
 

 

 

 

 

 

 

 

Role of Extracellular Vesicles in  

Retinitis Pigmentosa 

 

Lorena Vidal Gil 

Doctoral thesis 

 

 

Supervised by: 

Dr. F.J Romero 

Dr. J. Sancho Pelluz 

 

 

February 2020 



 

 

 



Dr.D. Fco. Javier Sancho Pelluz, profesor contratado doctor en Universidad Católica 

de Valencia San Vicente Mártir  

  

Dr.D Fco. Javier Romero Gómez, médico adjunto en Hospital General de Requena  

  

  

  

  

  

  

CERTIFICAN  

  

Que la presente tesis doctoral titulada “Role of extracellular vesicles in retinitis 

pigmentosa” ha sido realizada por Dª Lorena Vidal Gil bajo nuestra dirección, en el 

Programa de Doctorado Ciencias de la Salud para la obtención del título de Doctor por 

la Universidad Católica de Valencia San Vicente Mártir.  

  

  

  

  

  

Para que así conste a los efectos legales oportunos, se presenta esta tesis 

doctoral y se extiende la presente certificación en Valencia a 2 de diciembre de 2019.  

  

  

  

  

  

  

  

  

  

  

  

 Fdo.: Fco. Javier Sancho Pelluz                Fdo.: Fco. Javier Romero Gómez   

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
La presente tesis doctoral titulada “Role of extracelular vesicles in retinitis pigmentosa” 

ha sido realizada gracias a la financiación concedida por las siguientes instituciones: 

Generalitat Valenciana (PROMETEO/2016/094). Universidad Católica de Valencia San 

Vicente Mártir (2017-128-001; 2018-128-001; Personal Investigador en Formación UCV 

EDUCV-PRE-2015-006; Estancias investigación EDUCV-EXT-2017-005 y EDUCV-

EXT-2018-006). The Tistou and Charlotte Kerstan Foundation- Vision 2000 (stipend for 

strengthening the scientific cooperation between the Catholic University of Valencia and 

Tübingen Institute of Ophthalmology) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

  

To those who supported me on the road, 

To the bench mates, 

To those who live for science, 

To the brave, who despite the difficulties believe in 

science and work on it to move the world. 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

  

Acknowledgements 

      

      



 



Acknowledgements 
  
 

Comenzaré este libro agradeciendo a todas esas personas que creyeron en mi 

hasta cuando yo dejé de creer. 

 

Gracias Dr. Romero y Dr. Sancho, por confiar en mi desde el minuto cero cuando 

llegue a este grupo sin apenas experiencia, pero con muchas ganas. Javier, me abriste 

no solo la puerta de la investigación apostando por mí en la beca predoctoral que me ha 

traído hasta aquí, sino también la puerta de un despacho al que acudir a veces solo 

buscando apoyo, consejo y un poco de aliento para seguir luchando. Siempre te estaré 

agradecida. Sancho, tu diste rienda suelta a los experimentos confiando en mi criterio. 

Gracias por permitirme acertar y, también por dejarme equivocarme y ayudarme a 

corregir. Esos aciertos y errores me han hecho crecer como investigadora. En gran 

parte, por tu insistencia en las EVs y las ganas de investigar hemos llegado hasta el final 

de este camino.  

Dr. Barcia, durante estos años ha habido días que no han sido fáciles, pero con 

una sonrisa en la cara parece que lo malo es menos malo. Gracias por tener la puerta 

del despacho siempre abierta para recibirme, por el apoyo y por los consejos. 

Gracias Dani, Javi, Bea y Rosa por las risas, por vuestra ayuda, por los cafés y 

por las cañas. También a Alba, Gema y Nuria, coincidimos menos tiempo, pero fue 

suficiente para saber que sois unas luchadoras, mujeres de capa y espada. 

Especialmente gracias a Natalia, por tu paciencia desde el principio hasta el final, 

por enseñarme gran parte de lo que se hacer a día de hoy en el laboratorio, por tus 

consejos siempre acompañados de cariño y, sobretodo, por transmitirme el gusanillo 

que tienes por la investigación. ¡Llegarás lejos, de eso no me cabe la menor duda! A 

María, porque compartir bancada contigo ha sido un placer. Fue una suerte que llegases 

a este grupo. ¡Lo siguiente que celebremos será tu tesis! 

Gracias en general a todo el grupo RETOS, porque a pesar de que nuestros 

caminos en investigación se separaron hemos conseguido mantenernos unidos. 

Gracias por hacerme crecer, profesional y personalmente. Me llevo lo mejor de cada 

uno de vosotros, ¡que es mucho! 

A todos los compañeros que han pasado por el laboratorio de San Carlos: Angel, 

Alí, Rafa, Tamara, Cristina, Sandra, Jesús, Eloy, Álvaro y Teresa. A los que quedáis… 

¡mucho ánimo! 

 

Thanks a lot to Prof. Zrenner and Ayse, to support me in Germany, to make me 

feel at home. Ayse, thanks for your help, for teaching me a lot in a few months. This 

thesis is in part yours, for me you are also my director! Was a pleasure for me worked in 

Tübingen! 

Also, thanks to the AugenKlinick PhD students: Ariadna, Yiyi, Ming, Hamid, 

Sombia y Soumaya…was nice to share the experience with all of you!. Of course, thanks 

to Silvie and Karin for their perfect assistance and always with a big smile! 

A mis compañeras de piso en España y Alemania: Gabriela, María y Chini ¡qué 

alegría llegar a casa y encontraros!  



Acknowledgements 

A esos amig@s que me acompañan desde hace años. Víctor, Claudia y Sonia 
y mis biólogas favoritas Carmen y Laurica. A David, ¡llegaste el último, pero con 
fuerza! También a Clara, que es filóloga, ¡pero siente una atracción fatal por la 
biología! Habéis estado siempre, para lo bueno y para lo malo. Con vosotros las penas 
son menos penas y los pequeños logros saben a grandes éxitos. 

A LOS INCONDIONALES, los que están siempre, para todo… PAPÁ, 
MAMÁ ¡GRACIAS! Nunca hubiese llegado hasta aquí sin vosotros. Gracias por 
apoyarme en todo lo que he querido hacer y por creer siempre en mí. No existen 
palabras, ni existirán nunca, para poder agradeceros tanto.   

A ti Pepe, mi mitad. No hay nadie en este mundo que conozca mejor todos mis 
defectos y virtudes. A pesar de los kilómetros que nos separan seguimos y 
seguiremos siempre tan unidos amigüito.  

También al resto de mi familia. A mi abuela y mi iaio que nunca dejan 
de enseñarme. Ellos son la voz de la experiencia, mi pepito grillo y grandes referentes 
en mi vida. A mis primos, primas, tíos y tías ¡porque esta familia es una piña! 

Pablo, llegaste en medio de esta tesis y fue para quedarte. Gracias por 
entender que investigar es parte de mí, aunque eso suponga findes de trabajo e irme 
a otro país. Por ponérmelo fácil y acompañarme literalmente en cada paso. Por 
convertirte en un gran pilar en mi vida. ¡Junts podem arribar més lluny! 

 ¡Soy una afortunada! 

¡Gracias! 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

  

         Abstract and Keywords 
      

      

Resumen y Palabras clave 



 

 



  
  

  ABSTRACT:  
  
  
  

Retinitis pigmentosa (RP), an inherited degenerative retinal disease, is 

associated with progressive photoreceptor degeneration, which leads eventually to 

blindness. To date, the precise mechanisms leading to cell death remain unknown and 

no adequate treatment is available. Poly ADP ribose polymerase (PARP) over activity is 

involved in photoreceptor degeneration and, in mice models, its pharmacological 

inhibition protects the retina. Additionally, retinal cell survival depends of adequate 

reception and processing of the information and appropriate cellular communication. 

Initially, the extracellular vesicles (EVs) were recognized as a mechanism for discharging 

useless cellular components. Growing evidence has elucidated their roles in cell–cell 

communication by carrying nucleic acids, proteins, and lipids that can, in turn, regulate 

behavior of target cells. Nevertheless, the role of EVs in blinding diseases, such a RP, is 

far from being understood. The present project aims to investigate the EVs implication in 

retinal degeneration, including their release and cargo, their influence in neighboring 

cells, and the relationship with PARP activity in the retina.  

  

Rd1 and Rd10 mice - two well-known animal model for RP, which hold a mutation 

in the beta subunit of the phosphodiesterase 6 gene (PDE6) – helped advanced the 

understanding of the retinal degeneration. Section from rd1 and rd10 mice and 

organotypic retinal explants from rd10 were used to investigate cellular communication 

by EVs. CD9 and CD81 tetraspanins were studied to investigate EVs activity at tissue 

level by immunostaining. Inhibition of PARP activity was performed using Olaparib. 

Immunohistochemistry was carried out to evaluate PARylated proteins and 

immunostaining was performed to determinate rhodopsin (rho) expression, Müller glia 

cell activity, and cyclic guanosine monophosphate (cGMP) levels after olaparib 

treatment. Also, inmunofluorescence was used to study EVs and their colocalization with 

cilia in rd10 retinae after PARP inhibition. EVs were isolated using ultrafiltration and size 

exclusion chromatography or a commercial isolation kit, depending on downstream 

applications. Nanosight analysis, electron microscope, Fluorescence-Activated Cell 

Sorting (FACs), dot blot, and proteomics were used to characterize the EVs. Moreover, 

rd10 retinas were treated with EV from wt and vice-versa.  Inmunostaining assays against 

CD9, CD81, rho, and IBA-1 (microglia marker) were carried out after EVs treatments. 

TUNEL assay was used to evaluate cell viability, thickness, and row photoreceptor 

number in the outer nuclear layer (ONL) after Olaparib and EVs treatments.  



  
  

  

EVs release changes with the age in wt mice and also under retinal degeneration 

in rd1 and rd10 in different retinal layers. PARP inhibition by Olaparib rescues 

photoreceptors and also modify the EVs release and cargo in rd10 mice. The EVs release 

was increased in rd10 retinae and the protein cargo was modified under retinal 

degeneration. Moreover, EVs from rd10 retinae had the ability to damage wt retinas and 

something similar was produced after treated rd10 retinae with EVs from wt. This data 

strongly suggests the implication of EVs in retina development and degeneration.  

  

  

Key words: Retinitis pigmentosa, photoreceptor degeneration, phosphodiesterase 6, 

Poly-ADP ribose polimerase, extracellular vesicles  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  
  

RESUMEN:  

  

  

Retinitis pigmentosa (RP) es una enfermedad hereditaria de la retina que 

produce degeneración progresiva de los fotorreceptores, generando ceguera.  Hasta la 

fecha, los mecanismos precisos que conducen a la muerte celular son desconocidos y 

no existe un tratamiento adecuado. La sobreactividad de la Poli ADP-ribosa polimerasa 

(PARP) se encuentra implicada en la degeneración de los fotorreceptores y, en modelos 

animales, se ha observado que inhibición de PARP protege la retina. Además, la 

supervivencia celular de la retina depende de una adecuada recepción y procesamiento 

de la información y de una apropiada comunicación celular. Inicialmente, las vesículas 

extracelulares (VEs) fueron descritas como un mecanismo para eliminar componentes 

celulares inútiles. La creciente evidencia ha aclarado su papel en la comunicación 

celular, transportando ácidos nucleicos, proteínas y lípidos que pueden, a su vez, regular 

el comportamiento de las células diana. Sin embargo, el papel de las VEs en las 

enfermedades que cursan con ceguera ceguera, como la RP, está lejos de ser 

entendido. El presente proyecto tiene como objetivo investigar la implicación de las VEs 

en la degeneración de la retina, incluida su liberación y carga, su influencia en las células 

vecinas y la relación con la actividad de PARP.  

  

Los ratones Rd1 y Rd10, dos modelos animales de RP, que contienen una mutación en 

la subunidad beta del gen de la fosfodiesterasa 6 (PDE6), han sido de gran ayuda para 

entender como degenera la retina en la RP. Cortes de ratones rd1 y rd10 y cultivos 

organotípicos de retina de ratones rd10 se usaron para investigar la comunicación 

celular mediante VEs. Se estudió a expresión de las tetraspaninas CD9 y CD81 para 

investigar la actividad de las VEs a nivel retiniano. Para inhibir la actividad de PARP se 

realizó usando Olaparib. La inmunohistoquímica se llevó a cabo para evaluar las 

proteínas PARiladas y la inmunotinción se empleó para determinar la expresión de 

rodopsina (rho), la actividad de las células de Müller y el nivel de guanosín monofosfato 

cíclico (GMPc) después del tratamiento con olaparib. Además, se utilizó 

inmunofluorescencia para estudiar las VEs y su colocalización con cilios en retinas rd10, 

tras la inhibición de PARP. Las VEs fueron aisladas mediante ultrafiltración y 

cromatografía de exclusión por tamaño o con un kit de aislamiento comercial, 

dependiendo de las aplicaciones posteriores. Para caracterizar las VEs se utilizó la 

técnica Nanosight, microscopía electrónica, citometría de flujo (FACs), dot blot y 

proteómica. Además, las retinas rd10 se trataron con VEs de wt y viceversa. La 

inmunotinción frente a CD9, CD81, rho e IBA-1 (marcador de microglia) se llevó a cabo 



  
  
después de los tratamientos con VEs. El ensayo TUNEL se utilizó para evaluar la 

viabilidad celular, el grosor y el número de fotorreceptores en la capa nuclear externa 

después de los tratamientos con Olaparib y VEs.  

  

La liberación de VEs cambia con la edad en ratones wt y también bajo degeneración 

retiniana en rd1 y rd10 en diferentes capas retinianas. La inhibición de PARP por 

Olaparib rescata fotorreceptores y también modifica la liberación y carga de las VEs en 

ratones rd10. La liberación de VEs aumentó en las retinas rd10 y el cargo proteico se 

modificó con la degeneración de la retina. Además, las VEs de las retinas rd10 

presentaron la capacidad de dañar las retinas wt y se produjo algo similar después de 

que las retinas rd10 fueran tratadas con las VEs de wt. Estos datos sugieren la 

implicación de las VEs en el desarrollo y la degeneración de la retina.  

  

Palabras clave: Retinitis pigmentosa, degeneración de fotorreceptores, fosfodiesterasa 

6, Poli ADP-ribosa polimerasa, vesículas extracelulares.  
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1. Anatomical structure of the eye 

 

Senses are our contact to the environment and the eyes are considered the most 

important sensory system. It is known that up to eighty percent of all of our perceptions 

are mediated by the sight1. The human eye is a complex and organized system with a 

high level of specialization2. Also, it is considered an immunological privileged organ 

then, in order to preserve the sight, developed molecular and cellular mechanisms to limit 

the immune response3,4 . 

 

The developing eye is organized during gastrulation as a single field located 

centrally in the developing forebrain. In summary, the retina derives from the neural 

ectoderm, surface ectoderm gives rise to the lens and part of the cornea, and the central 

part of the cornea comes from the neural crest cells5.  

 

A cross-sectional view of the ocular globe shows three tunicas. The external 

tunica is composed by the cornea and the sclera. The cornea is a transparent external 

surface which the light enters and extends back to the sclera, a dense network of 

collagen and elastic fibers. The opaque sclera surrounds the ocular globe until the optic 

nerve. The media tunica, which is mainly vascular, is also known as uvea. This layer 

includes three different components, the iris in the anterior part, the ciliary body in the 

center, and the choroid in the posterior part, which is in contact with the sensorial layer, 

the retina (Figure 1)6,7. Moreover, as shows in the figure 1, the eye is divided in three 

different compartments or chambers: anterior, posterior and vitreous. The anterior 

chamber contains the aqueous humour and is located between the cornea and the iris.  

The posterior chamber contains the aqueous humour and is located between the iris, 

ciliary body and the crystalline. The vitreous chamber, between the crystalline and the 

retina, contains a gelatine mass called vitreous humour or vitreous body. The extraocular 

muscles give the ability to rotate the eye in the orbits and allow the image to be focused 

on the fovea of the central retina7. 
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Figure 1: Eye anatomy. Anatomy of the eye, showing the cornea, lens, ciliary body, 
retina, choroid, vitreous humour, optic nerve and eye chambers. Obtained and modified 
from https://visualsonline.cancer.gov/ 8. 

 

1.1 The sclera 

 

The sclera is a dense, fibrous and viscoelastic connective tissue composed by 

collagen and elastic fibers. The scleral tissue forms the outer coat of the ocular globe 

and provides support to the visual apparatus, resist the intraocular pressure and protects 

the eye contents from external damage. Furthermore, the eyeball shape and size is 

determined by its biochemical and biomechanical properties and can be altered by 

changes in the environment9. 

 

1.2 The choroid 

 

 The choroid is the vascular layer of the eye and lies between the retina and the 

sclera10,11. It begins in the posterior region of the eye, where it is thicker, and ends 

towards the middle portion, in the ciliary bodies11. The choroid consists of blood vessels, 

melanocytes, fibroblasts, resident immunocompetent cells, collagen and connective 

tissue12,13. As the main source of blood supply in the retina, its principal function consist 

in providing metabolic support to the retinal pigment epithelium (RPE)12,13. Nevertheless, 

the choroid also holds other roles, such as angiogenic factors secretion, light absorption, 

thermoregulation through heat dissipation, retinal positions adjustments due to changes 

in choroid thickness, intraocular pressure modulation by vasomotor control of blood flow 

and aqueous humor drainage of the anterior chamber11,13. 

Anterior chamber 
(aqueous humour) 

Vitreous chamber 
(vitreous humour) Posterior chamber 

(aqueous humour) 
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1.3 The retina 

 

         1.3.1 Embryotic origin  

 

The retina is a prolongation of the central nervous system (CNS). It derives from 

the neural tube and is formed during the embryo development7. Briefly, during neuration, 

when the diencephalon walls stick out, two lateral optics holes appear. The pits growth 

give place to the optic vesicles. The primordial optic vesicles fold inward and develops 

the optic cup. Later, the inner and the outer layer of the optic cup gives rise to the neural 

retina and the RPE, respectively5,7. Initially both walls of the optic cup are just one cell, 

but the cells of the inner layer divide to form a neuroepithelial multi-layered tissue: the 

retina (Figure 2)7. 

 

 
Figure 2. Embryonic development of the retina. The retina derives from the neural 
tube. Two optic holes appear, grow and fold inward given place to 2 optic cups. Finally, 
the optic cups developed in neural retina and RPE. Obtained from  http: // 
webvision.med.utha.edu/ 7. 
 

 

          1.3.2   Structure and functions 

 

 The retina is a complex anatomic and functionally structure, were the light 

information process starts14. The retina extends back of the eyeball, from the inner 

surface to the ciliary body. It is in contact with the vitreous body internally and with the 

choroid externally15.Eleven layers composed the retina. Starting from the back of the 

eye, we find the RPE, the photoreceptor outer segments (POS), the photoreceptor inner 
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segments (IS), the external limiting membrane (ELM), the photoreceptor outer nuclear 

layer (ONL), the outer plexiform layer (OPL), where photoreceptor cells synapse with 

interneurons, the inner nuclear layer (INL), containing bipolar, amacrine and horizontal 

cells, the inner plexiform layer (IPL), where interneurons synapse with the ganglion cell 

layer (GCL), the nerve fiber layer (NFL), and the inner limiting membrane (ILM)16 (Figure 

3). Due, their structural complexity, the retina can be separate in two functional parts: 

the internal part or neural retina and the external part or non-neural retina. The neural 

retina transforms the light into electrical impulses and send it to the brain through the 

optic nerve. The non-neural retina, that that includes RPE and Bruch´s membrane, 

maintains the integrity of the barrier between the choroid and the retina, known as 

external blood retinal barrier (BRB)17.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Structure of the retina. The figure shows the neural and non-neural retina. 
Non-neural retina is formed by the RPE. Neural retina is composed by the photoreceptor 
outer segments (OS); the photoreceptor inner segments (IS); the external limiting 
membrane (ELM); the photoreceptor outer nuclear layer (ONL); the outer plexiform layer 
(OPL); the inner nuclear layer (INL); the inner plexiform layer (IPL), the ganglion cell 
layer (GCL); the nerve fiber layer (NFL); and the inner limiting membrane (ILM). Obtained 
from http://www.retinareference.com/ 16. 
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2. The non-neural retina:  The RPE 

 

     2.1 RPE Structure  

 

 The RPE is a cuboidal epithelium composed by regular and hexagonal cells with 

neuroectodermal origin. The RPE cells and the intercellular tight junctions give rise to a monolayer 

of pigmented cells which form part of the BRB18. The inner limit, or apical membrane, connect 

with the POS. The outer limit, called basolateral membrane, faces the Bruch's 

membrane, which separates the RPE from the fenestrated capillaries of the choroid. In 

the apical part of RPE cells, long microvilli make contact with the POS. In addition, here 

the RPE cells form tight, adherens and gap junctions19,20. Furthermore, the RPE basal 

membrane and the basal membrane of the endothelium form the Bruch’s membrane18.  

 

     2.2 RPE functions 

 

In the human body, the RPE is one of the most metabolically active tissues. Apart 

from being part of the BRB21, the RPE exhibit other functions, including: transepitelial 

transport, light absorption and filtration, production of antioxidant molecules, 

phagocytosis of the POS, production and secretion of growth factors, and it is essential 

for the visual cycle18 (Figure 4). Alterations in any of the RPE functions may lead to 

retinal degeneration, decrease of visual acuity, and blindness21. 

 

Figure 4: Schematic representation of RPE functions. PEDF: pigment epithelium-
derived growth factor; VEGF: vascular epithelium growth factor; Epithel: epithelium. 
Obtained from Strauss O. 200518. 
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       2.2.1 Blood retinal barrier 

 

As mentioned above, RPE main function is to be part of the blood retinal barrier 

BRB (Figure 5). BRB consists in a restrictive physiological wall that regulates ion, protein 

and water flow between the retina and the choroid. The RPE and the Bruch's membrane 

shape the outer BRB whereas the tight junctions of retinal capillary endothelial cells form 

the inner BRB21. 

 

 

 

 

 

 

 

 

Figure 5. Anatomy of the RPE. RPE and Bruch’s membrane formed the outer BRB. 
RPE is separated from choriocapillaris by Bruch’s membrane. Modified from Sonoda S, 
et al. 200922. 

 

         2.2.2 Transepitelial transport 

 
The RPE control the transepitelial transport by mechanisms for active and 

facilitated transport of ions and molecules, which allows the balance of the extracellular 

environment of the external retina18. There is a continuous movement of fluid between 

the compartments within the eye, and between the eye and the systemic circulation23. 

Transport through the RPE is bidirectional: from the subretinal space to the choroid, the 

RPE transports electrolytes and water, and from the blood to the photoreceptors, the 

RPE transports glucose and other nutrients24. 

 

        2.2.3 Light absorption and antioxidant capacity  

 

The retina is constantly exposed to a high amount of light and oxygen which 

favors photooxidation25 and the generation of a reactive oxygen species (ROS)26. The 

RPE is essential to neutralize the oxidative stress that occurs in the retina, and it does 

Outer  BRB 
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so through two mechanisms. First, the RPE absorbs and filters the light. Secondly, the 

RPE produces antioxidant molecules, such a superoxide dismutase (SOD) and 

catalase24. 

 

       2.2.4 Phagocytosis of the photoreceptors outer segments. 

 

In addition, the RPE phagocytes POS. The phagocytosis pathway aims to 

remove apoptotic cells and debris27,28. It is a renewal mechanism essential for the proper 

behavior and protein structure of the retina. Through the coordinated detachment of the 

segments and the formation of new membranous discs, the external segments maintain 

a constant length. The limbs detached from the external segments are phagocytosed by 

the RPE, which digests them and delivers essential molecules such as docosahexaenoic 

acid and retinal acid back to the photoreceptors24. 

 

       2.2.5 Grow factors secretion 

 

It is known that RPE produces and secretes a variety of growth factors, as 

well as essential factors for maintaining the structural integrity of the retina and choroid, 

favoring the survival of photoreceptors and guaranteeing a basic structure for optimal 

circulation and supply of nutrients. Among these factors, the vascular endothelial growth 

factor (VEGF) and the pigment epithelium-derived factor (PEDF) are considered the 

most significant elements released by the RPE24. 

 

     2.2.6 RPE and the visual cicle 

 

Moreover, the RPE is involved in the visual cycle taking part in the 11-cis retinal 

regeneration18,29. The visual cycle is a sequential pathway of enzymatic reactions to 

recycle the visual pigments,  that occurs in the outer layer of the retina29 – between the 

photoreceptors and the RPE – and is essential for the vision maintenance30.  

  

 In vertebrates, the retina contains two types of photoreceptors – the light 

sensitive cells in the retina – cones and rods29. The rod photoreceptors capability is due 

to its content in the visual pigment rhodopsin, a transmembrane protein that consists of 

a protein part, opsin, and a non-protein part, retinal, which is derived from vitamin A. 

Opsin is a light-sensitive visual pigment that is covalently bound to the retinal 

chromophore18. 
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 The light stimulus conversion into nerve impulses, called phototransduction 

(see point 3.1.1), begins with the absorption of photons by rhodopsin. Light absorption 

changes the conformation of 11-cis-retinal to all-trans-retinal. This is metabolized in 

trans-retinol by a retinol dehydrogenase and transported again to the RPE. In the RPE 

the retinol is esterified to all-trans retinyl ester by lecithin retinol acyltransferase (LRAT). 

After that, the all-trans retinyl ester is reisomerized to 11-cis retinal by means of two 

enzymes, the RPE65 and 11-cis retinol dehydrogenase. Finally, 11-cis retinal is carried 

back to the photoreceptors, binding again to rhodopsin29,30. The hydrophobic retinoids 

transport in an aqueous environment is performed by retinoid-binding proteins, such a 

retinol-binding protein (IRBP, also known as RBP3), cellular retinol-binding protein and 

cellular retinaldehyde- binding protein30. As shown in figure 6, there is a close 

interdependence between the photoreceptors, the RPE and the choroid, so that in 

dysfunction any of these components can cause secondary dysfunction in the others30. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: the rod photoreceptor visual cycle. Light absorption isomerizes 11-cis 
retinal to all-trans retinal. Thus, the rhodopsin (RHO) becomes activated (RHO*). All 
trans-retinal is metabolized in 11-trans retinol by retinol dehydrogenase (hydroxyl group 
shown as OH) and it is transported to the RPE, where it is esterified to a fatty acyl group 
(FA) by lecithin retinol acyltransferase (LRAT) to form all-trans retinyl ester. All-trans 
retinyl ester is subjected to trans-isomerization into 11-cis retinal by RPE65 and 11-cis 
retinol dehydrogenase enzymes. Finally, 11-cis retinal is transferred back into the 
photoreceptor, and binds to the opsin again, forming rhodopsin. Retinoid-binding 
proteins, such as interstitial retinol-binding protein (IRBP, also known as RBP3), cellular 
retinol-binding protein and cellular retinaldehyde- binding protein, are needed to 
transport the hydrophobic retinoids in an aqueous environment. Obtained from Wright 
AF, et al. 201030. 
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3. The neural retina 

 

The retina consists of six types of nerve cells:  photoreceptors (cones and rods), 

bipolar cells, ganglion cells, horizontal cells, and amacrine cells. The cell bodies are 

located in the inner and outer nuclear layer, and the ganglion cell layer. Their synaptic 

interactions are located in the inner and outer plexiform layers17 (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The neural retina. (A) Section of the retina showing the retinal layers. (B) 
Basic circuitry of the retina, including the neural retina with photoreceptors, bipolar cells, 
ganglion cells, horizontal cells, and amacrine cells. Modified from  Purves D, et al. 201117. 
 
 
 

3.1 Photoreceptor outer segments 

 
Photoreceptors are the light-sensitive neurons in the retina and it can be divided, 

based in their morphological and functional properties, in two different types: cones and 

rods14,31. Rods are responsible for dim-light vision, so they are extremely sensitivity to 

light, being able to detect a single photon. Cones, are responsible for bright-light 

function, are 100 times less sensitive to the light than rods but their kinetics response 

during phototransduction is faster14,31. Also, cones are involved in high acuity and colour 

vision14. Most vertebrates, including humans, have retinas with a rod domination. 

Interestingly, the central part of the human retina, the fovea, is composed exclusively by 

cones31.  These light-sensitive cells contain two different parts, the inner segments (IS) 
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and the POS that are connected by the connecting cilium32,33 (Figure 8). The POS 

consist in a type of primary cilia modified and packaged in membranous disks. The POS 

absorb light through the photopigments embeded in the disks. This large surface area 

enhances the photon capture, amplifying the signal and isomerizing cis-retinal into trans-

retinal. This mechanism will end with the phototransduction: the arrival of the light 

changes the polarity of the photoreceptor membrane14,34.  

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: The photoreceptors structure. Rod and cone photoreceptor cells showing 
the POS, IS, and synaptic terminals. The magnified drowing shows the connecting cilium 
between the basal body and POS. IS contains the metabolic and polarized trafficking 
machinery and POS contains the phototransduction system. Modified from Wright AF, et 
al. 201030. 
 

 

3.1.1 Photoransduction cascade 

 

The Phototransduction cascade starts when rhodopsin absorbs light, becomes 

active – 11-cis-retinal isomerizes into all-trans-retinal – and catalyses the activation of 

transducin, a heterotrimeric G protein, which in turn activates phosphodiesterase 6 

(PDE6). PDE6 hydrolyses cyclic guanosine monophosphate (cGMP)35,36,37, an 

intracellular messenger, who regulates the activity of the ion channels at plasma 

membrane36,37. The reduction of cytoplasmic cGMP concentration inactivates cGMP-

gated (CNG) channels  of the POS, producing a reduction of the cation influx that leads 

to hyperpolarization of the membrane potential36,37. Due to the shut of CNG channels, 
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intracellular Ca2+ concentration decreases, triggering the activation of Ca2+ dependent 

proteins which, in turn, activate guanylate cyclase (GC), leading to cGMP concentration 

restauration38. To finish the visual cascade, rhodopsin becomes deactivated through 

phosphorylation by rhodopsin kinase and subsequent binding of arrestin inhibiting the 

interaction between rhodopsin and transducine35(Figure 9). 

 

 
 

Figure 9: Phototransduction pathway in rod and cone photoreceptors. After 
rhodopsin activation by light absorption, transducin becomes active and in turn activates 
PDE6. PDE6 hydrolyzes the cGMP in to GMP producing a cation influx reduction and 
cell hyperpolarization. The channels closing produces a reduction in Ca2+ level, the CG 
is active and enhances cGMP concentration. Obtained from Furukawa T, et al. 201439. 

 

3.2 Inner segments 

 

In the IS we can find different organelles, such as the endoplasmic reticulum 

(ER), Golgi complex and mitochondria. Here takes place the protein and lipid synthesis 

and the regulation of the membrane potential. Some of the new proteins and lipids 

synthesized at the IS are trafficked to the POS, which are continuously renewed34. 

 

3.3 Outer Nuclear Layer 

 

The ONL includes the photoreceptor cell nuclei17.   
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3.4 Outer Plexiform Layer 

 

At the OPL the synaptic terminals of cones (pedicles) and rods (spherules) 

contact with the bipolar and horizontal cells17. Depending of their contact with 

photoreceptors, bipolar cells can be divided into rod or cone bipolar cells. Besides, 

bipolar cells can depolarize (ON) or hyperpolarize (OFF), when receiving signals from 

the photoreceptors14. 

 

3.5 Inner Nuclear Layer 

 

The INL contains nuclei of bipolar, horizontal, and amacrine cells17. Bipolar cells 

transport signal from the photoreceptor cells to the ganglion cells (vertical pathway), 

activating specific channels in order to encode stimulus features like polarity, contrast, 

temporal profile, and chromatic composition. More than 10 types of bipolar cells can be 

found in the human retina40. Horizontal cells and amacrine cells are produce the lateral 

inhibition of the retina (horizontal pathway), which enhances the visual contrast41,42. 

 
 
 

3.6 Inner plexiform layer 

 

In the IPL axons of the bipolar cells make synaptic contact with dendrites of the 

ganglion cells. In addition, amacrine cells perform postsynaptic contact with bipolar cells 

and presynaptic contact with the ganglion cells dendrites17. 

 
 

3.7 Ganglion cell layer 

 

  Different ganglion cell types encode specific aspects of the visual scene such a  

contrast, contours, color or movement43. Ganglion cells send their axons through the 

optic nerve towards the thalamus17,44. 
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4. Glia 

 
Cells of the glia in the retina include Müller cells, astrocytes - usually called 

macroglia45- and microglial cells. They provide structure and support to the retina, and in 

the case of the microglia, defense to injury or infection16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Cell types in the retina in mammalian: glia and nerve cells. Amacrine 
cells (A), astrocytes (AS), bipolar cells (B), ganglion cells (G), horizontal cells (H), Müller 
cells (M), microglia (Mi), rods (R), and cones (C). Note the interactions between the cells 
and blood vessels (BV) and the location of the different layers of the retina: optic nerve 
(ON), nerve fibre layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner 
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), outer 
segment layer (OS), pigment epithelium (PE), choroid (Ch).Obtained from Vecino E, et 
al. 201645. 
 

 

4.1 Müller glia cells 

 

  In the retina, Müller cells are the major glial components. Müller cells extend all 

through the retina, contacting with neighbouring nerve cells46. They contribute to 

neuroprotection, retinal homeostasis, and structure and function maintenance44,46. Müller 

cells support homeostasis of the retinal cells by releasing trophic factors, recycling 

neurotransmitters, and controlling ionic balance. Moreover, they act as optical fibers 

guiding light into the photoreceptors. Furthermore, Müller glia is involve in cone outer 

segment phagocytosis and cone outer segment assembly and also participate in cone-

specific visual cycle46.  
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4.2 Astrocytes 

 

  Astrocytes receive the name based on their stellate morphology. These cells 

migrate from the optic nerve and probably go into the retina through blood vessels. As 

same as the other glial cells, astrocytes play different roles, including neurotrophic and 

mechanical support for axons and the maintenance of the BRB45. 

 

4.3 Microglia 

 

Microglia are the resident macrophages cells of the CNS, including the retina. 

Retinal microglial cells are able to phagocyte pathogens, degenerating cells and 

transplanted tissues. Nevertheless, their protective or deleterious role in response to 

injury is still under discussion47. In healthy retinas, microglia present a ramified 

morphology, and their cell bodies are located in the inner retina, but not in the ONL and 

the POS  layer47,48,. In retinal diseases, such a glaucoma, retinitis pigmentosa (RP), age-

related macular degeneration (AMD) or diabetic retinopathy (RD), microglial cells are 

activate. Activated microglia become increasingly mobile, their protusions decrease and 

their morphology becomes amoeboid47,48. Activated microglia functions include 

phagocytosis, antigen presentation, and production of inflammatory factors47. Moreover, 

microglia cells accumulate in damaged retinal layers48. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Microglial activity in the retina. In the healthy retina, microglial cells with 
long protusions are located in the plexiform layers (OPL and IPL). Different damages, 
leading to abnormal cell functions or cell degeneration, alert microglia. When activated, 
microglia become ameboid and migrate to the lesion site. Obtained from Karlstetter M, 
et al. 201448. 
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5. Retinal diseases 

 

The Word Health Organization (WHO) classifies visual diseases in two groups: 

distance and near vision impairment. Distance vision impairment can be subdivided 

according to the severity in: mild, moderate, severe, and blindness. Near vison 

impairment include visual acuity reduction with existing correction like glasses or white 

canes. In 2018, the WHO estimated that approximately 1.3 billion people live with some 

visual impairment and 36 million people are legally blind. This health problem will 

enhance in the next years due the increase in live expectancy49. 

 

Generally speaking, have two categories: primary rod photoreceptor 

degeneration and primary cone photoreceptor degeneration. The first category includes 

human diseases such a RP, Leber congenital amaurosis (LCA) or Usher Syndrome in 

which cones death secondarily. Primary cones degeneration diseases, where rods are 

mostly unaffected, are characterized by severe loss of visual acuity and daylight vision. 

These typical symptoms appear at diseases like cone-dystrophy, Stargardt’s disease or 

AMD50.  

 

 

6. Retinitis pigmentosa 

 

6.1 Definition, clinical features and inheritance 

 

 RP is a group of inherited neurodegenerative diseases in which rod 

photoreceptors die due to a genetic mutation, whereas cone photoreceptors disappear 

secondarily, once rods are gone. While the initial disease symptoms (i.e. night blindness) 

are comparatively mild, the secondary loss of cones ultimately leads to complete 

blindness. The disease affects approximately 1 in 3,000 to 7,000 people among the 

working age population in the developed world51 and is characterized by strong genetic 

heterogeneity with causative mutations in more than 100 genes52. RP was described for 

the first time in 1857 by the ophthalmologist Franciscus Cornelius Donders53.  

 
Loss of night vision is the first sign of the disease and normally starts in childhood. 

Afterwards, in the peripheral vision, blind spots appear and tunnel vision is produced 

when these spots merge. The disease progresses affecting the central vision and 
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hindering daily tasks, such a reading, driving, and recognizing faces, eventually causing 

blindness in adulthood54. 

 

 Around 50 to 60% of RP cases show autosomal recessive inheritance while 30 

to 40% is produced by autosomal dominant heredity. Moreover, 5 to 15% of RP is 

produced by X-linked trait55.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 12: Vision impairment progression in RP. A) Normal vision. B) RP early stage 
C) RP middle stage D) RP late stage. Obtained from PRO RETINA deutschland56. 
 

6.2 RP and PDE6 mutation 

 

 In 4 – 8 % of human RP cases, the disease is caused by mutations in genes 

encoding for cGMP specific PDE657,58. The PDE6 family, commonly known as 

photoreceptor phosphodiesterase, entails three genes PDE6A, PDE6B, and PDE6C59, 

encoding a key protein in phototransduction cascade and the intracellular cGMP level 

maintenance60,61. In rods, the PDE6 catalytic core is a heterodimer of PDE6A and B 

subunits, whereas in cones the enzyme consist in two PDE6C subunits giving rise to a 

catalytic homodimer59,61. 

 
A mutation in the B subunit of PDE6 produces a defective protein. The non-

functional enzyme fails to hydrolyze cGMP, causing its accumulation57,62. Notably, 

elevated cGMP levels in dying photoreceptors were found to correlate with increased 

activity of Poly ADP ribose polymerase (PARP)50,63. 
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6.3 Poly ADP ribose polymerase (PARP) and PARthanatos 

 

 Poly-ADP-ribose (PAR) metabolism is a post-translational modification involved 

in many cellular pathways such as transcription, DNA repair, and cell death64. Although 

the enzyme activity presents beneficial role in cell physiology, PARP is also implicated 

in human diseases such cancer and neurodegenerative disorders. In neurodegenerative 

diseases, including hereditary retinal degeneration, PARP over activation may consume 

cellular substrates, producing a subsequent cell death63,65,66. 

 

 There are at least 17 different PARP isoforms. Among them, PARP1 – 116 kDa 

protein – has become the major focus of research due to its multi-faceted roles in many 

cellular activities67,68. DNA damage by mild genomic stress activates PARP1 whereas 

massive DNA disruption in several diseases causes excessive PARP1 activation which 

leads to cell death69,70. Excessive activation of PARP1 may lead to excessive utilization 

of nicotinamide adenine dinucleotide (NAD+). Restoration of decreased NAD+ requires 

two or four molecules of adenosine-5'-triphosphate (ATP). Consequently, cellular ATP 

levels become depleted, leading to an energetic collapse, cellular dysfunction, and 

eventually cell death64,71. PARP is a key factor in a novel form of cell death, which 

involves accumulation of PAR and nuclear translocation of apoptosis-inducing factor 

(AIF) from mitochondria71. This PARP-dependent cell death mechanism is tentatively 

termed PARthanatos64. In response to DNA damage, PARP1 covalently attaches oligo 

or PAR chains on to various acceptor proteins such as histones, DNA polymerases, 

topoisomerases, and transcription factors or PARP1 itself by transfer of ADP-ribose units 

from NAD+ 67,69,72. 

 

 Over activation of PARP was involved in photoreceptor degeneration in different 

animal models including rd10 mice50. 

 
 
 

6.4 Experimental models for RP studies 

 

  This thesis focuses on the RP and the cellular communication under physiological 

and pathological condition. Different animal models were used in order to study the 

disease in vivo. Also, organotypical culture models were used as ex vivo paradigm. 
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6.4.1 RP animal models 

 

 Nowadays, a large number of human homologous animals models are available 

to study inherit retinal degenerative diseases73 ,including fish74, mice65,50,66,75, rats50, 

dogs76, and pigs73.  Each animal offers different advantages and disadvantages and its 

should be selected thoroughtly73. 

Autosomal dominant and recessive animal models are used to study RP. 

Autosomal dominant models for RP include P23H and S334ter transgenic rats50 and 

P347L and a miniature swine with the human RHO P23H transgene73. A large number 

of mice models are used to study autosomal recessive RP: rd1, rd2, rd10, Cngb1 KO, 

Rho KO mice50 (Figure 13) . 

 

 

 

 

 

 

 

 

 

 

Figure 13: RP animal models used and their genetic defects. The image shown the 
natomical localization and metabolic consequences of the causative genetic mutations 
in different animal models RP. The mutations include defects in Rhodopsin (Rho KO, 
P23H, S334ter, P347L), cGMP-hydrolyzing phosphodiesterase-6 (PDE6; rd1, rd10), the 
structural protein Peripherin (Prph2; rd2), to the cyclic- nucleotide-gated (CNG; Cngb1 
KO) channel that allows for Ca2+-influx. Modified from Arango-Gonzalez B, et al. 201450. 

 

 The rd1 and rd10 mice are two animal models that hold a mutation in the gene 

encoding the beta subunit of the PDE675,77, mapped on chromosome 578,79, which protein 

catalyzes cGMP into guanosine monophosphate (GMP)75. Due the mutation, cGMP 

accumulates causing, as a consequence, photoreceptor cell death80. Mice homozygous 

for the rd1 and rd10 mutations79 occur naturally78 and are characterize by rapid 
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degeneration rod-like photoreceptor cells, remaining only the cones, which eventually 

die as well.  

 
 Rd1 mice was reported by Kepler for the first time in 192478,81,82. The animal 

carries a murine leukaemia provirus insertion in intron 1 and a second nonsense 

mutation (stop codon) in exon 7. In 2002 Chang et al. described the rd10 mouse that 

contains a missense mutation (R560C) in exon 13 of the PDE6B gene78. 

 

 

 

 

 

 

Figure 14: Schematic representation of the mouse PDE6B gene and protein, and 
the localization of spontaneous mutations in rd1 and rd10 animal models. The rd1 
mouse holds in the intron1 a murine leukemia provirus insertion and a point mutation in 
7, which introduces a stop codon. The rd10 mouse contains in exon 13 a missense 
mutation (R560C). The PDE6B protein contains two high-affinity non-catalytic cGMP 
binding sites (GAF domains) and a catalytic domain. The majority of human mutations 
are located at catalytic subunit. Modified from Wang T, et al. 201880. 

 

 

 Despite both mutations occurs at PDE6B there are differences between them. In 

rd1 mice the protein expression and activity remains undetectable whereas in rd10 the 

PDE6 activity decrease significantly, but is detectable at postnatal day (P) 1078,80. 

Moreover, in rd1 mice the peak of degeneration occurs before the complete retinal 

structures development at P1350,78. In contrast, in rd10 mice, the peak of rod 

photoreceptor cell death take place when the retina is matured78 at P1850,78. 

 The residual enzyme activity in rd10 retinas may reduce the toxic cGMP 

accumulation at early stage of the disease and explain why degeneration is slower in 

rd10 compared with rd1. Thus, the rd10 is considered a better mouse model than rd1 for 

developing new treatments for RP78,80. 

 

 

6.4.2 Organotypic retinal explant cultures 
 

 
 Organotypic retinal explants culture preserve the histotypic context of the retina 

in rd10 and wt mice. In retinal explants the anterior segment, lens, vitreous body, cornea, 

sclera and choroid are removed and only the neural retina with the RPE attached is 
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remained. Finally, the retina is transferred to a culture membrane insert. Therefore, the 

culture include all the retina layers and the corresponding cell types63,65,83,84,85,86 (See 

figure 1 annexed).This ex vivo model, cultured in a fetal bovine serum (FBS) free 

medium, enables an accurate and reproducible control of experimental conditions85. 

Furthermore, the suffering of live animals is eliminated and that the number of animals 

needed is greatly reduced compared to in vivo experimentation85. The retinal explants 

and can reproduce the complex interplay of different neuronal cell types becoming in a 

good ex vivo model to study cell communication by EVs in complete tissue. 

 

6.5  Current treatments 

 

To date no effective treatments for RP are available53,87. Nutritional supplements 

were used to limit the diseases progression. Among them, Vitamin A, B-carotene, 

Docosahexaenoic Acid (DHA), and lutein, showing a limited effect53. Gene and cell 

therapies are under development53,87,88. In 2018 the food and drug administration (FDA) 

approved the first retina gene therapy for RP65 mutations, that causes LCA and RP. 

Moreover, gene therapy trials for RPGR, PDE6B, MERTK, and RLBP1 mutations are 

currently ongoing53. However, it is expected that gene therapy only halts or slows the 

progression of the disease53 since the absence of long-term benefits were reported, 

probably due to the low transduction efficiency of recombinant gene vectors88. Moreover, 

the use of high dose recombinant gene vectors may produce toxicity88. Cell therapy in 

RP aims to differentiate photoreceptors from stem cells in vitro to replace lost cells and 

restore the vision. The implanted cells should have the capacity  to integrate, survive, 

and signal correctly to bipolar cells53. In RP patients, a bone marrow–derived stem cells 

treatment reported the improvement of quality live 3 months after treatment. 

Unfortunately the treatment efficiency was deteriorated and lost at 12 months87,88.The 

problem seems to be the low transduction efficiency of recombinant gene vectors. 

However, a higher dose produced toxic effects88. 

 

 In advanced stages of RP, retinal prostheses or subretinal implants can be an 

option.  The Argus II Retinal Prosthesis System is available in the USA. In Europe, we 

have the Alpha-IMS (developed in Tübingen University). These implants stimulate the 

visual pathway downstream of the photoreceptors. The visual system restoration is 

modest and rudimental, nevertheless it allows the perception of movement and 

shape53,88. 
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 In RP several PARP inhibitors developed for cancer treatments and approved by 

FDA were tested, in vitro and in vivo, in the last years in order to verify its neuroprotective 

capacity in photoreceptors in the rd1 mouse model. PARP inhibitor PJ-34, R503, ABT-

888 (Veliparib) and Olaparib (LynparzaTM) were evaluate in rd1 retinas. Despite PARP 

inhibitors display mechanistic similarities their structural differences affect their pre-

clinical potency and the drug tolerability in patients89. R503 and ABT-888 exhibited 

adverse effects whereas PJ-34 and Olaparib inhibitors shown neuroprotective effects. 

Among this two drugs Olaparib presented stronger photoreceptor protection66. 

 
 

6.5.1 Olaparib  

 

  Olaparib  is a PARP inhibitor that was initially approved by the FDA in December 

2014 as a monotherapy for ovarian cancer90,91. In addition, it is used in patients with 

metastatic breast cancer92,93 and  is also under clinical trial III in prostate cancer91,94. 

Unlike other PARP inhibitors, Olaparib seems to have multiple way of action. As seen in 

other molecules, Olaparib competes with NAD+, blocking the PAR chains formation by 

PARP90. Additionally, Olaparib inhibits PARP1, PARP2, and PARP3s leading to the 

inability to recruit the appropriate DNA repairing factors. This fact produces the 

accumulation of single strand breaks, followed by the double strand breaks, as well as 

the collapse of replication forks90,91. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Dual mechanism of action of Olaparib.  Olaparib competes with PARP1, 
PARP2 and PARP3 for the NAD+ binding. Additionally, Olaparib traps PARP1 and 
PARP2 on DNA therefore interfering with DNA damage repair and leading to cytotoxicity. 
PARPi, poly (ADP-ribose) polymerase inhibitor; NAD+, nicotinamide adenine 
dinucleotide. Obtained from Bixel K, et al. 200590 
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7. Extracellular vesicles 

 

7.1 The discovery of extracellular vesicles 
 

  Since the first indication in 1946 of the existence of extracellular particles and 

vesicles in platelets95 an increase number of extracellular vesicles (EVs) studies were 

reported96. For 40 years, researchers described the release of membrane-enclosed 

vesicles in different cell types and tissues by bud with the plasma membrane.  In the 

1980s, a more complex secretion pathway was reported for two different and 

independents groups when they were studying the reticulocyte maturation97,98.  Both 

groups proposed that the EVs were formed in the intracellular endosome, leading to the 

formation of a multivesicular body (MVB), which fuses with the plasma membrane, 

secreting vesicles99,100. In 1987 the term “exosome” was define by Johnstone as a EVs 

from endosomal origin, released by exocytosis101. Until the 1990s, exosomes were 

marginally studied and were considered artefacts or fragments of dead cells102 but after 

two publications suggesting the implications of these vesicles in cellular communication, 

the interest in the field increased97,103,104. In the last years, the study of cellular 

communication by EVs, which are released to interact with neighbouring target cells105 

or travel through the blood flow106 in physiological and pathological conditions, has 

generated great interest107. The presence of ribonucleic acids (RNA) in EVs, messenger 

RNA (mRNA), and microRNA (miRNA), described in 2006 and 2007 respectively, 

opened a new perspective in the role of EVs as vectors of genetic information, as well 

as their ability to modify the genetic expression in recipient cells97. 

 

Several EVs subtypes were identified and different names were used in the 

literature based on size, biogenesis, cell or tissue of origin, and function (Ex. 

Nanovesicles, exosome-like vesicles, shedding or blebbing vesicles)96,97. Even though 

the nomenclature is sometimes confusing and still in debate, it is clear that the EVs study 

is constantly growing. In fact, The International Society for Extracellular Vesicles (ISEV), 

was founded in 2012 due the necessity to advance in the EVs biology knowledge (Figure 

16). 
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Figure 16: EVs history. The scheme shows the more important findings in the EVs 
study since 1946, when Chargaff report the existence of “extracellular particles” for the 
first time. 

 

 

7.2  Definition and types 

 

  ISEV defines EVs as “the generic term for particles released from the cell that are 

delimited by a lipid bilayer and cannot replicate, i.e. do not contain a functional 

nucleus”108. EVs include a heterogeneous group of particles release from cells. Currently, 

EVs are classified in three categories: exosomes, microvesicles or ectosomes and 

apoptotic bodies, based in their biogenesis, mechanism of release, and size96,109 (Figure 

17). Apoptotic bodies are released from the plasma membrane of dying cells, and they 

have a diameter range from 200 nm to 5 mm96. Microvesicles (MVs), or ectosomes, 

are shed from the plasma membrane and their size are between 100-800 nm96. The 

ectosome nomenclature derives from the term ectocytosis used to describe the shedding 

of vesicles from the plasma  membrane in stimulated neutrophils102. Exosomes, which 

are 30-150 nm in diameter, are the EVs best characterized and as explained above their 

release depends of the MBV formation98,109. 

 



  

29 
 

         

 
Figure 17: Classification of extracellular vesicles. The image shows the EVs 
subtypes according to the mechanism of generation and size including exosomes, 
microvesicles and apoptotic bodies. Modified from Devhare PB, et al. 2017110. 
 
 

 Due the difficulty to define specific EVs marker subtypes, ISEV urged the 

research’s consider to use operational terms to refer the EVs subpopulations. This 

include physical characteristics such a size (small, medium or large) or density (low, 

middle or high), biochemical composition  or descriptions of conditions or cell of origin108.  

 

 

7.3  Extracellular Vesicles biogenesis and secretion 

 

  EVs biogenesis and secretion is a process evolutionarily conserved since it was 

describe from eukaryotes and procariotes97,111. Cells released material to the 

extracellular space using different types of mechanisms. Due the importance in cell-cell 

communication the ectosome and exosome released was largely studied by many 

researchers in the last decade and is still under discussion.  

Although EVs release starts with a similar mechanism and is a highly regulated 

process the release is significantly different112. Figure 18, shows the major biogenesis 

differences between ectosomes and exosomes. Briefly, ectosomes or microvesicles are 

release directly budding the cell surface and the exosome secretion entail the release of 

the intraluminal vesicles (ILVs) of MVBs111,113. The EVs release from apoptotic cells is 

largely understudied. Nevertheless, several studies report that apoptotic bodies have 
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similar importance and function as ectosomes and exosomes. This studies proposed 

that apoptotic bodies can help clearance and are important in intercellular 

communication114. 

 

 

 

 

 

 

 

 

Figure 18: Release of MVs and exosomes. MVs bud directly from the plasma 
membrane, whereas exosomes are formed as the ILV by budding into early endosomes 
and MVEs and are released by fusion of MVEs with the plasma membrane. Other MVEs 
fuse with lysosomes. Obtained from Raposo G, et al. 2013113. 

 

Little is known about the role of EVs in retinal disorders. Here, due the importance 

reported previously by other authors in different diseases97,105,106,109 and the working 

experience in our research group, we focused on small EVs. However, in the future, to 

complete understand of cellular communications between dying photoreceptors and 

retinal degeneration also the role of apoptotic bodies should be elucidated. 

 

7.3.1 Exosome biogenesis 

 

 Extracellular ligands and cellular components are recycled to the plasma 

membrane or degrade by endocytic pathway.  This process requires the  ILVs formation 

and their accumulation in MVBs. The molecular machinery involve in ILVs and MVBs 

biogenesis can be dependent or independent or the  Endosomal Sorting Complex 

Required for Transport (ESCRT)111. Figure 19 summarizes the exosome secretion 

pathways. 

The ESCRT machinery involves 4 subcomplex (ESCRT-0/I/II/III) and associated 

proteins (Alix and VpS4 complex)98,111,113,115. The subcomplex ESCRT-0 takes care of 
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the cargo clustering in a ubiquitination-dependent process98,111. ESCRT-I and II are 

responsible for buds formation and ESCRT-III promotes vesicle scission98,115. The 

ESCRT-III membrane dissociation is a energy dependent process mediate by the 

ATPase Vps4116,117 . In the last years, the internalization of membrane proteins into 

MVEs by ESCRT mechanism ubiquitin independent has been reported. Some studies 

reported the Alix  protein connection  with other proteins like syntenin , the cytoplasmic 

adaptor of heparan sulphate proteoglycan receptors98. However, the ESCRT-III is 

required for their  internalization118,119.  

Moreover, MVBs and exosomes can be formed into ESCRT- independent 

mechanism by lipids, ceramides and tetranspanins120. Here, the biogenesis process 

seems to be conditioned to raft-based microdomains formation120,121,. Lipids are involve 

in EVs biogenesis and transport and can contribute to membrane deformation, fission 

and fusion122.  The microdomains are enriched in sphingomyelinases type II which 

hydrolyses sphingomyelin to ceramin120,122,123. Ceramide structure yield spontaneous 

negative curvature promoting the EVs budding with the plasma membrane120,123. 

Tetraspanins are a superfamily of proteins (such a CD9, CD63, CD81, CD82) with a key 

role in several biological process, including cell adhesion, motility, invasion, membrane 

fusion signalling and protein trafficking121. Microdomains or tetraspanin-enriched 

microdomains (TEMs) are also formed by tetraspanins clusters with other tetraspanins 

and transmembrane and cytosolic proteins123,124. 

 

Figure 19: Exosome biogenesis. The exosome release can be dependent of 
Endosomal Sorting Complex Required for Transport (ESCRT) or independent. Obtained 
from Kim Y, et al. 2018119. 
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       7.3.2 Ectosome biogenesis 
 

 

Even though the microvesicles are less study and understood than exosomes, 

some mechanism cargo trafficking are known, especially in cancer disease109(Figure 

20). Ectosomes are generate by outward buds in the cell membrane followed by 

shedding in to the extracellular space102,109,112. Membrane fluidity and deformability can 

be modulate and alter by host factor promoting the bleb formation109. Several MVs 

secretion pathways were describe including calcium as a second messenger, 

cytoesqueleton reorganization, Rho-GTPase family and the ARF6 GTPase binding 

protein112. 

 

   The increase of intracellular calcium in the “donor” cell acts as a secondary 

messenger regulating the activation or inactivation in different enzymes that play a 

crucial role in the membrane asymmetry maintenance112. In addition, high calcium levels 

facilities the ectosome release by activation of calcium dependent proteases, leads to 

degradation of the cytoskeleton structure112,125. Moreover, Ras protein superfamily was 

identify in MVs release, where the Rho GTPase family play a key factor109,112. This protein 

activates two downstream kinases (ROCK and LIMK) and cofilin, leading to actin-myosin 

filaments alteration and yield the ectosome release112. Furthermore, the GTP-binding 

protein, ARF6 was reported as an ectosome release regulator. ARF6 regulates actin 

polymerization and myosin phosphorylation by activating extracellular signal-regulated 

kinases (ERK) and myosin light-chain kinase (MLCK) activation112. Additionally, recent 

studies reported the importance of ESCRT machinery in microvesicles release102,126.  
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Figure 20: Mechanisms involved in ectosome biogenesis and release. 
Microvesicles are release by budding directly with the plasma membrane. The 
mechanism for ectosome secretions include alterations of phospholipid symmetry by 
aminophospholipid translocases (flippase and floppase) and Ca2+ dependent 
scramblase. This promotes the exposure of phosphatidylserine (PS) on the cell 
membrane. Cytoskeletal reorganization is induced by calpain and gelsolin, although 
alternative mechanisms including RhoA or ARF6 have been described. ARF6: ADP-
ribosylation factor 6, ERK: extracellular signal-regulated kinase, LIMK: LIM domain 
kinase, MLCK: myosin light chain kinase, RhoA: Ras homolog gene family member A, 
ROCK: Rho-associated protein kinase. Obtained from Surman M, et al. 2017112. 
 

 

7.4 Extracellular vesicles cargo 

 

The EVs cargo includes nucleic acids, proteins, lipids, and metabolites and can 

be modified depending on the cell type, stimulus, environment, and cell damage (Figure 

21). Nowadays, the EVs cargo of more than 40 species are studied by more than 1,000 

studies according to the Vesiclepedia127, a community compendium for EVs cargo.  
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Figure 21: Composition of extracellular vesicles. The EVs cargo include Proteins, 
nucleic acids and lipids. Obtained from Colombo M, et al. 201497. 

 

7.4.1 Nucleic acids 

 

After the description in 2006 and 2007 of RNA, mRNA, and miRNA carried in 

EVs, many different studies endorsed the nucleic acids presence into the vesicles. Aside 

from mRNA and miRNA, the RNA species detected in EVs include, transfer RNA (tRNA), 

ribosomal ARN (rRNA), circular ARN (circRNA), Y RNA, long non-coding RNA (lncRNA), 

and small non-coding RNA (sncRNA)128. Also, genomic and mitochondrial 

deoxyribunocleic acid (DNA) were found  in EVs129. 

 

7.4.2 Lipids 

 

 EVs are enriched in some lipids and this composition can be reflect the 

biogenesis of the different types of EVs. Exosomes, compared to the lipid membrane 

composition of the cell of origin, are enriched in cholesterol, ganglioside GM3, 

disaturated lipids, phosphatidylserine, and ceramide. On the other hand, 

phosphatidylcholine and diacylglycerol are decreased. Instead, ectosome lipid cargo 

seems to be really similar to the donor cell and is enriched in polyunsaturated 
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glycerophosphoserine and phosphatidylserine. Despite the similitude with the cell origin 

lipid composition, in general, the phosphatidylserine cargo is enhanced in EVs129. 

 

7.4.3 Proteins 

 

 EVs and their subtypes protein cargo were studied in primary cell cultures, cell 

lines, tissue cultures129 and biofluids such a blood, urine, and amniotic fluid97. However, 

due to different EVs isolation methods used, the diversity cell types studied, changes in 

the culture conditions, plus the EVs cargo modifications under physiological an 

pathological conditions, as well as, the different techniques used for the cargo analysis, 

is difficult to proposed a conclusive view of the EVs subtypes protein composition108,129. 

Therefore, it is still not possible to claim specifics markers for each EVs subtype108. In 

general, EVs contains high concentration of cytoskeletal-, cytosolic-, heat shock- and 

plasma membrane proteins, as well as proteins related to vesicle trafficking. 

Nevertheless, intracellular organelle proteins are less abundant128,129. 

Protein cargo is enriched in tetraspanins (CD9, CD63, CD81 and CD82), 14-3-3 

proteins, as well as proteins related to signal transduction (EGFR), major 

histocompatibility complex (MHC I and MHC II), transmembrane proteins (LAMP1, TfR), 

cytosolic proteins (heat shock proteins; HSPs) and proteins responsible for EV formation 

and release (RAB27A, RAB11B, and ARF6,Tsg101, ESCRT-3 and Alix128,129. 

 
According to ISEV, the incorporation of any component into the EVs is given by 

passive or active loading. Passive loading depends to the proximity to the budding 

membrane and size of the EV.  In contrast, the active loading depends on the specific 

association with the membrane and is an energy-dependent process.  Thus, in small 

EVs the Golgi, endoplasmic reticulum, mitochondrial, and nuclear components are 

excluded or strongly depleted since EVs develop far from these locations. However, in 

pathological conditions, EVs cargo can be modified and it is possible to find those 

elements in small EVs108.  

 

 

7.5 Uptake of into cells 

 

 
When EVs bind to the target cell surface, it can be internalized by direct 

membrane fusion or by endocytosis, transferring their cargo to that cell (recipient 
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cell)130. Endocytosis is the most studied EVs uptake process and several mechanisms 

were described in the literature, which include the use caveolins, lipid rafts- and clathrin-

dependent endocytosis, phagocytosis and micropinocytosis131,132 (Figure 22) . 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Mechanisms involved in the EVs uptake by target cells. EVs can be 
internalized by phagocytosis and endocytosis, or by macropinocytosis. Obtained from 
Mulcahy LA, et al. 2014131. 
 
 
 
8. EVs in cellular communication:  physiology and pathology 

 

  EVs, which are released from many types of cells128,133 are widely present 

in body fluids, including plasma, urine, saliva, pleural and pericardial effusions, 

and cerebrospinal fluid134,135,136,137,138. Previous studies demonstrated that EVs 

contain various bioactive molecules, such as nucleic acids (DNA, RNA, and 

miRNA), proteins and lipids and, thus, they are involved in proximal and distal 

intercellular communication139.  It has been observed that the cargo of EVs is 

related to the nature and physiology of their cell of origin (donor cell). Thus, any 

change in cell homeostasis might modify the molecular composition of EVs. 

When EVs reach a target cell (recipient cell), the cargo can trigger several 

processes, including cell proliferation, migration and apoptosis140. So far, EVs 
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have been shown to influence immune modulation141, tumor invasion142, 

parasitosis143, regeneration, and degenerative processes144, under both 

physiological and pathological conditions145. EVs have been also found in 

aqueous humor146  and vitreous humor147, and seem to be crucial in cellular 

communication between retinal cells148. EV molecular profiles are increasingly 

recognized as potential biomarkers for diseases, including cancers and 

neurodegenerative diseases in the Central Nervous System (CNS)149.It is evident that 

the study of these vesicles can give us information about the spread of these diseases 

and, what is more important, may give us the key to diagnose them early and to treat 

them in a more efficient way.  

 

8.1 Neurodegenerative diseases 

 

 Although the EVs activity in neurodegeneratives diseases is identified, our 

knowledge is the field is still limited150 and there are controversial studies about their 

positive or negative role130,151. Then, EVs were define as a double-edged sword Since 

they can promote the disease progression or they can favour the homeostasis 

maintenance, sequestering neuro-toxic components and therefor protecting the cells 

from degenerate130,151. 

 

In the CNS, EVs release was reported in neurons, astrocytes, microglial cells, 

and oligodendrocytes130,150. Many properties were attributed to EVs in the nervous 

system including their role in neural networks development and remodelling130,neuron-

neuron and neuron-glia communication130,147,152,153,regeneration147,152, neuroprotection, 

immunomodulation synaptic plasticity regulation130,147 and vascular integrity147 (Figure 

23). EVs activity was reported in different neurodegeneratives diseases such a 

Alzheimer’s and Parkinson’s Diseases130,150,151,152, Frontotemporal Dementia151  

Huntington’s disease  and Amyotrophic lateral sclerosis130,150, multiple sclerosis150. 

Moreover, EVs relevance was reported in some retinal diseases like dry eye, corneal 

rejection after transplantation, uveitis, AMD, glaucoma154 rhegmatogenous retinal 

detachment (RRD)149, corneal inflamatation and RD148. 
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As mentioned, due their capacity to travel through different biofluids and since 

their cargo changes under pathological conditions, EVs could be a novel biomarker to 

monitor the disease progression147,154. Additionally, their ability to transport biomolecules 

across the blood brain barrier (BBB)147,153 make EVs an attractive study field in 

neurodegenerative pharmacological treatments152,153. 

 

 
Figure 23: Functional Roles of EVs in the CNS.  All cell types in the CNS send and 
receive EVs, which transfer their cargo and impact in the target cell. It has been reported 
that EVs in the CNS play roles in synaptic pruning, activity, stability and plasticity, 
glutamate uptake, neuroprotection, myelination, spreading and clearing of aggregates 
and inflammation. Obtained from Holm MM, et al. 2019147. 
 
 

   8.2.  EVs in the retina 

 

  EVs from the retina are also being studied and their role in the physiology of the 

retina and in the pathophysiology of some diseases is becoming clearer. EVs were found 

in tear fluids, aqueous humour, vitreous humour, and blood148. These body fluids are 

associated with ocular health and disease.  Figure 24 shows the potential application of 

EVs in eye diseases including immune modulation, would healing, and regeneration, 

their possible biomarker activity and their interesting capacity in drug delivery154. 
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Figure 24: Potential applications of EVs in eye diseases. According with the cell of 
origin and the environment context the EVs can transfer their cargo to other cells 
affecting immune modulation and would healing and regeneration. Moreover, EVs can 
be biomarkers in ocular diseases. Aditionally, due their attributes are consider as ideal 
drug delivery system. Obtained from Li N, et al.2019154. 
 
 
 
 In the last years, different microRNA were identified as potential 

biomarkers in eye diseases such a uveal melanoma148,149, and AMD148 . 

Additionally, in aqueous humour of patients with neovascular AMD some 

proteins, such as molecular chaperone proteins (heat shock proteins) and 

proteins related to the autophagy-lysosomal pathway were identified in the 

EVs146.  Moreover, higher number of EVs derived from photoreceptors were 

found in aqueous humor of patients with RRD149. Several authors observed that 

retinal EVs modify their cargo when released from cells are under stress146,155 Previous 

studies demonstrated that EVs from damaged RPE cells may promote epithelium 

instability156, angiogenesis157,158, and drusen formation in AMD159. Furthermore, EVs 

released from the apical and basolateral membranes of RPE cells contain a different 

protein cargo148.  

 

Recently, it has been noticed that RPE cells release EVs, and that the vesicle 

number and cargo can vary depending on cell homeostasis155,159. In 2013 Biasutto et. al 

reported the EVs cargo in ARPE-19 cells, an RPE cell line, under oxidative stress. Their 

study identified altered proteins involved in the regulation of apoptosis/survival 
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pathways155. In addition, it has been confirmed that retinal EVs change in number and in 

cargo when the retina is under stress146,157,158. Interestingly, under oxidative stress the 

EVs have the capacity to remove complement immunoregulators (CD46, CD55 and 

CD59) from the RPE making the RPE cells vulnerable to complement attack which is 

implicated in AMD148. 

 Additionally, it has been observed that certain retinal EVs are able to promote or 

inhibit neovascularization in different systems160, including the retina157,158,161. Under 

stress conditions, RPE cells are capable of producing EVs that contain more vascular 

endothelial growth factor receptor 2 (VEGFR2) in their membranes. Furthermore, after 

isolating these EVs and treating endothelial cells with them, it was observed that EVs of 

damaged cells promoted angiogenesis157,158. Surprisingly, the PEDF, with anti-

angiogenic properties, was found in the EVs released from the RPE. These data 

confirmed the EVs role in the pro-angiogenic and anti-angiogenic balance in the retina148. 

 
In 1999, EVs identity was identified in three murine models of retinal degeneration 

leading with photoreceptor degeneration: pcd, tubby and P347S mice. The authors 

reported accumulations of EV accompanying photoreceptors degeneration and 

surrounding the inner segments. Thus, they speculate that the genetic mutations affected 

the outer segment-bound vesicular traffic162. Furthermore, previous studies reported 

rhodopsin protein into ectosomes release by photoreceptor cilium. The authors reported 

a higher release of ectosomes where the peripherin-2 protein, essential for disc 

morphogenesis, was blocked163,164. Mutations in peripherin-2 are associated with 

autosomal dominant RP140. To date, no study linking recessive RP to EVs release have 

been published. Although it is known that PARP50 and EV activity157 take role in retinal 

degenerative diseases, no information is available for the link of PARP and EV activity 

in neurodegeneration and neuroprotection of the retina. 
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1. Hypothesis  
 
 

Blindness constitutes one of the most feared disabilities with a terrible impact, 

socially and economically165. Previous studies show that retinal cell survival depends on 

adequate cellular reception and processing of information from the cellular environment 

and the cells are able to communicate with each other through different mechanisms in 

response to these variations165. EVs play a key role in cell communication and is really 

clear that EVs number and cargo change according to the state of the cells58. Then, their 

potential use as biomarkers was described in different pathologies, including cancer and 

neurodegenerative diseases149. Moreover, EVs were proposed as a perfect “drug” due 

to their capacity to travel through the human biofluids152,153, including their capacity to 

cross the blood brain barrier153.  

Focusing on blindness diseases, it is difficult to find studies that link retinal 

diseases with EVs. Despite EVs description in biofluids as an important marker in healthy 

eyesand diseases, found in,  blood, tears, vitreous and aqueous humor, little is known 

about their role in retinal degeneration148. Several studies reported EVs implication in 

AMD disease progression, promoting angiogenesis157,158,166. Nevertheless, the EVs role 

in most retinal pathologies, including RP, remain unknown or unclear.  RP is a group of 

inherited diseases that results in photoreceptor cell death. Among retinal diseases, RP 

is the main cause of blindness in the age working population of Western countries51. 

Moreover, the mutation in the B subunit of PDE6 constitutes around 4-8% of human RP 

cases57,58. However, to the date, no adequate treatment is available. It is known that 

Poly-ADP ribose metabolism is involved in photoreceptor degeneration since excessive 

PARP activation gives rise to cell damage64,71. Nowadays, some PARP inhibitors 

constituted a powerful treatment against cancer disease90, 91, 92,93,94 and these inhibitors 

seems to be effectives in RP mice models66. Additionally, no information about PARP 

and EVs is available. 

As described in other pathologies, the EVs release and cargo are modified in 

retinal diseases, according to the state of the cell and the environment155.  Furthermore, 

EVs can impact the fate of their target or recipient cells. Taking all the information 

exposed into consideration, it is possible that EVs in damaged retinae, such as in RP 

patients, are different from those released from healthy retinae. Thus, the hypothesis 

proposed herein is that retinal EVs released from damaged cells are different in 

terms of number and cargo and they influence their recipient cells. Also, there is 

a connection between PARP and EVs activity in retinitis pigmentosa. 
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2. Objectives

The present project aims to advance the knowledge in the field of cell 

communication in the retina through EVs in RP. Nowadays, there is no effective 

treatment for this blinding disease. The cellular communication between dying 

photoreceptors and the rest of the retina remains unclear. Hence, the purpose of this 

thesis is to study the role of EVs in retinal cellular communication, under physiological 

and pathological conditions. 

The objectives of the present thesis are: 

1. To characterize the tetraspanins levels on in vivo sections in different 
models of RP

2. To study retinal neuroprotection by Olaparib in rd10 mice in organotypic 
retinal explant cultures

3. To characterize CD9 marker in rd10 mice model on in vivo preparations

4. To evaluate the EVs release after PARP inhibition by Olaparib in rd10 
organotypic retinal explants cultures

5. To study EVs release and cargo of EVs from the retina in physiological 
and pathological conditions.

6. To evaluate the EVs activity in neighbour cells

7. EVs and microglia interactions after EVs treatment
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1. Experimental Animals 

 

Rd1, rd10 and the corresponding wild-type (C3H and c57BL/6) animals were 

housed in the animal clinic of Tübingen University, under standard white cyclic lighting, 

and had, access to food and water ad libitum. All the procedures were performed in 

accordance with the current laws on the treatment of experimental animals and with the 

provisions of the Association for Research in Vision and Ophthalmology (ARVO) 

statement for the use of animals in ophthalmic and visual research and were approved 

by the Tübingen University committee on animal protection (Einrichtung für Tierschutz, 

Tierärztlicher Dienst und Labortierkunde directed by Dr. Franz Iglauer). 

 

2. In vivo retinal tissue preparation 

 

 Rd1, rd10 and wild-type (wt) animals were sacrificed with CO2 and after cervical 

dislocation the eyes were enucleated.  Eyecups were fixed for 30 minutes (min) at room 

temperature (RT) in 4% paraformaldehyde (PFA). After fixation, tissues were washed for 

10 min in saline phosphate buffer (PBS). The eyes were incubated in 10% sucrose 

solution for 10 min, 20% sucrose solution for 20 min, and 30% sucrose solution for at 

least 30 min. Then, the retinas were frozen in Tissue-Tek OCT Compound (Sakura 

Finetek Europe, Alphen aan den Rijn, Netherlands; 4583)-filled boxes. Vertical sections 

(12 µm) were cut on a Leica CM3050S Microtome (Leica Biosystems, Wetzlar, 

Germany), thaw-mounted onto Superfrost Plus Object slides (R. Langenbrinck, 

Emmendingen, Germany; 03–0060), air dried at 37°C for 1 hour (h), and stored at -20°C 

until use66 (See figure 2 annexed). 

 

 In vivo preparations were analysed before, during and after the peak of 

degeneration.  In rd1 and C3H animal postnatal days (P) 11, 13 and 15 were analysed 

while P15, 18 and 24 were used in rd10 and c57BL/6 mice. 

 

 

3. Organotypic retinal explant cultures 

 

Organotypic retinal explants cultures were used as ex vivo model. Rd10 and wt 

mice were sacrificed by decapitation at P9. Immediately, the eyes were removed 

aseptically and then washed with R16 basal medium. To remove the sclera from RPE, 
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eyes were incubated in 0.12% Proteinase K (ICN Biomedicals Inc., OH, USA) for 15 min 

at 37 0C. Proteinase K activity was inhibited by washing step with R16 basal medium 

(see table 1, below) supplemented with 15% FBS. Eyes were washed with R16 basal 

medium 2 times for 15 min. Then, the anterior segment, lens, vitreous body, cornea, 

sclera and choroid were removed aseptically under the microscope (Zeiss, Stemi 2000 

C). Only the retina with RPE attached remained.  

The retina cut into four wedges was transferred to a culture 0.4 µm membrane 

insert with the RPE facing down on cell culture inserts (Millicell, Merck Millipore 

PIHA03050). The inserts were transferred into the six well plates. Culture media was 

filtered before use by 0.22 µm sterile filter. Explants were incubated in 1.3 ml R16 

complete medium without FBS (see table 2 below) at 370C in a humidified 5% CO2 

incubator from P9 to P18, the peak of degeneration63, 66,167,168 (See figure 1 annexed). 

Explants cultures were performed by Dr. Ayse Sahaboglu. 

 

4. Olaparib treatments 

 

The culture medium was changed every two days and for the first two days (P9-

P11) the cultures were left without treatment. Then, cultures were treated for 7 days with 

100 nM Olaparib, a PARP inhibitor drug (Selleckchem, Catalog No. S1060).  Olaparib 

was dissolved in 4.5 nM of dimethyl sulfoxide (DMSO; Sigma; D2650) and diluted in 

complete medium. The same concentrations of DMSO were added to the controls66. The 

treatment was administered before the degeneration peak, and culture was finished at 

the peak of degeneration (P18) to analyse the neuroprotective effect (See figure 3 

annexed).  

 

5. Extracellular vesicles isolation 

 

  There is no single optimal separation method, then retinal-EVs were isolated 

based on downstream application and scientific questions in each experiment108. 

Depending on this, EVs separation was performed using ultrafiltration plus size exclusion 

chromatography or a commercial isolation kit for cell culture media. 

The conditioned media from P11 to P17 cultures was collected every two days 

and kept at -80ºC until the EVs isolation, for the analysis of EVs and treatments169. 
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 A combination of ultrafiltration and size exclusion chromatography9 was used 

to isolate EVs for Flow Cytometry analysis (FACs), dot blot, electron microscopy (EM) 

and Nanosight analysis, also call Nanoparticle Tracking Analysis (NAT). Briefly, after 

rinsing the filter with PBS a maximum of 1.2 mL of culture media from retinal explants at 

P16 and P18, treated or not with Olaparib, was ultrafiltrated at 4ºC at 2500 xg for 2 min 

(Ultra-4 10k Centrifugal Filter Devices, Amicon)170. EVs isolation was performed 

according to the manufacturer’s protocol for EVs isolation using 500 µl of sample 

(qEVcolums, Izon Science, Oxford, UK). In summary, after equilibrating the sepharose 

column with PBS, 500 µl of sample were added. Automatically, 11 fractions of 500 µl 

were collected. PBS buffer was added regularly to elude the sample.   Fractions 1-6 were 

discarded and fractions 7-11 were collected. Fraction 8 and 9 which contains the higher 

EVs concentration were used for downstream applications171 (See figure 4 annexed). 

 

 For EVs treatments ex vivo, proteomic analysis as well as EM and Nanosight, the 

EVs were isolated using total exosome isolation reagents from culture media 

according to the manufacturer’s protocol (Invitrogen, 4478359). In summary, a maximum 

of 1.2 ml of medium was centrifuged for 30 min at 2000 xg at 4ºC to remove the debris. 

After that 0.5 volumes Invitrogen reagent was added to 1 volume of supernatant and 

after mixed by vortex the samples were incubated overnight at 4ºC. The next day the 

samples were centrifuged for 1 hour (h) at 10000 xg at 4ºC. Finally, the supernatant was 

removed and the EVs pellet was resuspended in the corresponding buffer (PBS or RIPA 

buffer)166 (See figure 4 annexed). 

 

 In any case, PBS buffer was filtered through 0.22 µm sterile filter before use to 

avoid contamination.  

 

 

6. Extracellular vesicles treatments 

 

 As mentioned, due to the little amount of media used in organotypic cell culture 

the EVs were isolated using Invitrogen commercial kit according to the manufacturer’s 

protocol.  After the isolation, the EVs pellet was resuspended in 30 µl PBS. The EVs 

isolation was always performed in sterile conditions. 

 

 The culture medium was changed every two days and for the first two days (P9-

P11) the cultures were left without treatment. For the treatments, starting at P11, 

complete medium was filtered using 0.22 µm sterile filter and 1.3 ml medium was added 
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to the 30 µl EVs sample and was resuspended by pipetting. After that, the medium 

containing the EVs were added to the retina. EVs treatments were performed eye to eye, 

which means, all the EVs from one “healthy” retina to one rd10 retina and all the EVs 

from one “sick” retina to one wt. The EVs mean of concentrations used in rd10 treatments 

from P11 to P17 were 7.34*109, 4.75*109, 2.98*109 and 2.46*109 particles/ml, 

corresponding to the EVs from wt explants. The EVs concentrations used in wt 

treatments from P11 to P17 were 8.02*109, 1.15*1010, 5.14*109 and 6.63*109 particles/ml, 

corresponding to EVs from rd10 retinal cultures (See figure 36). At P18 tissues were 

collected for analysis (See figure 5 annexed).The EVs treatments were performed in 

sterile conditions.  

 

 

7. Organotypic retinal explant cultures fixation 

 
 

  The organotypic retinal explants P18, treated and untreated (with Olaparib or with 

EVs), were fixed in 4% PFA during 90 min.  To discard excess of PFA, tissues were 

rinsed for 10 min in PBS. Then, for the cryoprotection the cultures were incubated in 

sucrose gradient. First, 10% of sucrose was added during 10 min. After that, the tissues 

were incubated with 20% of sucrose during 20 min and 30 % sucrose was added for at 

least 30 min. Afterwards, the retinas were frozen in Tissue-Tek O.C.T. Compound 

(Sakura Finetek Europe, Alphen aan den Rijn, Netherlands; 4583)-filled boxes.  As 

explained above, 12 μm tissue sections were prepared on a Leica CM3050S Microtome 

(Leica Biosystems, Wetzlar, Germany), thaw-mounted onto Superfrost Plus Object 

slides (R. Langenbrinck, Emmendingen, Germany; 03–0060).   Finally, the samples were 

air dried at 37ºC for 1h and stored at -20 ºC to further analyse at tissue level4 (See figure 

6 annexed). 

 

8. TUNEL assay 

 

 Cell death was assessed using the Terminal deoxynucleotidyl transferase (TdT) 

dUTP Nick-End Labeling (TUNEL) assay by means of an in situ cell death detection kit 

with fluorescein isothiocyanate as the reporter fluorochrome (Roche Diagnostics, 

Mannheim, Germany). TUNEL staining detects DNA damage using the ability of the 

enzyme terminal deoxynucleotidyl transferase (TdT) to incorporate labeled dUTP onto 

the free 3’-hydroxyl termini of fragmented genomic DNA172. 



  

47 
 

 Fixed tissues were dried at 37 ºC for 40 min and washed in Tris-Buffered Saline 

(TBS) (see table 3, below) 10 min. Meantime, Tris-Proteinase K mixture (see table 3, 

below) was prepared and stored at 37ºC for at least 30 min before use. Sections were 

then incubated with warm proteinase K for 5 min. Immediately, slides were rinsed in TBS 

two times to remove the excess of Proteinase during 5 min. Then, the samples were 

incubated in cold alcohol-acetic acid mixture (see table 3, below) 5 min and washing 

again two times in TBS.  Following this, each slide was preincubated in 150 µl of TUNEL 

blocking solution (see table 3, below) at room temperature (RT) during 1h. TUNEL kit 

mixture (see table 3, below), was incubated overnight at 4ºC protected from the light. 

After two PBS washing steps the slides were covered with Vectashield mounting medium 

with DAPI (Vector, Burlingame, CA, USA). 

 

 

9. Immunofluorescence 

 

 For immunofluorescence (IF) fixed tissues were air dried at 37 ºC for 1 hour and 

rinsed in PBS for 10 min. Sections were then preincubated for 1h at RT in the 

corresponding blocking solution (see table 4, below). Subsequently, primary antibodies 

were diluted in blocking solution (see table 4, below) and added to the sections 

overnight at 4 ºC. After three washing steps in PBS or phosphate buffered saline with 

triton (PBST) (see table 4, below) sections were incubated in the corresponding 

fluorescent secondary antibodies for 1 h at RT (see table 4, below). Finally, sections 

were rinsed three times in PBS to remove the excess of secondary antibodies and 

mounted in Vectashield medium with DAPI (Vector, Burlingame, CA, USA). 

 
 

10. PAR immunohistochemistry  

 

 PAR immunohistochemistry (IC) was performed on ex vivo preparations at P18 

in rd10 retinae treated and untreated with Olaprib. Sections were air dried 30-60 min at 

37ºC and washed with PBS for 10 min. Non-specific background reduced by quenching 

solution, that blocks peroxidase activity, incubated during 20 min at RT (see table 3, 

below). After that, blocking solution was added to the sections for 1 h at RT and 

incubated with PAR antibody (see table 4, below) for overnight at 4ºC. Biotinylated 

secondary antibody was diluted in the corresponding buffer (see table 3, below) and the 
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sections were incubated for 1 h at RT. After washing, the slides were incubated in 

Vectastain Elite ABC kit (Vector lab) for 1 h at RT. The colour reaction was produced 

with DAB solution containing 20% Glucose, 0.4% NH4Cl, 1% Nickel ammonium sulfate, 

40mg 3,3'-diaminobenzidine (DAB), and 40µl Glucose Oxidase. After DAB incubation, 

slides were washed with PB and covered by Aquatex (Merck). 

 

 

11. Fluorescence microscopy, cell counting and fluorescence quantification 

 

 Microscopy was performed by a Zeiss Imager Z1 Apotome Microscope which has 

structured illumination optical sectioning and is an alternative to confocal microscopy 

with conventional epi-fluorescent light source. Images were taken with a Zeiss Axiocam 

digital camera using the Zeiss Axiovision 4.7 software.  

  

 The percentages of positive cells were assessed and calculated in a blinded 

fashion as reported previously4,2. Basically, for TUNEL assay, thickness and 

photoreceptor number were analyzed using Zeiss Axiovision 4.7 software. The 

organotypic retina cultures were collected and analyzed from different central parts of 

retina using 20x magnification by Zeiss Axiovision 4.7 software.  

 

 After using Zeiss Imager Z1 Apotome Microscope positivity for PARP 

immunochemistry was analyzed counting positive cells by Zeiss Axiovision 4.7 software 

 

 For IF on in vivo experiments (CD9, CD81 and rho antibodies) 40x magnification 

in central retinal areas next to the optic nerve. Moreover, organotypic retina culture were 

analyzed at different central parts of retina. 40X magnification objective was used on for 

CD9, CD81, cilum and rho immunostaining while 20X magnification objective were used 

for cGMP, GFAP and IBA-1 staining. Image J software (National Institutes of Health) was 

used to analyze the fluorescence intensity level. For this, 12 circles, 150*150 were used 

to measure CD9 and CD81 fluorescence intensity levels at ONL, INL and GCL.  

Rhodopsin expression was quantified at outer segments using 50*120 squares. IBA-1 

positive cells were analyzed counting positive cells by Zeiss Axiovision 4.7 software 

 

In any case, at least 3 different animals and at least 3 sections for each sample 

were analyzed for each genotype. Images shown in the results section are a 

representative picture. 
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12. EVs morphologic characterization by electron microscopy and Nanoparticle 

Tracking Analysis  

 

 To identity EVs typical morphology by size-exclusion chromatography and, due 

to low concentrate preparation additional method for EVs enrichment was added173.  

Three samples were isolated using ultrafiltration plus qEVs columns protocol explained 

above. Additionally, fractions 8 and 9 of each samples were collected and pooled and a 

total of 3 ml of isolated EVs were ultracentrifuged  at 150.000 x g for 90 min at 4°C. The 

EVs pellet was resuspended in 30 μl PBS 1X. The sample was fixed by 2% PFA. 

Negative staining was performed with 2% uranyl acetate. Photomicrographs were 

obtained using the transmission electron microscope FEI Tecnai G2 Spirit (FEI Europe, 

Eindhoven, Netherlands) using a digital camera Morada (Olympus Soft Image Solutions 

GmbH, Münster, Germany). EVs were identified under the microscope based on size 

and morphology157. 

 

 Furthermore, the EVs identity was studied after using the isolation kit. EVs from 

one single sample were isolated using the manufacturer's protocol explained above and 

the EVs pellet was resuspended in 15 µl of PBS. After that, negative staining was 

performed with the same protocol used for the EVs isolated with sepharose columns. 

 

 The EVs size distribution characterization was performed by  Nanosight (Malvern 

Instruments, Malvern, UK) in the previously stabilized operational range (NTA; 2×108–

2×109particles/ml)174. Nanosight results confirmed ME results for both isolation 

techniques used. Moreover, different postnatal days (P11-P17) were studied in rd10 and 

wt mice after Invitrogen isolation kit in order to study EVs released at different stages of 

the disease. Nanosight study was performed under the assistance of Javier Roig (PhD, 

from Valencia University). 

  

 

13. EVs Protein quantification  

 

 Protein quantification was carried out with FluoroProfile Protein Quantification Kit 

(Sigma-Aldrich). This method is based on a highly sensitive fluorescence assay, it is 

more sensitive than absorption assays and is suitable for small volume measurements 

with low protein-protein variation16. Fluoroprofile uses epicocconone, a natural product 

with fluorescence properties, to measure the protein concentration in solution. On 
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binding with proteins the epicocconone yields an intense orange fluorescence suitable 

for quantitative measurement175.  

 

To establish this relationship a known concentration of bovine serum albumin 

(BSA) diluted in protein was used for standard curve.  The standard curve range was 

200ug to 195 ng/ml. Several dilutions of the samples of interest were prepared using 

water as a diluent.  FluoroProfile working reagent (see table 3, below) was added to the 

samples and after mixed by pipetting and incubate for 30 minutes in a 96 well plate 

protected against the light. Final volume used was 100µl (50µl sample + 50 µl working 

reagent). The signal was measured by fluorescence multiplate reader (Victor X5; Perkin 

Elmer) excited at 510 nm and read at 620 nm. Finally, the samples absorbance values 

were calculated using standard curve where the protein concentration of each unknown 

sample was determined. 

 

 

14. Dot Blot 

 
 

  For the EVs protein extraction, 20 µl of RIPA buffer (Sigma-Aldrich, St. Louis, 

MO, USA) and protease inhibitor cocktail (Sigma-Aldrich) per 100 µl of sample were 

added to the EVs suspension.  The samples were vortexed 6 cycles for 30 seconds, 

sonicated using a UP200S sonicator (Hielscher Ultrasonics, Teltow, Germany) 6 cycles 

for 30 seconds (amplitude 30%) and stored at -20ºC until further processing. The amount 

of protein was quantified by FluoroProfile Protein Quantification Kit (Sigma-Aldrich) 

according to manufacturer's protocol. Equal amount of protein for each sample was 

loaded and measured by dot blot in 0.45 µm nitrocellulose membranes. Total protein 

from mouse eye was used as positive control. Membranes (IPVH00010, Merck Millipore) 

were incubated overnight at RT with antibodies against opsin that recognizes rhodopsin 

molecule (see table 4, below) and CD9 (see table 4, below) as a loading control. After 

incubation the membranes were washed 3 times for 10 min with TBST to discard the 

excess of antibody. Following, the membranes were incubated for 2 h at RT with 

secondary antibodies horseradish peroxidase-conjugated (HRP).  Stripping solution 

(Roche) was used, according to manufacturer’s protocol, to eliminate the attached 

antibodies in order to reuse the membranes.  

 

 Finally, dots were visualized with ECL (Pierce, Thermo Scientific, Rockford, Il, 

USA) and detected with Image Quant LAS-400 mini (GE Healthcare, Uppsala, Sweden). 
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Protein levels were quantified by densitometry using Quantity one (4.6.6, Biorad, 

Hercules, CA, USA). 

 

15. Flow Cytometry 

 
 

 EVs were incubated 1 h at 4°C in rotation with CD9-APC antibody (see table 4, 

below), as a well-established EV marker. EVs were analyzed at University of Valencia 

service. Samples were passed through a Gallios cytometer (Beckman Coulter, Brea, CA, 

USA) for 10 min. RPE65 population was detected using primary RPE65 antibody (see 

table 4, below), incubated 1 hr at 4°C in rotation, and the secondary antibody labeled 

with PerCP-Cy5.5 (see table 4, below) incubated for 30 min on a wheel. Before the 

analysis, to standardize parameters, fluorescence polystyrene particles were used 

(SPHERO Nano Fluorescent Particle Size Standard Kit, Spherotech, Lake Forest, IL, 

USA). Plots were afterwards analyzed by the university service with Kaluza Analysis 

Software (Beckman Coulter).  

 

 

16. EVs proteomic analysis 

 
 

 For Proteomics analysis after EVs isolation by the commercial isolation kit 50 µl 

RIPA with inhibitors was added. Samples were vortexed 6 cycles for 30 seconds and the 

ultrasound bath was used for 6 cycles. Immediately the samples were given to the 

proteomic analysis group at Tübingen University. In brief, the samples were precipitated 

by Methanol and Chloroform, and trypsin was used to digest the sample. Finally, Liquid 

chromatography–mass spectrometry (LC-MS) was used to analysed the EVs protein 

cargo. Due the little amount of protein a qualitative analysis was carried out. 

 Cellular component network was performed using the Search Tool for the 

Retrieval of Interacting Genes/Proteins program (STRING 11.0, ELIXIR Core Data 

Resources). Functional Enrichment analysis tool (Funrich) was used to perform venn 

diagram in order to compare visually the EVs in wt vs. rd10.  Moreover, Funrich program 

was used to analyze the enrichment of cellular components and biological pathways in 

EVs from rd10 and wt. Vesiclepedia database was used in order to identify new proteins 

inside the EVs. 
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17. Statistics 

 

  Statistical analysis was performed using GraphPad Prism 4.01 software 

(GraphPad Software, La Jolla, CA, USA).  

  Normal distribution of the values of control and Olaparib treated group 

was assured by performing the Shapiro-Wilk W-test of normality. Mann-Whitney U test 

was used for single comparison and One-way Anova test with Bonferroni correction was 

used for multiple comparisons. Values are given as mean ± standard error of the mean 

(SEM). Level of significance was: *=p˂0.05 

Two-tailed Student’s t test was used for single comparisons and One-way Anova 

test with Bonferroni correction was used for multiple comparisons on in vivo study and 

after EVs treatments ex vivo. Values are given as mean ± standard error of the mean 

(SEM). Levels of significance were: *=p˂0.05, **=p˂0.01***=p˂0.001. 

 

 

TABLES:  

 

Table 1: Basal R-16 medium composition  

Components Volume or concentration 

Powdered medium (074-

90743A) 

1 vial (dissolve in 500 ml millipore 

H20) 

NaHCO3 32.5 mM 

NaSeO3 30/60 nM 

MnCl2 5nM 

CuSO2 10/20 nM 

Biotin 0.1 ug/ml 

Ethanolamine 1 ug/ml 

Millipore H20 Up to 800 ml* 

    *After adding all the components millipore water was incorporated up to 800 ml 
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Table 2: Complete medium 

 

COMPONENTS 
 

     CONCENTRATION 

BSA (10%) 0.2 % 

Transferrin 10 µg/ml 

Progesterone 0.0063 µg/ml 

Insulin 2 µg/ml 

T3 0.002 µg/ml 

Corticosterone 0.02 µg/ml 

Thiamine HCL 2.77 µg/ml 

Vitamin B12 0.31 µg/ml 

α-Lipoic acid 0.045 µg/ml 

Retinol/Retinyl Acetate 0.1 µg/ml 

DL-Tocopherol/ Tocopheryl acetate 1 µg/ml 

Linoleic acid/ Linolenic acid 1 µg/ml 

L-Cysteine HCL 7.09 µg/ml 

Glutathione 1 µg/ml 

Na-pyruvate 50 µg/ml 

Glutamine / Vitamin C 25 µg/ml; 100 ug/ml 

             * Supplements were added into R-16 basal medium 
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Table 3: Buffers composition 

 

 

BUFFER COMPOSITION 

0,1 % PBS-T PBS + 0.1% Triton pH 7.4 

TBS (1X) 50 mM Tris-buffer + 150 mM NaCl pH 7.6 

0,1 % TBS-T TBS (1X) + 0,1% Triton pH 7.6 

Tris-Proteinase K 

mixture (TUNEL) 
42 ml TBS (1X)+ 6 µl Proteinase k 

Alcohol-acetic mixture 

(TUNEL) 

70% Ethanol + 30% Acetic acid + millipore H2O in  a 

ration 49:9:21 

TUNEL blocking 

solution 
10% NGS +1%BSA+ 1% fish gelatine in 0,1 % PBST 

TUNEL kit mixture 
6.25 enzyme µl/sample + 56.25 µl label/sample in 62.5 

µl/sample of TUNEL blocking solution 

Quenching solution (IC) 30% H2O2 + MeOH + 0.1% PBST in a ration 9:4:60 

FluoroProfile working 

reagent 

(Protein quantification) 

Millipore H20 + FluoroProfile Fluorescence Reagent + 

Quantification buffer in a ratio 8:1:1 
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Table 4: Primary antibodies 

 

 

Application 

 

Antibody 

 

Ref 

 

Provider 

 

Dilution 

Blocking 

solution 

Wash 

buffer 

 

IF 

 

 

CD9 

 

Ab92726 

 

Abcam 

 

1:50 

 

10% NGS 

+1%BSA+ 1% 

Fish gelatine 

in 0.1 % PBST 

 

3X PBS 

 

IF 

 

CD81 

 

NBP1-

77039 

 

Novus 

 

1:100 

10% NGS 

+1%BSA+ 1% 

Fish gelatine 

in 0.1 % PBST 

 

3X PBS 

 

IF 

 

Rhodopsin 

 

MAB5316 

 

Merck 

Millipore 

 

1:50 

10% NGS 

+1%BSA+ 1% 

Fish gelatine 

in 0.1 % PBST 

3X PBS 

 

IF 

 

IBA-1 

 

019-

19741 

 

Wako 

Chemicals 

 

1:500 

10% NGS 

+1%BSA in 

0.1 % PBST 

 

1XPBST 

2X PBS 

 

IF 

 

GT335 

 

AG-20B-

0020 

 

AdipoGen 

 

1:10000 

10% NGS 

+1%BSA in 

0.1 % PBST 

 

3X PBS 

 

IF 

 

 

 

cGMP 

-  Jan de 

Vente & 

Harry 

Steinbusch 

University 

of 

Maastricht 

 

1:500 

 

5% NDS 

+1%BSA in 

0.1 % PBST 

 

3X PBS 

 

IF 

 

GFA 

 

G-3893 

 

Sigma-

Aldrich 

 

1:100 

10% NGS 

+1%BSA in 

0.1 % PBST 

 

3X PBS 

 

IC 

 

PAR 10H 

ALX-

804-220-

R100 

 

Alexis 

 

1:200 

 

10% NGS in 

0.1% PBST 

 

3X PBS 

 

Dot blot 

Opsin 

(rhodopsin) 

 

O4886 

Sigma-

Aldrich 

1: 

10.000 

3% BSA in T-

TBS 

3X 

TBST 
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Dot blot CD9 Ab92726 Abcam 1:250 3% BSA in T-

TBS 

3X 

TBST 

FACs CD9-APC 9-A-100T Immunost

ep 

1:7 - - 

FACs RPE Ab13826 Abcam 1:16 - - 

 
IF: Immunofluorescence; IC: immunohistochemistry; NGS: Normal goat serum; NDS: 
Normal Donkey Serum BSA: bovine serum albumin; Ref: Reference 
 

 

Table 5:  Secondary antibodies 

 

Application Antibody Antibody Provider Dilution 
Diluted 

in 

IF 

Goat anti-

Rabbit Alexa 

fluor 568 

A11036 Invitrogen 1:350 PBS 

IF 

Goat anti-

Mouse Alexa 

fluor 488 

A11029 Invitrogen 1:350 PBS 

FACs 

goat anti-

Mouse 

PerCP-Cy5.5 

1399990225 Immunostep 1:16 PBS 

DOT BLOT 

mouse anti-

rabbit IgG-

HRP 

sc-2357 
Santa Cruz 

Biotech 
1:10.000 TBST 

IC 

Goat anti-

mouse 

Biotinylated 

secondary 

antibody 

Included in the 
Vectastain Elite 

ABC kit 

Vector lab 1:150 

5% 

NGS in 

0.1% 

PBST 

 

IF: Immunofluorescence; IC: immunohistochemistry; NGS: Normal goat serum 
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1. Characterization of tetraspanins levels on in vivo section in two models of 

retinitis pigmentosa 

 

It’s noticed for previous studies that EVs are enriched in some tetraspanine family 

markers16,14. In order to study the EVs at the tissue level immunostaining against 

tetraspanines CD9 and CD81 was performed in rd1 and rd10 mice models and the 

corresponding wt (C3H and c57BL/6 respectively). 

 

1.1 CD9 and CD81 levels in rd1 and wt retinas on in vivo sections 

 

CD9 and CD81 immunofluorescent detection levels were analysed on in vivo 

sections from wt and rd1 mice at P11, P13 and P15. The time points were based on the 

peak of degeneration (P13), before (P11) and after (P15) the peak of degeneration in 

rd1 retina.  

 

1.1.1 CD9 levels in rd1 and wt  

 

CD9 was observed in the neural retina, including ONL, OPL, INL, IPL and GCL.  

The fluorescence intensity was quantified in ONL, INL and GCL (Figure 25).  

Immunopositivity for CD9 was exhibited in cell membranes in wt (Figure 25 A, B and C) 

and rd1 (Figure 25 D, E and F) retinae at ages P11-P15 and showed significant gradual 

increase of intensity for different layers (ONL-GCL) and ages (P11-P15) (Figure 25). 

CD9 level was significantly decreased between rd1 P15 and rd1 P13, wt P15 and rd1 

P15 in GCL (Figure 25H). Similarly, rd1 P15 showed significantly reduced CD9 protein 

level compared to wt P15 in INL (Figure 25I).  The intensity of CD9 levels were mostly 

similar and not significant in ONL at both groups studied, wt and rd1 (Figure 25J).  

After finding these differences, CD9 was analysed between layers and ages 

(Figure 25 K and L). CD9 was significantly increased in GCL compared to ONL at P11 

and P13 in wt retinae. Not statistical differences were showed between layers at P15 

(Figure 25K).  Interestingly, CD9 immunopositivity was higher in GCL than INL and ONL 

at time of degeneration peak in rd1 retinae (Figure 25L).  
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Figure 25: Immunohistochemical analysis of CD9 in wt and rd1 retinae. The retinae 
at P11, P13 and P15 showed immunoreactivity for CD9 in the ONL, INL, OPL, IPL, GCL 
(A-F). Negative control (G). CD9 labeling showed gradual intensity for different layers 
(ONL-GCL) and ages (P11-P15) (A-J). The fluorescence intensity level of CD9 was 
significantly decreased in GCL and INL of rd1 retinae from P13 to P15 (H, I). CD9 
immunopositivity decreased by the age at ONL compare with GCL at wt retinae (K). In 
rd1 retinae the protein level decreased between GCL-ONL at P13 (L) Values are given 
as mean ± standard error of the mean (SEM) (N=6). Levels of significance were: 
*=p˂0.05, **=p˂0.01.  
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1.1.2 CD81 levels in rd1 and wt 

 

As well as CD9, CD81 immunopositivity was observed in ONL, OPL, INL, IPL, 

and GCL (Figure 26) and subsequently, fluorescence intensity level was quantified in 

ONL, OPL and GCL. CD81 marker was shown in cell membranes in wt and rd1 (Figure 

26 A-F) retinae at ages P11-P15 and showed significant gradual increase of intensity in 

different layers (ONL-GCL) and ages (P11-P15) (Figure 26). There was not significant 

change in CD81 protein level in GCL of wt and rd1 for P11-P15 (Figure 26H). CD81 was 

significantly attenuated in INL of rd1 at P11 and 15 compared to the corresponding wt 

P15 (Figure 26I).  Although, there was a significant increment of CD81 immunopositivity 

in ONL of wt P11 compared to P13 and P15. No differences were found between rd10 

ages. Interestingly, the CD81 level was decreased significantly in rd1 retinae after 

degeneration point (P15) in ONL compared to wt (Figure 26J).  

Fitting with CD9 results, significant decrease of CD81 levels were also observed 

at ONL and INL compared to GCL between P11 and P13 in wt mice. Moreover, protein 

levels were decreased at ONL compared to INL at same ages in wt (Figure 26K).  

Surprisingly, CD81 immunostaining showed a decreasement at INL and ONL compared 

to GCL at all-time points studied in a mice degeneration model rd1. In addition, CD81 

was significantly higher in INL compared with ONL at P11 (Figure 26L). 
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Figure 26: Immunohistochemical analysis of CD81 in wt and rd1 retinae. The 
retinae at P11, P13 and P15 showed immunoreactivity for CD81 in ONL, INL, OPL, IPL, 
GCL (A-F).  Negative control (G). No significant change in CD81 protein level was 
observed at GCL(H). Fluorescence intensity showed significant decrease in INL of rd1 
retinae at P13 and P15 although there was no difference between different ages (P11-
P15) (I).  Inmunofluorescence intensity showed an increasement between P11-P15 in wt 
retinae and the protein level was decreased at rd1 P15 (J). CD81 immunopositivity was 
decreased between GCL-ONL by the age in wt and rd1 retinae (K, L) Values are given 
as mean ± standard error of the mean (SEM). Levels of significance were: *=p˂0.05, 
**=p˂0.01***=p˂0.001.  
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1.2 CD9 and CD81 levels in rd10 and wt retinas on in vivo sections 
 

CD9 and CD81 immunofluorescence detection was performed using in vivo 

sections from rd10 and wt mice. The time points were based on the peak of degeneration 

(P18), before (P15) and after (P24) the peak of degeneration in rd10 retina.  

 

1.2.1 CD9 levels in rd10 and wt 
 

CD9 marker was observed in ONL, OPL, INL, IPL and GCL in wt and rd10 retinae 

(Figure 27). Fluorescence intensity was quantified in ONL, INL and GCL. Not statistical 

differences in CD9 protein levels were reported in GCL in wt and rd10 retinae (Figure 

27 A-F and H). CD9 was significantly decreased in wt at P18 and P24 compared to wt 

at P15 and in rd10 P24 compared to rd10 P18 in INL. In addition, CD9 fluorescence level 

was enhanced at the peak of degeneration in rd10 retinae in comparison with wt (Figure 

27 A-C and I). Furthermore, a significant decrease of CD9 immunopositivity was 

reported in wt P18 compared with wt P15 in ONL. The results shown enhanced CD9 

protein level in rd10 P18 and P24 compared to the corresponding wt at the same ages 

(Figure 27 B, C, E, F and J). Moreover, the fluorescence intensity in ONL was enhanced 

significantly in rd10 retinae at P24 compared to rd10 P15 (Figure 27 D, F, and J).  

Significant reduction of CD9 was also observed in GCL and ONL compared to 

INL at P15 in wt retinae (Figure 27 A and L). In addition, the immunopositivity was 

reduced in INL compared to ONL in rd10 mice at P24 (Figure 27 C, F and K). 
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Figure 27: Immunohistochemical analysis of CD9 in wt and rd10 retinae. The 
retinae at P15, P18 and P24 showed immunoreactivity for CD9 in the ONL, INL, OPL, 
IPL, GCL (A-F). CD9 labeling showed gradual intensity for different layers (ONL-GCL) 
and ages (P11-P15) (A-J). Negative control (G). CD9 in GCL (H). The protein level of 
CD9 was significantly decreased in INL of wt retinae by the age and was increased at 
P18 in rd10 retinae (I). CD9 immunopositivity increased by the age in ONL in rd10 retinae 
(J). In rd10 retinae the protein expression level increased at ONL compared with INL at 
P24 (K, L) Values are given as mean ± standard error of the mean (SEM) (N=6). Levels 
of significance were: *=p˂0.05, **=p˂0.01. 
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1.2.2 CD81 levels in rd10 and wt 
 

CD81 marker was observed in ONL, OPL, INL, IPL and GCL in wt and rd10 

retinae (Figure 28). Fluorescence intensity was quantified in ONL, INL and GCL. CD81 

protein expression level was increased in GCL of wt retinae at P18 compared to wt P15 

and rd10 P18 (Figure 28A, B, E and H). CD81 was significantly decreased in INL of 

rd10 at P24 in comparison with the corresponding wt (Figure 28C, F and I). There was 

a significant increase of CD81 immunopositivity in ONL of wt at P18 compared to P15 

and P24 (Figure 28 A, B, C and J). Moreover, the expression level was decreased 

significantly in rd10 retinae at P24 compared with P15 (Figure 28 D, F, and J).  

Significant reduction of CD81 was also observed in ONL and INL compared to 

GCL in P15 and P24 in wt retinae. In addition, the immunopositivity was reduced in INL 

compared to GCL in wt mice at P15 and P24. Moreover, CD81 intensity level was 

decreased in ONL compared with GCL in wt P18 (Figure 28 K).  

CD81 immunostaining was decreased in INL and ONL compared to GCL at P15 

and P24 in rd10 retinae. Also, the protein level was significantly higher in INL compared 

with ONL at P15 and P24 in rd10 retinae (Figure 28 L). 
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Figure 28: Immunohistochemical analysis of CD81 in wt and rd10 retinae. The 
retinae at P15, P18 and P24 showed immunoreactivity for CD81 in ONL, INL and GCL 
(A-F).  Negative control (G). CD81 fluorescence intensity was decreased in GCL in rd10 
retinae at P18 (H). CD81 immunopositivity was decreased in INL at P24 in rd10 retinae 
(I). CD81 protein level was enhanced in wt P18 (J).  CD81 immunopositivity was 
decreased between GCL, INL and ONL in wt and rd10 retinae (K, L). Values are given 
as mean ± standard error of the mean (SEM) (N=3).  Significance levels: P<0.05 (*), 
P<0.01 (**). P<0.001 (***). 
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2. Tetraspanins: differences between rd1 and rd10 mice models  

After CD9 and CD81 immunostaining in rd1 and rd10 mice models the 

tetraspanins expression levels were compared before, during and after the peak of 

degeneration. 

CD9 level increased under degeneration in rd10 retinae in ONL, INL and GCL 

compared to the corresponding wt (Figure 29 A-C). Interestingly, the higher difference 

in CD9 tetraspanin levels between rd10 and wt retinae was observed at the peak of 

degeneration and after the peak in ONL (Figure 29A). In rd1 retinae, CD9 fluorescence 

intensity was enhanced in ONL at peak of degeneration and before this in comparison 

with wt retinae. However, the protein level was similar in the INL and GCL at the same 

time points. Surprisingly, after the peak of degeneration CD9 was decreased in INL and 

GCL in rd1 retinae becoming lower than the protein expression level in the corresponding 

wt. In addition, CD9 immunopositivity increased with the age in ONL and INL in C3H 

mice (background of rd1) (Figure 29 A-C). 

Unexpectedly, CD81 fluorescence intensity was higher in wt compared to rd10 

mice in ONL, INL and GCL and before, during and after the peak of degeneration (Figure 

29 D-F). CD81 immunopositivity increased at P18 –peak of degeneration-  and 

decreased after that in rd10 and wt retinas (Figure 29 D and E). However, the 

fluorescence intensity was decline in GCL at peak of degeneration in rd10 retinae 

(Figure 29F). In rd1 mice, CD81 increase at peak of degeneration in ONL, INL and GCL 

following by a decrease in the fluorescence intensity (Figure 29 D-F). Additionally, C3H 

mice shows enhanced CD81 level at after de peak of degeneration in ONL and INL 

(Figure 29 D and E).  

Based in this results seems difficult discriminate between the EVs release due 

the PDE6 mutation or due the retinal development in rd1 mice model. In consequence, 

the following experiments were performed using the rd10 mice model. 
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Figure 29: CD9 and CD81 fluorescence intensity level progression in rd1 and rd10 
mice models. CD9 expression level at ONL, NL and GCL (A, B and C 
correspondently). CD81 expression level at ONL, INL and GCL (D, E and F 
correspondently). BDP: Before peak of degeneration; PD: Peak of degeneration; APD: 
After peak of degeneration. 

3. Rd10 mice model characterization

In order to confirm the retinal structure in vivo sections of rd10 and wt retinae 

were studied at the peak of degeneration electron microscopy (Figure 30).  As previously 

reported by several authors the rd10 neural retina at P18 exhibit a thickness reduction, 

especially at ONL, compared to wt retina at the same age (Figure 30 A and B).  

Surprisingly, during retinal structure characterization was possible distinguish 

vesicles at RPE which in size and structure seems to be EVs (Figure 30 A1 and A2) 

and MVBs (Figure 30 B3) (see red arrows). Additionally, EM pictures shown vesicles in 

fusion with the plasma membrane (see red arrows) (Figure 30 A1, B1, B2). 
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Figure 30: Retinal structure and EVs release by RPE. Wt and rd10 retinal structure 
under the EM (A and B). Red arrows point vesicles in fusion with the PM in wt and rd10 
retinae (A1 and B1, B2 correspondently), vesicles “like” EVs (A2 and A3) and MVB 
(B3).  

 
 
 
 
 
 
 
 
 
 
 
 



Results 
 

68 
 

4. Poly ADP ribosylation and EVs activity in rod photoreceptor degeneration 

4.1 PARP inhibition with olaparib rescues photoreceptors and improves 

rod outer segment development and Müller cell activity in rd10 retinal explant 

cultures 

 As previously indicated 100 nM olaparib, a PARP inhibitor, is the most effective 

concentration to protect photoreceptors in the PDE6 beta mutant, rd1 murine model. In 

order to check if olaparib exhibited neuroprotective effect on another PDE6 B mutant, 

the rd10 mouse, a treatment with 100 nM olaparib was test in retinal explant cultures.  

 

 After 5 days of olaparib treatment a significant reduction of TUNEL positive cells 

was shown in rd10 retinae. As seen in Figure 31 A, B, and M a reduction around 60% 

of apoptotic cells was reported after treatment. Moreover, the number of photoreceptor 

rows and the thickness of ONL increased significantly when the cultures were treated 

with 100 nM olaparib (Figure 31 C, D, N and O). 

 

 Taking in to account that retinitis pigmentosa is characterized for accumulation of 

GMPc an immunostaining against GMPc was performed after treatment. The level of 

cGMP was reduced when 100 nM olaparib was added to the cultures (Figure 31 E and 

F). Furthermore, the effectiveness of PARP inhibition by olaparib was analyzed by 

staining for PARylated proteins in photoreceptors. The quantification of PAR positive 

cells in ONL indicated a significant decrease of PAR positivity for the 100 nM olaparib 

treated group (Figure 31 G, H, and P).   

 

 To test whether and how PARP inhibition would affect rod photoreceptor 

morphology immunostainings targeting rhodopsin was performed. At P18, wt retina 

illustrated the normal development of rod outer segments (ROS), characterized by strong 

rhodopsin immunoreactivity in vivo. In rd10, ROS rhodopsin level was significantly 

reduced compared to wt (Figure 7 annexed). Likewise, rd10 explant cultures showed a 

low level of rhodopsin at P18 ex vivo (Figure 31 I, I’). Organotypic retinal explant treated 

with 100 nM olaparib showed significant POS growth with augmented rhodopsin 

immunoreactivity compared with untreated rd10 cultures (Figure 31 I, I’ and J, J’).  

 

 Finally, Müller cells activity by glial fibrillary acidic protein (GFAP) was also 

analyzed. Although, GFAP-positive fibers span the retina from the inner limiting 

membrane to the external limiting membrane in untreated rd10 retinae, olaparib treated 
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explants showed a reduction in the fluorescence intensity levels of GFAP at ONL (Figure 

31 K,K’ and L,L’).  



Results 
 

70 
 

Figure 31. PARP inhibition protects photoreceptor degeneration and changes 
rhodopsin, PARylation, GFAP level in rd10 retina. TUNEL assay for dying cells 
indicated significantly decreased numbers of positive cells (A, B, M). The photoreceptor 
row numbers and the thickness of ONL (C, D) increased for 100 nM olaparip treated 
groups (N, O). Similar to TUNEL, immunohistochemical analysis of PARylation in 
photoreceptors revealed significantly decreased numbers of PAR positive cells for 100 
nM olaparib treated groups (see arrows) (G, H, P). In addition, cGMP staining showed 
decreased cGMP level in treated groups (E, F). The rhodopsin expression increased in 
olaparib treated groups (see arrows) (I, J). GFAP staining to observe Muller cell activity 
showed less GFAP level for treated group (K, L). The images shown are representative 
for observations on at least three different specimens for each genotype/treatment 
condition. Values are expressed as mean ± SEM (N≥4). Significance levels: P<0.01 (*).  
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4.2 Characterization of EVs activity in rd10 retina 

 

 As previous describe, CD9 is a protein of the tetraspanin family that has been 

observed in cell membranes and in the surface of EVs. We analysed the location of CD9 

in rd10 mice retinae and corresponding wt  ex vivo at P18. Figures 34 and 35 make 

evident CD9 level in wt and rd10 retinae in all retina layers, choroid and sclera.  

 

 The EVs were observed throughout the rd10 and wt retinae, including neural 

retina and RPE, and choroid (Figure 32). CD9 was shown at choroid, RPE, IS, INL and 

GCL of wt mice eye at P18 (Figure 32Q, Figure 33A-F). In rd10 mice, CD9 level was 

highly increased in choroid, ONL, OPL, INL, GCL and some photoreceptor nuclei (see 

arrows, Figure 32R, Fig. 33) and decreased in RPE layer, POS and IS compared to 

corresponding wt mice (Figure 32 A-2R, Figure 33 A-F). 

 

 The localization of CD9 was analysed by colabelling with cilium using an antibody 

against polyglutamylation modification.  Although the EVs in IS of retina took place next 

to cilium, the EVs in ganglion cell layer colocalised with cilium completely (Figure 32 I-

P). 

 

 Finally, CD9 immunopositivity was studied in the sclera and showed higher 

fluorescence intensity levels of protein in rd10 compared to wt mice (Figure 33 G-L).  
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Figure 33: Levels of CD9 in choroid and sclera of rd10 and wt in vivo retinae at 
P18. CD9 fluorescence intensity in wt (A-C). CD9 showed strong immunoreactivity for 
choroid of rd10 retinae (D-F) compared to corresponding wt at P18. There was hardly 
any CD9 for sclera of wt (G-I) and on the other hand, there was CD9 localised with the 
nuclei of sclera of rd10 mice (K-L).  
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4.3 PARP inhibition affects EVs release in photoreceptor degeneration 

  

 When rd10 retinal explants were treated with PARP inhibitor olaparib, some 

changes were observed in the release of EVs from retinal cells. According to data 

collected by immunofluorescence, CD9 level was apparently enhanced in RPE cells of 

rd10 after PARP inhibition (Figure 34 A-H). Nevertheless, CD9 fluorescence intensity in 

the GCL was lower after olaparib treatment (Figure 34 I-P). In addition, CD9 reactivity 

was reduced in the ONL and inner segments of rd10 retinas after olaparib treatment 

(Figure 36 Q-R). 

 

Moreover, cultured mediums from rd10 retinal explants, treated and untreated 

with olaparib, were collected to analyze their composition of EVs. Subsequently, EVs 

were isolated by ultrafiltration and size exclusion chromatography, and they were 

observed under the electron microscope. Even though, most of the EVs observed 

matched morphology and the size of exosomes (Figure 35 A, first three panels), we 

found a few which were oversized, being probably microvesicles (Figure 35A, last 

panel). Size of particles was double-checked observing their Brownian motion using a 

particle size track system (Nanosight). Most of the particles found sized around 100 nm, 

but there were also bigger vesicles, which matched what was observed previously 

(Figure 35B). 

 The nature of the vesicles was also studied by means of flow cytometry and dot 

blot. Isolated EVs from untreated and treated cultures were analyzed by flow cytometry 

using different antibodies: CD9 and RPE65. Events positive for CD9 were counted by 

the cytometer and the results showed a significant decreasement of EVs release at rd10 

P18 compared with rd10 p16. Thus, total number of EVs was similar before and after 

treatment (Figure 35C). Moreover, RPE65-positive events matching with CD9 

(potentially attached to RPE-released EVs), did not present a significant difference 

(Figure 35C) (Figures 8 and 9 annexed). 

 

 Rhodopsin level in EVs was analyzed by means of dot blot. It was noticed for the 

first time that EVs from retinal cells – most probably from rod-shaped photoreceptors – 

carry rhodopsin. EVs from untreated rd10 retinas contained less amount of rhodopsin 

than those which photoreceptors were rescued by using the PARP inhibitor olaparib. 

These results are consistent with the observations made by immunohistochemical 

analysis (Figure 35D). 
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Figure 35. EVs from retinal cells. EVs of different size were observed under the 
electron microscope (A). Size of the EVs was confirmed by Nanosight, a tracking system 
based in the Brownian movement of the particles (B).  EVs were quantified by means of 
flow cytometry, targeting CD9, a well-known marker for them (C). Significant differences 
in the release of EVs were observed between rd10 retinas at P16 and P18, where the 
latest showed less amount. Conversely, the ratio of RPE65 protein in EVs did not seem 
to change. Presence of rhodopsin in retinal EVs was studied using dot blot (D). 
Rhodopsin seemed to be present in EVs, being enhanced when rd10 retinas were 
treated with olaparib (bar diagram in d). Values are expressed as mean ± SEM (N≥5). 
Significance levels: P<0.05 (*), scale bar 100nm. 
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5. EVs release in rd10 and wt retinas 

 

5.1  Photoreceptor degeneration increase the release of EVs  

 

Rd10 and wt retinas were cultured at P9 until P18 and the mediums were 

collected at every two days.  EVs from P11-P17 were isolated using a commercial 

isolation kit for cell culture.  

Figure 36 shows the EVs identity studied by Nanosight and EM. EVs size profile 

and concentration was analysed by Nanosight (Figure 36 A-I). NAT profiles for wt and 

rd10 vesicles shows that retinal explants released EVs at all-time points studied (Figure 

36 A-D and E-F, respectively). The concentration of particles was decreased by the 

age in wt retinae, displaying a significant reduction at P15 compared to P11. 

Unexpectedly, rd10 P13 presented the maximum peak of EVs released, showing a 

significant enhance of EVs concentration compared to P15 and 17.  Moreover, rd10 P15 

reported a reduction in EVs particles concentration compared with P11 in rd10 retinae.  

Furthermore, the results showed a significant increase for the EVs released at rd10 P13, 

P15 and 17 compared to the same ages in wt retinae (Figure 36I). Finally, typical 

morphology was observed under the EM by negative immunostaining (Figure 36J). 
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Figure 36: Extracellular vesicles characterization. Characterization of EVs size-
distribution was performed by Nanoparticle Tracking Analysis, in wt and rd10 organotipic 
explants at P11-P17 (A-D and E-H, respectively). Significant differences at EVs 
concentration were observed between wt P11 and 13, rd10 retinas at P11 and P15 and 
P13 compared with P15 and P17, where the latest showed less amount of particles. 
Moreover, EVs released were higher at rd10 mice compared with wt (I). EVs identity was 
confirmed under the electron microscope by negative staining (J). Values are expressed 
as mean ± SEM (N=3). Significance levels: P<0.05 (*), scale bar 200nm. 
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5.2 Analysis of the EVs from wt and rd10 cultures protein cargo by 

proteomics.  

 

Due to the results, to identify the EVs cargo released from wt and mutant retinas 

in retinal organotypical explants proteomic analysed was performed. For that, 

extracellular vesicles at P17 were isolated using a commercial kit and a pool of 3 samples 

was used for downstream protein identification. Figure 37, 38 and table 6 reported the 

81 proteins found in wt and rd10 extracellular vesicles after proteomic analysis.   

 

 It is noticiable that wt and rd10 EVs only share 12 proteins, as Venn diagram 

revealed. 14 proteins were found only in wt and 55 proteins were exclusive of rd10 mice 

(Figure 37). 

 

STRING program was used to perform the cellular component network. Green 

colour identify proteins found as a part of extracellular region, pink colour represent the 

proteins described as a neuron part, red colour shown proteins described at vesicles and 

blue colour mark proteins described in extracellular exosomes. Some of these proteins 

had colour overlay what it means that these proteins were identify as more than one 

component (Figure 38A). Figure 38B identify the EVs cargo including the protein name 

and gene symbol used at cellular component network for each protein in wt and rd10 

retinae. Finally, STRING program and UniPot database were used to describe the main 

functions of proteins found at proteomic analysis (Table 6 annexed). 

 

Functional Enrichment Analysis Tool (FunRich) was used to study neuronal 

components present at EVs from the retina as well as to identify their implications in 

reactome pathways (Figure 39). Focusing in EVs neuronal components different retinal 

proteins were identified including photoreceptors inner and outer segments, cone pedicle 

and rod spherule, proteins involved in cone growth, proteins related neuronal cell body 

and prolongations (axon and dendrites) and proteins implicated in synapse.  IS proteins 

were identified only in rd10-EVs while cone cell pedicle and rod spherule were not 

present. Proteins related POS, axon, dendrites, synapse and neuronal cell body were 

identified in higher percentage in wt-EVs. Besides, proteins involved in rod spherule, 

synapse and neuronal cell body were increased significantly in EVs from wt (Figure 

39A). Figure 39B described reactome or biological pathways in which the protein cargo 

take part. Proteins involved in neural cell adhesion molecule I (NCAMI) interactions were 

described only in EVs from rd10 retinae. Additionally, laminin interactions; regulation of 
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complement cascade: signalling by Platelet-derived growth factor (PDGF); degradation 

of extracellular matrix (ECM); collagen biosynthesis, modifying and degradation and 

ECM proteoglycans pathways were enhanced significantly in EVs from rd10.  Proteins 

involved in extracellular matrix organization and integrin surface interactions were found 

in wt and rd10-EVs in similar percentage. Interestingly, iron uptake transport pathway 

and retinoid metabolism and transport pathway were increased in EVs from wt retinae. 

 

Additionally, Exocarta and Vesiclepedia database were used to know if these 

proteins were reported previously in EVs or not. Table 6 shown the number of proteins, 

Uniprot ID, protein name, gene symbol and the protein presence in Exocarta or 

Vesiclepedia database. 73 proteins were found in exocarta at Mus musculus 

(M.musculus) or at general/total protein database (perform for all the proteins in EVs 

reported in previous studies). Subsequently, the proteins not found in Exocarta were 

search in Vesiclepedia database. According with Vesiclepedia, 3 proteins were 

described previously in EVs. Therefore, proteomic analysis report 5 new proteins present 

in EVs from retinal explants. These proteins were: Retinol-binding protein 3, Histone H2A 

type 1-C, Carboxipeptidase E, Meiosis-specific nuclear structural protein 1 and Down 

syndrome cell adhesion molecule homolog. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 
 
 

81 
 

 

 

 

 

 

Figure 37: EVs Proteomic analysis of wt and rd10 retinae.  Venn diagram shown 81 
proteins identified at EVs. 55 proteins were present in EVs from rd10, 14 proteins were 
detected in EVs from wt and 12 proteins were common at both groups. 

 

 

 

 



Results 
 
 

82 
 

 

F
ig

u
re

 3
8
: 

E
V

s
 c

e
ll

u
la

r 
c
o

m
p

o
n

e
n

t 
n

e
tw

o
rk

 f
ro

m
 w

t 
a
n

d
 r

d
1
0
 r

e
ti

n
a
e
. 

S
T

R
IN

G
 a

n
a
ly

s
is

 o
f 

E
V

s
 t

o
ta

l 
p
ro

te
in

 s
h
o
w

s
 

a
 c

lu
s
te

r 
th

a
t 

re
p
re

s
e
n
ts

 o
v
e

ra
ll 

c
o

n
n

e
c
ti
v
it
y
 o

f 
p
ro

te
in

s
 r

e
fl
e

c
ti
n

g
 t

h
e
 n

u
m

b
e
r 

o
f 

e
v
id

e
n

c
e
 f

o
r 

e
a
c
h
 a

s
s
o
c
ia

ti
o
n

 i
n

v
o

lv
e

d
 

in
 d

if
fe

re
n
t 

c
e

llu
la

r 
c
o

m
p
o

n
e

n
ts

 s
u
c
h

 a
s
 e

x
tr

a
c
e
llu

la
r 

re
g

io
n
 (

g
re

e
n
),

 n
e
u

ro
n
 p

a
rt

 (
p

in
k
),

 v
e

s
ic

le
s
 (

re
d
) 

a
n
d
 e

x
tr

a
c
e
llu

la
r 

e
x
o

s
o
m

e
s
 (

b
lu

e
)(

A
).

 T
h

e
 t

a
b
le

 s
h

o
w

n
 t

h
e
 p

ro
te

in
 n

a
m

e
s
 a

n
d
 g

a
n
e
 s

y
m

b
o
l 
u

s
e
d

 a
t 

p
ro

te
in

 n
e
tw

o
rk

 (
B

).
  



Results 
 
 

83 
 

 

 

Figure 39: Neural cellular component and reactome pathway enrichment. 
Functional Enrichment Analysis Tool (FunRich) shown increased rod spherule, synapse 
and neural cell body cellular components in EVs from wt retinae (A). Moreover, Iron 
uptake and transport pathway and ECM proteoglycans pathway were enhanced in wt-
EVs. NCAM and laminin interactions; regulation of complement cascade; signalling by 
PDGF; degradation of ECM; collagen biosynthesis, modifying and degradation and ECM 
proteoglycans pathways were enhanced significantly in EVs from rd10.  Proteins 
involved in extracellular matrix organization and integrin surface interactions were found 
in wt and rd10-EVs in similar percentage (B). 
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 Table 6: EVs proteins  

Nº UniProt ID Protein  Gen Exocarta VP 

1 P11276, P04937 Fibronectin  Fn1 M.musculus  

2 P08226, P02650 Apolipoprotein E  Apoe M.musculus  

3 P49194 Retinol-binding protein 3  Rbp3   

4 P35441 Thrombospondin-1  Thbs1 M.musculus  

5 Q6GQT1, P06238 Alpha-2-macroglobulin-P  A2m Total protein  

6 Q01149, P02466 Collagen alpha-2(I) chain  Col1a2 M.musculus  

7 Q05793 Basement membrane-specific heparan 
sulfate proteoglycan core protein  

Hspg2 M.musculus  

8 Q61398, O08628 Procollagen C-endopeptidase enhancer 1  Pcolce M.musculus  

9 P11087, P02454 Collagen alpha-1(I) chain  Col1a1 M.musculus  

10 Q60847, P70560 Collagen alpha-1(XII) chain  Col12a1 Total protein  

11 Q06890, P05371 Clusterin  Clu Total protein  

12 Q640N1, A2RUV9 Adipocyte enhancer-binding protein 1  Aebp1 M.musculus  

13 P17182, P04764 Alpha-enolase  Eno1 M.musculus  

14 Q71FK5  Actin, cytoplasmic 1 ACTB M.musculus  

15 Q62009 Periostin  Postn M.musculus  

16 Q80YX1 Tenascin  Tnc M.musculus  

17 P08121, P13941 Collagen alpha-1(III) chain Col3a1 Total protein  

18 P39061 Collagen alpha-1(XVIII) chain  Col18a1 M.musculus  

19 P37889 Fibulin-2  Fbln2 M.musculus  

20 Q921I1, P12346 Serotransferrin  Tfr Total protein  

21 P62806 Histone H4  Hist1h4a M.musculus  

22 P10493, P08460 Nidogen-1  Nid1 M.musculus  

23 Q91WP6, P09006 Serine protease inhibitor A3N  Serpina3n Total protein  

24 P14106, P31721 Complement C1q subcomponent subunit B  C1qb Total protein  

25 P32261 Antithrombin-III  Serpinc1 M.musculus  

26 P07309, P02767 Transthyretin  Ttr Total protein  

27 P21460, P14841 Cystatin-C  Cst3 Total protein  

28 Q64475 Histone H2B type 1-B  Hist1h2bb M.musculus  

29 P19378 Heat shock cognate 71 kDa protein  HSPA8 M.musculus  

30 P08122 Collagen alpha-2(IV) chain Col4a2 Total protein  

31 O88322, B5DFC9 Nidogen-2  Nid2 Total protein  

32 P06909 Complement factor H  Cfh Total protein  

33 Q02105, P31722 Complement C1q subcomponent subunit C  C1qc Total protein  

34 C0HKE2 Histone H2A type 1-C  H2A1C   

35 P02468 Laminin subunit gamma-1  Lamc1 M.musculus  

36 P55065 Phospholipid transfer protein  Pltp M.musculus  

37 P12387  Complement C3  C3 M.musculus  

38 P52480, P11980 Pyruvate kinase PKM  Pkm M.musculus  

39 P98086, P31720 Complement C1q subcomponent subunit A C1qa Total protein  

40 O54990 Prominin-1  Prom1 Total protein  

41 P18242, P24268 Cathepsin D  Ctsd Total protein  

42 Q9CYN9, Q6AXS4 Renin receptor  Atp6ap2 M.musculus  

43 Q61554 Fibrillin-1  Fbn1 Total protein  
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Table 6: EVs Proteins found at Exocarta or Vesiclepedia database. Proteomic 

analysis report 5 new proteins in EVs. VP: Vesiclepedia 

44 Q02788 Collagen alpha-2(VI) chain Col6a2 M.musculus  

45 P68433 Histone H3.1  Hist1h3a M.musculus  

46 P02463 Collagen alpha-1(IV) chain  Col4a1 M.musculus  

47 P21956, P70490 Lactadherin  Mfge8 M.musculus  

48 P20443, P15887 S-arrestin  Sag Total protein  

49 P20443, P15887 Annexin A5  Anxa5 M.musculus  

50 O35206 Collagen alpha-1(XV) chain  Col15a1 Total protein  

51 Q9R0E2, Q63321 Procollagen-lysine,2-oxoglutarate 5-
dioxygenase 1  

Plod1 M.musculus  

52 P16858, P04797 Glyceraldehyde-3-phosphate 
dehydrogenase  

Gapdh M.musculus  

53 P18760, P45592 Cofilin-1  Cfl1 M.musculus  

54 Q8VC69, O35956 Solute carrier family 22 member 6  Slc22a6 Total protein  

55 P17809, P11167 Solute carrier family 2, facilitated glucose 
transporter member 1 

Slc2a1 Total protein  

56 Q60675 Laminin subunit alpha-2  Lama2 Total protein  

57 P01947  Hemoglobin subunit alpha  HBA M.musculus  

58 Q60841, P58751 Reelin  Reln Total protein  

59 Q00493, P15087 Carboxypeptidase E  Cpe   

60 Q04447, P07335 Creatine kinase B-type  Ckb M.musculus  

61 P07356, Q07936 Annexin A2  Anxa2 M.musculus  

62 P02088 Hemoglobin subunit beta-1 Hbb-b1 M.musculus  

63 P68033, P68035 Actin, alpha cardiac muscle 1  Actc1 M.musculus  

64 P20612 Guanine nucleotide-binding protein G(t) 
subunit alpha-1   

Gnat1 Total protein  

65 P17742, P10111 Peptidyl-prolyl cis-trans isomerase A  Ppia M.musculus  

66 P63101, P63102 14-3-3 protein zeta/delta   Ywhaz M.musculus  

67 P62984, P62986 Ubiquitin-60S ribosomal protein L40  Uba52 M.musculus  

68 P01029 Complement C4-B   C4b Total protein  

69 O09114, P22057 Prostaglandin-H2 D-isomerase   Ptgds  EVs 

70 Q9QXS1, P30427 Plectin   Plec Total protein  

71 Q70FJ1 A-kinase anchor protein 9   Akap9 Total protein  

72 Q61884, Q6AXQ8 Meiosis-specific nuclear structural protein 1   Mns1   

73 P15331, P21807 Peripherin   Prph Total protein  

74 P70335, Q63644 Rho-associated protein kinase 1   Rock1 Total protein  

75 Q5H8C4 Vacuolar protein sorting-associated protein 
13A   

Vps13a  EVs 

76 Q99P88, P37199 Nuclear pore complex protein Nup155  Nup155  EVs 

77 Q9QYX7, Q9JKS6 Protein piccolo  Pclo Total protein  

78 E9Q9K5, Q9QX75 Triadin  Trdn   

79 P33175, Q6QLM7 Kinesin heavy chain isoform 5A  Kif5a Total protein  

80 Q9ERC8, Q8VHZ8 Down syndrome cell adhesion molecule 
homolog  

Dscam   

81 P49182, Q64268 Heparin cofactor 2  Serpind1 Total protein  



Results 
 
 

86 
 

6. Study of the EVs activity in neighbour cells 

 

In order to understand EVs function, wt retinal cultures were treated with rd10 

retinal EVs (wt rd10-EVs treated) to study whether these “healthy” vesicles reduce cell 

damage. Moreover, rd10 retinal EVs were added to wt retinal cultures (rd10 wt-EVs 

treated) at P13, P15 and P18 to understand whether “sick” EVs generate stress in 

healthy retinas. 

 

6.1 Treatment with EVs decreased cell viability, thickness and 

photoreceptor row number 

 

To study if the EVs from the retina can affect recipient cells and their impact in 

the retinal tissue TUNEL assay, ONL thickness and the photoreceptor row numbers were 

studied after EVs treatments (Figure 40).  

The quantification of TUNEL positive cells in ONL showed a significant increase 

of dying cells in rd10 retinae compared with wt retinae (Figure 40 A, C and I).  TUNEL 

assay reported the double number of positive cells in wt retinae treated with EVs from 

rd10 compared with untreated wt (Figure 40 A, B and I). No significant differences were 

observed between wt retinae treated with EVs from rd10 and rd10 untreated group 

(Figure 40 B, C and I). Finally, there was not statistical differences in rd10 treated with 

EVs from wt retinas compared to rd10 explants (Figure 40 C, D and H). 

Thickness and row photoreceptor numbers were decreased in rd10 compared to 

wt retinae (Figure 40 E, G, J and K). A significant reduction in thickness and 

photoreceptor row number was detected in wt retinas treated with EVs from rd10 retinae 

in comparison with wt untreated (Figure 40 E, F, J and K). Furthermore, we observed 

that the healthy retinas treated with EVs from rd10 exhibited less thickness and 

photoreceptor row numbers compared to rd10 retinal explants untreated (Figure 40 F, 

G, J and K).  

Unexpectedly, the thickness of ONL and row photoreceptor number decreased 

significantly in rd10 retinas treated with “healthy” vesicles from wt retinae compared with 

rd10 mice (Figure 40 G, H, J and K), showing similar results as wt retinas treated with 

“sick” vesicles.  Finally, rd10 retinal explants treated with EVs from wt retinas reported 

significant reduction of thickness and photoreceptor row number compared with 

untreated wt retinae (Figure 40 E, F, I and J).  
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Figure 40: EVs treatments increased dying cells and decreased thickness of ONL 
and photoreceptor row numbers in rd10 and wt retinae. TUNEL assay for dying cells 
indicated significantly increased numbers of positive cells in wt treated retinas and rd10 
retinas compared with wt (A, B, C, E). The photoreceptors row numbers and the 
thickness of ONL (F, G) decreased in EVs treated groups. The images shown are 
representative for observations on at least three different specimens for each group. 
Values are expressed as a mean ± SEM (N≥3) Significance levels: P<0.05 (*), P<0.01 
(**). 

 

 

6.2 CD9 and CD81 protein levels after EVs treatments 

 

To characterize the tetraspanins activity at the tissue level the presence of, CD9 and 

CD81, was analysed by immunofluorescence in ONL, INL and GCL in rd10 and wt 

retinae (Figure 41). The results showed the presence of CD9 in all treated and untreated 

groups (Figure 41 A-D, respectively). 
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 No statistically significant difference was reported at protein level on any layer and 

condition (Figure 41K). On the other hand, CD81 marker showed higher and significantly 

increased fluorescence intensity levels at INL compare with ONL in rd10 and rd10 wt-

EVs treated (Figure 41 G, H and L). No statistical differences were shown at wt 

untreated and wt rd10-EVs treated group (Fig 41 E, F and L) and between treated and 

untreated groups (Figure 41 L). 

 

 

6.3 EVs treatment modify RHO levels 

 

After considering previous results, rhodopsin level was analysed by 

immunofluorescence (Figure 42). As same as reported previously at in vivo experiments 

(Figure 7 annexed), rhodopsin level was significantly lower and seems disorganized in 

rd10 compared to the corresponding wt in retinal organotypic explants (Figure 42 A, B 

and E). 

 The treated cultures were analysed for rhodopsin to investigate if EVs can 

affect and change structure and distribution of rhodopsin. No statistical differences were 

reported in wt retina treated with EVs from rd10 mice in comparison with wt retinae at 

photoreceptors outer segments (Figure 42 A, C and E). Nevertheless, rhodopsin 

location was disorganised in ONL of wt treated group compared to wt untreated (Figure 

42 A and C). Finally, rd10 cultures treated with “healthy” EVs displayed higher rhodopsin 

levels compared to rd10 although the protein presents a disorganized distribution in ONL 

(Figure 42 B, D and E).  
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Figure 41: Immunohistochemical analysis of CD9 and CD81 levels.  CD9 and CD81 markers 

were analyzed in wt and rd10 retinae before and after EVs treatments (A-E and F-H, 

respectively). No statistical difference was observed in CD9 level in any group and layer (K). 

CD81 immunopositivity was increased in rd10 treated INL compared with ONL (L).  Values are 

expressed as a mean ± SEM (N≥3) Significance levels: P<0.05 (*), P<0.01 (**), P<0.001 (***) 
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Figure 42: Rhodopsin level after EVs treatment.  Rhodopsin level was analysed in wt 
and rd10 retinae before and after EVs treatments (A-B and C-F, respectively). No 
statistical difference was observed for rho level in wt treated group compared with wt 
untreated (A, C, E). Rhodopsin immunopositivity was decreased at rd10 compared with 
wt (A, B and E). Rhodopsin intensity level was reduced at rd10 treated group compared 
with rd10. Values are expressed as a mean ± SEM (N≥3) Significance levels: P<0.05 (*). 
Rho: rhodopsin 
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7. Study of EVs and microglia interactions  
 

 

7.1 Analysis of microglia activation after EVs treatments.  
 
 

Immunostaining against Iba-1 was performed to understand whether the 

decrease of thickness and photoreceptor row numbers in rd10 retinal explants treated 

with “healthy” EVs was related a microglial activity.  

 

Figure 43 shown microglia activity in wt untreated, wt retinas treated with EVs 

from rd10, rd10 untreated and rd10 retinas treated with EVs from wt. Microglia reaction 

was enhanced in ONL layer in rd10 treated with EVs from wt retinas compared to wt and 

rd10 untreated retinas (Fig 43 B, H, K and N) but any statistically significant difference 

was observed in wt retinal culture explants treated with EVs from rd10. Moreover, no 

statistical difference was reported at photoreceptor outer segment expression. 

 

Additionally, microglia expression was studied at INL, OPL, ONL and OS in each 

group to identify the stage of reaction of immune system cells after EVs treatments (Fig 

44). Iba-1 positive cells were increased in OPL compared to INL and ONL in wt treated 

and untreated groups (Figure 44 A, B, E and F, respectively). In addition, microglia 

cells were increased at OPL compared with INL in rd10 mice (Fig 44 C and G). However, 

iba-1 positivity was increased at ONL compared with INL, OPL and OS in rd10 group 

treated with EVs from wt (Fig 44 C and G). 
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Figure 43: Microglia immunostaining in retinae treated with extracellular vesicles. 
Microglia presence was analysed in treated and untreated wt and rd10 mice (A-L) in 
ONL and POS (M and N, respectively). Microglia expression was increased in rd10 
treated group compared with rd10 and wt retina (M). No statistical differences were 
observed at POS (N). Values are expressed as a mean ± SEM (N≥3) Significance levels: 
P<0.05 (*), P<0.001 (***). 
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Figure 44: Microglia activity after EVs treatments. Microglia activity was analysed in 
wt and rd10 treated and untreated groups (A-D). Microglia cells were increased in OPL 
compared to ONL and INL in wt treated and untreated (A, B, F, G). Iba-1 positivity 
increased at OPL compared with INL in rd10 mice. ONL shown higer number of microglia 
cells compared with INL, OPL and POS in rd10 wt-EVs treated group. Values are 
expressed as a mean ± SEM (N≥3) Significance levels: P<0.05 (*), P<0.01 (**), P<0.001 
(***). 
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Lately, the study of EVs caught the attention of scientists in nearly every biomedical 

field. EVs signalling seems to be key in many physiological and pathophysiological 

processes128. In the present thesis, I suggest that EVs are modified in number and cargo 

in retinitis pigmentosa. Moreover, I suggest a cross-linking between the PARP activity and 

the generation and release of EVs. 

 

1. Characterization of tetraspanins levels on in vivo section in two models of RP 

 

Rd1 and rd10 mice are two animal models used to study RP50,75,77,78,79. However, 

both animals hold a mutation in the β subunit of PDE6 enzyme, the disease starting and 

progression is different78. It is well-established that in rd1 retinas photoreceptor cell death 

peaks at P13, point at which it was also showed cGMP accumulation and intensification 

of HDAC, PARP, and calpain activity50,63.However, rd10 mice also presented cGMP 

accumulation and enhanced HDAC levels, PARP and calpain activity. The peak of 

photoreceptor death appears at P1850. This slower degeneration is due to the residual 

enzyme activity in rd10 mice while in rd1 mice the PDE6 function is completely 

depleted78,80. 

 

EVs can be classified, according to their size, in: apoptotic bodies, microvesicles 

or ectosomes, and exosomes96,109,176,. Initially, several authors reported that exosomes, 

which are released from multivesicular bodies undergoing exocytosis, expressed in their 

membrane several tetraspanins, CD9, CD63, CD81, and CD82177.Nevertheless, recently, 

a community of experts in EVs field, pointed out the difficulty to establish specific markers 

for each EVs subtype and recommended use the term EVs as a general nomenclature108.  

ISEV suggested use operational terms – physical characteristics such a size or density, 

biochemical competition or descriptions of condition of cell of origin- to define the EVs 

subtypes13. However, the correct nomenclature still is today under discussion, since other 

researchers are in disagreement with the recommendation to use EVs instead of other 

terminology178. 

 

In the present study, we observe how CD9 and CD81 tetraspanins levels, typical 

EVs markers, from retinal cells changes when such cells are undergoing degeneration on 

in vivo retinal sections. By means of immunohistochemistry, we recognized CD9 and 

CD81 in retinas from rd1 and rd10 retinas and from the corresponding wt at different 

postnatal days (Figure 25,26,27 and 28).  
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1.1 CD9 and CD81 levels in rd1 and wt retinas on in vivo sections 

 

According with CD9 and CD81 results, the protein levels in wt and rd1 retinas 

gradually increases from photoreceptor layer to ganglion cell layer (Figure 25 K-L and 

26K-L). The degeneration process affects the distribution of tetraspanins in different layers 

of the retina. These findings are really clear at P15, after the peak of degeneration, were 

rd1 retinas exhibited less fluorescence intensity (Figure 25 H-I and 26 I-J). Interestingly, 

tetraspanins level changes by the age in wt mice - growing in ONL- suggesting the role of 

EVs in development of retina (Figure 26 J). These results are in agreement with previous 

studies which report important EVs activity not only in normal neural physiology179, taking 

part in nervous system development and function180, but also in neuronal diseases179,181. 

 

 

1.2 CD9 and CD81 levels in rd10 and wt retinas on in vivo sections 

 

Focussing in rd10 mice model, CD9 staining showed enhanced fluorescence 

intensity levels in wt INL layer and ONL layer in rd10 retinae (Figure 27 k and L) while 

CD81 staining, as same as in rd1 mice model, report gradual increases from ONL to GCL 

(Figure 28 K and L). In the same line, CD9 fluorescence intensity was increased due the 

degenerative disease (Figure 27 I and J), whereas CD81 immunopositivity report 

decreased fluorescence signal as a consequence of the neurodegenerative process 

(Figure 28 H and I). These immunopositivity difference maybe can be explained by the 

variety of EVs subtypes and also their tetraspanins markers enrichment121 . Several 

authors report that EVs can be CD9 and CD81 positives182, CD9 positives and CD81 

negatives or viceversa20. In contrast to rd1 results, the tetraspanins levels changes by the 

age showing a decrease in CD9 marker at INL and ONL (Figure 27 I and J). Surprising, 

CD81 positivity was significantly enhanced in ONL at P18 in wt retinae (Figure 28 J). This 

fact could be the end of retina development since as previously describe in different 

studies the retina is almost complete at P1850,78. 

 

 

2. Tetraspanins: differences between rd1 and rd10 mice models  
 
 

Our results show that CD9 levels increase not only as a consequence of retinal 

degeneration, but also due to the developmental process in the retina in rd1 mice. 

Additionally, CD9 marker was increased under degeneration in rd10 retinae (Figure 29 A, 
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C and E). Similar results for CD81 tetraspanin marker were reported for rd1 retinae 

(Figure 29 B and D). Previous publications showed the advantages of rd10 mice model 

in front of rd1 mice. In rd1 retinae the degeneration starts while the retina is under 

generation47,78,183. Rd10 exhibited slower degenerative process that allow the possibility of 

separation in time of generation and degeneration process47,184. Thus, rd10 mice was 

recognized as a better model than rd1 to study RP disease, especially in drug research185. 

The difficulty to discriminate between tetraspanins levels that could relate to EVs release 

as a consequence of retina development or retinal degeneration in rd1 mice lead us to 

consider rd10 mice the best model to study retinal degeneration.  

 

 

3. Rd10 mice model characterization 

 
Finally, the study of rd10 retinas under electron microscope report a reduction in 

thickness, especially for ONL (Figure 30 A and B). As we expect these results were 

consistent with rd10 mice model description79. Moreover, several vesicles were identified 

at RPE, some of them in fusion with the plasma membrane (Figure 30 A 1-3 and B 1-2) 

as well as MVB (Figure 30 B3) (see red arrows).  

 

Although our findings highlight the possible roles of EVs in different neurons and 

development in the retina, more investigations should be done to understand cell type- 

specific expression and mechanism of EVs activity. Previous results from others and from 

our own group pointed out that, when retinal cells are under stress, they release more 

exosomes155,157. Most of the published data concerning EVs from retinal cells have been 

studied in RPE cells. In the current study, we present an overview of the tetraspanins CD9 

and CD81, coming from the different layers of two animal models, the rd1 and rd10 mice. 

 
 
 
4. Poly ADP ribosylation and EVs activity in rod photoreceptor degeneration 

  

 4.1 PARP inhibition with olaparib rescues photoreceptors and improves rod 

outer segment development and Müller cell activity in rd10 retinal explant cultures 

 

In the last 10 years, it was shown that PARP over-activity is involved in retinal 

degeneration in different animal models of retinal degeneration. The peak of PARP activity 
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matched at the peak of photoreceptor cell death or before the cell death for some mice 

models, such as rd2 and PDE6a models50,65,186. In addition, it was noticed that PARP 

inhibition or knocking out of PARP1 protected photoreceptor cells in rd1, rd2 and other 

PDE6a mice models 65,66,186. In this study, our findings are consistent with previous ones 

65,66,186 that PARP inhibition significantly rescue photoreceptors (Figure 31 A-D and M-O) 

decreased cGMP level (Figure 31 E and F) and PARylated proteins (Figure 31 G,H and 

P) in photoreceptor layer in rd10 model. Here we also reported that olaparib enhanced 

rhodopsin levels (Figure 31 I and J). Although, the role of excessive PARP activity in 

photoreceptor cell death is known, the exact mechanism lying back is unknown. In 

addition, how PARP inhibition protects photoreceptor cells is still under debate.  

 

Supportive and detrimental effects were attributed to Muller cell activity on 

neuronal function and survival. In retinal injury Muller glia cells try to control the tissue 

damage, by antioxidant and neurotrophic factors release187,188. All the same, Muller cells -

stimulated by immune cells in long gliosis can release inflammatory factors and 

exacerbate the degenerative process187. The increased expression in GFAP protein by 

Muller cells is considered a signal of tissue stress associated with retinal degeneration 

and is used commonly as a hallmark of gliosis187,188. On the other hand, it is known that 

PARP-1 overexpression leads to increased pro-inflammatory signals and PARP-1 

inhibitors revoke the inflammatory cascade189.  Here we reported a decreased GFAP 

levels after olaparib treatment (Figure 31 K and L). Our results give us to postulate that 

the inhibition of PARP activity by olaparib aside from directly regulate the toxic over 

expression of PARP also regulate indirectly Muller cells by the inflammation cascade 

depletion.  

 

4.2 Characterization of EVs activity in rd10 retina 

 

Previous data indicate that RPE cells undergoing oxidative stress  release higher 

number of EVs to the medium and the cargo of these vesicles was significantly modified, 

impacting neighboring tissues, such as the choroids and photoreceptor cells148,190. It is 

also known that the epithelium, under oxidative stress, enhances autophagy 

mechanisms191. Moreover, these two mechanisms, autophagy and EV release, seem to 

share a common pathway157. Although there are important efforts to study EVs released 

from photoreceptors192, the truth is that most of the studies that analyse retinal EVs have 

been focused in the RPE157,190. 
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We noticed that immunopositivity of CD9 was altered if independent areas of the 

retina were studied. In the ONL of rd10 animals, CD9 level is higher than in wt controls 

(Figure 32 G and R). This data matches previous observations: any stress in the cells will 

increase the number of vesicles released157,193. Moreover, these results are in 

concordance with the previous data showed related to CD9 levels at different postnatal 

days in rd10 and wt retina (Figure 27). 

 

Cilia are found in many cells and play important roles in development, 

differentiation and function of many tissues. Cilia have been shown to release EVs which 

has an important role in intercellular communication. In the case of abnormal formation 

and function of the cilia causes a group of diseases including retinitis pigmentosa194. The 

data presented here provides close relationship between cilium and EVs in inherited 

photoreceptor degeneration in correspond to the previous observations194. Interestingly, 

cilium and CD9 were colocalised explicitly which highlights the need for further detailed 

investigation (Figure 32). 

 

Interestingly, our results demonstrate a markedly CD9 level in choroid in rd10 mice 

ex vivo (Figure 33 A-F). It is known that EVs mediated angiogenesis response although 

pro-angiogenic and anti-angiogenic effect was reported40. Previous studies from our group 

reported that EVs release under stress conditions by RPE are able to promote 

angiogenesis leading to AMD and RD progresion158,166. Though, a decrease thickness in 

choroid195,196 and decreased choroidal blood flow was reported in RP45. Our data may lead 

us to suppose that CD9 positive EVs are involved in choroidal vasculature depletion in 

RP.  

 
 
Additionally, our data reported an increment of CD9 positivity in sclera under retinal 

degeneration and suggests that it is maybe under remodelling. However, no information 

about EVs and scleral tissue is available. 

  
 

 4.3 PARP inhibition affects EV release in photoreceptor degeneration 

 
Our present work illustrates the link between PARP and EVs release in retinal 

degeneration in rd10 mice. We also present the connection of cilium and EVs activity 

highlighting the possible pathway covering PARP-EV and cilium. Further investigations on 

the molecular mechanism of PARP dependent cell death in retinal degeneration could 
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bring new targets to prevent photoreceptor degeneration, eventually hereditary retinal 

dystrophies. 

 

 In the present study we observed how the total number of EVs remains unaffected, 

when retinas from control and mutant animals were cultured. Moreover, the total number 

of EVs did not change when olaparib – a PARP-inhibiting drug that prolongs the life of 

photoreceptors – was added to the medium. As we reported above, CD9 was altered 

under retinal degeneration, especially in ONL (Figure 27).  When olaparib was added in 

to retinal organotypic cultures, CD9 level seemed to decrease in the ONL of rd10. 

Conversely, RPE cells tended to release more EVs in wt than in rd10. After olaparib 

treatment, RPE-derived EVs where comparable to the untreated condition (Figure 34).  

 

As we mentioned above, cilia have been shown to release EVs in ex vivo sections.  

In culture was not possible to see cilium in GCL in rd10 nevertheless after olaparib 

treatment a completely colocalization between cilia and CD9 was found (Figure 34 I-P). 

The data presented here reinforce the close relationship between cilium and EVs166. 

However, as we reported previously, further investigations are necessary to elucidate their 

function.  

 

EV-PARP association was studied before, especially in cancer. Some scientist 

observed that EVs derived from bone-marrow stromal cells were able to block reduction 

of full-length PARP and prevent the increase of cleaved PARP46. EVs were also used to 

carry CRISPR/Cas9 plasmids to inhibit PARP-1 expression in ovarian cancer197. In the 

RPE, it was noticed that apical released EVs carrying αB crystalin, a chaperone protein 

with anti-inflammatory effects, were able to reduce PARP activity in neighbouring cells190. 

When isolated EVs were analysed, it was noticed that the total number did not suffer 

significant changes, when untreated and treated groups were compared (Figure 35 C). 

Furthermore, the number of EVs expressing RPE65 was very similar in both groups 

(Figure 35 C). This fact makes sense, since the monolayer of pigmented cells is barely 

suffering any damage at early ages. However, when expression of rhodopsin – a specific 

protein found in rod photoreceptors – was studied, the outcome was completely different. 

We previously observed how PARP inhibitor olaparib was able to enhance rescue of rods 

(rods are the cells affected by the rd10 mutation) (Figure 31). Thus, it is coherent to think 

that a higher number of cells will produce a higher number of vesicles. On the other hand, 

it is remarkable that this study is the first one in observing expression of rhodopsin in EVs 

coming from the retina in retinitis pigmentosa disease (Figure 35D).  
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5. EVs release in rd10 and wt retinas 

 

5.1  Photoreceptor degeneration increase the release of EVs  
 
 

EVs release change in number and cargo according with the environment and 

under diseases198. As we expected, our data shows a significant increase of EVs released 

under retinal degeneration. Surprisingly, the highest EVs released was reported at 

postnatal day 13 (Figure 36). Although the maximum peak of photoreceptor death is 

produced at P18 in rd10 mice78,80, some structural changes in the retina were observed 

before48. This modification includes reduced synaptic connectivity between ONL and INL 

and also between INL and GCL as well as increased microglia expression from P5, 

abnormal rod OS in the peripheral retina from P15 and changes in horizontal cells 

morphology at P15199. Therefore, our results may be related with modifications in neural 

connectivity, cell morphology and immune system response. Our findings put on manifest 

the necessity of studies, aimed to study EVs release before the peak of degeneration that 

could help us to understand the disease progression.   

Regarding the EVs subtype, our data showed particles with sizes in the exosome 

range98 but also bigger that can also be ectosomes96,109, apoptotic bodies96,109 or 

aggregates. One limitation in this study was the amount of culture media that we can use 

in our organotypical explants (1,3 ml maximum). A commercial isolation kit was used to 

isolate exosome but the lack of specificity to separate EVs subtypes was reported173. 

Then, in concordance with other authors173, our Nanosight analysis report a mixture of 

EVs subtypes. However, EVs thinner than 100 nm were observed under electron 

microscope.  

Finally, discrepancies in concentrations level changes by flow cytometry of CD9 

positive events (see figure 35) and Nanosight analysis (Figure 36) were found in rd10 

explants. NAT analysis report higher EVs concentrations. Maybe the differences are 

related to the EVs isolation method used173 and the different sensibility of both 

technics200,201. FACs analysis was performed after use ultrafiltration and size exclusion 

chromatography as EVs isolation method whereas, due to the volume limitations, a 

commercial isolation kit was used for EVs treatments. As mentioned before, the isolation 

kit reported a mixture of EVs subtypes173. Additionally, in FACs analysis only fractions 8 

and 9 were used and NAT showed all the EVs released by the retina. The technic 

sensibility also affects the results, flow cytometers have a limit of detection particles200,201 

and are able to detect single EVs above 500 nm size200 therefore, the presence of a 
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clusters of small vesicles is detected as a one large vesicle200,201. Nowadays, new 

cytometers with a bigger particle detection range are under development, nevertheless to 

the date the NAT can measure particles smaller than 50 nm201 providing more accurate 

results than FACs analysis 

 

           5.2 Analysis of the EVs from wt and rd10 cultures protein cargo by 

proteomics. 

 

Several publications claim that EVs cargo change under eye pathological 

conditions, including AMD146,159 or RD149. Here, we report for the first time the cargo of 

EVs in retinitis pigmentosa disease. Proteomic analysis release just before the peak of 

degeneration (P17) in rd10 and wt retinae report 81 proteins into EVs. It is remarkable, 

that EVs from rd10 exhibited more proteins and higher level of proteins that EVs from wt 

retinae (Figure 37 and 38).  These results are in agreement with other studies that 

reported modified expression in EVs release under pathological conditions and are 

especially well studied in cancer disease202. 

As we expect, the EVs isolated contain proteins involved in extracellular region, 

vesicles, exosome part as well as neuron part (Figure 38). This data reaffirmed our 

previous results, we were working with EVs derived from neuronal cells.  

During the last year, the scientific community reported not only the proteins 

involved in EVs release but also important proteins that plays an important role in EVs 

signal transduction or uptake by the receptor cells203,204. Inside this described proteins  

involved in EV-target cell interactions there are tetraspanins, integrins, ECM proteins, 

immunoglobulin superfamily members, proteoglycans, and lectins132,203.  

The interactions ECM-integrins seems essentials in EVs binding and 

uptake132,203,204. Here we reported some integrins such as fibronectin, collagen and laminin 

as well ECM proteins like fibronectin, tenascin and reelin (Table 1 annexed). 

 
The fact that tetraspanins CD9 and CD81 as well as other typical proteins were 

not found can be explained by the isolation method205,206 and also the proteomic protocol 

used60. Other groups, using the same isolation kit, did not find CD9205 and CD81206. 

Additionally, protocol used to isolate proteins207,208, and also the proteomic protocol have 

influences the protein cargo detection207.  
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In addition, we reported 14-3-3 proteins, major histocompatibility complex (MHC) 

and heat shock proteins enriched in EVs207. We also found heparan sulfate proteoglycan 

which acts in EVs uptake132 by endocytosis209 (Figure 37, 38 and table 6). 

 
Focusing on neural cellular components we show higher cellular components 

related photoreceptors, neuronal cell body and prolongations as well as synapsis in wt 

mice while in rd10 mice are delayed or highly down expressed (Figure 39 A). This fact 

can be explained by the damage in retinal cells in rd10 mice that also affect the synapses 

between neural cells in the retina209. 

It is noticeable that we found for the first time the expression of retinol binding 

protein 3 inside the EVs from rd10 retinae but not in wt retinae (Figure 37 and table 6).  

RBP3 shuttles 11-cis and all trans retinoids between the retinol isomerase in the pigment 

epithelium and the visual pigments in the photoreceptor cells of the retina210,211. Besides 

their function in the canonical visual pathway -that take place between photoreceptors and 

RPE- the RPE3 also works in the non-canonical visual pathway – between cones and 

Müller cells-211,31. The cone visual cycle is characterized by the rapid chromophore 

recycling and supply.  Then, our findings may suggest that due to the rod photoreceptors 

degeneration, cones are working hard, trying to support the visual system. Despite the 

RBP3 role in delivery chromophore to cones was proposed previously, the exact traffic 

mechanism and whether the RBP3 mediates it between Müller cells and cones was 

unknown31. Our observations may implicate the cell communication by EVs in the visual 

cycle. 

 S-arrestin, a protein present in rods and cones involved in phototransduction 

pathway, were also found inside the EVs from rd10 (Figure 37).  Protectives roles against 

light damage were attributed to S-arrestin although toxic effects were found in persistent 

complex rhodopsin-arrestin31. Additionally, other proteins involved in retinal structure and 

neural process210, such a transducin or tenascin, were found at proteomic analysis (Table 

1 annexed).  Proteomic results support the role of EVs in retinitis pigmentosa disease, 

although the exact mechanism and the role of each protein should be elucidated. 

Reactome pathway report the biological process in which the proteins founded are 

implicated66. Here, we reported the association or EVs from rd10 retinas with several 

biological processes including EC reorganization and degradation, regulation of 

complement cascade, collagen metabolism, laminin and integrin interactions and also 

interactions with Neural Cell Adhesion Molecule 1 (NCAM1) (Figure 39 B). Our data are 

in concordance with previous studies that reported the EVs modifications according to the 

cellular environment and under pathology209.  
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On the other hand, some metals like iron are involucrate in retinal homeostasis 

and pathology since they play a role in visual cycle, phototransduction and 

neurotransmission. In rd10 mice model iron metabolism fails and is accumulated 

contributing to photoreceptor degeneration212. Our data shown a decreased iron 

metabolism and transport by EVs (Figure 39 B) which is in concordance with the 

dysfunction described. Also retinoid metabolism and transport were decreased in EVs 

from rd10 retinae (Figure 39 B). This fact is not strange taking into account the massive 

rod death at time point studied50. 

Finally, we reported 5 new proteins into EVs (Table 6). Besides, rhodopsin 

expression was not found in this proteomic analysis we see it in our pilot study (data not 

shown) and also in dot blot using a different isolation method (Figure 35 D). A possible 

explanation for why we lost rhodopsin expression and probably why we found only 81 

proteins at proteomic analysis remains in it lower concentration inside the vesicles and the 

little sample amount. Increased amount of protein should be used in the next analysis to 

confirm the results. 

 

6. Study the EVs activity in neighbour cells 

 

6.1 Treatment with EVs decreased cell viability, thickness and 
photoreceptor row number 

 

A decreased cell viability, thickness and photoreceptor cell number was reported 

after treated wt retinas with EVs from rd10 (Figure 40). This phenomenon can be 

explained by the toxicity transfer from rd10 to wt cells. Our data are in concordance with 

previous studies which ensure that EVS release by sick cells can potentially damage 

healthy tissues by transmission of pathogenic proteins157,166.  

Unexpectedly, here we report that EVs from wt enhanced the damage in rd10 

retinae (Figure 40).  These findings seem controversial with previous studies that report 

beneficial roles of EVs from mesenchymal stem cells in damaged tissues6,213,214. 

Nevertheless, our study was performed using vesicles from healthy mice which is not 

comparable with the use of MSCs due the cell characteristics213. Moreover, previous 

studies from our group reported no changes in angiogenesis after treated HUVEC cell with 

EVs from RPE control. However, in these studies also were implicated in different types 

of cells in monoculture166,157. Here, we propose two possible explanations. First of all, in 

rd10 P18 the retina is extremely damaged and maybe reacts independently if the EVs 
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come from wt that are considered “healthy”. On the other hand, EVs from wt contains 

different proteins that can transfer to the damage cells and even if they are from wt can 

increase the concentration of some proteins until toxic concentrations. Cell growth 

inhibition  by  Invitrogen reagent was reported previously173 although  no significant 

changes in terms of cell viability were reported166,215. The increased rhodopsin level in rd10 

retinas after treatments with EVs from wt (Figure 42) and the different microglia 

expression after EVs treatments (Figure 43 and 44) suggested the non-toxic effect 

caused by the reagent in our study. 

 

6.2 CD9 and CD81 protein levels after EVs treatments 

 

Our data reported increased intensity in CD81 in INL layer in rd10 retinal 

organotypic explants (Figure 41). These results are in concordance with our data in vivo 

(Figure 28). Nevertheless, changes in CD9 and CD81 levels are not so evident compared 

with the data in vivo. However, retinal explants are a really good models to study retinal 

diseases85,216,217 it is known that there are some changes in retinal architecture or cellular 

interactions in comparison with in vivo studies217.  

Interestingly, not statistical differences between treated and untreated groups were 

found. This fact -in addition to the retinal changes reported before- maybe indicates that 

the cells uptake it. Nevertheless, further studies should be done to elucidate the exact 

uptake mechanism. 

 

6.3 EVs treatment modify rhodopsin levels 

 

 Is highly demoted that rhodopsin level becomes down in retinitis pigmentosa 

disease199. Our results are consistent with these affirmations ex vivo (Annexed 2, Figure 

1) and also in retinal organ culture (Figure 42 A, B and E). Furthermore, after treatment 

with EVs rhodopsin elevel was studied in wt and rd10 retinae. Our data shown, decreased 

and mislocalized rhodopsin in wt retinae treated with EVs from rd10 (Figure 42 C and E). 

This can be explained by the toxicity transfer to the healthy cells by the EVs, which is in 

concordance with the results provided above. Additionally, enhanced rhodopsin levels 

were observed also in rd10 retinae treated with EVs from wt although the protein was 

mislocalized (Figure 42 D and E). These results seem to be controversial with the 

previous ones, which reported increased damage in rd10 after treatment. Although, 
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misfolded or modified proteins have been see in exosomes218 and this modification 

influence their biological properties. This suggests to us, that maybe rhodopsin level was 

higher but their structure or function was modified. Moreover, this data supports our 

previous affirmation reporting the rhodopsin protein inside the EVs.  

 

7.  Study of EVs and microglia interactions  
 

The activation of microglia in front of damage was reported by several authors in 

retinal disease47,219,220. It is known that their implication in retinal degeneration, their 

beneficial or pathological role was largely discussed by the scientific community and today 

this question remains unclear47. Some authors proposed their dual role, acting in favour 

of neuroprotection or maximizing the neurodegeneration according with the cellular 

environment220. 

In agreement with previous publications our study report microglia activity under 

retina degeneration (Figure 43). Additionally, we have shown microglial cells in wt retinae 

(Figure 43). This can be explained due to the tissue sensitivity to the culture221. Moreover, 

microglia activation after EVs treatment increase after treated rd10 retinas with EVs from 

wt (Figure 43). Although, this result was unexpectedly being in concordance with the cell 

viability, thickness and row photoreceptors number reduction. Interestingly, was possible 

to see how these microglia cells migrate to the ONL, change the morphology and become 

amoeboid (Figure 44). The microglia migration and morphology change is associated with 

response activation47,219. Here, taking into account the previous results we suggest that 

microglia reacts in front of the toxicity created by the excess of some protein, which can 

be toxic in excess. 
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 According with the results presented it can be concluded that cellular 

communication by EVs could play a key role in retinal development and degeneration. 

Furthermore, under retinal damage EVs change in number and cargo influencing their 

neighbouring cells. The present work provides an overview of the EVs implication in 

retinal injury with the desire to advance in the understanding of the blindness disease. 

EVs maybe acts as a transporter of cellular information with the ability to travel between 

the retina layers and promoting the advance of retinitis pigmentosa disease. 

 

 

1. CD9 and CD81 protein levels exhibit changes in wt retina at different postnatal days, 

making evident their implication in retinal development. 

 

2. Tetraspanins CD9 and CD81 levels changes by PDE6 mutation and their activity 

have important functions during photoreceptor cell death in two models of retinitis 

pigmentosa: rd1 and rd10 mice. Nevertheless, rd10 mice constitute a better model 

to study cellular communication by EVs than rd1 mice model. 

 

3. Organotypic retinal explant cultures are an appropriate cellular model to study 

cellular communication by EVs. 

 

4. Inhibition of PARP activity with Olaparib rescues photoreceptors, increasing 

thickness and photoreceptors row number as well as decreasing photoreceptors 

death and increasing rhodopsin expression in rd10 retinal explants culture. 

 

5.  Olaparib treatment reduced Müller glia cells activity, PARylated proteins and cGMP 

level in rd10 organotypic retinal explants. 

 

6. Olaparib treatment improved cellular communication by EVs in rd10 organotypic 

retinal explants.  

 

7. Rhodopsin level was increased into EVs after PARP activity inhibition with Olaparib. 

 

8. CD9 marker is involved in choroid and sclera remodelling under retinal degeneration 

in rd10 mice model. 
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9. EVs release decrease by age in wt retinae and increase under retinal degeneration 

showing the maximum peak of concentration at P13 in rd10 mice. 

 

10. Under retinal degeneration the EVs changed their cargo decreasing neuronal cellular 

components and modifying the expression of proteins involved in several biological 

pathways. 

 

11. Retinol binding protein 3 can travel into the EVs between retinal cells in rd10 retinae. 

 

12. EVs from rd10 retinae transfer their toxic cargo to wt retinal culture decreasing cell 

viability, thickness and row photoreceptor number. EVs from wt retinas produced 

similar situation after treat rd10 retinas. 

 

13. Rhodopsin level increased after EVs treatments in wt and rd10 retinas. 

 

14. EVs from wt retina promotes microglia activation and migration to the outer nuclear 

layer and photoreceptors outer segments in rd10 retinae. 
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 De acuerdo con los resultados presentados se puede concluir que la 

comunicación celular mediante VEs podría presentar un papel importante en la 

generación y degeneración retiniana. Además, bajo daño retiniano las VEs cambian en 

número y carga influenciando a las células vecinas. El presente trabajo proporciona una 

visión general de la implicación de las EVs en el daño retiniano. Las VEs pueden actuar 

como un transportador de información celular con la capacidad de viajar entre las capas 

de retina y promover el avance de la enfermedad retinitis pigmentosa. 

 

1. Los niveles de las proteínas CD9 y CD81 muestran cambios en la retina de wt en 

diferentes días postnatales, lo que evidencia su implicación en el desarrollo de la 

retina. 

 

2. Las tetraspaninas CD9 y CD81 cambian debido a la mutación PDE6 y su actividad 

presenta funciones importantes durante la muerte de células fotorreceptoras en dos 

modelos de retinitis pigmentosa: ratones rd1 y rd10. Sin embargo, los ratones rd10 

son un mejor modelo para el estudio de la comunicación celular mediante VEs  

 

3. Los cultivos organotípicos de explantes de retina son un modelo celular apropiado 

para estudiar la comunicación celular mediante VEs. 

 

4. La inhibición de la actividad de PARP con Olaparib rescata fotorreceptores, 

aumentando el grosor y el número, así como disminuyendo su muerte y aumentando 

la expresión de rodopsina en cultivo de explantes retinianos rd10. 

 

5. El tratamiento con Olaparib redujo la actividad de las células gliales de Müller, las 

proteínas PARiladas y el nivel de GMPc en explantes de retina rd10. 

 

6. El tratamiento con Olaparib mejoró la comunicación celular mediante VEs en 

explantes de retina rd10. 

 

7. Los niveles de rodopsina se incrementaron en VEs después de la inhibición de la 

actividad de PARP con Olaparib 

 

8. El marcador CD9 está involucrado en la remodelación de la coroides y la esclera bajo 

degeneración retiniana en el modelo de ratones rd10. 
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9. La liberación de VEs disminuye con la edad en wt y aumenta bajo degeneración 

retiniana mostrando el pico máximo de concentración en P13 en ratones rd10. 

 

10. Bajo degeneración de la retina, las EVs cambiaron su carga disminuyendo los 

componentes celulares neuronales y modificando la expresión de proteínas 

implicadas en diferentes vías biológicas. 

 

11. La proteína de unión al retinol 3 puede viajar dentro de las VEs entre las células de 

la retina en retinas rd10. 

 

12.  Las VEs de retinas rd10 transfieren su carga tóxica al cultivo de retina wt 

disminuyendo la viabilidad celular, el grosor y el número de fotorreceptores. Las VEs 

de retinas wt produjeron una situación similar tras el tratamiento de retinas rd10. 

 

13. Los niveles de rodopsina aumentaron después de los tratamientos con VEs en las 

retinas wt y rd10. 

 

14. Las VEs de retinas wt promueven la activación y migración de la microglía hacia la 

capa nuclear externa y los segmentos externos de los fotorreceptores en retinas rd10 
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Figure 1: Retinal organotypic culture preparation. A) Cornea, lens and sclera were removed B) The 
optic nerve was cut C). 4 cuts were made in the retina tissue to perform the retinal organotypic explant 
D) The explant was transferred in a transwell membrane. E) Transwell was transferred to a 6 well-plate 
and add complete medium. F) Explant in well plate, representative picture.

Figure 2: In vivo sections for immunostaining. After fixing the tissue the retina was sectioning in 12 µm. 

central retinal areas next to the optic nerve were used 
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Figure 3: Olaparib treatments. Olaparib was added in the culture media every two days, starting at P11. 

At P18 the culture media was removed and the tissue fixed for downstream applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Work-Flow EVs Isolation. A) isolation by ultrafiltration step and size exclusion chromatography 

B) Isolation using a commercial isolation reagent from Invitrogen. SEC: Size exclusion chromatography  
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Figure 5: EVs treatments. Culture media was collected at P11-P17 and after EVs isolation a new retinal 

organotypic culture was treated at P11-P17. At P18 the retina was fixed, cryopreserved included in OCT 

and store at -20 º until sectioning step. 

 

 

 

 

 

 

 

 

Figure 6:  Sections in organotypic retinal explant culture. Each slide from organotypic retinal culture 

comprises four sections from different parts of the central retina. 

 



Annexed figures 
    
 

129 
 

 

Figure 7: Expression of rhodopsin in rd10 and wt in vivo retinae at PN18. 

Immunostaining for rhodopsin showed strong immunoreactivity for wt retinae (A) 

although there was hardly any immunoreactivity for rd10 mice (B). 

 
Figure 8: Flow cytometry analysis of EVs from retinal cells showing CD9. Flow 
cytometry analyses of CD9-positive exosomes released from untreated and treated 
(Olaparib) retinas from rd10 mice. A representative dot plot of at least three experiments 
showing the percentage of co-labeled exosomes with APC-antibodies. 
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Figure 9: Flow cytometry analysis of exosomes from retinal cells showing RPE65. 
Flow cytometry analyses of RPE65 expression on CD9-positive exosomes released from 
untreated and treated (Olaparib) retinas from rd10 mice. A representative dot plot of at 
least three experiments showing the percentage of co-labeled exosomes with PerCP-
antibodies and APC-conjugated CD9. 
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Table 1: EVs protein cargo and function from wt and rd10 mice 
 

N Protein Function 

1 14-3-3 protein 
zeta/delta   

Adapter protein implicated in the regulation of a large spectrum of both general 
and specialized signaling pathways.  

2 Actin, alpha cardiac 
muscle 1  

 
Actins are highly conserved proteins that are involved in various types of cell 
motility and are ubiquitously expressed in all eukaryotic cells 3 Actin, cytoplasmic 

1 

4 Adipocyte 
enhancer-binding 
protein 1  

Regulate MAP-kinase activity in adipocytes, leading to enhanced proliferation and 
reduced differentiation. Regulate NF-kappa-B activity in macrophages leading to 
enhanced macrophage inflammatory responsiveness 

5 A-kinase anchor 
protein 9   

 Scaffolding protein that assembles several protein kinases and phosphatases on 
the centrosome and Golgi apparatus.  Required for association of the centrosomes 
with the poles of the bipolar mitotic spindle during metaphase. 

6 Alpha-2-
macroglobulin-P  

Is able to inhibit all four classes of proteinases  

7 Alpha-enolase  Multifunctional enzyme that, as well as its role in glycolysis, plays a part in various 
processes such as growth control, hypoxia tolerance and allergic responses. May 
also function as a receptor and activator of plasminogen 

8 Annexin A2  Calcium-regulated membrane-binding protein whose affinity for calcium is greatly 
enhanced by anionic phospholipids. May be involved in heat-stress response 

9 Annexin A5  Anticoagulant protein that acts as an indirect inhibitor of the thromboplastin-
specific complex, which is involved in the blood coagulation cascade 

10 Antithrombin-III  Most important serine protease inhibitor in plasma that regulates the blood 
coagulation cascade.  

11 Apolipoprotein E  Mediates the binding, internalization, and catabolism of lipoprotein particles.  

12 Basement 
membrane-specific 
heparan sulfate 
proteoglycan core 
protein  

Integral component of basement membranes. Component of the glomerular 
basement membrane (GBM), responsible for the fixed negative electrostatic 
membrane charge, and which provides a barrier which is both size- and charge-
selective 

13 Carboxypeptidase E  Removes residual C-terminal Arg or Lys remaining after initial endoprotease 
cleavage during prohormone processing. Processes proinsulin 

14 Cathepsin D  Acid protease active in intracellular protein breakdown.  

15 Clusterin  Functions as extracellular chaperone that prevents aggregation of non native 
proteins. Prevents stress-induced aggregation of blood plasma proteins.  

16 Cofilin-1  Regulates actin cytoskeleton dynamics. Important for normal progress through 
mitosis and normal cytokinesis. Plays a role in the regulation of cell morphology 
and cytoskeletal organization. Required for neural tube morphogenesis and neural 
crest cell migration 

17 Collagen alpha-1(I) 
chain  

Fibrillar forming collagen 

18 Collagen alpha-
1(III) chain 

Involved in regulation of cortical development. Is the major ligand of ADGRG1 in 
the developing brain and binding to ADGRG1 inhibits neuronal migration and 
activates the RhoA pathway by coupling ADGRG1 to GNA13 and possibly GNA12 

19 Collagen alpha-
1(IV) chain  

 Structural component of glomerular basement membranes 

20 Collagen alpha-
1(XII) chain  

Interacts with type I collagen 

21 Collagen alpha-
1(XV) chain  

 Structural protein that stabilizes microvessels and muscle cells, both in heart and 
in skeletal muscle 

22 Collagen alpha-
1(XVIII) chain  

Probably plays a major role in determining the retinal structure as well as in the 
closure of the neural tube 



Annexed figures 
    
 

132 
 

23 Collagen alpha-2(I) 
chain  

Fibrillar forming collagen 

24 Collagen alpha-
2(IV) chain 

 Structural component of glomerular basement membranes  

25 Collagen alpha-
2(VI) chain 

Collagen VI acts as a cell-binding protein 

26 Complement C1q 
subcomponent 
subunit A 

  
C1q associates with the proenzymes C1r and C1s to yield C1, the first component 
of the serum complement system. The collagen-like regions of C1q interact with 
the Ca(2+)-dependent C1r(2)C1s(2) proenzyme complex, and efficient activation of 
C1 takes place on interaction of the globular heads of C1q with the Fc regions of 
IgG or IgM antibody present in immune complexes 

27 Complement C1q 
subcomponent 
subunit B  

28 Complement C1q 
subcomponent 
subunit C  

29 Complement C3  Plays a central role in the activation of the complement system. Its processing by 
C3 convertase is the central reaction in both classical and alternative complement 
pathways.  

30 Complement C4-B    Non-enzymatic component of C3 and C5 convertases and thus essential for the 
propagation of the classical complement pathway.  

31 Complement factor 
H  

Functions as a cofactor in the inactivation of C3b by factor I and also increases the 
rate of dissociation of the C3bBb complex (C3 convertase) and the (C3b)NBB 
complex (C5 convertase) in the alternative complement pathway 

32 Creatine kinase B-
type  

Reversibly catalyzes the transfer of phosphate between ATP and various 
phosphogens. Creatine kinase isoenzymes play a central role in energy 
transduction in tissues with large, fluctuating energy demands, such as skeletal 
muscle, heart, brain and spermatozoa 

33 Cystatin-C  Inhibitor of cysteine proteinases, this protein is thought to serve an important 
physiological role as a local regulator of this enzyme activity 

34 Down syndrome 
cell adhesion 
molecule homolog  

Cell adhesion molecule that plays a role in neuronal self-avoidance. Promotes 
repulsion between specific neuronal processes of either the same cell or the same 
subtype of cells. Mediates within retinal amacrine and ganglion cell subtypes both 
isoneuronal self-avoidance for creating an orderly dendritic arborization and 
heteroneuronal self-avoidance to maintain the mosaic spacing between amacrine 
and ganglion cell bodies.  

35 Fibrillin-1   Structural component of the extracellular matrix, which conveys both structural 
and regulatory properties to load-bearing connective tissues. Provide long-term 
force bearing structural support.  

36 Fibronectin  Fibronectins bind cell surfaces and various compounds including collagen, fibrin, 
heparin, DNA, and actin. Fibronectins are involved in cell adhesion, cell motility, 
opsonization, wound healing, and maintenance of cell shape healing, and 
maintenance of cell shape.  

37 Fibulin-2  Its binding to fibronectin and some other ligands is calcium dependent. Act as an 
adapter that mediates the interaction between FBN1 and ELN 

38 Glyceraldehyde-3-
phosphate 
dehydrogenase  

Has both glyceraldehyde-3-phosphate dehydrogenase and nitrosylase activities, 
thereby playing a role in glycolysis and nuclear functions, respectively.  

39 Guanine 
nucleotide-binding 
protein G(t) 
subunit alpha-1   

G proteins are involved as modulators or transducers in various transmembrane 
signaling systems. Transducin is an amplifier and one of the transducers of a visual 
impulse that performs the coupling between rhodopsin and cGMP-
phosphodiesterase 

40 Heat shock cognate 
71 kDa protein  

Molecular chaperone implicated in a wide variety of cellular processes, including 
protection of the proteome from stress, folding and transport of newly synthesized 
polypeptides, activation of proteolysis of misfolded proteins and the formation 
and dissociation of protein complexes. Plays a pivotal role in the protein quality 
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control system, ensuring the correct folding of proteins, the re-folding of misfolded 
proteins and controlling the targeting of proteins for subsequent degradation.  

41 Hemoglobin 
subunit alpha  

  
Involved in oxygen transport from the lung to the various peripheral tissues 

42 Hemoglobin 
subunit beta-1 

43 Heparin cofactor 2  Thrombin inhibitor activated by the glycosaminoglycans, heparin or dermatan 
sulfate. Also inhibits chymotrypsin, but in a glycosaminoglycan-independent 
manner 

44 Histone H2A type 
1-C  

Core component of nucleosome. Nucleosomes wrap and compact DNA into 
chromatin, limiting DNA accessibility to the cellular machineries which require 
DNA as a template. Histones thereby play a central role in transcription regulation, 
DNA repair, DNA replication and chromosomal stability. DNA accessibility is 
regulated via a complex set of post-translational modifications of histones, also 
called histone code, and nucleosome remodeling 

45 Histone H2B type 
1-B  

46 Histone H3.1  

47 Histone H4  

48 Kinesin heavy chain 
isoform 5A  

 Microtubule-dependent motor required for slow axonal transport of 
neurofilament proteins (NFH, NFM and NFL). Can induce formation of neurite-like 
membrane protrusions in non-neuronal cells. Contributes to the vesicular 
transport of VAPA, VAPB, SURF4, RAB11A, RAB11B and RTN3 proteins in neurons 

49 Lactadherin   Contributes to phagocytic removal of apoptotic cells in many tissues.  

50 Laminin subunit 
alpha-2  

Mediate the attachment, migration and organization of cells into tissues during 
embryonic development by interacting with other extracellular matrix components 
  51 Laminin subunit 

gamma-1  

52 Meiosis-specific 
nuclear structural 
protein 1   

Play a role in the control of meiotic division and germ cell differentiation through 
regulation of pairing and recombination during meiosis 

53 Nidogen-1  Sulfated glycoprotein widely distributed in basement membranes and tightly 
associated with laminin. Also binds to collagen IV and perlecan. It probably has a 
role in cell- extracellular matrix interactions 

54 Nidogen-2  Cell adhesion glycoprotein. Might be involved in osteoblast differentiation. It 
probably has a role in cell- extracellular matrix interactions 

55 Nuclear pore 
complex protein 
Nup155  

 Essential component of nuclear pore complex. Could be essential for 
embryogenesis. Nucleoporins may be involved both in binding and translocating 
proteins during nucleocytoplasmic transport 

56 Peptidyl-prolyl cis-
trans isomerase A  

PPIases accelerate the folding of proteins. It catalyzes the cis-trans isomerization 
of proline imidic peptide bonds in oligopeptides. 

57 Periostin  Induces cell attachment and spreading and plays a role in cell adhesion.  

58 Peripherin    Class-III neuronal intermediate filament protein 

59 Phospholipid 
transfer protein  

Facilitates the transfer of a spectrum of different lipid molecules, including 
diacylglycerol, phosphatidic acid, sphingomyelin, phosphatidylcholine, 
phosphatidylglycerol, cerebroside and phosphatidyl ethanolamine.  

60 Plectin    Interlinks intermediate filaments with microtubules and microfilaments and 
anchors intermediate filaments to desmosomes or hemidesmosomes. May be 
involved not only in the cross-linking and stabilization of cytoskeletal intermediate 
filaments network, but also in the regulation of their dynamics 

61 Procollagen C-
endopeptidase 
enhancer 1  

Binds to the C-terminal propeptide of type I procollagen and enhances procollagen 
C-proteinase activity 

62 Procollagen-
lysine,2-
oxoglutarate 5-
dioxygenase 1  

Part of a complex composed of PLOD1, P3H3 and P3H4 that catalyzes 
hydroxylation of lysine residues in collagen alpha chains and is required for normal 
assembly and cross-linkling of collagen fibrils. 
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63 Prominin-1  Play a role in cell differentiation, proliferation and apoptosis as well as in the 
organization of the apical plasma membrane in epithelial cells. During early retinal 
development acts as a key regulator of disk morphogenesis. Involved in regulation 
of MAPK and Akt signaling pathways. In neuroblastoma cells suppresses cell 
differentiation such as neurite outgrowth in a RET-dependent manner 

64 Prostaglandin-H2 
D-isomerase   

Catalyzes the conversion of PGH2 to PGD2, a prostaglandin involved in smooth 
muscle contraction/relaxation and a potent inhibitor of platelet aggregation. 
Involved in a variety of CNS functions. Binds small non-substrate lipophilic 
molecules, including biliverdin, bilirubin, retinal, retinoic acid and thyroid 
hormone, and may act as a scavenger for harmful hydrophopic molecules and as a 
secretory retinoid and thyroid hormone transporter  

65 Protein piccolo   Act as a scaffolding protein involved in the organization of synaptic active zones 
and in synaptic vesicle trafficking 

66 Pyruvate kinase 
PKM  

Glycolytic enzyme that catalyzes the transfer of a phosphoryl group from 
phosphoenolpyruvate (PEP) to ADP, generating ATP.  

67 Reelin  Extracellular matrix serine protease that plays a role in layering of neurons in the 
cerebral cortex and cerebellum. Regulates microtubule function in neurons and 
neuronal migration. Affects migration of sympathetic preganglionic neurons in the 
spinal cord, where it seems to act as a barrier to neuronal migration. Enzymatic 
activity is important for the modulation of cell adhesion.  

68 Renin receptor   Functions as a renin and prorenin cellular receptor. May mediate renin-dependent 
cellular responses by activating ERK1 and ERK2. By increasing the catalytic 
efficiency of renin in AGT/angiotensinogen conversion to angiotensin I, it may also 
play a role in the renin-angiotensin system (RAS) 

69 Retinol-binding 
protein 3  

 IRBP shuttles 11-cis and all trans retinoids between the retinol isomerase in the 
pigment epithelium and the visual pigments in the photoreceptor cells of the 
retina 

70 Rho-associated 
protein kinase 1   

Protein kinase which is a key regulator of actin cytoskeleton and cell polarity. 
Involved in regulation of smooth muscle contraction, actin cytoskeleton 
organization, stress fiber and focal adhesion formation, neurite retraction, cell 
adhesion and motility. Required for centrosome positioning and centrosome-
dependent exit from mitosis.  

71 S-arrestin   Arrestin is one of the major proteins of the ros (retinal rod outer segments); it 
binds to photoactivated- phosphorylated rhodopsin, thereby apparently 
preventing the transducin-mediated activation of phosphodiesterase 

72 Serine protease 
inhibitor A3N  

Serine (or cysteine) peptidase inhibitor 

73 Serotransferrin  Transferrins are iron binding transport proteins which can bind two Fe(3+) ions in 
association with the binding of an anion, usually bicarbonate. It is responsible for 
the transport of iron from sites of absorption and heme degradation to those of 
storage and utilization. Serum transferrin may also have a further role in 
stimulating cell proliferation 

74 Solute carrier 
family 2, facilitated 
glucose transporter 
member 1 

Facilitative glucose transporter. This isoform may be responsible for constitutive or 
basal glucose uptake 

75 Solute carrier 
family 22 member 
6  

Involved in the renal elimination of endogenous and exogenous organic anions. 
Functions as organic anion exchanger. Mediates sodium-independent uptake  

76 Tenascin  Extracellular matrix protein implicated in guidance of migrating neurons as well as 
axons during development, synaptic plasticity as well as neuronal regeneration. 
Promotes neurite outgrowth when provided to neurons in culture.  

77 Thrombospondin-1   Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions. 
Binds heparin. Plays a role in  stress response 

78 Transthyretin  Probably transports thyroxine from the bloodstream to the brain 
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79 Triadin  Contributes to the regulation of lumenal Ca2+ release via the sarcoplasmic 
reticulum calcium  

80 Ubiquitin-60S 
ribosomal protein 
L40  

 Component of the 60S subunit of the ribosome. Ribosomal protein L40 is 
essential for translation of a subset of cellular transcript 

81 Vacuolar protein 
sorting-associated 
protein 13A   

Play a role in the control of protein cycling through the trans-Golgi network to 
early and late endosomes, lysosomes and plasma membrane 
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poly ADp ribosylation and 
extracellular vesicle activity in rod 
photoreceptor degeneration
Lorena Vidal-Gil2,3, Javier sancho-pelluz3, Eberhart Zrenner1, Maria oltra2,3 & 
Ayse sahaboglu1

Retinitis pigmentosa is a group of inherited neurodegenerative diseases that result in selective cell death 
of photoreceptors. In the developed world, RP is regarded as the main cause of blindness among the 
working age population. the precise mechanisms eventually leading to cell death remain unknown and 
to date no adequate treatment for Rp is available. poly ADp ribose polymerase (pARp) over activity is 
involved in photoreceptor degeneration and pharmacological inhibition or genetic knock-down PARP1 
activity protect photoreceptors in mice models, the mechanism of neuroprotection is not clear yet. 
Our result indicated that olaparib, a PARP1 inhibitor, significantly rescued photoreceptor cells in rd10 
retina. extracellular vesicles (eVs) were previously recognized as a mechanism for discharging useless 
cellular components. Growing evidence has elucidated their roles in cell–cell communication by carrying 
nucleic acids, proteins and lipids that can, in turn, regulate behavior of the target cells. Recent research 
suggested that EVs extensively participate in progression of diverse blinding diseases, such as age-
related macular (AMD) degeneration. Our study demonstrates the involvement of EVs activity in the 
process of photoreceptor degeneration in a PDE6 mutation. PARP inhibition protects photoreceptors via 
regulation of the EVs activity in rod photoreceptor degeneration in a PDE6b mutation.

Retinitis pigmentosa (RP) is a group of hereditary retinal degenerative diseases in which rod photoreceptors die 
due to a genetic mutation, whereas cone photoreceptors disappear secondarily, once rods are gone. While the 
initial disease symptoms (i.e. night blindness) are comparatively mild, the secondary loss of cones ultimately leads 
to complete blindness. The disease affects approximately 1 in 3,000 to 7,000 people among the working age pop-
ulation in the developed world1 and is characterized by strong genetic heterogeneity with causative mutations in 
more than 65 genes. In 4–8% of human RP cases, the disease is caused by mutations in genes encoding for cGMP 
specific phosphodiesterase 6 (PDE6)2,3. The non-functional enzyme fails to hydrolyze cGMP, causing its accumu-
lation2,4. Animal models like the retinal degeneration 1 (rd1) and the rd10 mouse, which harbor a mutated Pde6b 
gene5–7, have advanced the understanding of the cellular processes underlying retinal degeneration. Notably, ele-
vated cGMP levels in dying photoreceptors were found to correlate with increased activity of PARP8,9. Over activa-
tion of PARP was involved in photoreceptor degeneration in different animal models including rd10 mice model8.

Poly-ADP-ribose metabolism is a post-translational modification involved in many cellular pathways such 
as transcription, DNA repair, and cell death10. There are at least 17 different PARP isoforms. Among them, 
PARP1–116 kDa protein – has become the major focus of research due to its multi-faceted roles in many cellular 
activities11,12. DNA damage by mild genomic stress activates PARP1 whereas massive DNA disruption in several 
diseases causes excessive PARP1 activation which leads to cell death13,14. Excessive activation of PARP1 may lead 
to excessive utilization of nicotinamide adenine dinucleotide (NAD+). Restoration of decreased NAD+ requires 
two or four molecules of adenosine-5′-triphosphate (ATP). Consequently, cellular ATP levels become depleted, 
leading to an energetic collapse, cellular dysfunction, and eventually cell death10,15. PARP is a key factor in a 
novel form of cell death, which involves accumulation of poly (ADP-ribose) (PAR) and nuclear translocation of 
apoptosis-inducing factor (AIF) from mitochondria15. This PARP-dependent cell death mechanism is tentatively 
termed PARthanatos10. In response to DNA damage, PARP1 covalently attaches oligo or poly (ADP ribose) chains 
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on to various acceptor proteins such as histones, DNA polymerases, topoisomerases, and transcription factors or 
PARP1 itself by transfer of ADP-ribose units from NAD+ 11,13,16.

Extracellular vesicles (EVs), which are released from many types of cells17,18 are widely present in body fluids, 
including plasma, urine, saliva, pleural and pericardial effusions, and cerebrospinal fluid19–23. Previous studies 
demonstrated that EVs contain various bioactive molecules, such as nucleic acids (DNA, RNA, and miRNA), pro-
teins and lipids and, thus, can be involved in proximal and distal intercellular communication24. So far, EVs have 
been shown to influence immune modulation25, tumor invasion26, regeneration, and degenerative processes27, 
under both physiological and pathological conditions28. EVs have been also found in aqueous humor29, and seem 
to be crucial in cellular communication between retinal cells30. Recently, it has been noticed that retinal pigment 
epithelium (RPE) cells release EVs, and that the vesicle number and cargo can vary depending on cell homeosta-
sis31,32. Additionally, it has been observed that certain retinal EVs are able to promote or inhibit neovasculariza-
tion in different systems33, including the retina34–36.

Although it is known that PARP8 and EV activity34 take role in retinal degenerative diseases, no information 
is available for the link of PARP and EV activity in neurodegeneration and neuroprotection of the retina. Here 
we tested whether EVs are involved in inherited retinal degeneration and if there is a connection between PARP 
and EV activity in degeneration and neuroprotection of photoreceptors in RP. We show that the expression of 
retinal EVs changes in rod photoreceptor degeneration. Our results provide novel insight on how PARP inhibi-
tion protects photoreceptors and identifies for the first time, the link between PARP activity and EV release in 
photoreceptor degeneration.

Results
pARp inhibition with olaparib rescues photoreceptors in rd10 retinal explant cultures. Previous 
studies showed that 100 nM olaparib, a PARP inhibitor, is the most effective concentration to protect photore-
ceptors in the PDE6 beta mutant, rd1 murine model37. Similarly, olaparib exhibited neuroprotective effect on 
another PDE6 beta mutant, the rd10 mouse, with a significant reduction of TUNEL positive cells at 100 nM 
olaparib (untreated: 3.82 n = 4; treated: 2.31 n = 4; p < 0.1, Fig. 1A,B,M). Moreover, the number of photoreceptor 
rows and the thickness of ONL increased significantly when the cultures were treated with 100 nM olaparib 
(photoreceptor rows untreated: 4.8 ± 0.15 SEM, n = 4, treated: 7.1 ± 0.38 SEM, n = 4; p < 0.01, thickness of ONL 
untreated: 25.6 µm ± 2.2 SEM, n = 4, treated: 39 µm ± 0.8 SEM, n = 5; p < 0.01, Fig. 1C,D,N,O).

Furthermore, we observed that the level of cGMP was reduced when 100 nM olaparib was added to the cul-
tures (Fig. 1E,F), confirming previous studies9,37. The effectiveness of PARP inhibition by olaparib was analyzed 
by staining for PARylated proteins in photoreceptors. The quantification of PAR positive cells in outer nuclear 
layer (ONL) indicated a significant decrease of PAR positivity for the 100 nM olaparib treated group (untreated: 
1.11 ± 0.05 SEM, n = 4; treated: 0.62 ± 0.09 SEM, n = 4; p < 0.01, Fig. 1G,H,P).

PARP inhibition improves rod outer segment development and Müller cell activity in rd10 ret-
inal cultures. To test whether and how PARP inhibition would affect rod photoreceptor morphology we 
performed immunostainings targeting rhodopsin. At P18, wild-type retina illustrated the normal development of 
rod outer segments (ROS), characterized by strong rhodopsin immunoreactivity in vivo. In rd10, ROS rhodopsin 
expression was significantly reduced when compared to wt (Supplementary Fig. 1A,B). Likewise, rd10 explant 
cultures showed a low expression of rhodopsin at P18 in vitro (Fig. 1I). The findings from organ culture confirm 
previous studies38 where rd10 explant cultures treated with 100 nM olaparib showed significant OS growth with 
augmented rhodopsin immunoreactivity (Fig. 1I,I’ and J,J’), indicating that the treatment had in part restored OS 
architecture.

We also analyzed the activity of Müller cells by glial fibrillary acidic protein (GFAP). Although, GFAP-positive 
fibers span the retina from the inner limiting membrane to the external limiting membrane in untreated rd10 
retinae, olaparib-treated explants showed a reduction in the expression of GFAP in the ONL (Fig. 1K,K’ and L,L’).

Characterisation of eV activity in rd10 retina. CD9 is a protein of the tetraspanin family that has been 
observed in cell membranes and in the surface of EVs39–41. We analysed the location of CD9 expression in rd10 
mice retinae and corresponding wt in vivo at P18. The EVs were observed throughout the rd10 and wt retinae, 
RPE, and choroid (Fig. 2A–R). CD9 expression was observed at choroid, retinal pigment epithelium (RPE), inner 
segment (IS), inner nuclear layer (INL), and ganglion cell layer of wt mice eye at P18 (Figs 2Q and 3). In rd10 
mice, CD9 expression was highly increased in choroid, ONL, and INL, some photoreceptor nuclei (see error, 
Figs 2R and 3) and decreased in RPE layer when compared to corresponding wt mice (Figs 2A–R and 3).

The localization of EVs was analysed by colabelling with cilium, by using an antibody against polyglutamyl-
ation modification. It has been already shown that cilia appear to interact purposefully with cells and EVs from 
their surrounding cellular neighborhood42. Although the EVs in inner segment of retina took place next to cil-
ium, the EVs in ganglion cell layer colocalised with cilium completely (Fig. 2I–P).

PARP inhibition affects EV release in photoreceptor degeneration. When rd10 retinal explants 
were treated with PARP inhibitor olaparib, some changes were observed in the release of EVs from retinal cells. 
According to data collected by immunofluorescence, CD9 expression was apparently enhanced in RPE cells of 
rd10 after PARP inhibition (Fig. 4A–H). Nevertheless, CD9 expression in the GCL was lower after olaparib treat-
ment (Fig. 4I–P). Moreover, CD9 reactivity was reduced in the ONL and inner segments of rd10 retinas after 
olaparib treatment (3q-r).

Moreover, cultured mediums from rd10 retinal explants, treated and untreated with olaparib, were collected 
to analyze their composition of EVs. Subsequently, EVs were isolated as explained above, and they were observed 
under the electron microscope. Even though, most of the EVs observed matched morphology and the size of 
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Figure 1. PARP inhibition protects photoreceptor degeneration and changes rhodopsin, PARylation, GFAP 
level in rd10 retina. TUNEL assay for dying cells indicated significantly decreased numbers of positive cells 
(A,B,M). The photoreceptor row numbers and the thickness of ONL (C,D) increased for 100 nM olaparip 
treated groups (N,O). Similar to TUNEL, immunohistochemical analysis of PARylation in photoreceptors 
(see errors) revealed significantly decreased numbers of PAR positive cells for 100 nM olaparib treated groups 
(G,H,P). In addition, cGMP staining showed decreased cGMP level in treated groups (E,F). The rhodopsin 
expression increased in olaparib treated groups (see errors) (I,J). GFAP staining to observe Muller cell activity 
showed less GFAP expression for treated group (K,L). The images shown are representative for observations on 
at least three different specimens for each genotype/treatment condition. N ≥ 4, significance levels: *P < 0.05.
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EVs (Fig. 5A, first three panels), we found a few which were oversized, being probably microvesicles (Fig. 5A, last 
panel). Size of particles was double-checked observing their Brownian motion using a particle size track system 
(Nanosight). Most of the particles found sized around 100 nm, but there were also bigger vesicles, which matched 
what was observed previously (Fig. 5B).

The nature of the vesicles was also studied by means of flow cytometry and dot blot. Isolated EVs from 
untreated and treated cultures were analyzed by flow cytometry using different antibodies: CD9 and RPE65. 
Events positive for CD9 were counted by the cytometer and there was not a significant change between samples. 
Thus, total number of EVs was similar before and after treatment (Fig. 5C). Moreover, RPE65-positive events 
matching with CD9 (potentially attached to RPE-released EVs), did not present a significant difference.

Rhodopsin expression in EVs was analyzed by means of dot blot (Fig. 5D). It was noticed for the first time 
that EVs from retinal cells – most probably from rod-shaped photoreceptors – express rhodopsin. EVs from 
untreated rd10 retinas contained less amount of rhodopsin than those which photoreceptors were rescued by 
using the PARP inhibitor olaparib. These results are consistent with the observations made by immunohisto-
chemical analysis.

Discussion
In the last 10 years, it was shown that PARP over-activity is involved in retinal degeneration in different animal 
models of retinal degeneration. The peak of PARP activity matched at the peak of photoreceptor cell death or 
before the cell death for some mice models, such as rd2 and PDE6a models8,38,43. In addition, it was noticed that 
PARP inhibition or knocking out of PARP1 protected photoreceptor cells in rd1, rd2 and other PDE6a mice 
models37,38,43. In this study, our findings are consistent with previous ones37,38,43 that PARP inhibition signifi-
cantly decreased PARylated proteins and cGMP level in photoreceptor layer in rd10 model. Although, the role 
of excessive PARP activity in photoreceptor cell death is known, the exact mechanism lying back is unknown. In 
addition, how PARP inhibition protects photoreceptor cells is still under debate. Our present work illustrates the 
link between PARP and EV release in retinal degeneration in rd10 mice. We also present the connection of cilium 
and EV activity highlighting the possible pathway covering PARP-EV and cilium. Further investigations on the 

Figure 2. EVs and cilium in rd10 and corresponding wt retinae. The expression of CD9 showed that EVs were 
placed at choroid, RPE, inner segments, INL, GCL (see errors) of rd10 and wt retinae at P18 (A–S). The EVs in 
the GCL were colocalized with cilium, although EVs and ciliums were observed in the inner and outer segments 
rd10 and wt retinae respectively (I–S). The images shown are representative for observations on at least three 
different specimens for each genotype/treatment condition.

https://doi.org/10.1038/s41598-019-40215-3


5Scientific RepoRts |          (2019) 9:3758  | https://doi.org/10.1038/s41598-019-40215-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

molecular mechanism of PARP dependent cell death in retinal degeneration could bring new targets to prevent 
photoreceptor degeneration, eventually hereditary retinal dystrophies.

Previous data indicate that RPE cells undergoing oxidative stress (OS) release higher number of EVs to the 
medium and the cargo of these vesicles was significantly modified, impacting neighboring tissues, such as the 
choroids and photoreceptor cells30,34,44. It is also known that the epithelium, under OS, enhances autophagic 
mechanisms45. Moreover, these two mechanisms, autophagy and EV release, seem to share a common pathway35. 
Although there are important efforts to study EVs released from photoreceptors46, the truth is that most of the 
studies that analyze retinal EVs have been focused in the RPE31,44. In the present study we observed how the total 
number of EVs remains unaffected, when retinas from control and mutant animals were cultured. Moreover, the 
total number of EVs did not change when olaparib – a PARP-inhibiting drug that prolongs the life of photore-
ceptors – was added to the medium. Nevertheless, we also noticed that expression of CD9 was altered if independ-
ent areas of the retina were studied. In the ONL of rd10 animals, CD9 expression is higher than in wt controls. 
This data matches previous observations: any stress in the cells will increase the number of vesicles released34,47. 
However, when olaparib was added, CD9 expression seem to decrease in the ONL of rd10. Conversely, RPE cells 
tended to release more EVs in wt than in rd10. After olaparib treatment, RPE-derived EVs where comparable to 
the untreated condition.

Figure 3. Expression of CD9 in choroid and sclera of rd10 and wt ex vivo retinae at P18. CD9 expression 
showed strong immunoreactivity for choroid of rd10 retinae (A) compared to corresponding wt at P18. There 
was hardly any CD9 expression for sclera of wt and on the other hand, there was CD9 expression localised with 
the nuclei of sclera of rd10 mice (B).
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Cilia are found in many cells and play important roles in development, differentiation and function of many 
tissues. Cilia have been shown to release EVs which has important role in intercellular communication. In case 
of abnormal formation and function of the cilia causes a group of diseases including retinitis pigmentosa48. The 
data presented here provides close relationship between cilium and EVs in inherited photoreceptor degeneration 
in correspond to the previous observations48. Interestingly, cilium and EVs were colocalised explicitly which 
highlights the need for further detailed investigation.

EV-PARP association was studied before, especially in cancer. Some scientist observed that EVs derived 
from bone-marrow stromal cells were able to block reduction of full-length PARP and prevent the increase of 
cleaved PARP49. EVs were also used to carry CRISPR/Cas9 plasmids to inhibit PARP-1 expression in ovarian 
cancer50. In the RPE, it was noticed that apical released EVs carrying αB crystalin, a chaperone protein with 
anti-inflammatory effects, were able to reduce PARP activity in neighbouring cells44. When isolated EVs were 
analysed, it was noticed that the total number did not suffer significant changes, when untreated and treated 
groups were compared. Furthermore, the number of EVs expressing RPE65 was very similar in both groups. This 
fact makes sense, since the monolayer of pigmented cells is barely suffering any damage at early ages. However, 
when expression of rhodopsin – a specific protein found in rod photoreceptors – was studied, the outcome was 
completely different. We previously observed how PARP inhibitor olaparib was able to enhance rescue of rods 
(rods are the cells affected by the rd10 mutation). Thus, it is coherent to think that a higher number of cells will 
produce a higher number of vesicles. On the other hand, it is remarkable that this study is the first one in observ-
ing expression of rhodopsin in EVs coming from the retina.

Materials and Methods
experimental animals. Rd10 and wild-type (wt) animals at P9 (for culture preparation) and P18 (in vivo 
preparations) were used irrespective of gender. The animals housed under standard white cyclic lighting and had 
free access to food and water. All procedures were performed in accordance with the ARVO statement for the use 
of animals in ophthalmic and visual research and were approved by the Tübingen University committee on animal 
protection (Einrichtung für Tierschutz, Tierärztlicher Dienst und Labortierkunde directed by Dr. Franz Iglauer).

Figure 4. EVs and cilium in untreated and olaparib treated rd10 retinae. The EVs in the GCL were colocalized 
with cilium, although EVs and ciliums were observed in the inner and outer segments rd10 and wt retinae 
respectively (I–S). The images shown are representative for observations on at least three different specimens for 
each genotype/treatment condition.
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Figure 5. EVs from retinal cells. EVs of different size were observed under the electron microscope (A). Size of 
the EVs was confirmed by Nanosight, a tracking system based in the Brownian movement of the particles (B). 
EVs were quantified by means of flow cytometry, targeting CD9, a well-known marker for them (C). Significant 
differences in the release of EVs were observed between rd10 retinas at P16 and P18, where the latest showed 
less amount. Conversely, the ratio of RPE65 protein in EVs did not seem to change. Presence of rhodopsin in 
retinal EVs was studied using dot blot (D). Rhodopsin seemed to be present in EVs, being enhanced when rd10 
retinas were treated with olaparib (bar diagram in D). Values are expressed as mean ± SEM (N ≥ 5). Significance 
levels: *P < 0.05 and **P < 0.01, scale bar 100 nm.
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Retinal explant cultures. Serum free organotypic retinal culture method is a well established method51. Briefly, 
for the experiment, the eyes at P9 were removed aseptically and then washed with R16 medium. To remove sclera 
from retinal pigment epithelium (RPE), eyes were incubated in 0.12% Proteinase K (ICN Biomedicals Inc., OH, USA; 
193504) for 15 min at 37 °C. Proteinase K activity was inhibited by washing step with 10% fetal calf serum (FCS). Eyes 
washed with R16 medium and cornea, sclera, lens and choroid were removed aseptically under the microscope (Zeiss, 
Stemi 2000 C). Only the retina with RPE attached remained. Eye cup cutted into four wedges and was transferred to 
a culture membrane insert (Millipore, Carrigtwohill, Cork, Ireland; PIHA03050) with the photoreceptor-side down. 
The inserts were transferred into the six well plates. Explants were incubated in R16 medium with supplements at 
37 °C in a humidified 5% CO2 incubator between P9 from P18, the peak of degeneration. The culture medium was 
changed every two days and for the first two days (P9-P11) the cultures were left without treatment, and then treated 
for 7 days (P11-P18) with 100 nM olaparib (Selleckchem, Catalog No.S1060). Olaparib was dissolved in dimethyl 
sulfoxide (DMSO; Sigma; D2650) and diluted in R16 medium with supplements. The same concentrations of DMSO 
were added to the controls. The treatment for all animal models was administered before the degeneration peak, and 
culture was finished at the peak of degeneration to analyze the neuroprotective effect.

Immunofluorescence and TUNEL assay. Animals were sacrificed at P18 with CO2 and their eyes enu-
cleated. Eyecups were fixed for 1 h at room temperature (RT) in 4% paraformaldehyde (PFA) (Poysciences, 
Warrington PA, USA) in 0.1 M phosphate buffer (PB, pH 7.4) containing 0.2 M sucrose. After washing in PB, eyes 
were cryoprotected by immersion in graded sucrose (10%, 20%, and 30%) in PB. Tissues were then embedded in a 
tissue-freezing medium (Jung, Leica Instruments, Heidelberg, Germany). Vertical sections (12 µm) were cut on a 
Leica CM3050S Microtome (Leica Biosystems, Wetzlar, Germany), air dried at 37 °C for 1 h, and stored at −20 °C 
until use. Frozen sections from fixed tissue were air dried for 30–60 min at 37 °C.

For the immunofluorescence (IF) studies, sections were rinsed in PBS and preincubated for 1 h at RT in 
blocking solution containing 10% normal goat serum, 1% bovine serum albumin (BSA), and 0.1% Triton X in 
PBS. Primary antibodies (Rhodopsin; Merck Millipore, MAB5316, CD9; Abcam ab92726; GT335, AdipoGen 
AG-20B-0020) were diluted in blocking solution overnight at 4 °C. Subsequently, sections were rinsed in PBS 
and incubated with Alexafluor-488 conjugated secondary antibody (Invitrogen; dilution 1:250-1:750). Sections 
were washed in PBS and mounted in Vectashield mounting medium with DAPI (Vector, Burlingame, CA, USA).

Cell death was assessed using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay by means of an in situ cell death detection kit with fluorescein isothiocyanate as the reporter fluorochrome 
(Roche Diagnostics, Mannheim, Germany).

pAR immunohistochemistry. PAR immunohistochemistry was performed with sections from rd10/corre-
sponding wt preparations and in vitro rd10/corresponding wt retinae at P18. Sections were air dried 30–60 min at 
37 °C and washed with PBS for 10 min. Non-specific background reduced by quenching solution which included 
30% H2O2, MeOH, 0,1% PBST. After that, sections were blocked with 10% normal goat serum in 0.1% PBST for 
1 h at RT and incubated with PAR antibody (PAR 10H, Alexis, dilution 1:200) for overnight at 4 °C. Biotinylated 
secondary antibody (Vector lab; dilution 1:150) was diluted in 5% normal goat serum in 0.1% PBST and the sec-
tions were incubated for 1 h at RT. After washing, the slides were incubated in Vectastain Elite ABC kit (Vector 
lab) for 1 h at RT. The color reaction was produced with DAB solution containing 20% Glucose, 0.4% NH4Cl, 1% 
Nickel ammonium sulfate, 40 mg 3,3′-diaminobenzidine (DAB), and 40 µl Glucoseoxidase. After DAB incuba-
tion, slides were washed with PB and covered by Aquatex (Merck).

Microscopy, cell counting, and statistics. Microscopy was performed by a Zeiss Imager Z1 Apotome 
Microscope which has structured illumination optical sectioning and is an alternative to confocal microscopy 
with conventional epi-fluorescent light source. Images were taken with a Zeiss Axiocam digital camera using the 
Zeiss Axiovision 4.7 software. The percentages of positive cells were assessed and calculated in a blinded fashion 
as reported previously9. For each animal three fields of view at 20x magnification in central retinal areas (in prox-
imity to the optic nerve) were analyzed and at least 3 sections next to the optic nerve were quantified for sections 
from in vivo preparations. At least 4 different animals were analyzed for each genotype. The retinal sections were 
collected and analyzed from different central parts of retina for organotypic retina cultures.

Values are given as mean ± standard error of the mean (SEM). Statistical analysis was performed using 
GraphPad Prism 4.01 software (GraphPad Software, La Jolla, CA, USA). Mann-Whitney U test was used for sin-
gle comparison and One-way Anova test with Bonferroni correction was used for multiple comparisons. Levels 
of significance were: *p < 0.05, **p < 0.01, ***p < 0.001.

extracellular vesicles isolation. In brief, 1.2 mL of culture media from retinal explants at P16 and P18, 
treated or not, was collected and concentrated at 4 °C at 2500 × g for 2 min (Ultra-4 10 k Centrifugal Filter 
Devices, Amicon). EVs isolation was performed using size exclusion chromatography according to the manu-
facturer’s protocol for microvesicle isolation (qEVcolums, Izon Science, Oxford, UK). Fraction 8 and 9 were used 
for downstream applications. EV identity was confirmed by the nanoparticle tracking system NanoSight NS300 
following manufacturer protocols (Malvern Instruments, Malvern, UK).

electron microscopy. To identity EVs typical morphology a pool of 1.5 ml of concentrated control culture 
media was isolated using qEVs columns. Fractions 8 and 9 were collected. A total of 3 ml of isolated microvesicles 
were ultracentrifugated at 150.000 × g for 90 min at 4 °C. The EVs pellet was resuspended in 30 μl PBS 1X. The 
sample was fixed by 2% PFA. Negative staining was performed with 2% uranyl acetate. Photomicrographs were 
obtained using the transmission electron microscope FEI Tecnai G2 Spirit (FEI Europe, Eindhoven, Netherlands) 
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using a digital camera Morada (Olympus Soft Image Solutions GmbH, Münster, Germany). EVs were identified 
under the microscope solely based on size and morphology.

Flow Cytometry. EVs were incubated 1 h at 4 °C in rotation with mouse anti-human CD9-APC anti-
body (9-A-100T, Immunostep, Salamanca), as a well-established EV marker. The sample was passed through 
a Gallios cytometer (Beckman Coulter, Brea, CA, USA) for 10 min. RPE65 population was detected using pri-
mary mouse-anti-RPE65 antibody (Abcam, 13826), incubated 1 hr at 4 °C in rotation, and the secondary goat 
anti-mouse antibody labeled with PerCP-Cy5.5 (ref: 1399990225, Immunostep) incubated for 30 min on wheel. 
Before the analysis, to standardize parameters, fluorescence polystyrene particles were used (SPHERO Nano 
Fluorescent Particle Size Standar Kit, Spherotech, Lake Forest, IL, USA). Plots were afterwards analysed with 
Kaluza Analysis Software (Beckman Coulter).

Dot Blot. For the EVs protein extraction, 20 µl of RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) and 
protease inhibitor cocktail (Sigma-Aldrich) per 100 µl of sample were added to the EVs suspension. The samples 
were vortexed 6 cycles for 30 sec, sonicated using a UP200S sonicator (Hielscher Ultrasonics, Teltow, Germany) 
6 cycles of 6 pulses (amplitude 30%) and stored at −20 °C until further processing. EVs protein amount was 
quantified by FluoroProfile Protein Quantification Kit (Sigma-Aldrich). Equal amount of protein was loaded and 
measured by dot blot in 0.45 µm nitrocellulose membranes. Membranes (IPVH00010, Merck Millipore) were 
incubated overnight at RT with antibodies against opsin (1:10,000; Sigma-Aldrich) and CD9 (1:250; Abcam, 
Cambridge, UK) as loading control. Lastly, membranes were incubated for 2 h at RT with a mouse anti-rabbit 
IgG-HRP (1:10,000; Santa Cruz Biotechnology, Dallas, TX, USA). Dots were visualized with ECL (Pierce, Thermo 
Scientific, Rockford, Il, USA) and detected with Image Quant LAS-400 mini (GE Healthcare, Uppsala, Sweden). 
Protein levels were quantified by densitometry using Quantity one (4.6.6, Biorad, Hercules, CA, USA).

Data Availability
All data generated or analysed during this study are included in this published article and its Supplementary 
Information File.
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FE DE ERRATAS EN LA TESIS DOCTORAL: 

“Role of Extracellular Vesicles in Retinitis Pigmentosa” 

Lorena Vidal Gil 

 

           Tras la impresión del libro de la tesis doctoral se han advertido las siguientes erratas: 

 

-  Página 62 Figura 27 gráfica L se modifica por la correspondiente a wt. Se incluye a 

continuación la imagen corregida. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Immunohistochemical analysis of CD9 in wt and rd10 retinae. The retinae at P15, 
P18 and P24 showed immunoreactivity for CD9 in the ONL, INL, OPL, IPL, GCL (A-F). CD9 labeling 
showed gradual intensity for different layers (ONL-GCL) and ages (P11-P15) (A-J). Negative 
control (G). CD9 in GCL (H). The protein level of CD9 was significantly decreased in INL of wt 
retinae by the age and was increased at P18 in rd10 retinae (I). CD9 immunopositivity increased 
by the age in ONL in rd10 retinae (J). In rd10 retinae the protein expression level increased at 
ONL compared with INL at P24, moreover protein level increase in wt INL at P15 (K, L) Values 
are given as mean ± standard error of the mean (SEM) (N=3). Levels of significance were: 
*=p˂0.05, **=p˂0.01. 
 
- Página 64 Figura 28 graficas H, J y K en las representaciones de wt P24 GCL, rd10 P18 GCL y 

wt P18 ONL N=2. Esto ha sido un error de edición, al incluir las gráficas de una versión 



anterior en el que los datos no estaban completos. A continuación, se muestra la imagen 

corregida que debería constar como figura 28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- En consecuencia, se modifica la página 63 “There was a significant increase of CD81 

immunopositivity in ONL of wt at P18 compared to P15 and P24”. 

 

- Página 68 “After 5 days” debería ser “After 7 days”. 

 

- Página 71 “Figures 34 and 35” debería ser “Figures 32 and 33”. La expresión ex vivo debe 

ser in vivo. 

 

- Página 74 “Figure 36 Q-R” debería ser “Figure 34 Q-R” 
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