldosterone. It has been demonstrated that
the systemic administration of aldosterone decreases RNFL
thickness under ocular normotensive conditions, and that it
was counteracted by the antagonist, spironolactone.”® In this
sense, Takasago et al.”> found a significant negative corre-
lation between the aldosterone levels in plasma and the
number of RGCs, which decreased earlier on the periph-
ery and later in central sectors. However, these authors
only analyzed males in their study. The mineralocorticoid
receptors of the neuroretina and pigment epithelium act
in retinal/choroidal homeostasis by balancing sodium and
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reabsorbing the fluid,”® but mineralocorticoid receptor over-
activation could induce damage that has been linked to
central serous chorioretinopathy.”” Central serous chori-
oretinopathy courses with increased capillary permeabil-
ity and pressure in choroidal vessels®® that increase reti-
nal thickness and cause edema. Moreover, this patholog-
ical entity is oddly more prevalent in males. Testosterone
increases the risk of central serous chorioretinopathy with
increased retinal thickness, and its improvement with finas-
teride has been demonstrated.”” According to the facts
mentioned elsewhere in this article, bimonthly injections
with hyperosmolar solution for 6 months could overacti-
vate mineralocorticoid receptors and increase retinal thick-
ness, although no evident edema was detected by OCT. In
contrast, it is known that glial cell edema (which is also
present in glaucoma) is produced by intracellular Na over-
load (which could be aggravated by the hyperosmotic solu-
tion). In both models, a similar pattern of RNFL fluctuation
was detected, with increases in thickness at 12 and 24 weeks
after induction of the increased IOP. Increases in thickness
owing to immune infiltration* or edema have been detected
before cell death.'® In our episcleral sclerosis model results,
fluctuations in RNFL were observed in males, but it seems
that premenopausal females counteracted it. In this regard,
Neuman et al.'°! showed that sex steroids such as proges-
terone inhibit the swelling of glial cells. The suggestion
therefore is that the episcleral sclerosis model would affect
males more. In contrast, in the Ms20/10 model a greater
fluctuation occurred in females. This suggests that sex influ-
ences axonal damage (measured as RNFL thickness change)
depending on whether the hypertensive Noxa is pretrabecu-
lar (Ms 20/10 model) or post-trabecular (episcleral sclerosis
model), although other unknown factors may also exert an
influence.

Furthermore, O’Steen et al.'°> demonstrated in rats that,
in a situation of chronic stress, retinal thickness (especially
in the outer layers) decreased significantly in both sexes,
although males lost more than females. The degeneration
began on the periphery and later affected the inner sectors.
Previous OCT studies by our group found damage at an
earlier stage in the outer retinal sectors and affectation of
the inner sectors over the follow-up.>% In this study, the
degeneration pattern showed greater loss (on average) in the
inner sectors, which could be explained by greater damage
or could be a consequence of the averaged result already
including the inner sectors.

Estrogens have demonstrated a neuroretinal protective
effect,'2:31-3% a5 has progesterone in attenuating microglial-
driven neurodegeneration,'”® and our results showed that
females experienced less neurodegeneration in all param-
eters in the Ms20/10 model as well as in the RNFL in
the episcleral sclerosis model. O’Steen'®® proposed that
17B-estradiol was to protect photoreceptors from light
damage and Chaychi et al.® showed greater functionality in
premenopausal female rats than in males. We found simi-
lar results even with OHT Noxa in the episcleral sclerosis
model, as the females had greater amplitudes in the scotopic
ERG. Interestingly, even when the percentage loss of GCL in
the episcleral sclerosis model was similar between sexes (or
even slightly higher in females), ERG, and photopic nega-
tive response functionality were better preserved in females
than in males, indicating better synaptic function in females.
In this regard, neurosteroids (such as estrogens) synthe-
sized in the retina have been reported to modulate the
gamma-aminobutyric acid and glutamate receptors interven-
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ing in the synaptic function,®® and estrogens have shown
an improvement in synaptic functionality in neuroretinal
models. Nevertheless, our results partially contradict the
results of other authors who claim that RGC dysfunction
occurs earlier and progressively preceding cell death. It is
worth mentioning that these studies were carried out with
monkeys (sex was not mentioned), and with male rats.!* In
our study, the same outcomes were found in males, but not
in females. Thus, there could be a lag, or maintenance of the
function and/or nonidentical sequence in females.

A study in humans with POAG showed that photopic
negative response was decreased in the early stages of the
disease. Patients showed lower photopic negative response
amplitude with the decrease in visual field sensitivity, which
was correlated with the vertical cupping/disc ratio. However,
no differences were found between the sexes.'” Neverthe-
less, the results from our study showed that females exhib-
ited greater photopic negative response amplitudes than
males in both models.

In a previous study*! analyzing differences in neurode-
generation in healthy Long-Evans rats by age and sex, we
found that males had higher IOP by the end of the study
(7 months of age), exhibited greater neuroretinal thick-
ness but higher structural percentage loss, and had worse
dark- and light-adapted function than females. These facts
served as hypotheses for this article analyzing whether sex
could also influence the findings in the OHT models stud-
ied. Moreover, as mentioned elsewhere in this article, the
episcleral sclerosis model and Ms 20/10 models induce
differing extents of damage at different stages of the study.
episcleral sclerosis model showed earlier damage than the
Ms20/10 model*® This study constitutes a step forward;
indeed, analyzing data by sex has been essential to detecting
changes that would have otherwise gone unnoticed. If sex
had not been considered, the average of both the male and
female curves would have been taken, masking differences
that would not be statistically significant in the structural
and functional tests owing to an underestimation or overes-
timation of results (in males and females, respectively) that
would counteract each other. Similarly, if the OHT model
had not been considered separately, we would be facing
the same dilemma owing to underestimation or overestima-
tion (episcleral sclerosis model and Ms 20/10 model, respec-
tively) of the thicknesses and electrical responses, ignor-
ing differences existing since intermediate stages of the
study. This argument would also apply to the analysis of
the response to potential neuroprotective and hypotensive
drugs. Therefore, we demonstrate that Noxa type and sex
are important factors in glaucoma onset and progression.

Our group is aware of the main limitation of this study,
which is the absence of histologic analysis, even when OCT
is a reliable method, so it would be beneficial to support
our results with histologic studies. Furthermore, hormone
levels were not measured, and our animals did not reach
senescence, which is when the prevalence of glaucoma rises,
especially in women. It would therefore be advantageous to
study more advanced ages in future research.

In conclusion, to our knowledge this study is the first
to analyze the influence of sex in 2 different animal
POAG models. Our results showed different patterns of
degeneration and different loss rates between males and
females in the same hypertensive model and also between
different models. Premenopausal females exhibited lower
IOP and less neuroretinal damage in glaucoma than age-
matched males. Differences or discrepancies in the results of
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previous studies could be due in part to a sex bias, as well
as to the OHT-inducing model used. It would be beneficial
to consider both sex and the OHT-inducing model in future
studies when evaluating both hypotensive and neuroprotec-
tive therapies, since our results suggest that premenopausal
females maintained a protective effect in relation to OHT and
the therapeutic outcomes could be overestimated or under-
estimated.
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ARTICLE INFO ABSTRACT

Keywords: The objective was to evaluate ocular changes based on sex in steroid-induced glaucoma models in rats comparing
Sex healthy controls, over 24 weeks follow-up. Eighty-nine Long—Evans rats (38 males and 51 females) with steroid-
Glaucoma

induced glaucoma were analysed. Two steroid-induced glaucoma models were generated by injecting poly-co-

g:g::?ig;x::::s lactic-glycolic acid microspheres loaded with dexamethasone (MMDEX model) and dexamethasone-fibronectin
Déxaniethisose (MMDEXAFIBRO model) into the ocular anterior chamber. Intraocular pressure was measured by rebound
Corticosteroid tonometer Tonolab®. Neuroretinal function was analysed using dark- and light-adapted electroretinography
Fibronectin (Roland consult® RETIanimal ERG), and structure was analysed using optical coherence tomography (OCT
Spectralis, Heidelberg® Engineering) using Retina Posterior Pole, Retinal Nerve Fibre Layer and Ganglion Cell
Layer protocols over 24 weeks. Males showed statistically (p < 0.05) higher intraocular pressure measurements.
In both sexes and models neuroretinal thickness tended to decrease over time. In the MMDEX model, males
showed higher IOP values and greatest percentage thickness loss in the Ganglion Cell Layer (p = 0.015). Females
receiving MMDEXAFIBRO experienced large fluctuations in thickness, a higher percentage loss (on average) in
Retina Posterior Pole (p = 0.035), Retinal Nerve Fibre Layer and Ganglion Cell Layer than aged-matched males,
and the highest thickness loss rate by mmHg. Although no difference was found by sex in dark- and light-adapted
electroretinography, increased amplitude in photopic negative response was found in MMDEX males and
MMDEXAFIBRO females at 12 weeks. Although both glaucoma models used dexamethasone, different intraoc-
ular pressure and neuroretinal changes were observed depending on sex and other influential cofactors (fibro-

nectin). Both sex and the induced glaucoma model influenced neuroretinal degeneration.
1. Introduction Institute (NEI) reported overall higher prevalence of glaucoma in fe-
males (2.21% in females vs. 1.67% in males), which was attributed to
Primary open-angle glaucoma (POAG) is a neurodegenerative optic longer life expectancies in women and disadvantages in socio-
pathology causing blindness. Around 60 million people around the economic/health beliefs (Quigley and Broman, 2006; Vajaranant et al.,
world currently suffer from this pathology. By 2040, glaucoma is fore- 2010). Women are more affected by all types of glaucoma (around 55%

cast to affect 111.8 million people (Tham et al., 2014). The National Eye of POAG in 2010) (Vajaranant et al., 2010; Quigley and Broman, 2006).
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Moreover, in ocular research the consistency across laboratories, animal
models, and various injury models supports the idea of menopause as a
sex-specific risk factor for developing glaucoma (Douglass et al., 2023).
However, several studies and meta-analyses of the prevalence of POAG
have consistently shown men to be 1.36 to 1.37 times more likely than
women to have POAG after adjusting for age, race, and study design
(Tham et al., 2014; Rudnicka et al., 2006; Chan et al., 2016, 2017).

The progressive death of retinal ganglion cells (RGCs) can be caused
by an increase in intraocular pressure (IOP) (Matlach et al., 2018), (“The
Advanced Glaucoma Intervention Study: 7, 2000. The relationship be-
tween control of intraocular pressure and visual field deterioration,”
2000) IOP is the biggest modifiable risk factor for developing glaucoma.
Male sex and age were associated to higher IOP in a large cohort, after
adjusting for confounders (Chan et al., 2016). However, there are other
non-modifiable risk factors such as race, or family history of glaucoma
(Hollands et al., 2013). Glucocorticoids (GCs), such as dexamethasone,
can raise IOP, leading to steroid-induced glaucoma (SIG) (Razeghinejad
and Katz, 2012), which shares some characteristics with POAG. (Chan
et al., 2019; Fini et al., 2017; Phulke et al., 2017). Chronic exposure to
GCs also exerts a negative effect on neurons by exacerbating the damage
caused by amyloid deposition or glutamate, leading to dendritic
retraction, maladaptive glial cell alterations and neuron damage or loss
(Vyas et al., 2016).

Ophthalmic research data on sex differences in glaucoma are still
relatively scarce (Rodrigo et al., 2021a,b,c,d). Moreover, although the
eye has been considered a sex-neutral organ, nowadays there is litera-
ture evidence suggesting that multiple cell types within retina express
different estrogen receptors and different responsitivity to sex hormones
(Kobayashi et al., 1998; Wickham et al., 2000). Until now, increased risk
of POAG has been posited in conjunction with low estrogenic exposure
due to the reduced protective effect of the estrogens in the eye (Nuzzi
et al., 2018; Shin et al., 2018). Estrogens reduce vascular resistance,
which increases blood flow in the optic nerve and retina (Schmidl et al.,
2015). Estrogens also protect the extracellular matrix (Zalewski et al.,
2012) of the trabecular meshwork and lamina cribrosa, and in animal
studies (Nakazawa et al., 2006; Pietrucha-Dutczak et al., 2018) they act
as an endogen neuroprotector maintaining RGC viability and intra-
retinal synapsis even under conditions of ocular hypertension (OHT)
(Lambert et al., 2017; Prokai-Tatrai et al., 2013). Moreover, estrogens
can mitigate the negative effects of GCs on neurons by up-regulating the
GC receptors, thereby reducing the exposure time to GCs (Ycaza Herrera
and Mather, 2015). It has been suggested that sex could even modulate
sensitivity to GCs and the action and potency of GCs in a murine model
with hyperreactivity (Corteling and Trifilieff, 2004).

In addition to the ethical issues, sex equality in animal studies is now
recommended as part of an increasing interest in the influence of sex on
aging and immune-linked pathologies such as Alzheimer’s disease or
glaucoma, in which females are more frequently affected (Cascio et al.,
2015; Klein and Flanagan, 2016). Previous clinical trials produced
biased information, as it was recommended that females be excluded
(Klein and Flanagan, 2016).

In order to broaden understanding of the influence of sex in glau-
coma, in a previous study our group used two ocular hypertensive
models (Rodrigo et al., 2021a,b,c,d) to show that premenopausal female
rats experience structural and functional neuroprotection at an early
phase of chronic glaucoma. This paper is the first study that also ana-
lyses the influence of sex on chronic SIG by measuring IOP and the
structure and function of rat neuroretinas in two different SIG models
(Aragon-Navas et al., 2022; Rodrigo et al., 2021a,b,c,d).

2. Material and methods
2.1. Animals

Based on a preliminary study we calculated the sample size needed to
detect differences of at least 5 pm in thickness measured by OCT
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(average thickness of the retinal nerve fiber layer), applying a bilateral
test with a 5% risk and f 10% risk (i.e., with a power of 90%). The male/
female ratio was determined to be 0.5. From these data it was concluded
that at least 72 eyes (36 from male rats and 36 from female rats) would
be necessary. Finally, we included a total of 89 eyes in each group (38
males and 51 females) to increase the power of the study. In addition, 95
extra animals were used as controls.

The work with animals was approved by the Ethics Committee for
Animal Research (PI34/17) and was carried out at the Biomedical
Research Centre of Aragon (CIBA) in strict accordance with the Asso-
ciation for Research in Vision and Ophthalmology’s Statement for the
Use of Animals in Ophthalmic and Vision Research. Long-Evans rats
aged 4 weeks old and weighing 50-100 g at the beginning of the study
were housed in standard cages with environmental enrichment and
water and food ad libitum and were kept under animal welfare conditions
(e.g., 12-h dark-light cycled room at a temperature of 22 °C and at 55%
relative humidity). Both sexes were used. The male-to-female ratio (40%
males/60% females) was based on the space allowance of our facilities
and to preserve the European animal welfare regulations. To keep the
animals in groups throughout the study, and to avoid isolated animals, 3
females and 2 males were placed separately in each cage.

A total of 89 animals (38 males [M] and 51 females [F]) were used to
generate two different SIG models by injecting into the anterior chamber
of the rat eyes a 2-puL suspension of poly (co-lactic-glycolic acid) (PLGA)
microspheres (Ms) with size fractions (10-20 pm) and loaded with ste-
roid, to induce ocular hypertension (OHT). Forty-three animals (20 M
and 23 F) received Ms loaded with dexamethasone (10% w/v; MMDEX)
(Rodrigo et al., 2021a,b,c,d), and 46 animals (18 M and 28 F) received
Ms co-loaded with dexamethasone and fibronectin (10% w/v;
MMDEXAFIBRO) (Aragon-Navas et al., 2022). On the other hand, a total
of 95 animals were used as controls. Ten animals (4 M and 6 F) received
into the anterior chamber of the eyes a 2-pL suspension of 20/10-sized
non-loaded PLGA Ms at baseline with the aim of demonstrating that
the IOP increase and neurodegeneration in the SIG models were due to
the effect of dexamethasone and not to the volume injected. And another
85 healthy animals (31 M and 54 F) did not receive any kind of injection
or surgical intervention.

The Ms were obtained from the Ophthalmology Innovation, Therapy
and Pharmaceutical Development (InnOftal) Research Group (Faculty of
Pharmacy, Complutense University of Madrid, Spain). Non-loaded Ms
produce a physical blockage of aqueous humor outflow (Rodrigo et al.,
2021a,b,c,d), but steroid-loaded Ms also exert a pharmacological effect
with alteration of the trabecular meshwork (Aragon-Navas et al., 2022;
Rodrigo et al., 2021a,b,c,d). Spherical, non-porous surfaced PLGA Ms
non-loaded 20-10 pm size fraction were obtained using the oil-in-water
(O/W) emulsion solvent extraction-evaporation technique, as described
(Garcia-Herranz et al., 2021). The loaded Ms (MMDEX) (Rodrigo et al.,
2021a,b,c,d) were also obtained by applying the solvent
extraction-evaporation method to an oil-in-water (O/W) emulsion,
obtaining non-porous surfaces. The co-loaded Ms (MMDEXAFIBRO)
(Aragon-Navas et al., 2022) were prepared via water-in-oil-in-water
(W/O/W) double emulsion technique, which showed small surface
pores. Dexamethasone loading was approximately 60 pg Dex-
amathasone/mg Ms for the MMDEX and approximately 72 pg Dex-
amethasone/mg Ms for the MMDEXAFIBRO with sustained release of
glucocorticoids. Fig. 1 summarizes the methodological preparation of
microspheres for both SIG models. For a more detailed description of
these loaded Ms, see previous studies published by the research group.

All the OHT injections were performed in the right eye (RE) using a
10-pL Hamilton® syringe and glass micropipette under surgical and
temperature-controlled conditions and included topical tetracaine (1
mg/ml + oxybuprocaine 4 mg/ml) eye drops (Anestesico doble Col-
ircusi®, Alcon Cusi® SA, Barcelona, Spain), gas anaesthetic (mixture of
3% sevoflurane gas and 1.5% oxygen), and subcutaneous analgesia
(dilution 1/10 of buprenorphine; 0.05 mg/kg). Afterwards the rats were
left to recover in an enriched 2.5% oxygen atmosphere and antibiotic
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Fig. 1. Methodology for the elaboration of microspheres for the steroid induced glaucoma models. Abbreviations: MMDEX: model for microspheres loaded with
dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with dexamethasone and fibronectin; DEX: dexamethasone; FN: fibronectine.

ofloxacin (3 mg/ml) (Exocin Colircusi®, Alcon Cusi® SA, Barcelona,
Spain) eye drops were administered. The MMDEX Ms were injected at
baseline and week 4 but the MMDEXAFIBRO Ms were only injected at
baseline in order to produce a mild and sustained increase in IOP.

2.2. Ophthalmological clinical evaluation

The methodology was deeply as described in (Aragon-Navas et al.,
2022; Rodrigo et al., 2021a,b,c,d), as summary:
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Right eye’s intraocular pressure (IOP) measurements were recorded
from both control cohorts at baseline, 4 (puberty onset), 8 (youth), 12
(early adulthood) and 24 (adult middle age) weeks, and from both SIG
models at baseline, 2, 4, 6, 8, 12, 18, and 24 weeks by Tonolab®
tonometer under a sedative mixture of 3% sevoflurane gas and 1.5%
oxygen for less than 3 min as recommended (Ding et al., 2011). No eye
drops were used for measuring as recommended by the manufacturer
(Tonolab, Tiolat Oy, Helsinki, Finland). IOP measurements were recor-
ded each day at the same time (in the morning, around 9 a.m.) to avoid
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Fig. 2. Work with animals. Abbreviations: SIG: steroid induced glaucoma; HEALTHY: control cohort; NON-LOADED PLGA MS: model for microspheres unloaded;
MMDEX: model for microspheres loaded with dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with dexamethasone and fibronectin; IOP:
intraocular pressure; OCT: optical coherence tomography; ERG: electroretinography.
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the fluctuation pattern due to the circadian cycle (Lozano et al., 2015).
The IOP value was the average of three consecutive measurements,
taken from the average of 6 rebounds. Fig. 2 summarized the work with
animals.

To quantify the neuroretinal structure in vivo, an optical coherence
tomography (OCT) device (OCT Spectralis, Heidelberg® Engineering,
Germany) was used in combination with a contact lens adapted to the
right eye’s rat cornea in order to obtain higher quality readings. OCT
measurements took around 3-4 min for each eye. The protocols used
were the Retina Posterior Pole (R), Retinal Nerve Fibre Layer (RNFL)
and Ganglion Cell Layer (GCL). All of them measured a 3 mm diameter
area centred on the optic disc (since rodents do not have a macula) via
61 b-scans. The Retina (thickness from the inner limiting membrane to
the retinal pigment epithelium) and the GCL (from the RNFL to the inner
nuclear layer boundaries) were measured. Both were divided into the 9
ETDRS areas (“Photocoagulation for Diabetic Macular Edema, 1985"),
which included a central (C) 1 mm circle centred on the optic disc (as
rats do not have a clear fovea) and the inner (inferior —II-, superior -IS—,
nasal -IN-, temporal -IT-) and outer (inferior —OI-, superior —OS, nasal
-ON-, temporal -OT-) rings measuring 2 and 3 mm in diameter, respec-
tively. Total volume (TV) was also measured. The RNFL protocol ana-
lysed the thickness from the inner limiting membrane to the GCL
boundaries, dividing it into 6 sectors (inferotemporal -IT-, inferonasal
-IN-, superotemporal -ST-, superonasal —-SN-, nasal -N- and temporal
-T-) (Fig. 3).

To quantify neuroretinal functionality, electroretinography (ERG)
(Roland consult® RETIanimal ERG, Germany) was used in conjunction

Average Thickness [ym]

Experimental Eye Research 238 (2024) 109736

with the scotopic full-field ERG and light-adapted Photopic Negative
Response (PhNR) protocols. The scotopic ERG test was performed after
12 h of dark adaptation and the eyes were fully dilated with topical eye
drops containing tetracaine (1 mg/ml + oxybuprocaine 4 mg/ml)
(Anestesico doble Colircusi®, Alcon Cusi® SA, Barcelona, Spain),
mydriatics (Tropicamide 10 mg/ml, Phenylephrine 100 mg/ml) (Alcon
Cusi® SA, Barcelona, Spain) and lubricated with hypromellose 2%
(Methocel® OmniVision, Germany). Active electrodes were placed on
the cornea, references were placed at both sides under the skin, and the
ground electrode was placed near the tail. Electrode impedance was
accepted with a difference <2 kQ between electrodes. Both eyes were
simultaneously tested using a Ganzfeld Q450 SC sphere with white LED
flashes for stimuli and seven steps of increasing luminance intensity and
intervals. The scotopic test examined rod response: phase 1: —40 dB,
0.0003 cd/m?, 0.2 Hz [20 recordings averaged]; phase 2: —30 dB, 0.003
cd/m?, 0.125 Hz [18 recordings averaged]; phase 3: —20 dB, 0.03 cd/
mz, 8.929 Hz [14 recordings averaged]; phase 4: —20 dB, 0.03 cd/mz,
0.111 Hz [15 recordings averaged]; phase 5: —10 dB, 0.3 cd/mz, 0.077
Hz [15 recordings averaged]; mixed rod—cone response: phase 6: 0 dB,
3.0 cd/m?, 0.067 Hz [12 recordings averaged]; and oscillatory poten-
tials: step 7: 0 dB, 3.0 cd/m? 29.412 Hz [10 recordings averaged]). The
PhNR protocol was performed after light adaptation to a blue back-
ground (470 nm, 25 cd/mz), and a red LED flash (625 nm, —10 dB, 0.30
cd/mz, 1.199 Hz [20 recordings averaged]) was used as stimulus. La-
tency (in milliseconds) and amplitude (in microvolts) were studied in a,
b and PhNR waves.

OCT tests were performed at baseline, 2, 4 (puberty onset), 6, 8

RETINA Thickness (um)
N (¢

Average Thickness [ym]

RNFL Thickness (um)

.

GCL Thickness (um)

Fig. 3. Representative images of the OCT protocols. Male rat (left) and female rat (right).
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(youth), 12 (early adulthood) 18 and 24 (adult middle age) weeks in
both SIG models (MMDEX and MMDEXAFIBRO), but at 12 and 24 weeks
in both control cohorts (non-loaded Ms and healthy). ERG tests were
performed in the four cohorts at baseline, 12 and 24 weeks. Both OCT
and ERG test conducted with intraperitoneal anaesthesia (a mixture of
60 mg/kg Ketamine + 0.25 mg/kg Dexmedetomidine). At least 5 ani-
mals, 2 males and 3 females explored at each study time. A trained
masked researcher rejected or manually corrected the readings if the
algorithm had clearly failed. No animal restrain was need for ERG and
OCT tests as the animals were intraperitoneally anesthetized.

2.3. Statistical analysis

Data from this longitudinal study were recorded in an Excel database
and statistical analysis was performed using SPSS software version 20.0
(SPSS Inc., Chicago, IL). To assess sample distribution, the Kolmogorov-
Smirnov test was used; given the parametric distribution, Student’s T
test was performed to evaluate the differences between the two cohorts’
male/female subjects followed by a Bonferroni correction. ANOVA was
used to analyse the IOP-Time curves and PhNR comparisons among
cohorts followed by Post hoc analysis. All values were expressed as mean
+ standard deviation. Values of p < 0.05 (expressed as *) were consid-
ered to indicate statistical significance and the Bonferroni correction for
multiple comparisons was calculated to avoid a high false-positive rate.
The level of significance for each variable was established based on
Bonferroni calculations (expressed as #). The images were created using
Power Point® and Biorender® softwares.

3. Results
The following results are always extracted from the right eye since

the steroid glaucoma models were induced on it. The contralateral left
eye was not used as control anytime.

35 1OP (mmHg)
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3.1. Intraocular pressure

In the four cohorts, both sexes experienced progressive increases in
IOP over time, even reaching ocular hypertension (OHT: >20 mmHg) in
the two SIG models (MMDEX at 8 weeks and MMDEXAFIBRO at 12
weeks). In contrast, in healthy animals only males, and in the cohort
injected with non-loaded Ms only females reached OHT at 24 weeks (28
weeks-of-age). More fluctuations in IOP were observed in SIG models,
based on microspheres (Fu et al., 2018). Male rats in both SIG models
and healthy controls reached higher OHT levels earlier than females.
Female rats presented lower measurements, especially in the
dexamethasone-loaded microsphere model. (Fig. 4).

3.2. Structural neuroretinal analysis using in vivo optical coherence
tomography (OCT)

Neuroretinal thickness was quantified in both sexes and in both
chronic SIG models (see Supplementary Tables S1 and S2). A decrease in
thickness was observed over the study in all cohorts. Fig. 5 shows the
longitudinal change in neuroretinal thickness in order to detect the
study times when the greatest sex differences occur. In control animals
statistically significant differences by sex were not found, but healthy
cohort which showed differences at the end of the study (week 24)
(Rodrigo et al., 2020). However, in both SIG models these differences
were found at earlier times. A fluctuation (measured as an increase in
thickness) was detected around week 12 in the cohorts with ocular in-
jections, especially in R and RNFL parameters and in MMDEXAFIBRO
cohort. While both sexes showed similar thickness pattern in the healthy
and MMDEX cohorts, females exhibited a larger peak in the MMDEX-
AFIBRO cohort (Fig. 5). Males tended to show greater R thickness over
time but lower RNFL and GCL thickness at the end of the study.

The percentage loss in thickness in both sexes and both control co-
horts and chronic SIG models over the study were analysed (Fig. 6). In

3 |OP (mmHg)

30
25
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BASELINE a 8 12 16 20 24

* 10P (mmHg) MMDEXAFIBRO

TIME (w)

BASELINE a 8 12 16 20 24

Fig. 4. Intraocular pressure (IOP) curve in both sexes and chronic steroid-induced glaucoma (SIG) models over 24 weeks of follow-up. Abbreviations: HEALTHY:
control cohort; NON-LOADED PLGA MS: model for microspheres unloaded; MMDEX: model for microspheres loaded with dexamethasone; MMDEXAFIBRO: model
for microspheres co-loaded with dexamethasone and fibronectin; IOP: intraocular pressure; m: male; f. female; w: weeks; arrows indicate the glaucoma-inducing
ocular injection; the blue horizontal line marks ocular hypertension; colored in blue for males and orange for females when reached >20 mmHg; Mean + stan-
dard deviation,*: statistical significance p < 0.05; #: statistical significance p < 0.020, for Bonferroni correction for multiple comparisons. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Structural analysis of the neuroretina using optical coherence tomography (OCT) in both sexes and chronic steroid-induced glaucoma (SIG) models. Ab-
breviations: non-loaded PLGA MS: model for the microspheres unloaded; MMDEX: model for microspheres loaded with dexamethasone; MMDEXAFIBRO: model for
microspheres co-loaded with dexamethasone and fibronectin; HEALTHY: control cohort; OCT: optical coherence tomography; RNFL: Retinal Nerve Fibre Layer; GCL:
Ganglion Cell Layer complex; average thickness in microns (pm); w: week; *: statistical significance p < 0.05.
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Fig. 6. Percentage neuroretinal structure loss measured using optical coher-
ence tomography (OCT) in both sexes and chronic steroid-induced glaucoma
(SIG) models over 24 weeks of follow-up. Abbreviations: non-loaded PLGA MS:
model for the microspheres unloaded; MMDEX: model for microspheres loaded
with dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with
dexamethasone and fibronectin; HEALTHY: control cohort; RNFL: Retinal
Nerve Fibre Layer; GCL: Ganglion cell layer complex; (%): percentage; OCT:
optical coherence tomography; M: male; F: female.

this way it is possible to identify the parameter, which as a whole pre-
sents more or less damage in SIG condition, and to be able to detect
differences between sexes. The RNFL was the parameter to suffer the
greatest los in both SIG models, followed by GCL and finally R. The
MMDEX cohort showed greatest percentage loss in RNFL (females p =
0.049) and GCL (males p = 0.015), while the MMDEXAFIBRO cohort
exhibited greatest loss in R (females p = 0.035) with statistical differ-
ences existing between sexes. As can be seen in Fig. 5, females in the
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MMDEXAFIBRO cohort experienced greater percentage losses in all the
explored parameters (R, RNFL and GCL) in averaged 24-week follow-up.

Perceptual loss of OCT thickness in each sector was also analysed to
identify a sex-dependent neuroretinal degeneration pattern. Males in
both SIG models exhibited the glaucoma ISNT (inferior > superior >
nasal > temporal) decrease trend in the RNFL, but this was not observed
in females. However, losses in contiguous sectors were found in females
in the MMDEXAFIBRO cohort. Both sexes showed higher percentage
losses in the outer sectors in the R, in the superior-inferior axis sectors in
the RNFL and in the inner sectors in the GCL (Fig. 7).

To standardize the neuroretinal loss in both sexes and SIG models,
the right eye loss rate per day and the IOP increase in mmHg per week
were calculated from all OCT sector averages and expressed in pm/
mmHg/day. This analysis allows evaluation of IOP-independent
degeneration, since for each mmHg increase in IOP, the parameter
showing greater damage will be due to non-IOP-dependent factors. The
most affected parameter by average mmHg increase was R > RNFL >
GCL. In the MMDEXAFIBRO cohort, females showed higher loss rates by
mmHg increase in every parameter and point in time explored (see
Fig. 8).

3.3. Functional neuroretinal analysis using in vivo electroretinography
(ERG)

No clear difference between sexes was found in the SIG models in the
scotopic ERG test at baseline throughout the follow-up (see Supple-
mentary Material 1). In contrast, among healthy animals females
exhibited higher signals at 12 weeks (Rodrigo et al., 2020). In the
light-adapted PhNR test, which explores retina ganglion cell function-
ality, no latency differences were found between sexes in either the
healthy cohort or any chronic SIG model. Healthy and control females
tended to maintain functionality (in amplitude), in contrast to males
who suffered greater loss at the end of the study (p > 0.05). However, in
both chronic SIG models functionality increased, especially at 12 weeks,
occurring in males in the MMDEX model and in females in the
MMDEXAFIBRO model (Fig. 9).
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Fig. 7. Neuroretinal percentage loss in OCT sectors from baseline and loss trend averaged over 24 weeks of follow-up in steroid-induced glaucoma (SIG). Abbre-
viations: MMDEX: model for microspheres loaded with dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with dexamethasone and fibronectin; M:
male; F: female; R: retina; C: central, II: inner inferior; OI: outer inferior; IS: inner superior; OS: outer superior; IN: inner nasal; ON: outer nasal; IT: inner temporal;
OT: outer temporal; RNFL: Retinal Nerve Fibre Layer; IT: inferior temporal; IN: inferior nasal; ST: superior temporal; SN: superior nasal; N: nasal; T: temporal; GCL:
(janglion Cell Layer complex; TV: total volume; I: inferior; S: superior; N: nasal; T: temporal; >: higher loss than.
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2w -0.144 -0.076 -0.037 -0.065 -0.018 -0.004 -0.195 -0.254 -0.083 -0.19 0.009 -0.02
aw -0.063 -0.048 -0.032 -0.043 -0.011 -0.003 -0.108 -0.147 -0.025 -0.071 -0.006 -0.011
6w -0.052 -0.032 -0.018 -0.024 -0.009 -0.004 -0.064 -0.159 -0.029 -0.089 -0.009 -0.02
8w -0.02 -0.034 -0.007 -0.019 -0.004 -0.004 -0.075 -0.141 -0.033 -0.063 -0.01 -0.019
12w -0.003 -0.011 -0.004 -0.017 -0.001 -0.005 -0.013 0.000 -0.001 0.01 -0.002 -0.001
18w -0.006 -0.019 -0.004 -0.012 -0.001 -0.003 -0.013 -0.027 -0.007 -0.014 -0.001 -0.004
24w -0.020 -0.026 -0.016 -0.038 -0.007 -0.009 -0.005 -0.012 -0.005 -0.006 -0.002 -0.002
average -0.044 -0.035 -0.016 -0.031 -0.007 -0.004 -0.067 -0.105 -0.026 -0.060 -0.003 -0.011

Fig. 8. Neuroretinal loss rate measured using optical coherence tomography (OCT) in both sexes and chronic glaucoma models. Abbreviations: MMDEX: model for
microspheres loaded with dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with dexamethasone and fibronectin; M: male; F: female; w: week;
RNFL: Retinal Nerve Fibre Layer; GCL: Ganglion Cell Layer complex.
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Fig. 9. Neuroretinal function measured using light-adapted photopic negative response (PhNR) in steroid-induced glaucoma (SIG) models and sexes over 24 weeks of
follow-up. Abbreviations: PhNR: photopic negative response; pV: microvolts; ms: milliseconds; blue background (470 nm, 25 cd s/m2), red LED flash (625 nm, —10
dB, 0.30 cd s/m2, 1.199 Hz [20 recordings averaged]) used as stimulus; non-loaded PLGA MS: model for the microspheres unloaded; HEALTHY: control cohort;
MMDEX: model for microspheres loaded with dexamethasone; MMDEXAFIBRO: model for microspheres co-loaded with dexamethasone and fibronectin; M: male; F:
female; Mean + standard deviation. Notice that at baseline only the healthy cohort was recorded, as all animals in all cohorts can be considered similar because no
animals had been injected for model induction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

4. Discussion this study was to analyse whether sex differences also appear in SIG by

means of two models: a model induced with dexamethasone and another

Based on the scarce studies on the influence of sex on ophthalmo-
logical pathology, and specifically in glaucoma, our objective was to
evaluate if sex influences glaucomatous neurodegeneration. A recent
meta-analysis of patients with POAG found that susceptibility to glau-
coma is higher in males (Zhang et al., 2021), although the overall
prevalence is higher in females because glaucoma is an aging-linked
disease and there is a higher prevalence of females in senescence
(Vajaranant et al., 2010). A previous study by this group found a pro-
tective role in females from a functional and structural perspective after
analysing two different induced ocular hypertensive animal models
simulating POAG (episcleral sclerosis model vs biodegradable micro-
spheres) and also found that the type of model used to induce the disease
influenced neurodegeneration (Rodrigo et al., 2021a,b,c,d). The aim of

model induced with a lower amount of dexamethasone but adding
fibronectin, an immunogenic protein involved in glaucoma (Roberts
et al., 2020). To our knowledge, no previous clinical or animal study has
addressed this issue.

An increase in IOP was observed in both control cohorts at 24 weeks
(adult middle age) coinciding with previous ageing studies involving
rodents (Rodrigo et al., 2020) and which have suggested this to be
secondary to an increase in rigidity in the connective tissue of the eye
(Zhao et al., 2018) and to ageing of the trabecular meshwork (Nette-
sheim et al., 2020). However, in both SIG models the OHT levels were
reached at 8 and 12 weeks (youth and early adulthood). It demonstrates
that the steroid suspensions caused the increase in IOP. It is worth
mentioning that, in the MMDEX cohort, females became non-OHT at
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week 12 (males did likewise at around week 16) while in the other
groups IOP tended to increase. This paradoxical decrease in IOP was also
found in rats after topical dexamethasone administration at 3 weeks,
which has been suggested to be related to the reduction in orbital fat and
orbital pressure (Sato K et al., 2016) in mice after systemic exposure to
DEX, resulting in 40% dropout (Patel et al., 2023). It was also found in
humans after intravitreal dexamethasone implantation but at 1 day
(Alagoz, N. et al., 2020). Although unusual, our results are not the first to
demonstrate a drop in IOP after chronic corticosteroid exposure. In our
case, this unexpected fluctuation was detected at a later stage as the long
follow-up of this study enabled us to detect this drop after intraocular
administration when retinal damage had already occurred.

In our previous study, female rats exhibited lower IOP levels than
males (Rodrigo et al., 2021a,b,c,d). This finding was replicated in this
study in both chronic SIG models (Aragon-Navas et al., 2022; Rodrigo
et al., 2021a,b,c,d; Shan et al., 2017), suggesting that the presence of
estrogenic receptors in the outflow pathway (Wickham et al., 2000)
decreased outflow resistance even under steroid conditions. On the
other hand, it is well known that gender differences are due to the effect
of sex steroid hormones, which come from the metabolism of cholesterol
transformed (Hanukoglu, 1992) by the action of different limiting en-
zymes in the mitochondria and/or endoplasmic reticulum (Payne and
Hales, 2004). Neurosteroids (NS) are produced in the central nervous
system, of which the retina is part. NS can modulate neurotransmitter
receptors that are important for synapsis communication, to increase
neurogenesis and to decrease inflammation and apoptosis, so NS could
prevent neurodegenerative damage. A previous study (Ishikawa et al.,
2018) explains the role of NS in neurodegenerative diseases such as
Alzheimer’s and glaucoma, although it highlights the need for further
research, principally on glaucoma, due to the current lack of knowledge.
In glaucoma there is mitochondrial alteration and an increase in
oxidative agents that could alter NS synthesis. Moreover, sex-related
differences have also been found in oxidative stress and neuro-
degeneration, exhibiting more extensive damage in males than in fe-
males (Tenkorang et al., 2018). In fact, Neumann et al. (2010)
demonstrated that sex steroids inhibit osmotic swelling in retinal glial
cells. The foregoing could explain the greater prevalence of glaucoma in
males (as shown by our previous results (Rodrigo et al., 2021a,b,c,d) and
in the MMDEX cohort) and the subsequent equalization in post-
menopausal females due to a lack of this protective effect (Dewundara
et al., 2016).

To evaluate the neuroretinal differences due to sex in SIG, we
designed an OCT-based study. The absence of histology is a limiting
aspect in this research. However, OCT technology allows us to analyse
the neuroretinal structure in vivo. Furthermore, several animal studies
have demonstrated that OCT has a good correlation with immunocyto-
chemistry and longitudinal tracking of neuroretinal changes (Cuenca
et al., 2014). The study by sectors shows that the outer sectors of the
retina are more affected, but in GCL it occurs in the inner sectors (in both
SIG models and in both sexes). This suggests that sex does not seem to
influence the topographic pathophysiology of retinal damage. In
contrast, in the case of the optic nerve (RNFL), males in both SIG models
presented the characteristic ISNT glaucoma rule, but this was not the
case in females. These findings reinforce the idea of considering sex in
glaucoma and open a window of study leading to re-evaluation of sectors
by OCT in females and under SIG conditions.

In both SIG models, RNFL was the most affected parameter in per-
centage terms, demonstrating the reproducibility of a reliable glaucoma
model, where onset starts at the optic nerve (Howell et al., 2007).
However, in SIG models the R parameter, which analysed the full retinal
thickness, was most affected by each mmHg increase. This suggests that
the retina seems to be influenced by factors other than IOP, and
conversely GCL damage or thinning is mainly influenced by IOP. The
rate of loss in Retina and RNFL by independent IOP factors seems to be
more pronounced at the beginning of the study, when damage is initi-
ated (suspension injected) and IOP increases compared to control
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cohorts. In contrast with the non-steroidal hypertensive models where
GCL and RNFL were the parameters most affected by the IOP increase
(Rodrigo et al., 2021a,b,c,d). Our results suggest that in the case of
steroid-induced glaucoma, other factors (and in our case possibly also
fibronectin) influence neuroretinal loss.

Fibronectin is a constitutive protein of the trabecular meshwork with
immune involvement in the genesis of glaucoma (Faralli et al., 2019;
Roberts et al., 2020). In this regard, the role of immunity has been
demonstrated in several animal studies on glaucoma (Bosco et al., 2011;
Rodrigo et al., 2021; Sapienza et al., 2016) and other neurodegenerative
diseases (Ramirez et al., 2017), with differences occurring by sex. There
is also known to be a higher prevalence of autoimmune diseases among
females (Desai and Brinton, 2019). Accordingly, females in an animal
model (Da Silva et al., 1993) with systemic chronic inflammation
exhibited a greater tendency to generate activation signals and a greater
sensitivity to inflammation factors.

In the healthy cohort, an increase in retinal thickness was detected in
16-week-old rats (week 12 of our study) of both sexes (Rodrigo et al.,
2020). However, the cohorts with ocular injection an increase in
thickness was observed, this being very significant in the parameters R
and RNFL in the fibronectin-induced model in females. In this regard, in
response to negative stimulus immune cells produce neurotoxic sub-
stances involved in neurological diseases and disorders. When a chronic
inflammatory process occurs in patients with neurodegenerative ocular
disease there is an exacerbation of the inflammatory process that ac-
celerates the progression of the disease (Noailles et al., 2018). In glau-
coma, the activated cells spread, as waves, from the outer plexiform
layer to the inner limiting membrane, affecting the entire retinal
thickness (Ramirez et al., 2017). Furthermore, an increase in glia in the
optic nerve head has been described after induction of ocular hyper-
tension (Mathew et al., 2021) which would be reflected in our study as
an increase in thickness measured by OCT. In our study remarkable
fluctuations were observed making difficult to describe a solid trend for
either sex. These fluctuations could resemble those infiltrating waves of
activated cells. However, this hypothesis could not be demonstrated by
means of histological studies.

Females in the MMDEXAFIBRO cohort showed the highest percent-
age loss in all three OCT parameters. When they reached OHT levels
(20.89 + 5.13 mmHg) at week 12, they showed a peak in the retinal and
RNFL thickness that coincided with bigger PhNR amplitude. In this re-
gard, an increase in ERG signal has been described as a reflection of
synaptic imbalance at the onset of IOP increase. This hyperactivity may
be one of the earliest dysfunctions of the pathophysiological process of
neurodegeneration (De Santiago et al., 2019) before decline (Maest(
et al., 2019). This electrical hyperactivity was also observed in males in
the MMDEX cohort at 12 weeks, again coinciding with OHT levels
(23.83 £+ 6.11 mmHg).

This immune activation leading to retinal neurodegeneration can be
counteracted with sex hormones such as progesterone (Roche et al.,
2016) that, together with the anti-inflammatory effect of dexametha-
sone, would have caused narrower variations in the retinal thickness
detected by OCT in females vs males in the MMDEX cohort. This would
also be the case in MMDEX (60 pg Dexamathasone/mg Ms, injected
twice) vs MMDEXAFIBRO (72 Dexamathasone/mg Ms injection once)
due to the larger amount of dexamethasone in the former. However, in
the MMDEXAFIBRO cohort females could have responded more due to
the proimmunegenicity of fibronectin. Females in the MMDEXAFIBRO
cohort exhibited a higher neuroretinal loss rate (loss of thickness per
each mmHg increase) vs the MMDEX cohort, supporting the idea of the
involvement of non-dependent IOP damage. In any case, in our study the
highest neuroretinal loss overall occurred in the MMDEX model, which
exhibited higher IOP levels, thereby strengthening the case for IOP as
the main risk factor in glaucoma.

Our results support the hypothesis that premenopausal rats seem to
be more protected in POAG and SIG models. However, other cofactors
producing neurodegeneration could be also influenced by sex.
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4.1. Limitations and future studies

A limitation of our study is that the experimental groups are not
entirely comparable, as they received one or two injections of micro-
spheres into the anterior chamber. These two corticosteroid-induced
glaucoma models were used because it is known that they produce
slowly progressive IOP curves (Aragon-Navas et al., 2022). However, in
the MMDEXAFIBRO model, due to the dual damage components of
trabecular meshwork (dexamethasone and fibronectin), the authors
unknown if a double injection could result in a more acute glaucoma
rather than a chronic one, and thus diverging from the objective of our
study. Furthermore, IOP values were always measured at the same time,
in the morning. However, rodents are nocturnal animals, so it is possible
that they had even experienced higher values at night. Moreover, the left
eyes were not evaluated. In recent years alteration of the contralateral
eye has been suggested, so the authors encourage further investigations
of this question in future work.

On the other hand, although OCT is a reliable means of retinal
analysis, the main handicap in our paper is the absence of a histological
study. Corroboration of our results with cellular, protein or genetic
analysis and hormonal blood tests would be beneficial. Furthermore, our
animals did not reach senescence, which is when the prevalence of
glaucoma rises, especially in females.

In conclusion, the influence of sex seems to be significant when an
ocular hypertensive noxa appears, even in steroid-induced conditions.
When only a steroid noxa appears, females seem to remain protected,
unlike males. However, females showed an exacerbated response to
alteration induced by a chronic co-damaging agent. It would be bene-
ficial to corroborate these findings with further research and histological
studies.
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9.5 Difusidn de resultados

Por otra parte, a lo largo de estos afios de trabajo también se ha realizado una
tarea de difusion de los resultados obtenidos en diferentes congresos y jornadas
cientificas, tanto autondmicos, como nacionales e internacionales, mediante pdsteres y

comunicaciones orales:

- Congreso EVER (European Association for Vision and Eye Research) 2018, Niza,
Francia: “Laponite clay for long term delivery dexamethasone intravitreal
inyections” (Rodrigo MJ, Prieto E, Garcia-Martin E, Idoipe M, Vispe E, Fraile JM,
Mayoral JA, Martinez T, Subias M, Lépez A, Polo V).

- 3rd Biennial International Symposium on Ocular Regeneration: Tissue
Engineering and the Eye, 2018, departamento de oftalmologia de la Universidad
de Harvard, Boston, EE. UU: “Retinal loss analysis by OCT in a hypertensive
animal model according to several sizes of microspheres” (Rodrigo MJ, Garcia-
Herranz D, Martinez T, Bravo-Osuna |, Garcia Feijoo J, Pablo LE, Garcia-Martin E,

Herrero-Vanrell R) (Premio: Travel Award).

- 96 Congreso SEO (Sociedad Espafiola de Oftalmologia), Madrid, Espafia:
“Influencia del sexo en el desarrollo de glaucoma cronico” (Martinez Rincén T;

Subias M; Luna C; Arias L; Méndez Martinez S).

- 96 Congreso SEO (Sociedad Espafiola de Oftalmologia), Madrid, Espafia:

“Desarrollo de formulacion intravitrea para el glaucoma “de principio a fin

(Subias M, Martinez Rincén T, Rodrigo MJ).

- Il Jornada de Investigacién para Residentes de Aragdn, 2020, Hospital
Universitario Miguel Servet, Zaragoza, Espafia: “Nueva formulacion intravitrea
de liberacion prolongada para el glaucoma” (Subias M, Rodrigo M.J., Méndez
Martinez S, Garcia Martin E, Martinez Rincon T, Pablo Julvez, L.E.). (Primer

premio a la mejor comunicacién oral en la categoria de Servicios Quirurgicos)
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V Jornada de Investigacidon para residentes de Aragoén, 2023, Hospital
Universitario Miguel Servet, Zaragoza, Espafia: “Andlisis de la inmunidad
mediante tomografia de coherencia dptica en el glaucoma” (Munuera Rufas |,
Mallén Gracia V, Tello Ferndndez A, Subias Perié M, Martinez Rincén T, Rodrigo

Sanjuan M.J.).

Congreso SOE (European Society of Ophthalmology Congress), 2023, Praga,
Republica Checa: “New models of chronic glaucoma in experimental animals”
(Munuera |, Subias M, Arias L, Martinez T, Vicente MJ, Tello A, Mallén V,

Fernandez D, Pueyo A, Aragén A, Pablo L, Rodrigo MJ).

Congreso SOE (European Society of Ophthalmology Congress), 2023, Praga,
Republica Checa: “Influence of sex on chronic glaucoma neurodegeneration in
rats over 6-month follow-up” (Munuera |, Martinez T, Subias M, Arias L, Vicente

MJ, Tello A, Mallén V, Fernandez D, Pueyo A, Aragén A, Rodrigo MJ).

Congreso SOE (European Society of Ophthalmology Congress), 2023, Praga,
Republica Checa: “Ocular hypo-pressure treatment effect on refraction and
neuroretina of rat eyes with glaucoma” (Munuera |, Arias L, Martinez Rincon T,

Subias M, Mallén V, Tello A, Fernandez D, Vicente MJ, Pueyo A, Rodrigo MJ).

Congreso SOE (European Society of Ophthalmology Congress), 2023, Praga,
Republica Checa: “Superpixel segmentation algorithm for OCT image
processing in neurodegenerative disease” (Pueyo-Bestué A, Mallén V, Otin S,
Vicente MJ, Ferndndez D, Tello A, Arias L, Subias M, Martinez T, Munuera |,

Garcia-Martin E) (Premio a la mejor comunicacion oral).

Congreso SOE (European Society of Ophthalmology Congress), 2023, Praga,
Republica Checa: “Immune analysis of vitreous humor in rats using optical
coherence tomography" (Munuera |, Subias M, Martinez T, Arias L, Fernandez

D, Mallen V, Vicente MJ, Tello A, Aragdn A, Pablo L, Rodrigo MJ, Pueyo A).
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Ademas, a lo largo de estos afios de trabajo, se han publicado varios articulos
relacionados con el tema de la presente Tesis Doctoral en revistas cientificas de alto

impacto, pero que no deben contribuir a la valoracion de la presente Tesis Doctoral:

- “Brimonidine-Laponite intravitreal formulation has an ocular hypotensive and
neuroprotective effect throughout 6 months of follow-up in a glaucoma animal
model”. Rodrigo MJ, Cardiel MJ, Fraile JM, Mendez-Martinez S, Martinez-Rincon
T, Subias M, Polo V, Ruberte J, Ramirez T, Vispe E, Luna C, Mayoral JA, Garcia-
Martin E. Biomaterials Science 2020. JCR - Q1. Factor de impacto (JCR 2019):
6,183.

- “Monitoring new long-lasting intravitreal formulation for glaucoma with
vitreous images using optical coherence tomography”. Rodrigo MJ, Palomar AP,
Montolio A, Mendez-Martinez S, Subias M, Cardiel MJ, Martinez-Rincén T,
Cegoiiino J, Fraile JM, Vispe E, Mayoral JA, Polo V, Garcia-Martin E. Revista:
Pharmaceutics 2021. JCR -Q1. Factor de impacto (JCR 2019): 4,421.

- “Novel use of PLGA microspheres to create an animal model of glaucoma with
progressive neuroretinal degeneration”. Garcia-Herranz D, Rodrigo MJ, Subias
M, Martinez-Rincon T, Mendez-Martinez S, Bravo-Osuna |, Bonet A, Ruberte J,
Garcia-Feijoo J, Pablo L, Garcia-Martin E, Herrero-Vanrell R. Revista:

Pharmaceutics 2021. JCR -Q1. Factor de impacto (JCR 2019): 4,421.

- “Chronic Glaucoma Using Biodegradable Microspheres to Induce Intraocular
Pressure Elevation. Six-Month Follow-Up”. Rodrigo MJ, Garcia-Herranz D,
Subias M, Martinez-Rincon T, Mendez-Martinez S, Bravo-Osuna |, Carretero A,
Ruberte J, Garcia-Feijoo J, Pablo L, Herrero-Vanrell R, Garcia-Martin E. Revista:

Biomedicines 2021. JCR- Q1. Factor de impacto (JCR 2020): 5,612.

- “Analysis of Parainflammation in Chronic Glaucoma Using Vitreous-OCT
Imaging”. Rodrigo MJ, Subias M, Montolio A, Méndez-Martinez S, Martinez-
Rincon T, Arias L, Garcia-Herranz D, Bravo-Osuna |, Garcia-Feijoo J, Pablo L,

Cegoiiino, J, Herrero-Vanrell R, Carretero A, Ruberte J, Garcia-Martin E, Pérez Del
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Palomar A. Revista: Biomedicines 2021. JCR- Q1. Factor de impacto (JCR 2021):
5,612.

“Long-term corticosteroid-induced chronic glaucoma model produced by
intracameral injection of dexamethasone-loaded PLGA microspheres” Rodrigo,
MJ, Garcia-Herranz D, Aragén-Navas A, Subias M, Martinez-Rincén T, Mendez-
Martinez S, Cardiel MJ, Garcia-Feijoo J, Ruberte J, Herrero-Vanrell R, Pablo L,
Garcia-Martin E, Bravo-Osuna |. Revista: Drug delivery, 2021. JCR-D1. Factor de
impacto (JCR 2020):6,419 (Premio a la mejor publicacion de Glaucoma de la

Sociedad Espafiola de Glaucoma 2022).

“Mimicking chronic glaucoma over 6 months with a single intracameral
injection of dexamethasone/fibronectin-loaded PLGA microspheres”. Aragdn-
Navas A, Rodrigo MJ, Garcia-Herranz D, Martinez-Rincén T, Subias M, Mendez-
Martinez S, Ruberte J, Pamplona J, Bravo-Osuna |, Garcia-Feijoo J, Pablo L,
Garcia-Martin E, Herrero-Vanrell R. Revista: Drug delivery 2022. JCR- Q1. Factor
de Impacto (JCR 2021): 6,819 (Premio a la mejor publicaciéon de Glaucoma de la

Sociedad Espafiola de Glaucoma 2023).

“Tunable degrees of neurodegeneration in rats based on microsphere-induced
models of chronic glaucoma”. Rodrigo MJ, Bravo-Osuna |, Subias M, Montolio A,
Cegoiiino J, Martinez-Rincédn T, Mendez-Martinez S, Aragdén-Navas A, Garcia-
Herranz D, Pablo LE, Herrero-Vanrell R, Pérez del Palomar A, Garcia-Martin E.

Revista: Scientific reports 2022. Factor de Impacto JCR 2021: 4,997.
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10. DISCUSION

El hilo conductor de los cuatro articulos que componen esta Tesis Doctoral es el
analisis de las diferencias en los patrones de neurodegeneracién retiniana que se
produce en ratas Long-Evans, segln el sexo a lo largo de su vida en condiciones
fisiolégicas y tras la induccién de dafio por hipertensidon ocular, mediante nuevos
modelos de glaucoma crénico. Para ello, se ha analizado la presidn intraocular, la
refraccion y la estructura y la funcion de la neurorretina mediante pruebas in vivo
minimamente invasivas.

En primer lugar, se evaluaron los cambios ocurridos en la neurorretina con el
paso del tiempo en ratas Long-Evans en cuatro edades diferentes: a las 4 semanas de
vida (pubertad), 12 semanas de vida (juventud), 16 semanas de vida (edad adulta
temprana) y 28 semanas de vida (edad adulta tardia/ pre-senescencia) (119), (120),
(121). Para estudiar estos cambios se evalud la evolucién de la PIO y se utilizd el OCT
para medir la estructura de la neurorretina y el ERG para medir la funcién visual.
Ademds, se analizaron las diferencias en los patrones de neurodegeneracién segun el
sexo. Existe evidencia en la literatura de que los estrégenos pueden actuar como factor
neuroprotector, ya que disminuyen la resistencia a la salida del humor acuoso (122), y
este trabajo apoya esta teoria. Se encontraron valores de PIO mas elevados en machos
y, ademas, presentaron mayor pérdida de espesor neurorretiniano y peor funcion de la
neurorretina a lo largo de todo el seguimiento. Los cambios en los patrones de
neurodegeneracion retiniana fueron similares en ambos sexos en el mismo periodo de
tiempo, es decir, cuando se produjeron aumentos del espesor en machos también se
observé en hembras, y viceversa; pero siendo siempre la pérdida mas intensa en
machos. Por otro lado, en cuanto a la funcién de la neurorretina, observamos una
disminucion en machos y un aumento en hembras con el paso del tiempo. En las
primeras semanas de vida de la rata (correspondientes a edad infantil en humanos) no
se encontraron diferencias significativas en la funcidon neurorretiniana, posiblemente
por la baja influencia de las hormonas sexuales en estas edades tan tempranas. Sin
embargo, se comenzé a detectar diferente funcidn neurorretiniana en machos y en
hembras (con peor funcién en machos) a partir de los 4 meses de vida de la rata
(correspondientes a los 16 afios humanos), es decir, desde la pubertad e inicio de la

influencia de las hormonas sexuales en adelante. Este estudio nos permitié durante un
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largo periodo de seguimiento, no realizado antes en la literatura, conocer cdmo es el
desarrollo normal de la neurorretina en ratas Long-Evans sanas, y servir como base
normalizada para poder comparar la neuroplasticidad en funcién del sexo ante
estimulos dafiinos precoces; es decir, en situaciones premdrbidas y patoldgicas
correspondientes con los siguientes estudios de esta Tesis Doctoral.

A continuacién, se evaluaron los cambios producidos por la HTO crénica
mantenida durante 24 semanas de seguimiento en la refraccion, desde un punto de vista
neurorretiniano (estructura y funcién). Este trabajo nos permite conocer mejor cémo es
el proceso neurodegenerativo en condiciones de HTO crdnica en la miopia. Para ello se
estudio la refraccion, la PIO, la estructura y la funcidn de la neurorretina en dos modelos
animales de glaucoma crénico inducidos mediante esclerosis de las venas epiesclerales
y mediante la inyeccidn de microesferas en cdmara anterior. La miopia es un defecto
refractivo en el que el ojo va sufriendo una elongacién progresiva a lo largo de la vida,
debido a diversos factores (123). Los mecanismos causantes de esta elongacién
progresiva todavia no se conocen, pero hay evidencia de que la PIO influye en la
elongacion del polo posterior (124). Este segundo estudio demostré la influencia de la
HTO crénica moderadamente elevada en el proceso natural de la emetropizacion. La
PIO elevada fue el principal factor de riesgo involucrado en la miopizacién progresiva de
los ojos con HTO. Sin embargo, no se encontré correlacidon entre la refraccién y los
cambios funcionales y estructurales de la neurorretina. La miopia es un defecto
refractivo cada vez mas prevalente (125), y este estudio refuerza que el descenso de la
PIO pudiera ser un posible tratamiento para la misma (126), (127), (128).

En el tercer estudio se analizaron las diferencias en la neurodegeneracién
retiniana segun el sexo en dos modelos de glaucoma crénico (esclerosis de las venas
epiesclerales e inyeccion de microesferas en cdmara anterior) a lo largo de 24 semanas
de seguimiento. Hasta la fecha, no existian (que sepamos) estudios que analicen estas
diferencias segun el sexo (algo cada vez mas demandado en la literatura debido a la falta
de conocimiento de la influencia del sexo en el glaucoma) (94). Este articulo apoya la
evidencia de que la PIO es el principal factor de riesgo para desarrollar glaucoma. El
modelo epiescleral produjo elevaciones de PIO mas rdpidas y abruptas y mayores
pérdidas de espesor y de funcionalidad de la neurorretina que el modelo de

microesferas. El modelo de microesferas causo esta subida de PIO y pérdida de funcion
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visual de una forma mas similar al GPAA de los humanos. Los valores de PIO obtenidos
en ambos modelos fueron de nuevo mas elevados en machos. En cuanto al papel
neuroprotector de los estrégenos, en este trabajo también se observé que las hembras
premenopausicas presentaron menor neurodegeneracién en la retina medida mediante
OCT y ERG. Por tanto, para futuros estudios, parece fundamental tener en cuenta el
modelo de creacion de HTO y el sexo para analizar correctamente los resultados
obtenidos. En caso contrario, pueden no encontrarse diferencias que si se hacen
evidentes con este subanalisis.

Por altimo, en el cuarto articulo de esta Tesis Doctoral se analiza la diferente
neurodegeneracion producida segun el sexo en dos modelos de glaucoma inducido por
corticoides: el primero de ellos mediante la inyeccion de microesferas cargadas con
dexametasona y el segundo cargadas con dexametasona y fibronectina. Hasta la fecha,
no hay ningun estudio previo similar, que sepamos. Al igual que en los articulos
anteriores, en este cuarto articulo se replicaron los valores de PIO mas elevados en los
machos, apoyando de nuevo la teoria de que la presencia de receptores estrogénicos
disminuye la resistencia a la salida del humor acuoso, y ahora incluso en presencia de
corticoides (17). En cuanto a la estructura de la neurorretina medida por OCT, los
machos presentaron el patron de pérdida clasico de glaucoma ISNT de la CFNR, pero no
ocurrié lo mismo en el caso de las hembras. Estos datos refuerzan la idea de que existen
diferencias en el patron de neurodegeneracidn segun el sexo. Las cohortes de ratas con
glaucoma inducido por corticoides sufrieron un engrosamiento retiniano inicial muy
marcado al alcanzar la HTO, que pudiera estar relacionado con la presencia de células
inmunitarias (129), afectando al espesor retiniano completo (130). En las cohortes de
este estudio se encontraron diferencias segun el sexo y segun el modelo inductor de
glaucoma corticoideo, como ocurrid en el trabajo anterior. Se pudo detectar el aumento
del espesor neurorretiniano y de la funcion neurorretiniana al alcanzar valores de HTO
y previos a la disminucidn de estructura y funcién, una vez instaurado el dafio
neurodegenerativo. Este aumento inicial parece corresponderse con la hiperactividad
inicial descrita en enfermedades neurodegenerativas, previa a detectarse el dano e
hipofuncién. Las hembras en el modelo de glaucoma inducido por dexametasona
presentaron menos variaciones en la estructura de la neurorretina. Esto puede ser

debido a que las hormonas sexuales, como la progresterona (131), contrarrestan la
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hiperactivacién inmune inicial, sumandose al efecto antiinflamatorio de Ia
dexametasona. Sin embargo, en la cohorte con glaucoma corticoideo inducido con
microesferas con dexametasona y fibronectina, las hembras presentaron una mayor
pérdida de espesor neurorretiniano. Esto sugiere que la presencia de otros cofactores,
en este caso la fibronectina, pudiera actuar de manera proinflamatoria (132), (133),
(134) y hacer que el patrén de neurodegeneracion cambie. Finalmente, en este estudio,
la cohorte con mayor pérdida general de espesor neurorretiniano fue la de ratas con
glaucoma inducido por dexametasona solamente, que son las que alcanzaron valores de
HTO mas elevada. Esto refuerza la teoria de que el incremento de PIO sea el principal
factor de riesgo para la progresion del glaucoma.

Los cuatro articulos publicados en esta Tesis Doctoral demuestran que existen
diferencias oculares significativas en la estructura y funcién de la neurorretina segtn
el sexo; en condiciones fisiologicas, en las diferentes etapas de vida de las ratas Long-
Evans sanas, y en cuatro modelos diferentes de glaucoma crénico inducido. Ademas,
el modelo de induccion de hipertensién ocular también parece influir en estas
diferencias, lo cual corrobora la teoria de la multifactorialidad del glaucoma. Las ratas
Long-Evans hembra premenopausicas de todas las cohortes presentaron menores
valores de PIO, asi como menor neurodegeneracidn de la estructura y funcion de su
neurorretina. Estos hallazgos sugieren indicar un papel neuroprotector femenino.
Nuestros resultados sirven como base hacia la medicina de precision, que pretende
tratar al paciente de forma individualizada, sea hombre o mujer, y no solo tratar la
patologia. Conocer los patrones de neurodegeneracidn especificos segun la edad y el
sexo puede permitir, en el futuro, individualizar el seguimiento y tratamiento en funcién
de la estimacion del riesgo de progresion de forma individualizada. Parece fundamental
tener en cuenta las diferencias por sexo también en estudios de otras patologias
neurodegenerativas y en futuros estudios desarrollados en modelos de glaucoma
cronicos con tratamientos neuroprotectores o hipotensores, para no sobreestimar ni

infraestimar su efecto.
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11. APORTACIONES DE LA DOCTORANDO

El trabajo de investigacion de los cuatro articulos publicados que componen esta
Tesis Doctoral permite, en primer lugar, conocer en mayor profundidad Ia
neurodegeneracidon que se produce en la neurorretina de las ratas secundaria a su
envejecimiento fisiolégico, desde la adolescencia hasta la adultez media. Ademas, se
detectan diferencias en la neurodegeneracion segun el sexo de las ratas. Aunque este
no es el primer trabajo que evalua el efecto de la edad en la neurodegeneracion de la
retina de ratas sanas, si es el primero en proporcionar una base que permite
comprender mejor la implicacion del sexo en la neurodegeneracion fisiologica,
analizando las diferencias obtenidas mediante PIO, OCT y ERG para evaluar la estructura
y la funcién neurorretiniana que permita la comparacion con cohortes de animales con
neurodegeneracion patolégica (108).

La aportacidn por parte de la doctoranda (apéndice Il) en este trabajo fue:
Realizacion de investigacidn basica con los animales, recogida de datos, participacién en

la redaccidn del articulo y realizacién de los graficos.

En segundo lugar, se han evaluado otros factores de riesgo que produzcan
neurodegeneracion retiniana asociados al glaucoma crénico, como es la miopia,
teniendo en cuenta la influencia del sexo. La pérdida visual que presentan los pacientes
con glaucoma podria estar también asociada a la progresiéon de un error refractivo
negativo, ademds del propio proceso neurodegenerativo que se produce en el
glaucoma. Por ello, parece necesario evaluar periédicamente la refraccién de los
pacientes con glaucoma. En este trabajo, evaluamos la relacion entre la hipertension
ocular y los cambios refractivos producidos en dos modelos diferentes de glaucoma.
Este estudio permitid conocer que el Gnico pardmetro relacionado estadisticamente
con la refraccion es la hipertension ocular, asi como que el estado refractivo es
independiente de la evaluacion de la estructura (realizada con OCT) y de la funcién
(medida con ERG) en ratas con GPAA (111).

La aportacidn por parte de la doctoranda (apéndice Il) en este trabajo fue:
Realizacion de investigacidn basica con los animales, recogida de datos, participacién en

la redaccidn del articulo y realizacién de graficos.
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El tercer articulo de esta tesis Doctoral es innovador (al igual que el primero), ya
es el primero que ha analizado las diferencias segun el sexo en la neurodegeneracién
retiniana de dos modelos de GPAA con un seguimiento tan largo de 24 semanas. En este
trabajo se encuentran diferencias en el patréon de neurodegeneracion y diferentes
tasas de pérdida entre machos y hembras dentro del mismo modelo de HTO, y
también entre los modelos. Conocer estos hallazgos es importante, porque las
discrepancias de nuestro trabajo con otros estudios previos podrian deberse a que hasta
ahora no se habian tenido en cuenta estas diferencias segun el sexo, ni tenido en cuenta
el modelo de hipertension ocular utilizado, pudiendo haber un sesgo por estos motivos.
Gracias a este trabajo se sientan las bases para futuros estudios comparativos de
neurodegeneracion/neuroproteccion que pretendan evaluar terapias hipotensoras y
neuroprotectoras a largo plazo. Resulta fundamental tener en cuenta tanto el sexo
como el modelo animal utilizado, ya que nuestros resultados sugieren que las hembras
premenopdausicas mantuvieron un efecto protector frente a la HTO crdénica. No tener en
cuenta estos dos factores podrian hacer que el efecto terapéutico se sobreestime o se
infraestime (112).

La aportacidn por parte de la doctoranda (apéndice Il) en este trabajo fue:
Realizacion de investigacidn basica con los animales, recogida de datos, participacidén en

la redaccidn del articulo y realizacién de graficos.

En cuarto y ultimo lugar, se evallan en ratas los cambios neurodegenerativos
teniendo en cuenta el sexo, esta vez en condicidon de glaucoma crénico inducido por
esteroides con evaluacion de la PIO y la estructura y funcidon de la neurorretina. La
influencia del sexo parece ser significativa también incluso en el glaucoma inducido por
esteroides (135).

La aportacidn por parte de la doctoranda (apéndice Il) en este trabajo fue:
Realizacion de la investigacidn basica con animales, recogida y tratamiento de los datos,

metodologia, redaccién, revisién y edicidn del articulo.
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12. LIMITACIONES DEL ESTUDIO

Se realiz6 la medicion de la PIO de todas las cohortes por las mafianas, todas las
semanas a la misma hora, para evitar las fluctuaciones del ritmo circadiano. Sin
embargo, los roedores son animales nocturnos, y es posible que por las noches

presentasen valores de PIO incluso mas elevados.

Una limitacion importante del segundo trabajo es que no se pudo analizar la longitud
axial de los ojos de las ratas, sino que fue una medida indirecta mediante el poder

didptrico analizado mediante enfoque de la OCT.

Aunque nuestro periodo de seguimiento fue bastante largo (6 meses) no se llegd a
la senescencia ni postmenopausia de las ratas, por lo que nuestros resultados no
serian completamente extrapolables a la poblacién anciana, mds susceptible de

desarrollar glaucoma.

Los animales del estudio fueron alimentados ad libitum con posible aumento del
componente graso y hay estudios que demuestran una influencia negativa sobre
aspectos vasculares, que podrian influir tanto en la teoria vascular del glaucoma,

como en la sintesis esteroidea.

Una limitacidn importante de este trabajo es la ausencia de analisis sanguineos
hormonales y de estudios histolégicos segregados por sexo. Sin embargo, existe
evidencia de la buena correlacién entre los hallazgos obtenidos mediante OCT y la
histologia e inmunohistoquimica. En futuros estudios seria también interesante
analizar la segmentaciéon completa y todas las métricas oculares usando un analisis
de escala multidimensional o técnicas computacionales de grandes datos

correlacionado con la histologia.

Los grupos experimentales de las cuatro cohortes inducidas con glaucoma no son

completamente comparables, ya que las ratas recibieron distinto nimero de
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inyecciones oculares. Sin embargo, en las distintas condiciones glaucomatosas, las

diferencias por sexo fueron constantes.

En estos estudios no se evaluaron los ojos izquierdos de las ratas, lo que podria ser
interesante para futuros estudios, ya que recientes estudios han demostrada

afectacion del ojo contralateral en la neurodegeneracion.
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13. CONCLUSIONES

Durante el proceso fisiolégico de envejecimiento (desde la pubertad precoz a la
adultez tardia) en ratas sanas Long-Evans, la presidn intraocular se mantiene en
normotension (por debajo de los 20 mmHg), el espesor de la retina, de la capa de
fibras nerviosas de la retina y de la capa de células ganglionares medido con
tomografia de coherencia dptica (OCT) va disminuyendo a lo largo del tiempo, y se
produce un cambio lentamente progresivo de la amplitud y de la latencia en el

electrorretinograma (ERG).

Las ratas Long-Evans sanas, desde un punto de vista estructural y funcional,
presentan diferente patrén de neurodesarrollo y neurodegeneracién segun el sexo.
Las ratas Long-Evans sanas machos presentan valores de presidn intraocular
significativamente mas elevados que las hembras en todas sus etapas de desarrollo,
y, desde un punto de vista estructural y funcional, los machos parecen mas
susceptibles a la neurodegeneracién que las hembras en etapas preseniles.
Ademds, el dafio neurodegenerativo es mas precoz e intenso en los machos que en

las hembras, estratificando por grupos de edad.

En ratas Long-Evans con glaucoma crénico, el Unico parametro relacionado
estadisticamente con la refraccidn es la presidn intraocular, y no existe correlacién
entre la refraccion y la evaluacion de la estructura mediante tomografia de
coherencia dptica (OCT) y de la funcion mediante electrorretinografia (ERG). La
hipertensién ocular crdnica acelera la emetropia en ojos de ratas Long-Evans,

conduciendo hacia una miopia lentamente progresiva.

Las ratas Long-Evans machos con hipertension ocular crénica presentaron mayor
tendencia a la miopia, con un aumento inicial de la estructura seguida de una

pérdida también funcional con el tiempo.

En los modelos de glaucoma crénico inducido mediante esclerosis de venas
epiesclerales e inyeccién de microesferas en camara anterior se produce un

incremento de presidn intraocular progresivo y mantenido en el tiempo, que es mas
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VI.

VII.

VIII.

precoz y abrupto en el modelo epiescleral. El dafio producido en la estructura y
funcién de la neurorretina fue mayor en el modelo epiescleral que en los modelos

generados mediante microesferas inyectadas en cdmara anterior.

Las ratas Long-Evans hembras premenopausicas con glaucoma crénico inducido por
hipertensidn ocular, presentan neuroproteccion estructural y funcional en estadios
precoces. Los machos presentan valores de presion intraocular significativamente
mas elevados que las hembras, tanto en el modelo epiescleral como en el modelo

de microesferas.

Las ratas Long-Evans con ambos modelos de glaucoma crénico inducido por
corticoides presentaron valores de presidn intraocular que aumentaron
progresivamente, con pérdida progresiva del espesor neurorretiniano a lo largo del
seguimiento, pero con claras fluctuaciones en el modelo inducido con

dexametasona y fibronectina.

Las ratas Long-Evans hembras con glaucoma crénico inducido por corticoides
presentaron proteccién en la neurorretina cuando recibieron exclusivamente
esteroides. Sin embargo, cuando se le sometié al cofactor de la fibronectina

sufrieron una respuesta exacerbada al dafio.

Parece fundamental tener en cuenta la edad y el sexo de los animales a estudio para
comprender los cambios fisioldgicos que acontecen a lo largo de la vida y en
situaciones patoldgicas de neurodegeneracién retiniana como en el glaucoma
cronico, y asi poder evaluar correctamente potenciales terapias hipotensoras y

neuroprotectoras.
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—~—JX evaluacion emitida por el érgano habilitado, autoriza la

s realizacion del proyecto en los términos descritos en la

Jorge Palacio Liesa solicitud.

EL PRESIDENTE o?i_\f:onxggyslon ¢iea  Fecha: g U/SEL/OP

asesora parala
experimentacién animal

ttp/

(s Gartra'\nnueu\“i""“d‘d Zaragoza S N
! Enrique Novales Allué
Domingo Miral, &/n Zaragoza Director General de Alimentacién y Fomento Agroalimentario
. 434 976 76 28 47 .
e AN unizar.es
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Apéndice V. Certificado para capacitacion de manejo de animales de

experimentacién

Iu Animalaria

Formacion y Gestion S.L

Diploma del Curso

Funcion de Eutanasia de los Animales: Funcién B
Animalaria Formacion y Gestion, S.L. informa que

Teresa Martinez Rincon
78752266]

Ha superado el curso de 24 horas de duracion para la obtencion de la
Funcién B de experimentacién animal, para todas las especies del Anexo
II, celebrado de forma no presencial del 15 de Enero al 12 de Marzo de
2018 y que ha sido reconocido por la Direccion General de Agricultura y
Ganaderia de la Comunidad de Madrid con fecha 4 de Abril de 2016
(Referencia 10/069861.9/16 de Fecha 08/04/2016).

Y para que conste se expide en Madrid a 12 de Marzo de 2018.

Los Directores del Curso
Dr. José M? Orellana Muriana Dr. Ignacio Alvarez Gémez de Segura

L

/
|
De acuerdo con la Orden Ministerial ECC 566/2015 de 1 de Abril de 2015

I’ Animalaria

Formacion y Gestion 8.L

Programa del curso para la Funcion B

Maodulos Troncales

Legislacion nacional

Etica, Bienestar Animal y las Tres Erres. Nivel 1

Biologia basica_ Nivel 1

Cuidado, Salud y Manejo de los Animales. Nivel 1

Reconocimiento del Dolor, el Sufrimiento y la Angustia

o [en| ||| |

Métodos incruentos de sacrificio (Eutanasia). Nivel 1

Modulos de Funcion

N

Biologia basica_ Nivel 2

5 |Métodos incruentos de sacrificio (Eutanasia). Nivel 2

CIF B84624535
C/ Los Fresnos 14
28720 Bustarviejo (Madrid)

Tel. 699921930
animalaria@animalaria.org
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Iu Animalaria

Formacion y Gestion S.L.

Diploma del Curso

Funcion de Realizacion de los Procedimientos: Funcion C

Animalaria Formacién y Gestion, S.L. informa que

Teresa Martinez Rincon
78752266

Ha superado el curso de 57 horas de duracion para la obtencion de la
Funcion C de experimentacion animal, para todas las especies del Anexo

II, celebrado de forma no presencial del 15 de Enero al 12 de Marzo de

IﬂAnimalaria

Formacion y Gestion S.L

Programa del curso para la Funcion C

N° Modulos
Modulos Troncales
T
2 | Etica, bi animal y las Tres Erres. Nivel 1
3 |Biologia basica Nivel 1
4| Cuidado, salud y manejo de los Nivel 1
5 IR imiento del dolor, el sufrimiento y la
3 de sacrificio Nivel 1

Méodulos de Funcion

2 Biologia basica. Nivel 2
2018 y que ha sido reconocido por la Direccion General de Agricultura y § |Pr L ini invasi i sin ia. Nivel 1
7 Procedimientos minimamente invasivos realizados sin anestesia, Nivel 2
G deria de la C idad de Madrid con fecha 4 de Abril de 2016 8 ia para p imi
9 Anestesia para intervenciones quirurgicas o procedimientos prolongados
(Referencia 10/069861.9/16 de Fecha 08/04/2016). 10 |Principios de cirugia
Y para que conste se expide en Madrid a 12 de Marzo de 2018.
Los Directores del Curso
Dr. José M* Orellana Muriana Dr. Ignacio Alvarez Gomez de Segura
|/
De acuerdo con la Orden Ministerial ECC 566/2015 ch 1 de Abnil de 2015
CIF B84624535 Tel. 699921930 cIF 35  Tel. 699921930
¢/ Los Fresnos 14 animalaria@animalaria.org C/ Los Fresnos 14 animalaria@animalaria.org
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