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Resumo
As vesículas extracelulares têm um papel importante na comunicação intercelular e 

incluem exosomas, microvesículas e corpos apoptóticos. As vesículas extracelulares são 
produzidas por vários tipos de células. 

O glaucoma é uma neuropatia ótica caracterizada pela perda de células ganglionares 
da retina (CGRs) e degeneração do nervo ótico (axónios das CGRs) que origina a perda 
de campos visuais, culminando eventualmente em cegueira. A terapêutica atual foca-se 
na redução da pressão intraocular, o principal fator de risco, mas a doença progride em 
muitos doentes. Desta forma, novas abordagens terapêuticas direcionadas à proteção 
das CGRs são necessárias para abrandar a progressão da doença. 

As células de Müller são as principais células da glia da retina e desempenham 
funções importantes na regulação da homeostasia. Estas células participam na proteção 
das CGRs, seja por contacto físico seja através de fatores libertados. Um estudo anterior 
demonstrou que as células de Müller libertam vesículas extracelulares. Devido às 
propriedades neuroprotetoras das células de Müller, este trabalho pretendeu elucidar o 
papel do meio condicionado e das microvesículas libertadas pelas células de Müller na 
sobrevivência das CGRs num contexto de pressão elevada.

Culturas primárias de células de Müller e de CGRs, e células MIO-M1 (linha celular) 
foram expostas a pressão hidrostática elevada (PHE), para mimetizar o aumento da 
pressão intraocular. Culturas primárias de células de Müller e culturas de células MIO-M1 
foram incubadas à pressão atmosférica (controlo) para recolha do meio condicionado. 
O efeito dos meios condicionados na sobrevivência celular foi observado incubando 
culturas primárias de CGRs e co-culturas de CGRs e células de Müller expostas a PHE 
com os meios condicionados. As microvesículas derivadas de células MIO-M1 (MVs 
MIO-M1) e de células de Müller primárias foram isoladas por ultracentrifugação de 
baixa velocidade e caracterizadas em tamanho, morfologia e concentração por análise 
de rastreio de nanopartículas, microscopia eletrónica de transmissão e pela presença 
de proteínas por Western Blot. As culturas de células MIO-M1 e as culturas primárias 
de CGRs foram incubadas sob PHE com microvesículas, e a sobrevivência celular foi 
analisada. Adicionalmente, os efeitos das MVs MIO-M1 na retina foram avaliados 7 
dias após a injeção no vítreo de ratos Wistar Han.

Em condições de PHE observou-se uma diminuição da sobrevivência das CGRs após 
24h, em culturas primárias de CGRs. A sobrevivência das células de Müller em culturas 
primárias diminuiu significativamente quando as células foram expostas a PHE durante 
48h e 72h. Contudo, quando em co-cultura, as CGRs apresentaram uma diminuição 
significativa da sua sobrevivência apenas às 72h sob PHE e a sobrevivência das células 
de Müller foi afetada apenas às 72h de exposição. A sobrevivência de células MIO-M1 
não foi afetada pela exposição a PHE nos tempos avaliados. A exposição das células 
de Müller primárias ou das células MIO-M1 a PHE não alterou a proliferação celular. 
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Ambos os meios condicionados promoveram a sobrevivência de CGRs quando expostas 
a PHE. Em co-culturas este efeito não foi tão pronunciado. MVs MIO-M1 aumentaram 
a sobrevivência das CGRs e não afetaram a proliferação de células MIO-M1 sob PHE. 
Os resultados revelaram que ambos os meios condicionados e que MVs MIO-M1 
promoveram a sobrevivência de CGRs in vitro.

A injeção intravítrea de solução tampão fosfato-salino (PBS, do inglês Phosphate-
buffered saline) 1h antes da indução da isquémia e reperfusão da retina causou alterações 
estruturais na mesma, um efeito aparentemente causado pela ação sinergística do 
insulto e do PBS. Os olhos contralaterais não apresentaram alterações na estrutura 
da retina. Portanto, avaliou-se o efeito da injeção intravítrea das MVs MIO-M1 em 
retinas contralaterais. A injeção intravítrea de MVs MIO-M1 ou PBS não evidenciaram 
alterações na função ou estrutura da retina. Contudo, por tomografia de coerência 
ótica foram observados pontos brilhantes no vítreo, sugerindo a presença de células. 
Sete dias após a injeção, avaliou-se o efeito das MVs MIO-M1 na morte celular da 
retina, sobrevivência das CGRs, número de células da microglia e de microglia reativa 
e imunorreatividade de GFAP. A injeção intravítrea de MVs MIO-M1 aumentou a 
reatividade de células de Müller e da microglia, sem alterações significativas na morte 
celular e sobrevivência das CGR.

Resumindo, os resultados demonstram que o meio condicionado de diferentes tipos 
de células de Müller protegem CGRs expostas a PHE. As células de Müller libertam 
microvesículas que promovem a sobrevivência de CGRs. Além disso, MVs MIO-M1 
não causam alterações na estrutura e função da retina, mas aumentam a reatividade 
das células da glia. Mais experiências são necessárias para compreender melhor as 
propriedades das MVs derivadas de células de Müller num contexto de neuroproteção 
em glaucoma.

Palavras-chave: Células de Müller; vesículas extracelulares; glaucoma; proteção; retina
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Abstract
Extracellular vesicles (EVs) play an important role in intercellular communication 

and include exosomes (EXOs), microvesicles (MVs) and apoptotic bodies. EVs are 
produced by many cell types. 

Glaucoma is an optic neuropathy, characterized by retinal ganglion cell (RGC) loss and 
degeneration of optic nerve (RGC axons) that leads to loss of visual fields, culminating 
in blindness. The current therapeutics are focused in lowering intraocular pressure 
(IOP), the main risk factor, but the disease progresses in a large number of patients. 
Therefore, novel and effective therapeutic strategies targeting RGC neuroprotection are 
needed to halt disease progression.

Müller cells, the main glial cell type of the retina, have important functions in the 
regulation of homeostasis of the retina. Müller cells have the ability to protect RGCs 
either by physical contact or by secreted factors. A previous study demonstrated that 
Müller cells release EVs. Due to the neuroprotective properties of Müller cells, this 
study aimed to elucidate the role of the conditioned medium (CM) and MVs from 
Müller cells in the survival of RGCs in the context of elevated pressure. 

Primary cultures of Müller cells and RGCs and cultures of MIO-M1 cells were exposed 
to elevated hydrostatic pressure (EHP) to mimic the elevated IOP. Primary Müller cell 
cultures and MIO-M1 cell line were incubated in atmospheric (control) pressure and 
CM were collected. The effect of CM in cell survival was assessed incubating primary 
RGC cultures and co-cultures of RGCs and Müller cells exposed to EHP with CM. 
MVs from MIO-M1 cells (MVs MIO-M1) and from primary Müller cells (MVs Müller) 
were isolated by low-speed ultracentrifugation and characterized in size, morphology 
and concentration by nanoparticle tracking analysis, transmission electron microscopy, 
and by the presence of proteins by Western Blot. MIO-M1 cultures and primary 
cultures of RGCs were incubated under EHP with MVs and cell survival was analysed. 
Additionally, the effect of MVs MIO-M1 in the retina were determined 7 days after 
intravitreal injection of MVs MIO-M1.

Under EHP conditions, RGCs had a significant decrease in cell survival at 24h in 
pure RGC cultures. The exposure of Müller cells to EHP for 48h and 72h significantly 
decreased cell survival. However, when in co-culture, RGCs only presented a significant 
decrease in cell survival at 72h under EHP and Müller cells showed a tendency to a 
decrease in cell survival at 72h under EHP. MIO-M1 cells survival was not affected by 
exposure to EHP for 24h or 48h. The exposure of primary Müller cells or MIO-M1 
cells to EHP did not cause alterations in cell proliferation. CM from both Müller cell 
cultures promoted the survival of RGC cultures exposed to EHP. In co-cultures, this 
effect was not so pronounced. MVs MIO-M1 increased RGC survival and did not affect 
MIO-M1 cells proliferation in EHP conditions. The results showed that both CMs and 
MVs MIO-M1 could increase RGCs survival in vitro.
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Additionally, we observed that the intravitreal injection of phosphate-buffered saline 
(PBS) 1h before I-R caused alterations in the retinal structure, an effect apparently 
caused by the synergistic action of I-R injury and PBS. The contralateral eyes of the 
I-R eyes did not present changes in retinal structure. Therefore, we evaluated the effect 
of intravitreal injection of MVs MIO-M1 only in contralateral retinas. The intravitreal 
injection of MVs MIO-M1 or PBS did not seem to change retinal function or structure. 
However, by optical coherence tomography bright spots were observed in the vitreous, 
suggesting the presence of cells infiltrates. Seven days after injection, retinal cell death, 
RGCs survival, number of microglia, reactive microglia and glial fibrillary acidic protein 
immunoreactivity were assessed. Intravitreal injection of MVs MIO-M1 increased the 
reactivity of Müller cells and microglia, but did not change cell death or the number of 
RGCs.

In summary, the results demonstrate that CM from different types of Müller cells 
can protect RGCs exposed to EHP. Also, Müller cells release MVs that promote the 
survival of RGCs. Moreover, MVs from MIO-M1 cells do not cause alterations in the 
structure and function of the retina, but cause glial reactivity. Further experiments are 
needed to understand the protective properties of MVs from Müller cells in the context 
of glaucoma neuroprotection.

Keywords: Müller cells; extracellular vesicles; glaucoma; protection; retina
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1.1. Extracellular vesicles

Extracellular vesicles (EVs) can be considered masters of intercellular communication, 
being able to deliver their cargo into nearby cells as well as over long distances via the 
blood stream. EVs are the collective term for secreted vesicles and include exosomes 
(EXOs), microvesicles (MVs), and apoptotic bodies (Doyle and Wang 2019). The 
presence of mitochondrial material was interpreted as EXOs bearing mitochondrial 
proteins, lipids, and mitochondrial DNA (Haraszti et al. 2016; Guescini et al. 2010), 
but a new subtype of EVs of mitochondrial origin was proposed, referred as mitovesicles 
that sediment with EXOs (D'Acunzo et al. 2021).

EVs have distinct biogenesis pathways and are often distinguished by their size, 
surface proteins and internal cargo (Thery et al. 2018). EVs are formed by a lipidic 
bilayer membrane and are known to carry proteins, mRNA, miRNA, and lipids that 
can be delivered to recipient cells changing, for example, the translation of new proteins 
and modulation of gene expression (Ratajczak et al. 2006; Skog et al. 2008; Mead and 
Tomarev 2020). It was demonstrated that over 100 proteins are more abundant in EVs 
than in the cell, suggesting that the loading of EVs is active and specific (Eirin et al. 
2016). To differentiate the EVs subtypes, various techniques need to be combined, as 
microscopy and biochemical techniques. However, since the nomenclature of EVs is 
difficult and not always consensual among the scientific community, in this study, EVs 
isolated from high-speed ultracentrifugation will be referred as EXOs, and EVs isolated 
from low-speed ultracentrifugation will be referred as MVs. The characterization and 
identification of the several types of EVs is of crucial importance, but it is still not 
possible to propose specific and universal markers of each type of EVs. Therefore, 
the characterization of the EVs solely by the presence of molecular markers is not 
recommended (Thery et al. 2018). Yet, there are surface proteins more associated with 
one type of EVs than others even knowing that in recent years most of the proteins 
could be found in all the subtypes (Thery et al. 2018; Kowal et al. 2016). 

EXOs are vesicles with a size range of 30 to 150 nm, shed continually by almost every 
cell type to the extracellular space and are present in body fluids (as tears, aqueous 
humour, vitreous humour, blood, urine, breast milk, saliva, etc) (Colombo, Raposo, and 
Thery 2014). The term “exosome” was first used in the early 1980s to describe small 
vesicles of endosomal origin released during the maturation of sheep reticulocytes (Pan 
et al. 1985; Johnstone et al. 1987). The biosynthesis of EXOs is an endosomal-dependent 
process. Early endosomes mature into late endosomes and during this process they 
accumulate intraluminal vesicles (ILVs) in their lumen. These are called multivesicular 
bodies (MVBs) and its main outcome is to fuse with lysosomes ensuring the degradation 
of their content or they can be released into the extracellular space, via fusion with the 
plasma membrane (Figure 1) (Colombo, Raposo, and Thery 2014). The best-described 
mechanism for formation of MVBs and ILVs is driven by the endosomal sorting complex 
required for transport (ESCRT), which comprises four complexes that facilitate receptor 
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sorting into the lumen of MVBs. ESCRT-0 and ESCRT-I subunits cluster ubiquitylated 
transmembrane cargoes on microdomains of MVBs. Then, ESCRT-II and ESCRT-III 
perform budding and fission of this microdomain, finally forming the ILVs (Colombo, 
Raposo, and Thery 2014; van Niel, D'Angelo, and Raposo 2018). Nevertheless, EXOs 
can also be formed in an ESCRT-independent manner, where MVBs, featuring ILVs 
loaded with CD63, are still formed upon depletion of components of the four ESCRT 
complexes (Stuffers et al. 2009). Some proteins were already found to regulate ESCRT-
independent endosomal sorting, like CD63, tetraspanins CD81, CD82 and CD9 
(Gauthier et al. 2017; Buschow et al. 2009; van Niel, D'Angelo, and Raposo 2018). Both 
ESCRT-dependent and ESCRT-independent mechanisms are involved differently in the 
biogenesis of EXOs depending on the cargo which recruits them and the type of cell 
(Stuffers et al. 2009; van Niel, D'Angelo, and Raposo 2018).

In 1967, Peter Wolf described MVs as “platelet dust”, subcellular material originating 

Figure 1: Schematic representation of the mechanisms involved in EVs biogenesis and 
release. The biosynthesis of EXOs is an endosomal-dependent process, where early endosomes 
mature and forming MVBs. Its main outcome is to fuse with lysosomes ensuring the degradation 
of their content or they can be released to the extracellular space, via fusion with the plasma 
membrane. MVs are produced through the shedding of the plasma membrane. Apoptotic 
bodies are released by dying cells and are formed after the disassembly of an apoptotic cell into 
subcellular fragments. Image from Aires et al. 2021.
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from platelets in normal plasma and serum (Wolf 1967). MVs range in size from 50 
to 1000 nm. They are produced through the shedding of the plasma membrane, and 
released into the extracellular space (Figure 1) (van Niel, D'Angelo, and Raposo 2018). 
For the release of MVs from the cell, the plasma membrane needs to be not only 
rearranged at lipid and protein composition but also requires alterations in the Ca2+ 
levels. The formation of MVs is dependent on the translocation of the phospholipid 
phosphatidylserine from the inner leaflet of the plasma membrane to the outer leaflet, 
which is carried out by aminophospholipid translocases (flippases and floppases). 
Then ADP-ribosylation factor 6 (ARF6) initiates the contraction of cytoskeletal 
components, with rearrangement of actin protein, causing a curvature in the membrane 
(Muralidharan-Chari et al. 2009). The ESCRT-1 complex also plays a role in MVs 
formation. The arrestin domain-containing protein 1 (ARRDC1) recruits the ESCRT-I 
accessory protein TSG101 to the cell membrane mediating the formation of MVs 
(Nabhan et al. 2012; J.M. Gudbergsson 2017). For the reason that MVs are formed by 
an outward budding of the cell’s plasma membrane, it is easily understood that MVs 
are enriched in cytosolic and plasma membrane associated proteins, especially proteins 
known to cluster at the plasma membrane surface, such as tetraspanins. MVs also carry 
other proteins as cytoskeletal proteins, heat shock proteins and integrins (Doyle and 
Wang 2019).

Apoptotic bodies are released by dying cells, ranging from 500 to 2000 nm and are 
formed after the disassembly of an apoptotic cell into subcellular fragments (Figure 1) 
being phagocytosed by other cells (macrophages). The process of formation of apoptotic 
bodies is considered a hallmark of apoptosis (Ihara et al. 1998; Ravichandran 2010). 
Apoptotic bodies are quite variable in size and content, as they can contain a wide 
variety of cellular components as cytosol portions, degraded proteins, DNA fragments, 
etc, and even intact organelles (Poon et al. 2014).

1.1.1. Isolation and characterization methods of extracellular vesicles

There are several methods for EVs isolation: differential ultracentrifugation, density 
gradient ultracentrifugation, ultrafiltration, precipitation with polymers and size-
exclusive chromatography. Other option is combining isolation methods to increase 
purification, as for example, ultrafiltration can be an additional step in ultracentrifugation 
protocols (Campoy et al. 2016; Aires et al. 2020). A mixed population of vesicles is 
obtained in most studies of EVs for all used isolation methods since every method 
has limitations (Konoshenko et al. 2018). These constraints lead to a necessity of 
characterize EVs population samples.

The characterization of EVs is achieved by the combination of EVs size distribution, 
morphology and protein composition. For the size distribution analysis, nanoparticle 
tracking analysis (NTA) can be used. It combines the properties of both laser light 
scattering microscopy and Brownian motion in order to obtain size distributions of 
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particles in a liquid suspension, however it does not discriminate different subpopulations 
of EVs or contaminants in the sample (Vestad et al. 2017). Transmission electron 
microscopy (TEM) and cryo transmission electron microscopy (cryo-TEM) have been 
the most used electron microscopy techniques used for morphological analysis of 
EVs. The sample preparation for these two techniques is different, with TEM needing 
the EVs to be fixed and contrasted which might affect their size and change their 
morphology (Cizmar and Yuana 2017). Finally, EVs surface membrane composition and 
EVs cargo requires great attention and can be investigated by proteomic analysis, RNA/
DNA sequencing, flow cytometry, mass spectrometry and Western Blot (Ji et al. 2014; 
Pitt, Kroemer, and Zitvogel 2016; Thery et al. 2018). Western Blot is the most common 
technique used to confirm EVs presence in samples by showing the presence or absence 
of certain proteins known to be expressed in determined EVs subtypes. Nevertheless, 
as already explained before in this chapter, many proteins are not exclusive of a certain 
type of EVs what makes this kind of characterization difficult and in the need of 
support with other techniques to confirm the EVs subtype (Thery et al. 2018). Not 
only proteins but also lipids from the EVs membrane can be used to characterize the 
EVs sample (Haraszti et al. 2016; Ramirez et al. 2018). EVs content is wide and diverse, 
given their significant presence in most if not all body fluids, which makes them easily 
and noninvasively accessible. The deep understanding of their cargo identification and 
quantification is of great importance as it can emerge as new biomarkers for diseases 
(Lane et al. 2018; Ramirez et al. 2018).

1.2. The eye

Animals use vision to explore different environments being vision one of the most 
deeply studied senses, in part motivated by the dominance of sight in our own sensory 
experience. The visual cortex occupies approximately 55 % of the entire cortical area of 
the primate brain, suggesting that over 50 % of brain capacity storage can be related to 
vision (Felleman and Van Essen 1991; Prasad and Galetta 2011). Vision is guaranteed 
not only by the brain but also by the eyes, which receive light from the exterior 
transforming it into electrochemical signals. These are sent to the brain to be processed 
and perceived as images.

The globe is protected by the eyelids and lubrication of the ocular surface. The 
eye itself is divided in two distinct parts: anterior and posterior segments. Cornea, 
aqueous humour, iris and lens form the anterior segment of the eye, while vitreous, 
retina, choroid and the sclera constitute the posterior segment of the eye (Figure 2). 
The cornea is transparent and avascular, being the primary infectious and structural 
barrier of the eye. Aqueous humour is a fluid that supplies nutrients and some oxygen 
to the ocular avascular tissue, namely cornea and lens, filling the anterior chamber. The 
iris is the colourful part of the eye, a muscle localized between cornea and lens that 
controls the diameter of the pupil, expanding or contracting depending on the amount 
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of light on the exterior. The lens is attached to ciliary muscles and is responsible for 
the focus at different object distances, changing its shape depending on the distance. 
Vitreous is a gelatinous and transparent substance that keeps the eye in its shape. Next 
to the vitreous is the retina that receives direct stimulation from light and images from 
the outside world and transports the information to the brain through electrochemical 
signals. Adjacent to the most external part of the retina is the Bruch’s membrane 
(which mediates interactions between the retinal pigment epithelium (RPE) and blood 
flow from the choroid) and then the choroid, enriched in a complex network of blood 
fenestrated capillaries that provides nutrients and oxygen to the photoreceptors. The 
most external part of the eye is the sclera, a white layer constituted by conjunctive 
tissue, which in the front of the eye becomes transparent creating the cornea (Lammert 
2014; DelMonte and Kim 2011).

Figure 2: Anatomy of the human eye, showing the outside and inside of the eye. Illustration 
of the eye structure, including the cornea, iris, ciliary body, lens, vitreous humour, pupil, retina, 
sclera, choroid and the optic nerve. Image from NationalCancerInstituteUS 2021.
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1.3. The retina: structure and function

The retina is a tissue sensible to light and it is part of the central nervous system 
(CNS). It converts photons into neuroelectrical impulses, and the information reaches 
the brain through the optic nerve. The inner part of the retina is in contact with 
the vitreous and its outermost part with the choroid. Retinas from vertebrates are 
characterized by layers of cells bodies – nuclear layers - interspersed with layers of 
cellular processes – plexiform layers. From the inner part of the retina, the first retinal 
layer, near the vitreous, is the inner limiting membrane (ILM) constituted by astrocytes 
and the end feet of Müller cells. Next is the nerve fiber layer (NFL) composed by the 
retinal ganglion cells (RGCs) axons. RGCs have their nuclei located in the ganglion 
cell layer (GCL) where astrocytes are also present. In the inner plexiform layer (IPL), 
amacrine and bipolar cells synapse with RGCs, since their cellular bodies together with 
horizontal cells and Müller cells and some microglia cells are in the next retinal layer, 
the inner nuclear layer (INL). In the outer plexiform layer (OPL), bipolar and horizontal 
cells communicate with photoreceptors (rods and cones), and it is followed by the outer 
nuclear layer (ONL) where the cell bodies of photoreceptors are located. Outer and 
inner segments (OS/IS) of photoreceptors are located right before the most external 
layer of the retina, the RPE, a monolayer of epithelial cells (Figure 3) (Lammert 2014; 
Madeira et al. 2015a; Vecino et al. 2016).

1.3.1. Retinal neuronal cells

There are five types of neurons in the retina: photoreceptors, bipolar cells, RGCs, 
horizontal cells, and amacrine cells. 

For the passage of information in the retina there are two different pathways: vertical 
and lateral visual pathways. The vertical pathway involves the passage of information 
from the photoreceptors to bipolar cells and from bipolar cells to RGCs, whereas lateral 
pathway relies on local feedback circuits from horizontal cells back to photoreceptors 
and from amacrine cells back to bipolar cells (Byzov 1977; Kaneko and Tachibana 1987; 
Tachibana and Kaneko 1987).

Neuronal signals need to be passed through the different type of retinal neurons, 
from the photoreceptors until RGCs that finally transmits the information until the 
lateral geniculate nucleus (LGN) in the thalamus and the superior colliculus in the 
midbrain (London, Benhar, and Schwartz 2013). The primate and rodent visual systems 
are not identical. In primates around half of the optic nerve fibers cross the optic chiasm 
and project in the contralateral hemisphere (Kupfer, Chumbley, and Downer 1967). In 
contrast, in rodents, more than 90 % of optic nerve fibers project to the contralateral 
hemisphere after reaching the optic chiasm (Forrester and Peters 1967). The superior 
colliculus receives projections from more than 96 % of RGCs axons in rat (Salinas-
Navarro et al. 2009). Also, axons of RGCs that project in the superior colliculus also 
pass through the LGN (Ellis et al. 2016).
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1.3.1.1. Photoreceptors

Mammals have two classes of photoreceptors: rods and cones (Peichl 2005). Rods 
and cones have an outer segment (OS) and an inner segment (IS). The OS contains 
photopigment, being next to the RPE, while the IS contains the nucleus, mitochondria 
and the synaptic terminals where occurs the neurotransmission to horizontal or bipolar 
cells. 

The photopigment is responsible for the light absorption, leading to alterations in the 

Figure 3: Schematic drawing of cells in the mammalian retina. Note the interactions 
between the cells and blood vessels (BV). Amacrine cells (A), astrocytes (AS), bipolar cells (B), 
cones (C), ganglion cells (G), horizontal cells (H), Müller cells (M), microglia (Mi), rods (R). 
Retinal layers (from the most internal to the outer layers): 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). Image from Vecino et al. 2016.
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membrane potential of the photoreceptor which in the end allows the communication 
to the next cells in contact. Rods are sufficiently sensitive to low light levels, being 
responsible for the scotopic vision. Cones are responsible for photopic vision, under 
higher light levels (Purves D 2001; Wassle 2004).

1.3.1.2. Bipolar cells

Bipolar cells receive stimuli from photoreceptors and transmit them to the dendrites of 
amacrine and RGCs. Bipolar cells can receive neurotransmission signals from cones and 
rods. There is one type of rod-bipolar cells and at least nine types of cone-bipolar cells. 
In terms of function, bipolar cells can be subdivided, according to their light responses, 
into ON and OFF bipolar cells (Wassle 2004). Glutamate is the neurotransmitter released 
by photoreceptors: in the dark cones are depolarized and glutamate release increases, 
in light conditions cones are hyperpolarized and the release of glutamate decreases. A 
bipolar cell that reacts by excitation to glutamate will be depolarized in the dark (OFF 
bipolar cells) and a bipolar cell that respond to glutamate by hyperpolarization will be 
hyperpolarized in the dark (ON bipolar cells) (Feher 2012).

1.3.1.3. Horizontal cells

Horizontal cells are GABAergic interneurons with dendrites that connect with 
photoreceptors (both cones and rods) modulating their signal output (Chapot, Euler, 
and Schubert 2017). They provide lateral feedback inhibition at the photoreceptor 
synaptic terminal keeping the visual system sensitivity to luminance supporting 
contrast enhancement (Wassle 2004).

1.3.1.4. Amacrine cells

Amacrine cells are interneurons that mediate lateral interactions between bipolar 
cells terminals and the dendrites of RGCs. The majority of amacrine cells are in the 
INL, however there are also some displaced amacrine cells at the GCL. These neurons 
sharply respond to light contrast changes as well as light movement through the retina 
(Lagnado 1998).

1.3.1.5. Retinal ganglion cells

Retinal ganglion cells soma are present in the GCL. They are the neurons responsible 
for carrying electrical messages from the retina (collecting information from bipolar 
cells and amacrine cells) to the brain through the optic nerve. The optic nerve is a 
bundle of all RGC axons (more than a million fibers in humans) that in mammals target 
specific brain sections to process the information: the LGN and the superior colliculus 
(Kolb 2003; Wassle and Boycott 1991). There are several subtypes of RGCs, distinct in 
morphology, brain region targeted and also if they are photosensitive. A small percentage 
of RGCs are photosensitive, as they express melanopsin and are involved in circadian 
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rhythm maintenance, pupillary light reflex and in sleep (Schmidt, Chen, and Hattar 
2011). The large extension of their axons leads to an increased susceptibility to injuries 
(Chidlow and Osborne 2003; Boia et al. 2020). Moreover, the regenerative capacity of 
these cells is reduced after synaptic connections have been established shortly after 
birth (Goldberg et al. 2002; Curcio and Bradke 2018).

1.3.2. Retinal glial cells

Glial cells were described in the late 1800s. Glial cells are crucial for the maintenance 
of normal retinal function and structure but they also participate in pathological 
processes during noxious conditions. In the retina there are three types of glial cells: 
astrocytes, microglia and Müller cells. 

1.3.2.1. Astrocytes

In the retina, astrocytes are star shaped glial cells mostly present in the NFL and 
GCL, the inner layers of the retina. Astrocytes are important for neurotrophic support, 
enhanced mechanical support for degenerating axons and maintenance of the integrity 
of the blood-retinal barrier (BRB), a physiologic barrier that regulates ion, protein, and 
water flux into and out of the retina (Vecino et al. 2016; Cunha-Vaz, Bernardes, and 
Lobo 2011).

1.3.2.2. Microglia

Microglia cells are responsible for the immune response of the retina. They can be 
found in the retina in the OPL, ONL, IPL and also in the GCL in healthy retinas, but 
depending on their activation state, microglia show different morphologies: a ramified 
appearance (in their resting state) or an ameboid appearance (in the activated state) 
(Kettenmann et al. 2011; Santiago et al. 2014). Retinal microglia keep the retina 
under surveillance by moving their processes (Okunuki et al. 2019). Microglial cells 
are implicated in many functions essential for the proper development of the CNS, 
from neurogenesis to synaptic pruning, the process of synapse elimination (Bilimoria 
and Stevens 2015). They are also involved in programmed cell death in the developing 
retina (Ashwell et al. 1989).  

Under pathological conditions, microglia became active and migrate to the injury 
site (Lee et al. 2008). Microglia was also already described as being involved in several 
retinal degenerative diseases such as glaucoma (Madeira et al. 2015a). Our group showed 
that EXOs derived from microglia cells exposed to EHP could be an important link 
between microglia activation and the loss of RGCs (Aires et al. 2020). This makes EXOs 
from microglia cells a potential player in glaucomatous damage, showing that EVs are 
becoming established signalling mediators between cells, including in the eye.
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1.3.2.3. Müller cells

The Müller cell represents 90 % of the retinal glia and highlight themselves by their 
unique radial morphology from the ILM until the ONL (the somata are located in 
the INL), which allows interactions with all types of retinal cells, including neurons, 
being responsible for their functional, structural and metabolic support (Newman and 
Reichenbach 1996; Vecino et al. 2016). Müller cells were observed to enfold retinal 
neurons and becoming gliotic (activated) after nearly every pathological challenge in 
the retina (Hernandez et al. 2010; Wang et al. 2002; Bringmann et al. 2009). They 
participate in the establishment of the BRB, equilibrate ions and balance water transport 
through specialized water channels as aquaporin-4 (AQP4) (Cunha-Vaz, Bernardes, and 
Lobo 2011; Bringmann et al. 2005). The fast removal of glutamate from the synaptic 
clefts during neurotransmission is performed by the glutamate/aspartate transporter 
(GLAST), present in Müller cells, protecting neurons from glutamate excitotoxicity 
(Bringmann et al. 2013). These cells produce and secrete neurotrophic factors, growth 
factors and cytokines vital for neuronal survival (Del Rio et al. 2011; Cao et al. 1997; 
Harada et al. 2000). Moreover, it was described diverse subtypes of Müller cells that 
react differently to an injury possibly due to their different spatial proximities to dying 
cells (Roesch, Stadler, and Cepko 2012).

Aside the important role in keeping the retinal homeostasis, Müller cells are 
responsible for the light path guidance trough the retina, acting as “optical fibers” that 
reliably transfer light with low scattering from the retinal surface to the photoreceptor 
cell layer (Franze et al. 2007).  

Although microglia cells are the principal glial cells responsible for the immune 
response in the retina, it is known that Müller cells also play a role (Kumar et al. 2013).

The MIO-M1 cell line is a spontaneously immortalized human Müller cell line 
obtained from human retina (Limb et al. 2002). This cell line expresses cellular 
retinaldehyde–binding protein (CRALBP), epidermal growth factor receptor (EGF-R), 
GS, α-smooth muscle actin (α-SMA) and GFAP. MIO-M1 cell line was considered to 
retain the phenotype and functional characteristics of Müller cells in vitro (Limb et 
al. 2002). However, studies using this cell line should be interpretated with caution 
since these cells can express proteins that are not common in primary Müller cells, like 
opsins, for example (Hollborn et al. 2011). 

Müller cells release extracellular vesicles in vitro (DB Lamb 2018). Moreover, Müller 
cells are able to uptake EVs and it has been demonstrated that the exposure of human 
Müller cells to mouse embryonic stem cells EVs (mESEVs) induces morphological and 
transcriptome changes in these cells. MVs from mESEVs transfer mRNAs to Müller 
cells that are involved in the maintenance of pluripotency, including OCT4 and SOX2, 
but also induce up-regulation of the basal levels of endogenous human OCT4 mRNA 
in Müller cells (Katsman et al. 2012). Müller cells similarly internalize MVs and EXOs 
from human embryonic stem cells in a time-dependent process. However, only MVs 
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induce an increase in OCT4 and a decrease in SOX2 mRNAs and proteins, suggesting 
that mRNA transfer into Müller cells by MVs and EXOs primarily depends on the 
content of the EV (Peng et al. 2018). 

1.4. Glaucoma

Glaucoma is a group of ocular disorders, an optic neuropathy, characterized by RGC 
loss (with degeneration of RGCs axons) and loss of visual fields that can culminate in 
blindness (Schwartz 2005; Pardue and Allen 2018). High intraocular pressure (IOP) 
is the primary risk factor for glaucoma onset and progression (Walland et al. 2006). 
Older age, genetics and vascular dysregulation have also been associated with glaucoma 
(Yamamoto and Kitazawa 1998; Pardue and Allen 2018). Because it may be asymptomatic 
until a relatively late stage, diagnosis is frequently delayed. Nowadays, glaucoma 
treatment relies in lowering IOP, either by surgical procedures, laser treatment or by 
topical application of pharmaceuticals. Nevertheless, in a significant number of patients 
with controlled IOP the disease still progresses (Walland et al. 2006) and subjects with 
normal IOP values develop glaucoma (normal tension glaucoma), indicating that other 
pathological mechanisms may be involved in the disease.

1.4.1. Neuroprotection in glaucoma

Glaucoma is considered to be a progressive neurodegenerative disease. In glaucoma, as 
in other optic neuropathies, neuroprotective treatments aim to preserve vision preventing 
retinal neuronal death, specially improving the survival of RGCs or regenerating the 
optic nerve fibers (Fu et al. 2019). However, until now, there is no therapeutic strategy 
directed to promote axonal regeneration of RGCs or RGCs survival as a therapeutic 
approach for glaucoma, since current therapies rely in lowering IOP, the principal risk 
factor of the disease.

Numerous neuroprotective strategies have been investigated for optic neuropathies 
as integrating transplanted RGCs in the diseased retina, peripheral nerve grafting, 
pharmacological agents, and also neurotrophic factors due to their important role 
in keeping neuronal homeostasis. The failure to regenerate RGCs has already been 
attributed not only but also to an environment poor in growth-promoting trophic 
factors (Su et al. 2009). Indeed, in glaucoma, the increased IOP affects anterograde and 
retrograde axonal transports that lead to deprivation of RGCs of neurotrophic factors 
produced by brain targets (Quigley, Guy, and Anderson 1979; Quigley et al. 2000).

However, none of the attempts described above have been successfully translated 
to clinical practice (Shruthi et al. 2017; Cen and Ng 2018; Allen et al. 2013; Fu et al. 
2019). The limitations in translating these experimental therapies to clinical practice 
are especially due to the difficulty in using an animal model that fully replicates the 
human disease. Furthermore, experimental endpoints differ greatly between animal 
models and human clinical trials, with visual acuity, contrast sensitivity, and visual 
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field being difficult to assess in animals (Fu et al. 2019; Boia et al. 2020).
Nevertheless, RGCs treatment remains an important field of research with enormous 

potential for achieving visual restoration and new targets for new therapeutic strategies 
need to be explored.

1.4.2. Interaction between Müller cells and RGCs

Previous studies have demonstrated that Müller cells can protect RGCs either by 
direct contact either by the exposure of RGCs to Müller cells conditioned medium 
(CM) (Garcia et al. 2002; Ruzafa et al. 2018b). Due to the neuroprotective role known 
of Müller cells and considering that RGCs degeneration is one of the principal causes 
of vision loss, understanding the interaction between these two retinal cells is of great 
importance. Furthermore, the communication between Müller cells and RGCs under 
different pathological conditions has grown exponentially in recent years due to the 
intrinsic properties of Müller cells in neuroprotection and their important role in many 
diseases. Müller cells were already reported to release a set of neurotrophic factors to the 
extracellular space, and the administration of different combinations of neurotrophins  
involved in the survival, differentiation and development of neurons in the eye has 
been reported to increase RGCs survival in different experimental conditions (Ruzafa 
et al. 2018b; Pereiro et al. 2020a). Moreover, Müller cells, astrocytes and microglia 
are known to synthetize neurotrophic factors and these can directly or indirectly 
mediate neurotrophic actions (Garcia et al. 2003; Vecino et al. 2016). Some of the 
most studied neurotrophic factors released by Müller cells are the ciliary neurotrophic 
factor (CNTF) (Ju et al. 1999), the brain derived neurotrophic factor (BDNF) (Seki et 
al. 2005) and the pigment epithelium derived factor (PEDF) (Unterlauft et al. 2014). 
The neuroprotective role of CNTF in the retina comprises several mechanisms as a 
direct action on photoreceptors to prevent apoptosis, the stimulation of Müller cells to 
produce photoreceptor survival factors, increased expression of glutamate transporters, 
and others (Zack 2000; Escartin et al. 2006). Also, CNTF was reported to protect RGCs 
in different animal models of pathology (Cao et al. 1997; Azadi et al. 2007; Fischer et 
al. 2004). However, the beneficial effects were determined as being dose dependent 
since CNTF can be harmful for the correct retinal function (Zeiss et al. 2006). BDNF is 
capable of protect RGCs (Seki et al. 2005; Chen and Weber 2001; Sanchez-Migallon et 
al. 2016). Nevertheless, in the majority of studies, the exposure of RGCs to BDNF only 
promoted short term beneficial effects (Guo, Nagappan, and Lu 2018). This decrease 
in the effect of BDNF was attributed to a decrease in the expression of the BDNF high 
affinity receptor tropomyosin related kinase receptor (TrkB), however the role of other 
BDNF receptor, the pan-neurotrophin receptor p75NTR, cannot be discarded since 
BDNF also binds to this low affinity neurotrophin receptor (Di Polo et al. 1998; Guo, 
Nagappan, and Lu 2018; Bothwell 1995). PEDF was first described as a neurotrophic 
factor produced only by RPE, but then it was discovered as being secreted also by 
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Müller cells (Becerra et al. 2012; Unterlauft et al. 2014). The upregulation of PEDF 
in Müller cells occurs early in gliosis and it may reflect an attempt to rescue retinal 
neurons (specially RGCs) from further damage (Unterlauft et al. 2012; Unterlauft et al. 
2014). Osteopontin (SPP1) is a secreted glycosylated phosphoprotein that influences cell 
survival, inflammation, migration, and homeostasis after injury, produced by Müller 
cells (Ruzafa et al. 2018b). Moreover, it was found that the absence of this protein in the 
retina produces a reduction in the number of RGCs (Ruzafa et al. 2018a).

1.4.3. Glaucoma models
1.4.3.1. Elevated hydrostatic pressure model

With elevated IOP as one of the most prevalent features of glaucoma it is necessary 
to develop systems capable of reproducing this characteristic for in vitro experiences to 
understand the role of different cells in this pathology. Concerning the study of glaucoma, 
elevated hydrostatic pressure (EHP) has been used to mimic ocular hypertension. 
Glaucoma patients present IOP values between 20 to 35 mmHg. However, in vitro 
models need to mimic a chronic IOP elevation in a short period of time. This way, in 
vitro models use pressures ranging from 30 to 100 mmHg above atmospheric pressure 
during 10 min to 72h (Sappington, Chan, and Calkins 2006; Aires et al. 2020; Aires, 
Ambrosio, and Santiago 2017). 

The effect of EHP in Müller cells has been described previously. Indeed, Müller cells 
exposed to EHP had an increased mRNA expression of Kir 2.1 and Kir 4.1 channels (the 
most significant mediators of K+ buffering in Müller cells) indicating a dysregulation in 
ion exchanges, and also alterations in the cell surface representation of these channels 
(Yu et al. 2012; Fischer et al. 2019). Other study, carried out in rMC-1, a rat Müller 
cell line, showed that some genes are affected by EHP and that the transcriptional 
profile is different from the one seen in hypoxia suggesting that Müller cells response is 
dependent of the injury or microenvironment (Xue et al. 2011). After being challenged 
to EHP, the secretion of PEDF by Müller cells increase and Müller cells processes retract 
(Lee et al. 2015).

1.4.3.2. Animal models of glaucoma

Several animal models have been developed to model the human condition. 
Since elevated IOP is the main risk factor, extensive studies have been carried out to 
discover therapeutic targets and to develop new drugs to treat ocular hypertension 
using experimental models of rodents (rats and mice) and non-human primates (e.g., 
cynomologus, rhesus, or marmoset monkeys) (Kimura, Noro, and Harada 2020). 
However, other animal models non-related with IOP have been established (Johnson 
and Tomarev 2010). Nevertheless, rodents have become a popular model organism to 
study glaucoma, because of their high degree of availability, relatively low cost, short 
life-span, and responsiveness to experimental and genetic manipulation (Johnson and 
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Tomarev 2010). Between pressure-dependent models, episcleral vein cauterization 
(Garcia-Valenzuela et al. 1995), hypertonic saline ocular hypertension model (Morrison, 
Cepurna, and Johnson 2015), laser photocoagulation (Salinas-Navarro et al. 2010), 
microbead occlusion model (Sappington et al. 2010) and spontaneous glaucoma 
(DBA/2J mouse strain) (Libby et al. 2005) are some of the most used models (Johnson 
and Tomarev 2010). 

Glaucoma is usually associated with increased IOP. Still, glaucomatous changes in 
the retina and optic nerve sometimes occur at normal IOP being called “normal tension 
glaucoma” (Walland et al. 2006). Consequently, there was a need to create pressure-
independent animal models that could mimic normal tension glaucoma. These models 
provide perceptions of the mechanisms of RGCs degeneration despite the increased 
IOP, as optic nerve crush, optic nerve transection, and retinal ischemia-reperfusion 
(I-R) injury (Johnson and Tomarev 2010). I-R is induced through cannulation of 
the anterior chamber with a needle connected to an elevated sterile saline solution 
reservoir, allowing to increase the IOP above the ocular perfusion pressure (generally 
to about 110 mmHg). After the I-R exposure, the eye recovers the normal IOP values. 
This method involves extreme acute ocular hypertension (Johnson and Tomarev 2010). 
Retinal ischemia followed by reperfusion triggers apoptosis in RGCs but damage occurs 
throughout the various layers of the retina (Madeira et al. 2016) (Boia et al. 2017), 
making this model considered for global retinal degeneration.

It is reported that I-R leads to Müller cell gliosis (Hirrlinger et al. 2010) (Kim et 
al. 2013). Moreover, others demonstrated that Müller glia are activated at a very early 
stage of ischemic injury (Palmhof et al. 2019).

There is no ideal experimental model. Even more each of the existing systems have 
been successfully used to reveal important aspects of glaucoma pathology and might be 
used to develop novel therapies for the disease in the future
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Glaucoma is an optic neuropathy characterized by the progressive loss of RGCs with 

the consequent irreversible loss of vision, being elevated IOP the principal risk factor. 
Müller cells have an important role in keeping retinal homeostasis, and they were 
already reported to protect RGCs and to promote their survival. However, how these 
cells communicate is still not well understood. 

EVs play a significant part in intercellular communication, being able to deliver their 
cargo into nearby cells as well as over long distances via the blood stream. Müller cells 
were already reported to uptake EVs and produce them, reinforcing the importance to 
further explore EVs from Müller cells to understand if they could have a neuroprotective 
effect in the retina. Also, Müller cells release other soluble factors to the extracellular 
space. From this perspective, elucidating which factor or factors are determining the 
survival of RGCs after damage is a relevant topic in scientific research. We hypothesized 
that CM or EVs derived from Müller cells could promote the survival of RGCs. 

The main aim of this work was to assess if CM or EVs derived from Müller cells 
could protect RGCs in the context of glaucoma. We started by understanding how 
Müller cells and RGCs react when challenged with EHP, assess if there was an autocrine 
function of MVs released by Müller cells and if MVs could protect RGCs from noxious 
environment caused by EHP. To achieve this goal, we used primary Müller cell cultures 
and MIO-M1 cultures to isolate and characterize EVs and to collect CM. Rat primary 
cultures of RGCs and Müller cells and cultures of MIO-M1 cells were exposed to EHP 
(+70 mmHg above atmospheric pressure), to mimic the increased IOP, for different 
periods to understand how their survival was affected. RGCs cultures and co-cultures 
were incubated under atmospheric pressure or EHP with CM from primary Müller cells 
and MIO-M1 cells. The effect of MVs from Müller cells and MIO-M1 cells in survival 
of RGC cultures and MIO-M1 cultures was assessed. 

An additional objective was to evaluate the protective potential of the EVs from 
Müller cells against retinal degeneration using the transient retinal ischemia injury 
model. We assessed the effect of EVs in the eyes contralateral to the ischemic eyes 
because we found that the synergistic action of ischemia and an intravitreal injection 
of PBS harmed the retina. EVs from MIO-M1 cells were injected in the vitreous of 
Wistar Han rats and their effects in the retina were analysed 7 days post injection by 
determining retinal structure and function, retinal cell death, microglial cell activation, 
Müller cells reactivity and RGCs survival.

In summary, this study aimed to elucidate the role of Müller cells CM and MVs in 
the survival of RGCs in the context of elevated pressure.





Materials and Methods
Chapter 2
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2.1. Animals

In this study, Wistar Han rats were used in agreement with the statement of the 
Association for Research in Vision and Ophthalmology (ARVO) for the use of animals 
in vision and ophthalmology research, in accordance with the European Community 
directive guidelines for the use of animals in laboratory (2010/63/EU) transposed to the 
Portuguese law (Decree-Law nº 113/2013 of August 7 and Decree-law 1/2019 of January 
10). All procedures involving animals were approved by the Animal Welfare Body of 
the Coimbra Institute for Clinical and Biomedical Research (ORBEA nº 03/2021 and 
nº 03/2019). 

Two to four months old Wistar Han rats (males and females) used were housed 
under a controlled environment (25.5 ± 0.4 °C of temperature and 41.5 ± 3.3 % of 
relative humidity, 12h light/dark cycle) with free access to water and food.

2.2. MIO-M1 cell line

MIO-M1 cell line (Moorfields/Institute of Ophthalmology-Müller 1) maintenance 
was achieved by keeping MIO-M1 cells cultured in 175 cm2 in DMEM (Dulbecco's 
Modified Eagle Medium, Gibco) containing glutaMAX, high glucose (4500 mg/L), 
sodium pyruvate (110 mg/L) and phenol red (15 mg/L), supplemented with heat-
inactivated 10 % fetal bovine serum (FBS; Gibco) and antibiotics (10000 U/mL penicillin, 
10000 µg/mL streptomycin; Gibco) (culture medium) and maintained at 37 °C in a 
humidified atmosphere of 5 % CO2. To collect cells, after reaching approximately 80 % 
of confluence, cells were washed with PBS and then trypsin was added (0.05% in 0.02 
mM EDTA; Sigma-Aldrich) for 3 min at 37 °C. After cells detachment, culture medium 
was added to stop trypsin activity. The suspension of cells was centrifuged at 450 g for 
5 min at room temperature and the supernatant was discarded. Cells were resuspended 
in culture medium. MIO-M1 cells was used until passage 39.

For experiments, MIO-M1 cells were plated at a density of 1.32 x 104 cells/cm2 in 
24-well plates with coverslips (pre-coated with 0.1 mg/mL poly-L-lysine; Sigma-Aldrich) 
in culture medium. To collect EVs MIO-M1 cells were plated in 100 mm plates or in 24-
well plates in culture medium prepared with 10 % Exo-free FBS (heat-inactivated FBS 
depleted of vesicles, previously prepared by ultracentrifugation at 25400 g for 16h at 4 
°C). Cells were cultured at 37 °C in a humidified atmosphere of 5 % CO2.

MIO-M1 cells were incubated at 37 °C for 24h or 48h in a custom-made pressure 
chamber, supplied with a pressure regulator and a gauge providing a constant hydrostatic 
pressure of 70 mmHg above atmospheric pressure, through injection of a mix of 95 % 
air 5 % CO2 (Madeira et al. 2016; Aires et al. 2019; Rodrigues-Neves et al. 2018; Aires 
et al. 2020) The control cells were cultured in a standard cell incubator (atmospheric 
pressure).
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2.3. Preparation of primary cultures

2.3.1. Tissue extraction

Wistar Han rats were sacrificed under anaesthesia (2.5 % isoflurane in 1 L/min O2, 
IsoFlo; Abbott Laboratories) by cervical dislocation. Eyes were enucleated and kept in 
CO2 independent medium (Gibco) until retinal dissection.

2.3.2. Primary cultures of Müller cells

Cultures of primary Müller cells, were prepared as described previously in (Pereiro et 
al. 2020b). The retinas were digested for 30 min in sterile Earle’s Balanced Salt Solution 
(EBSS) containing papain (20 U/mL) and DNase (2000 U/mL; Worthington) at 37 °C. 
The reaction was stopped with Dulbecco's Modified Eagle Medium (DMEM; Gibco) 
supplemented with 10 % FBS (Gibco), 1 % L-glutamine (200 mM; Gibco) and 0.1 % 
gentamicin (50 mg/mL; Gibco) (culture medium) at room temperature. The retinas 
were mechanically dissociated using the “up and down” movement using pipette tips 
with different diameters starting from the biggest diameter until the smaller one. Cells 
were pelleted through a 270 g centrifugation for 5 min and resuspended in culture 
medium. All cells were plated in 12 mm coverslips in 24-well plates previously coated 
with 0.1 mg/mL poly-L-lysine (Sigma-Aldrich) and 10 μg/mL laminin (Sigma-Aldrich). 
Cells were maintained at 37 °C in a humidified atmosphere of 5 % CO2. The medium 
was totally replaced by fresh culture medium on day in vitro (DIV) 1 since by that time 
Müller cells were already attached to the coverslips and other cell types and debris were 
eliminated by washing. After the first medium change, half of the medium was changed 
every 3 days. These cultures reached confluence after 7 DIV.

2.3.3. Primary cultures of RGCs

Primary cultures of RGCs were prepared based as described previously (Ruzafa 
and Vecino 2015; Pereiro et al. 2018). The retinas were digested for 90 min in EBSS 
containing papain (20 U/mL) and DNase (2000 U/mL; Worthington) at 37 °C. Then, 
Neurobasal-A medium (NBA; Gibco) with 2 % B27 supplement (50X, Life Technologies), 
2.5 % L-glutamine (200 mM; Gibco) and 0.5 % gentamicin (50 mg/mL; Gibco) was 
added to stop enzyme digestion. The retinas were dissociated through a mechanical 
process using the “up and down” movement using pipette tips with different diameters 
starting from the biggest diameter until the smaller one. Cells were pelleted through 
a 270 g centrifugation for 5 min and resuspended in EBSS with ovomucoid inhibitor-
albumin and DNase. A density gradient (ovomucoid inhibitor-albumin gradient) was 
used (following instructions of the Worthington kit) where more RGCs than Müller 
cells pass due to their smaller size, then it was centrifuged at 70 g for 6 min and the 
pellet was resuspended in supplemented NBA medium. All cells were plated in 12 mm 
coverslips in 24-well plates previously coated with poly-L-lysine (0.1 mg/mL; Sigma-



43

Materials and Methods

Aldrich) and laminin (10 μg/mL; Sigma-Aldrich). Cells were cultured at 37 °C in a 
humidified atmosphere of 5 % CO2. To maintain the cells, half of cells culture medium 
was changed every 3 days.

2.3.4. Primary co-cultures of RGCs and Müller cells

The retinas were digested for 30 min in EBSS containing Papain (20 U/mL) and 
DNase (2000 U/mL; Worthington) at 37 °C. To stop enzyme digestion, NBA medium 
(Gibco) supplemented with 2% B27 (50X, Life Technologies), 10 % FBS (Gibco), 1 % 
L-glutamine (200 mM; Gibco) and 0.1 % gentamicin (50 mg/mL; Gibco) was added. 
The retinas were dissociated through a mechanical process using the “up and down” 
movement using pipette tips with different diameters starting from the biggest diameter 
until the smaller one. Cells were pelleted through a 270 g centrifugation for 5 min and 
resuspended in supplemented NBA medium. All cells were plated in 12 mm coverslips 
in 24-well plates previously coated with poly-L-lysine (0.1 mg/mL; Sigma-Aldrich) 
and laminin (10 μg/mL; Sigma-Aldrich). Cells were cultured at 37 °C in a humidified 
atmosphere of 5 % CO2. To maintain the cells, half of cells culture medium was changed 
each 3 days.

2.4. Preparation of conditioned medium

Conditioned medium (CM) from primary Müller cell cultures and MIO-M1 cells 
was collected after confluence was reached (after 6 days in culture for primary Müller 
cells and 48h for MIO-M1 cells). Cells medium was changed to new culture medium 
without FBS for 2h to eliminate all FBS present. Then, medium was changed to new 
culture medium without FBS, being collected after 48h. CM was filtered with a 0.22 
μm filter and frozen in aliquots at -20 °C.

2.5. Elevated hydrostatic pressure model

In the present study the elevation of pressure was assured by a customized pressurized 
chamber injected with a mixture of gas (95 % air and 5 % CO2) through a pressure 
regulator. The pressure chamber is positioned inside a standard incubator at 37 °C 
and inside the pressure chamber plates with water guarantee the humidity needed for 
cell growing. A pressure gauge allows regulation of pressure inside the chamber (stable 
within ± 1 mmHg), which was kept constant in this study with 70 mm Hg above 
atmospheric pressure as already stablished by our group (Madeira et al. 2015b; Aires et 
al. 2019; Aires et al. 2020).

2.6. Isolation of extracellular vesicles

For the isolation of EVs, cells were cultured in Exo-free medium. The supernatant 
from MIO-M1 cells was centrifuged at 400 g for 10 min at 4 °C to pellet cells and 
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debris. The culture medium of primary Müller cells had an extra centrifugation at 2000 
g for 10 min at 4 °C to pellet small size cell debris. 

To collect EVs isolated at low-speed ultracentrifugation (from now on referred to as 
microvesicles, MVs), the supernatant was centrifuged at 16500 g for 20 min at 4 °C. 
The supernatant was gently discarded and the pellet enriched in MVs was washed with 
sterile PBS and centrifuged for 20 min at 16500 g at 4 °C. The pellet was resuspended 
in sterile PBS. 

To isolate EVs at high-speed ultracentrifugation (from now on referred to as exosomes, 
EXOs), the supernatant discarded previously (in the MVs isolation protocol) was filtered 
using a 0.22 μm polyvinylidene difluoride (PVDF) syringe filter (Whatman) to remove 
large particles and cell debris and was centrifugated at 120000 g for 70 min. The EXOs 
pellet was washed with sterile PBS and centrifuged at 120000 g for 70 min. The pellet 
was resuspended in sterile PBS.

MVs collected from cells incubated at atmospheric pressure (control) will be referred 
to as MVs. MVs from primary Müller cells and from MIO-M1 cells will be referred as 
MVs Müller and MVs MIO-M1, respectively.

2.7. Transmission electron microscopy (TEM)

MVs and EXOs were fixed with 4 % or 2 % paraformaldehyde (PFA), respectively 
(Aires et al. 2020; Rodrigues 2021). Samples were adsorbed in formvard-carbon coated 
grids (TAAB Laboratories) for 5 min and then the grids were contrasted in 2 % uranyl 
acetate for 5 min. The preparations were observed in a Tecnai G2 Spirit BioTWIN 
electron microscope with analySIS 3.2 software (FEI).

2.8. Nanoparticle tracking analysis (NTA)

NTA was performed using a NanoSight NS300 instrument (Malvern Panalytical 
Limited). MVs from MIO-M1 cells and primary Müller cells, and EXOs from MIO-M1 
cells were diluted in 1 mL of sterile and filtered PBS. With the camera level set at 
12, 5 videos of 1 minute were recorded for each sample. The mean and estimated 
concentration of all size particles were obtained. All data was processed using NTA 2.2 
analytical software (Malvern Panalytical Limited).

2.9. Cell treatment

2.9.1. Incubation with conditioned medium

To assess the effect of CM from primary Müller cell cultures and MIO-M1 cells 
in the survival of RGCs and Müller cells in vitro, RGC cultures and co-cultures were 
incubated with culture medium and CM in the proportion of 1:1 from DIV 0. Half of 
the medium was changed each 2 days keeping the proportion 1:1 of culture medium 
and CM.
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2.9.2. Incubation with MVs

MVs isolated from MIO-M1 cells or from primary Müller cells were incubated with 
the recipient cells (MIO-M1 cells and primary RGCs) in the proportion of 1 donor 
cell to 1 recipient cell. Recipient MIO-M1 cells were exposed to EHP for 24h and 48h. 
RGCs were exposed to EHP for 24h.

2.10. Intravitreal injection

Wistar Han rats (males and females) aged 2-4 months old were anesthetized with 
isoflurane (2.5 % isofluorane in 1 L/min O2, IsoFlo; Abbott Laboratories). The eyes 
were topically anesthetised with oxybuprocaine (4 mg/mL, Anestocil; Edol) and the 
pupil dilated with tropicamide (10 mg/mL, Tropicil Top; Edol).

Each sample of MVs from MIO-M1 cells were isolated in the same day or the day 
before the intravitreal injections. MVs were collected from six 100 mm plates and the 
samples were equilibrated with PBS to a final volume of 100 µL. In this experiment, 
three conditions were analysed: naïve (non-treated animals), PBS (animals which both 
eyes were injected with 5 µL of the vehicle solution, PBS) and MVs (animals with both 
eyes injected with 5 µL of MVs). The injection was performed with a 33G needle.

2.11. Induction of retinal ischemia-reperfusion

One eye of each animal was subjected to ischemia reperfusion injury, 1h after the 
intravitreal injection. Animals were anesthetized with isoflurane (2.5 % isoflurane in 
1 L/min O2, IsoFlo; Abbott Laboratories) and were placed on a heating blanket to 
maintain their body temperature. The cardiac frequency was monitored throughout the 
ischemic procedure. The eyes were topically anesthetised with oxybuprocaine (4 mg/mL, 
Anestocil; Edol) and the pupil dilated with tropicamide (10 mg/mL, Tropicil Top; Edol). 
Then, the anterior chamber was cannulated with a 30-gauge needle connected to an 
elevated reservoir infusing a sterile saline solution for 1h. To keep the cornea hydrated, 
a viscoelastic solution (Gel 4000; Bruschettini) was applied to both eyes during the 
procedure. After 1h of ischemia the needle was withdrawn to allow reperfusion. Fusidic 
acid (10 mg/g, Fucithalmic; Leo Pharmaceutical) was applied to the eyes at the end of 
the experiment to prevent infection.

2.12. Electroretinography

Electroretinography was performed 7 days after intravitreal injection to assess 
retinal function as described (Boia et al. 2019; Aires et al. 2020). For this, animals were 
dark adapted overnight before the exam. During the preparation and the procedure 
itself, a red light was used so that the animals remained in scotopic conditions. Rats 
were anaesthetized with a mixture of ketamine (75 mg/Kg, Nimatek; Dechra) and 
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medetomidine (0.5 mg/Kg, Sedator; Dechra) and maintained on a heating pad to keep 
the body temperature. The eyes received a topical anesthesia with oxybuprocaine 
(Anestocil, 4 mg/mL; Edol) and the pupils were dilated with tropicamide drops (Tropicil 
Top, 10 mg/mL; Edol). ERGs were recorded with two corneal gold wire electrodes 
touching the corneas (one for each eye), two reference electrodes were placed in the 
head and one in the tail. Carmellose sodium (Celluvisc 1 %; Allergan) was applied for 
the contact between the cornea and the gold ring electrode and for hydration. 

Scotopic threshold responses (STR), scotopic, photopic and flicker ERG responses 
were recorded in response to light stimuli produced by a Ganzfeld stimulator (Roland 
Consult GmbH; Germany). For the STR, eyes were irradiated with light flashes of 
0.000095 cd·s/m2. Under scotopic and photopic conditions (in the latter case, after 
light adaptation to a white background), light flashes from 0.0095 cd·s/m2 to 9.49 cd·s/
m2 were used. For the flicker test, first and second harmonics were detected with light 
intensities of 0.95 cd·s/m2 to 9.49 cd·s/m2. The amplitudes (μV) of positive-STR (pSTR) 
and negative-STR (nSTR) (reflecting RGCs response); a-wave (rods response) and b-wave 
(bipolar cells response) in scotopic; b-wave (bipolar cells response) in photopic tests; and 
first and second harmonics in flicker test (pure cone response) were extracted. OFF-line 
digital filters were applied on the b-wave (high frequency cut-off of 50 Hz) with the 
RETIport software (Roland Consult GmbH, Germany) (Boia et al. 2019; Martins et al. 
2011).

2.13. Optical coherence tomography (OCT)

OCT was used to evaluate retinal structure and thickness, using Phoenix Micron IV 
Retinal Imaging Microscope (Phoenix Technology).

Animals were anaesthetized with an intraperitoneal injection of a mixture of ketamine 
(75 mg/Kg, Nimatek; Dechra) and medetomidine (0.5 mg/Kg, Sedator; Dechra). The 
eyes were topically anesthetised with oxybuprocaine (4 mg/mL, Anestocil; Edol) and 
the pupil dilated with tropicamide (10 mg/mL, Tropicil Top; Edol). To prevent the eyes 
from drying during the examination carmellose sodium (Celluvisc 1 %; Allergan) was 
applied for the hydration and better contact between the eye and the lens from the 
equipment.

In the OCT system, the eye fundus was focused on the optic nerve zone and 4 
images (2 above and 2 below the optic nerve) were analysed measuring the thickness of 
retinal layers from GCL to RPE using the software Insight (Phoenix Technology).

2.14. Preparation of vertical retinal sections

Animals were deeply anesthetized with an intraperitoneal injection of a mixture 
of ketamine (75 mg/Kg, Nimatek; Dechra) and medetomidine (0.5 mg/Kg, Sedator; 
Dechra) to perform a transcardiac perfusion, first with PBS and then with 4 % PFA to 
fix the tissue. The eye orientation was kept with a suture stitched to the upper eyelid 
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and the eyes were removed. The eyes were cleaned and a cut was made in the cornea 
under a magnifying glass, being left in a 4 % PFA solution for 1h to allow tissue to 
be fixed from the inside of the eye. For cryopreservation eyes were saturated with 15 
% sucrose in PBS for 1h and then the solution was changed to 30 % sucrose in PBS 
overnight at 4 °C. To maintain the eyes preserved they were soaked in a mixed solution 
(1:1) of 30 % sucrose and a tissue-freezing medium (Optimal Cutting Temperature, 
Shandon CryomatriX, Thermo Scientific) and were stored at -80 °C until needed. 

To prepare retinal cryosections, eyes were sectioned at 14 μm in a cryostat (Leica 
CM3050 S, Leica Biosystems) and mounted on glass slides (Superfrost Plus, Menzel-
Gläser, Thermo Scientific). Retinal cryosections were kept at -20 °C.

2.15. Immunostaining

2.15.1. Immunocytochemistry

To perform the immunocytochemistry, a humidified dark chamber needed to be 
prepared putting on the bottom of the chamber a piece of parafilm tissue (where the 
coverslips were placed) and next to the walls humidified paper. 

To fix the cells, coverslips were washed 3 times with PBS and then incubated for 
10 min with 4 % PFA with 4 % sucrose in PBS at room temperature (MIO-M1 cells) 
or with methanol at -20 °C (primary cell cultures). Coverslips were washed 3 times 
with PBS. Cells were incubated with blocking buffer (0.25 % Triton X-100 and 3 % 
BSA in PBS) for 30 min at room temperature. Cells were incubated with the primary 
antibodies (Table 1), diluted in blocking buffer, overnight at 4 °C. Then, cells were 
washed 3 times with PBS and incubated with the secondary antibodies together with 
DAPI for 1h at room temperature, protected from light. Coverslips were washed 3 times 
with PBS and then mounted in slides with mounting medium (Fluorescence Mounting 
Medium, Dako).

2.15.2. Immunohistochemistry

Retinal sections were defrosted at room temperature overnight and fixed in 
acetone at -20 °C for 10 min. Cryosections were re-hydrated with PBS (twice) and 
then restricted with a hydrophobic pen (ImmEdge Pen; Vector Laboratories). Retinal 
sections were permeabilized with 0.25 % Triton X-100 in PBS for 30 min at room 
temperature, and the sections were then blocked with 10 % normal goat serum and 1 
% BSA in PBS in a humidified chamber for 30 min. Primary and secondary antibodies 
(Table 2) were diluted in 1 % BSA in PBS. Retinal cryosections were incubated with 
primary antibodies overnight at 4 °C in a humidified chamber. Then, they were washed 
3 times in PBS and incubated with secondary antibodies for 1h at room temperature in 
a dark and humidified chamber. Sections were washed 3 times in PBS, incubated with 
DAPI (1:2000) in PBS for 10 min at room temperature and washed again 3 times in 
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PBS. Finally, retinal cryosections were mounted using fluorescent mounting medium 
(Fluorescence Mounting Medium, Dako).

Supplier, Cat # Host Dilution
Primary Antibodies

Anti-Glutamine synthetase Abcam, ab49873 rabbit 1:1000
Anti-GFAP Millipore, ab5541 chicken 1:500
Anti-Ki67 Abcam, ab15580 rabbit 1:200

Anti-Vimentin Abcam, ab92547 rabbit 1:200
Secondary Antibodies

Anti-Rabbit IgG (H+L), 
Alexa Fluor 568

Thermo Fisher 
Scientific, A11036

goat 1:500

Anti-Chicken IgY (H+L), 
Alexa Fluor 488

Thermo Fisher 
Scientific, A11039

goat 1:500

Table 1: List of primary and secondary antibodies used in immunocytochemistry

Supplier, Cat # Host Dilution
Primary Antibodies

Anti-Brn3a Sigma-Aldrich, MAB1585 rabbit 1:1000
Anti-GFAP Millipore, ab5541 chicken 1:500
Anti-Iba1 Fujifilm Wako, 019-19741 rabbit 1:1000

Anti-MHC-II BioRad, MCA46A647 mouse 1:500
Secondary Antibodies

Anti-Rabbit IgG (H+L), 
Alexa Fluor 488

ThermoFisher 
Scientific, A11008

goat 1:500

Anti-Chicken IgY (H+L), 
Alexa Fluor 488

ThermoFisher 
Scientific, A11039

goat 1:500

Anti-mouse IgG1 cross-
adsorbed, Alexa Fluor 568

ThermoFisher 
Scientific, A21124

goat 1:500

Anti-mouse IgG (H+L), 
Alexa Fluor 568

ThermoFisher 
Scientific, A11004

goat 1:500

Table 2: List of primary and secondary antibodies used in immunohistochemistry

2.16. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP 
nick end labelling (TUNEL) assay

Cell death was detected with DeadEndTM Fluorometric TUNEL system following 
the instructions provided by the manufacture (Promega). Briefly, after the incubation 
with the secondary antibody, cells were incubated with equilibration buffer (provided 
by the manufacture) at room temperature for 10 min and then coverslips were incubated 
with rTdT incubation buffer (equilibration buffer, nucleotide mix and rTdT enzyme) at 
37 °C for 60 min, protected from light. The reaction was stopped by incubation with 
20X SSC diluted 1:10, and the coverslips were washed 3 times with PBS to remove 
unincorporated fluorescein-12-dUTP. Cells were then incubated with DAPI (1:2000) at 
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room temperature for 10 min and washed 3 times with PBS. Coverslips were mounted 
with fluorescent mounting medium (Fluorescence Mounting Medium; Dako).

2.17. Preparation of protein extracts 

Cells were washed with PBS and collected in ice-cold radioimmunoprecipitation 
assay (RIPA) buffer with 1 mM of dithiothreitol (DTT; Sigma-Aldrich) and complete 
mini protease inhibitor cocktail tablets (Roche Diagnostics). Cell lysates were then 
sonicated and centrifugated at 16100 g for 10 min at 4 °C. Pellets were discarded and 
the supernatants were immediately stored at -80 °C until used.

2.18. Bicinchoninic acid (BCA) assay

The protein quantification of cellular extracts was assessed with the BCA protein 
assay kit following the manufacturer instructions (Sigma-Aldrich). In a 96-well plate, 
samples were incubated with the provided BCA reagent for 30 min at 37 °C in the dark. 
The absorbance at 570 nm was read in a microplate reader (Gen5 software, Synergy 
HT; BioTek Instruments).

2.19. Western Blot

Protein extracts were denaturated with 6x Laemmli sample buffer (250 mM Tris-
HCl, pH 6.8, 8 % sodium dodecyl sulfate, 40% glycerol, 20 % β-mercaptoethanol 
and 0.08 % bromophenol blue) and heated for 5 min at 95 °C. Gels were loaded with 
equal amounts of cellular extracts proteins, however, MVs and EXOs samples were 
totally loaded. Proteins were separated by 10 % sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore). 
Membranes were blocked with 5 % milk in Tris-buffered saline (TBS-T, 137 mM NaCl, 
20 mM Tris-HCl, pH 7.6 containing 0.1 % Tween-20) for 1h at RT and then incubated 
overnight at 4 °C with primary antibodies (Table 3). After this incubation, membranes 
were washed with TBS-T and incubated with secondary antibodies (Table 3) for 1h at 
RT. Membranes were washed again with TBS-T and proteins were detected by enhanced 
chemiluminescence (ECL) (Clarity; Bio-Rad and WesternBright Sirius; Advansta) with 
LAS 550 equipment, or enhanced chemifluorescence (ECF) (GE Healthcare) with 
Thyphoon FLA 9000 equipment. 

2.20. Image acquisition and cell quantification

Cells and retinal cryosections were observed with Plan-Apochromat ×20/0.8 objective 
in an inverted fluorescence microscope (Zeiss Axio Observer.Z1 microscope equipped 
with an AxioCam HRm and Zen Blue 2012 software, Carl Zeiss). Twelve images were 
taken of each coverslip to assess primary Müller cells survival and proliferation and 
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MIO-M1 cells. Total number of RGCs per coverslip was counted manually directly in 
the microscope, while analysis of primary Müller cells and MIO-M1 cells was measured 
with Fiji (ImageJ).

Cell death and the survival of RGCs in retinal cryosections were assessed by 
counting the number of TUNEL+ cells and the number of cells immunoreactive to 
Brn3a (Brn3a+), respectively. From each eye, two sections were used. The TUNEL+ 
and Brn3a+ cells were counted in the entire length of each section and the results were 
expressed as the number of cells per mm. For GFAP immunoreactivity two sections 
per eye were used and the entire sections were analysed. The presence of GFAP in 
Müller cells and astrocytes was classified, as follows: as “low” levels if present only in 
the GCL; “moderated” if detected from GCL until IPL; and “high” if all Müller cell 
body was observed. For the analysis of microglia cells number and reactivity in retinal 
cryosections, two sections from each eye were used and from each section 6 images 
were acquired. In each image, the number of Iba1+ cells was normalized to the length of 
the section per image and the number of cells immunoreactive to both Iba1 and MHC-
II (Iba1+MHC-II+) was counted and it was expressed in percentage of the total number 
of microglia (Iba1+). All cell countings in retinal crysections and retinal length were 
measured with Fiji (ImageJ).

Supplier, Cat # Host Dilution
Primary Antibodies

Anti-Flotillin-1 Santa Cruz, sc-74566 mouse 1:500
Anti-Glutamine synthetase Abcam, ab49873 rabbit 1:1000

Anti-Calnexin Sicgen, AB0041-500 goat 1:10000
Anti-EAAT1 (GLAST) Abcam, ab416 rabbit 1:1000

Anti-TSG101 Abcam, ab83 mouse 1:200
Anti-CD63 Sicgen, AB0047-200 goat 1:5000

Secondary Antibodies
Anti-Mouse IgG (H+L) 

HRP Conjugate
BioRad, 170-6516 goat 1:10000

Anti-Goat IgG (H+L) AP conjugate
ThermoFisher 

Scientific, 31300
rabbit 1:10000

Anti-Goat IgG (H+L) 
HRP Conjugate

ThermoFisher 
Scientific, 611620

rabbit 1:10000

Anti-Rabbit IgG (H+L) 
HRP Conjugate

BioRad, 170-6515 goat 1:10000

Anti-Rabbit IgG AP Conjugate Sigma-Aldrich, A3687 goat 1:10000
AP - Alkaline phosphatase; HRP - Horseradish peroxidase

Table 3: List of primary and secondary antibodies used in Western Blot
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2.21. Statistical analysis

Statistical analysis was performed using the IBM SPSS Statistical software (v. 24.0). 
The data from the different experimental conditions were compared using an analysis 
of Mann-Whitney U test for comparing 2 independent medias and Kruskal-Wallis test 
followed by Dunn’s multiple comparison test for comparing more than 2 independent 
medias. Differences, compared with control, were considered significant for Mann-
Whitney U test at p<0.05 and for Kruskal-Wallis test at p≤0.05. Data is presented as 
mean ± standard error of the mean (SEM) and the individual data plots are also shown.
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3.1. Effect of EHP in adult primary RGCs and Müller cells survival

To mimic the elevated IOP, the main risk factor for glaucoma onset and progression, 
primary cultures of RGCs, the most affected cells in this disease, were subjected to EHP 
for 24h. RGCs were labelled with anti-βIII-Tubulin (Figure 4A) and the effect of EHP 
on the survival of RGCs was determined by counting the number of cells in culture. The 
number of RGCs in culture significantly decreased to 27.3±8.3 % (p<0.05) comparing 
with control cells (cultured in atmospheric pressure; 100.0±9.0 %) (Figure 4B). 

Figure 4: Effect of EHP in the survival of rat RGCs primary cultures. A. Primary cultures 
of RGCs were incubated in control pressure (CT) or EHP for 24h. Cells were labelled with βIII-
Tubulin (red). Nuclei were stained with DAPI (blue). Representative images are depicted. B. 
The number of RGCs was counted and the results were expressed as percentage of control. Scale 
bar: 50 μm. #p<0.05, compared with CT, Mann-Whitney U test.

The effect of EHP on RGCs and Müller cells was also determined in co-cultures 
(Figure 5). When RGCs were cultured in the presence of Müller cells, the exposure to 
EHP for 24h did not cause significant alterations in the survival of RGCs (122.6±14.8 % 
of control), when comparing with control (100.0±17.0 %). Similar results were observed 
when co-cultures were challenged with EHP for 48h (94.1±12.7 % of control). However, 
when co-cultures were exposed to EHP for 72h there was a significant decrease in the 
survival of RGCs (41.7±5.7 % of control, p≤0.05) (Figure 5B). The survival of Müller 
cells when co-cultured with RGCs was also determined (Figure 5C). The survival of 
Müller cells was 81.8±1.0 %, 104.7±33.3 % and 66.7±2.8 % of the control, for 24h, 48h 
and 72h, respectively (Figure 5C).  

In addition, pure Müller cells cultures were prepared (Figure 6A) and the effect 
of EHP on the cell survival was assessed. The exposure of Müller cells to EHP for 
24h decreased the survival of Müller cells to 63.9±1.8 % of the control. Furthermore, 
the survival of Müller cells was significantly compromised (p≤0.05) when cells were 
exposed to EHP for 48h and 72h (23.4±0.4 % and 10.2%±0.8 % of the control, for 48h 
and 72h, respectively) (Figure 6B). 
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Figure 5: Effect of EHP in the survival of rat RGCs and Müller cells in co-cultures. A. Co-
cultures of RGCs and Müller cells were incubated in control pressure (CT) or EHP for 24h, 48h 
or 72h. Cells were immunolabelled for βIII-Tubulin (red) and vimentin (green) to identify RGCs 
and Müller cells, respectively. Nuclei were stained with DAPI (blue). Representative images are 
depicted. B. The number of RGCs was counted and the results were expressed as percentage of 
control. C. The number of Müller cells was counted and the results were expressed as percentage 
of control. Scale bar: 50 μm. #p≤0.05, compared with CT, Kruskal-Wallis test followed by 
Dunn’s multiple comparison test.
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These results suggested that EHP impacts differently RGCs and Müller cells and 
that it depends on the time-point. Therefore, to study the effect of CM and MVs from 
Müller cells, we chose 24h of EHP exposure for primary cultures of RGCs and 72h of 
EHP exposure for co-cultures of RGCs and Müller cells.

3.2. Effect of EHP in Müller cells proliferation and cell death

To assess the effect of EHP in the proliferation of Müller cells, we used primary 
Müller cells and MIO-M1 cells (human cell line) immunolabelled with an antibody 
against Ki67, a nuclear protein expressed in proliferating mammalian cells (Sun and 
Kaufman 2018). 

As expected, more Ki67+ cells were observed in the cell line than in primary cells, 
but the effect of EHP was similar in both cell types. The exposure of primary Müller 
cells to EHP for 48h did not significantly alter the number of Ki67+ cells (3.9±1.2 % of 
total cells) when compared with control cells (5.8±3.8 % of total cells) (Figure 7). The 
exposure of MIO-M1 cells to EHP for 24h and 48h did not significantly change the 
number Ki67+ cells (44.2±6.6 % and 44.6±5.3 % of total cells; for EHP 24h and 48h, 
respectively) comparing with control with 53.1±10.2 % of total cells (Figure 8).

Figure 6: Effect of EHP in the survival of rat Müller cells. Primary cultures of Müller 
cells were incubated in control pressure (CT) or EHP for 24h, 48h or 72h. A. Cells were 
immunolabelled for vimentin (green). Nuclei were stained with DAPI (blue). Representative 
images are depicted. B. The number of Müller cells was counted and the results were expressed 
as percentage of control. Scale bar: 50 μm. #p≤0.05, compared with CT, Kruskal-Wallis test 
followed by Dunn’s multiple comparison test.
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Figure 7: Effect of EHP in the proliferation of rat Müller cells. Müller cells were incubated in 
control pressure (CT) or EHP for 48h. A. Cell proliferation was evaluated after immunolabelling 
for Ki67 (red) and Müller cells were identified with anti-vimentin antibody (green). Nuclei were 
stained with DAPI (blue). Representative images are depicted. B. The number of proliferating 
Müller cells (Vimentin+ Ki67+ cells) was expressed in percentage of total cells (DAPI+ cells). 
Scale bar: 50 μm.

Figure 8: Effect of EHP in the proliferation of MIO-M1 cells. MIO-M1 cells were incubated 
in control pressure or EHP for 24h or 48h. A. Cells were immunolabelled for Ki67 (red) and 
GFAP (green). Nuclei were stained with DAPI (blue). Representative images are depicted. B. 
The number of proliferative cells (GFAP+ Ki67+ cells) was expressed by the percentage of total 
cells (DAPI+ cells). Scale bar: 50 μm.
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The effect of EHP on death of MIO-M1 cells was determined by the TUNEL assay 
(Figure 9A). The exposure of MIO-M1 cells to EHP for 24h or 48h did not significantly 
altered cell death (1.2±0.3 % and 2.2±0.3 % of total cells, for EHP 24h or 48h, 
respectively), when compared with control (0.8±0.3 % of total cells) (Figure 9B). The 
total number of cells in culture, as an additional measurement of cell viability or death, 
was not altered by the exposure to EHP (Figure 9C).

Figure 9: Effect of EHP in the death of MIO-M1 cells. MIO-M1 cells were incubated under 
control pressure or EHP for 24h or 48h. A. Cell death was evaluated by TUNEL assay (green). 
MIO-M1 cells were stained with anti-GS antibody (red). Nuclei were stained with DAPI (blue). 
Representative images are depicted. Arrowheads indicate some TUNEL+ cells. B. The number 
of TUNEL+ cells was counted and was expressed in percentage of total cells (DAPI+ cells). C. 
The total number of cells per image was counted. Scale bar: 50 μm.

3.3. Effect of conditioned medium from Müller cells in RGC survival

To assess the potential protective properties of the secretome of Müller cells in the 
survival of RGCs, we exposed RGCs to EHP for 24h (the time-point we identified as 
sufficient to impact RGC survival, see Figure 4) in the presence or absence of CM from 
primary Müller cells (CM Müller) or from MIO-M1 cells (CM MIO-M1) (Figure 10A). 
RGCs cultures were immunolabelled with an antibody against vimentin (a marker 
of Müller cells) to assess the purity of the culture. No cells were immunolabelled for 
vimentin, indicating the absence of Müller cells. In RGCs cultured in normal pressure, 
both CM Müller and CM MIO-M1 increased the survival of RGCs to 142.7±15.4 % 
and 129.0±6.3 % of control, respectively. The exposure of RGCs to EHP, similar to 
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Figure 4, substantially decreased the survival of RGCs to 27.3±5.2 % of control. This 
effect was attenuated when RGC were incubated with CM Müller and CM MIO-M1 to 
104.4±5.2 % and 109.8±31.2 % of control, respectively (Figure 10B).

Figure 10: Effect of CM from primary Müller cells and MIO-M1 cells in the survival 
of RGCs. Primary cultures of RGCs were cultured at control pressure or EHP for 24h in the 
presence or absence of CM from Müller or from MIO-M1 cells. A. RGCs were immunolabelled 
for βIII-Tubulin (red) and an antibody against vimentin (green) was used to assess the purity 
of the culture. Nuclei were stained with DAPI (blue) B. The number of RGCs was counted and 
expressed in percentage of control. Scale bar: 50 μm. #p≤0.05, compared with CT, Kruskal-
Wallis test followed by Dunn’s multiple comparison test.

The effect of CM Müller and CM MIO-M1 in the survival of RGCs and Müller cells 
was also addressed in co-cultures (Figure 11A). When co-cultures were grown in control 
pressure both CM Müller and CM MIO-M1 did not significantly change the number 
of RGCs in culture (101.7±10.4 % and 90.5±8.3 % of control, respectively; Figure 11B) 
nor the number of Müller cells (79.2±17.1 % and 81.0±19.4 % of control; Figure 11C), 
comparing with the respective controls. The number of RGCs in co-cultures exposed to 
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EHP for 72h, significantly decreased to 48.2±4.8 % of control (p≤0.05), as demonstrated 
previously in Figure 5. The incubation with CM Müller and CM MIO-M1 did not 
modify the survival of RGC (66.3±8.1 % and 58.1±5.2 % of control, for CM Müller and 
CM MIO-M1 respectively; Figure 11B). The exposure of EHP for 72h decreased Müller 
cells survival in co-cultures (50.9±6.3 % of control). When co-cultures were incubated 
with CM Müller, the survival of Müller cells was 69.1±3.6 % of the control. Incubation 
with CM MIO-M1 did not significantly modify the effect of EHP (55.0±4.2 % of the 
control).

Figure 11: Effect of CM from Müller cells and MIO-M1 cells in the survival of RGCs in 
co-cultures of RGCs and Müller cells. Co-cultures of RGCs and Müller cells were incubated in 
control pressure or EHP for 72h in the presence or absence of CM from Müller cells or MIO-M1 
cells. A. RGCs were immunolabelled for βIII-Tubulin (red) and Müller cells for vimentin (green). 
Nuclei were stained with DAPI (blue) B. The number of RGCs was counted and expressed in 
percentage of control. C. The number of Müller cells was counted and expressed in percentage 
of control. Scale bar: 50 μm. #p≤0.05, compared with CT, Kruskal-Wallis test followed by 
Dunn’s multiple comparison test.
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3.4. Characterization of extracellular vesicles 

In order to study whether the extracellular vesicles released by Müller cells contribute 
to the protective effect observed with the CM, the supernatant of Müller cells (MIO-M1 
and primary cells) was collected and EVs were isolated by sequential ultracentrifugation: 
MVs and EXOs.

MVs and EXOs were characterized by size, number, shape and protein markers 
(Figure 12). The EXOs from MIO-M1 cells presented a size of 136.9±2.4 nm, and 
the concentration was 2.5x109±1.1x109 particles/mL (n=3) (Figure 12A). The MVs 
from MIO-M1 cells (MVs MIO-M1) had an average size of 195.6±8.7 nm and the 
concentration was 4.0x108±4.1x107 particles/mL (n=4) (Figure 12B).

Figure 12: Characterization of extracellular vesicles released by MIO-M1 cells. Extracellular 
vesicles were isolated from the supernatant of MIO-M1 cells cultured in normal pressure for 
48h. The size and concentration of particles were analyzed by NTA (A-B) and TEM (C). Graphs 
represented were averaged from 2-3 independent experiments and images are representative of 
2 independent experiments. D. The presence of CHC1, TSG101, Flotillin-1, CD63 and calnexin 
was analyzed by Western Blot. Scale bar: 500 nm.
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The size of both EXO and MVs, as determined by TEM, was similar to the results 
from NTA and the morphology was consistent with EVs (Figure 12C).

Several proteins have been used as markers for the characterization of MVs or EXOs, 
although some of these proteins are not exclusive of one type of EVs (Thery et al. 2018). 
By Western Blot (Figure 12D), clathrin heavy chain (CHC1), tumor susceptibility 101 
(TSG101), flotillin-1 and CD63 were detected in both MVs and EXOs. Calnexin was 
present only in MVs. 

The MVs from primary Müller cells (MVs Müller) were also characterized by NTA, 
TEM and Western Blot. MVs had an average size of 224.7±22.0 nm, and the average 
concentration was 2.1x108±4.2x107 particles/mL (Figure 13A). Size and shape of MVs 
observed by TEM were similar to MVs from MIO-M1 cells (Figure 13B). MVs from 
primary Müller cells presented TSG101, glutamate-aspartate receptor (GLAST) and 
calnexin (Figure 13C).

Figure 13: Characterization of MVs released by Müller cells. MVs were isolated from 
the supernatant of primary Müller cells cultured in normal pressure for 48h. The size and 
concentration of particles were analyzed by NTA (A) and TEM (B). Graph represented was 
averaged from 2 independent experiments and images are representative of 2 independent 
experiments. C. The presence of TSG101, GLAST and calnexin was analyzed by Western Blot. 
Scale bar: 500 nm. 

3.5. Effect of MVs derived from Müller cells and MIO-M1 cells in the 
survival of RGCs 

RGCs were cultured in normal pressure or exposed to EHP for 24h. In control 
pressure, incubation with MVs Müller or MVs MIO-M1 did not significantly change 
RGC survival (103.6±6.1 % and 85.9±11.2 % of control, for MVs Müller and MVs 
MIO-M1, respectively), when comparing with control (Figure 14). However, MVs 
Müller and MVs MIO-M1 had a trend to increase the survival of RCGs when the cells 
were challenged with EHP for 24h (81.4±6.0 % and 61.3±17.6 % of control, for MVs 
Müller and MVs MIO-M1, respectively), when comparing with RGCs exposed to EHP 
(19.4±2.2 % of control) (Figure 14B). These results suggest that MVs derived from 
Müller cells or MIO-M1 cells promote the survival of RGCs.
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3.6. Effect of MVs MIO-M1 in the proliferation of MIO-M1 cells 
exposed to EHP 

MIO-M1 cells cultured in control pressure or exposed to EHP for 24h and 48h were 
incubated with MVs MIO-M1, and cell proliferation was determined by counting the 
number of Ki67+ cells (Figure 15). The proliferation of MIO-M1 cells was not significantly 
altered in the presence of MVs MIO-M1 either in control pressure (CT: 49.9±0.5 %; 
CT+MVs: 63.4±7.8 % of Ki67+ cells), either in EHP 24h (EHP 24h: 53.9±4.9 %; EHP 

Figure 14: Effect of MVs released by Müller cells or MIO-M1 cells to the survival of RGCs. 
Primary cultures of RGCs were incubated in control pressure or EHP for 24h in the presence or 
absence of MVs isolated from Müller cells or MIO-M1 cells. A. RGCs were immunolabelled for 
βIII-Tubulin (red) and an antibody against vimentin (green) was used to determine the purity 
of the culture. Nuclei were stained with DAPI (blue). Representative images are depicted. B. 
The number of RGCs was counted and the results were expressed as percentage of control. Scale 
bar: 50 μm. #p≤0.05, compared with CT, Kruskal-Wallis test followed by Dunn’s multiple 
comparison test.
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24h+MVs: 54.2±6.2 % of Ki67+ cells) and under 48h of EHP (EHP 48h: 41.3±2.4; EHP 
48h+MVs: 36.6±3.2 % of Ki67+ cells) as compared with the control (Figure 15B).

Figure 15: Effect of MVs released by MIO-M1 cells to the proliferation of MIO-M1 cells. 
MIO-M1 cells were cultured in control pressure or challenged with EHP for 24h or 48h in the 
presence or absence of MVs isolated from MIO-M1 cells. A. MIO-M1 cells were immunolabelled 
for GFAP (green) and GS (red). Proliferative MIO-M1 cells were immunolabelled for Ki67 (red). 
Nuclei were stained with DAPI (blue). Representative images are depicted. B. The number of 
proliferative cells (Ki67+ cells) was counted and the results were expressed as the percentage of 
total cells (DAPI+ cells). Scale bar: 50 μm.
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3.7. Effect of intravitreal injection of PBS prior to ischemia-reperfusion 
injury

The retinal I-R injury animal model has been widely used to study the mechanisms 
of RGC death and to identify potential therapeutic targets in the field of RGC 
neuroprotection (Madeira et al. 2016; Boia et al. 2017). 

The analysis of the retinal scans obtained by optical coherence tomography (OCT) 
of eyes that were subjected to I-R (7 days after I-R), showed a decrease in total retinal 
thickness, especially due to the thinning of the inner layers (NFL, GCL and IPL), 
as expected (Sho et al. 2005) (Figure 16, above). In order to establish the technique 
for future experiments assessing the effects of the intravitreal injection of MVs from 
MIO-M1 cells, in a third group of animals, PBS (the vehicle of MVs) was injected in the 
vitreous 1h before I-R. We observed that the intravitreal injection of PBS together with 
I-R caused significant alterations in the retina, with loss of retinal layers (Figure 16). 
We repeated this experiment with a commercially available PBS and the result was very 
similar. The contralateral eyes of the I-R eyes injected with PBS did not present changes 
in retinal structure. Therefore, we proceeded the project, evaluating only the effect of 
intravitreal injection of MVs MIO-M1 in retinas contralateral to ischemic retinas. 

Figure 16: Effect of intravitreal injection of PBS in the retina after ischemia-reperfusion 
injury in the retina of Wistar Han rats. Three conditions were analysed: naïve (non-treated 
animals), I-R retinas and PBS (intravitreal injection of PBS followed by I-R). Representative 
images of the B-scan from OCT (above) and corresponding eye fundus (below). Scale bars: 50 
μm.



67

Results

3.8. Effect of intravitreal injection of MVs in Wistar Han animals

Seven days after the intravitreal injection of MVs MIO-M1 or PBS the retinal 
function and structure were analysed by ERG and OCT, respectively. ERG revealed that 
the intravitreal injection of MVs or PBS did not affect the function of RGCs (Figure 17 
A-C), bipolar cells (Figure 17 D, F-H) or photoreceptors - cones (Figure 17 I-L) and rods 
(Figure 17 D, E) - comparing with naïve (Table 4). 

Figure 17: Effect of intravitreal injection of MVs isolated from MIO-M1 cells in the 
visual function. PBS or MVs (5 μL) were injected in the vitreous of Wistar Han rats and 
ERG was performed 7 days after the injection. A, D, G and I. Representative ERGs of a naïve 
animal for each test. B-C. pSTR and nSTR amplitudes from STR test. E-F. a-wave and b-wave 
amplitudes from scotopic test. H. b-wave amplitude from photopic test. J, L. 1st and 2nd harmonic 
amplitudes from flicker test.
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The images obtained by OCT were segmented into retinal layers and their thickness 
were determined (Figure 18). The analysis revealed that the intravitreal injection of PBS 
and MVs MIO-M1 did not change retinal layer thickness comparing with naïve retinas 
(Figure 18B) (Table 5). We could also find some bright spots in the vitreous of animals 
that received an intravitreal injection of PBS and MVs MIO-M1 (Figure 18A), that may 
indicate the presence of cell infiltrates. 

Amplitude (μV)

Test Component Naïve PBS MVs

STR
pSTR 96.4±38.8 47.7±3.4 22.1±12.7

nSTR 123.2±57.7 66.1±10.4 31.4±19.8

Scotopic
a-wave 191.0±33.2 210.0±25.0 176.6±65.7

b-wave 276.0±46.6 284.0±24.0 277.3±110.3

Photopic b-wave 87.4±16.7 123.5±10.5 122.8±21.6

Flicker
1st harmonic 14.9±3.4 19.5±5.5 17.0±6.8

2nd harmonic 7.3±2.1 8.5±1.8 8.3±3.4

Table 4: Effect of intravitreal injection of PBS and MVs MIO-M1 in retinal function 
evaluated by ERG

Figure 18: Effect of intravitreal injection of MVs isolated in retinal thickness. PBS or MVs 
(5 μL) were injected in the vitreous of Wistar rats and 7 days after the injection retinal structure 
and thickness were evaluated by OCT. A. Representative images of OCT images depicting the 
different retinal layers and the limits considered to measure total retinal thickness of the retinal 
layers. B. Retinal thickness was determined after layer segmentation. Values were obtained 
from 2 to 3 independent experiments. Scale bars: 50 μm.
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Thickness (μm)

Naïve PBS MVs

Retinal 
layers

NFL+IPL+GCL 64.4±1.2 65.2±1.7 67.3±3.2

INL 25.7±0.38 25.1±1.3 25.0±2.5 
ONL 53.62±1.2 52.0±2.6 55.5±3.0

IS/OS 47.8±0.4 46.9±2.0 49.5±2.1

Total 191.5±2.8 189.2±3.0 197.3±10.7

Table 5: Effect of intravitreal injection of PBS and MVs MIO-M1 in retinal thickness 
evaluated by OCT

Animals were sacrificed 7 days after the intravitreal injection and vertical sections 
were prepared. We started by evaluating if the number of microglial cells (Iba1+ cells) 
was affected by the MVs MIO-M1 and also if there is a change in microglia reactivity 
(MHC-II+ Iba1+ cells), since MHC-II is the major histocompatibility complex II mostly 
expressed by antigen-presenting cells as microglia (Ito et al. 1998; Jurga, Paleczna, and 
Kuter 2020) (Figure 19). 

Figure 19: Effect of MVs from MIO-M1 cells in the number and reactivity of retinal 
microglia. MVs derived from MIO-M1 cells were injected in the vitreous of Wistar rats and 
the animals were sacrificed 7 days after. A. Retinal cryosections were immunostainned for Iba1 
(green) and MHC-II (red). Nuclei were stained with DAPI (blue). B. The number of microglial 
cells (Iba1+ cells) was expressed per mm of retinal section. C. The number of reactive microglial 
cells (MHC-II+ Iba1+ cells) was counted, and the results were presented as percentage of total 
microglia (Iba1+ cells). Scale bar: 50 μm.
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There were no differences in the number of Iba1+ cells in retinas that received the 
intravitreal injection of PBS (20.1±8.5 Iba1+ cells/mm retina) and MVs MIO-M1 
(25.3±5.0 Iba1+ cells/mm retina) comparing with naïve retinas (15.9±1.8 Iba1+ cells/
mm retina). Reactive microglia cells were only observed in retinas that received the 
MVs MIO-M1 (2.4±0.7 MHC-II+Iba1+ cells/mm retina) (Figure 19B, C). The presence 
of GFAP in Müller cells and astrocytes was classified, as follows: as “low” levels if 
present only in the GCL; “moderated” if detected from GCL until IPL; and “high” if 
all Müller cell body was observed. Naïve animals had lower GFAP expression, while 
intravitreal injection with PBS and MVs MIO-M1 increased GFAP immunoreactivity 
(Figure 20B). 

Figure 20: Effect of MVs from MIO-M1 cells in GFAP immunoreactivity. MVs derived 
from MIO-M1 cells were injected in the vitreous of Wistar rats and the animals were sacrificed 
7 days after injection. A. Retinal cryosections were immunolabeled for GFAP (green). The 
nuclei were labelled with DAPI (blue). B. Images were classified as low, moderated and high 
reactivity (as detailed in Materials and Methods) and were represented as the percentage of 
each category in each condition. Values were obtained from 2 to 3 independent experiments.

Retinal cell death was evaluated by TUNEL assay (Figure 21). The injection of PBS 
or MVs MIO-M1 did not significantly change the number of TUNEL+ cells (1.0±0.6 
TUNEL+ cells/mm and 0.8±0.2 TUNEL+ cells/mm, for PBS and MVs MIO-M1, 
respectively) when compared with naïve retinas (1.0±0.4 TUNEL+ cells/mm) (Figure 
21B). The number of RGCs was assessed by immunolabeling with Brn3a, a selective 
RGC marker (Nadal-Nicolas et al. 2009). RGCs were not affected by PBS (38.8±2.5 



71

Results

Brn3a+ cells/mm of retina) or MVs MIO-M1 (32.3±2.1 Brn3a+ cells/mm of retina) 
injections since the number of cells did not differ from naïve (39.5±2.8 Brn3a+ cells/
mm of retina) (Figure 22B).

Figure 21: Effect of MVs from MIO-M1 cells in retinal cell death. MVs derived from 
MIO-M1 cells were injected in the vitreous of Wistar rats and the animals were sacrificed 
7 days after injection. A. Cell death was assessed by TUNEL assay (white). The nuclei were 
stained with DAPI (blue). Representative images are depicted. Arrowheads indicate TUNEL+ 
cells. B. The number of TUNEL+ cells was counted and was expressed per mm of retina. Scale 
bar: 50 μm.
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Figure 22: Effect of MVs from MIO-M1 cells in the number of RGCs. MVs derived from 
MIO-M1 cells were injected in the vitreous of Wistar rats and the animals were sacrificed 7 
days after injection. A. RGCs were immunolabeled for Brn3a (white). B. The number of Brn3a+ 

cells was expressed per mm of retinal section. Scale bar: 50 μm.
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The most common features of glaucoma are loss of RGCs, thinning of the retinal 
NFL, and optic nerve atrophy. 

Müller cells are the principal glial cell type in the retina and are responsible for 
maintaining homeostasis, providing functional, structural and metabolic support to 
neurons, protecting the tissue from damage during harmful conditions (Vecino et 
al. 2016). There is an intimate relationship between Müller cells and RGCs, and this 
interaction is compromised in glaucoma (Vecino et al. 2016). Elevated IOP is the main 
risk factor of glaucoma, and in vitro experimental models may mimic this condition by 
increasing the pressure to which cells and tissues are exposed (Aires, Ambrosio, and 
Santiago 2017). In this work, we studied the effect of EHP on the survival of RGCs and 
Müller cells and the contribution of MVs derived from Müller cells to the protection of 
RGCs. 

The exposure to EHP impacted the survival of RGCs and Müller cells. Indeed, it was 
already reported that RGCs are susceptible to pressure elevation in several experimental 
models, from RGC cultures, retinal organotypic cultures and the animal models with 
ocular hypertension (Madeira et al. 2015b; Lee et al. 2015; Wu et al. 2019). Although 
the mechanisms are not fully understood, one possibility is through the activation of 
the transient receptor potential vanilloid 1 (TRPV1), a non-selective cation channel 
receptor that is expressed in numerous cell types throughout the entire body, including 
RGCs (Sappington et al. 2009). TRPV channels have been implicated in optic nerve 
degeneration (Ryskamp et al. 2014; Sappington et al. 2015) and axonal neuropathies 
(Echaniz-Laguna et al. 2014). Indeed, TRPV1 antagonism or extracellular Ca2+ chelation 
reduced EHP-induced RGCs apoptosis (Sappington et al. 2009), suggesting that TRPV1 
is activated in EHP conditions, and increased intracellular Ca2+ concentration which 
leads to RGC apoptosis.

The survival of Müller cells was also affected by EHP. Interestingly, Müller cells seem 
less susceptible to pressure increase than RGCs, since in pure cultures, at 24h under 
EHP RGCs suffered a significative decrease in cell survival which was only observed 
in Müller cells at least with 48h under EHP. Müller cells were already described to 
react to EHP changing the expression of several genes and proteins as Kir 2.1, Kir 4.1, 
glycoprotein nonmetastatic melanoma protein B (GPMNB) and amphiregulin (AREG) 
for example (Yu et al. 2012; Xue et al. 2011). GPMNB, a protein that may play a role in 
antigen presentation of astrocytes to control immune responses (Rostami et al. 2020; 
Neal et al. 2018; Xue et al. 2011), was found to be decreased in Müller cells exposed 
to EHP (Xue et al. 2011). AREG, a member of the epidermal growth factor family, an 
autocrine growth factor and a mitogen for astrocytes, Schwann cells, and fibroblasts 
increases in Müller cells after exposure to EHP (Xue et al. 2011).

Müller cells transport K+ through their cell bodies to avoid potassium-induced 
depolarization of neurons, from extracellular regions of high K+ to those of low K+ 
in the retina (Yu et al. 2012). In Müller cells, the most significant mediators of K+ 
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buffering are the Kir channels localized in the cell membrane, particularly the Kir 
2.1 and Kir 4.1 channels (Kofuji et al. 2002; Bringmann et al. 2000). The expression 
of Kir 2.1 and Kir 4.1 channels increases in Müller cells in EHP conditions (Kofuji et 
al. 2002). These alterations suggest that Müller cells remain capable of taking up K+ 
and mediate the potassium concentration in the retina even under EHP, preventing 
neuronal hyperexcitation and excessive release of glutamate (Yu et al. 2012).

Taking the crosstalk between Müller cells and RGCs it is possible that the changes 
occurring in Müller cells gene expression in response to elevated pressure are causally 
linked with the RGC loss in glaucoma. Interestingly, when in co-culture, both RGCs 
and Müller cells were less susceptible to the noxious environment caused by EHP, 
indicating the existence of a communication system that attempts to rescue the dying 
cells. It is known that Müller cells secrete trophic factors that mediate the survival and 
regeneration of RGCs. A trophic factor produced by activated Müller cells that enhances 
RGC axonal regeneration is CNTF but there are other trophic factors produced by 
reactive Müller cells that may be involved in RGC survival including BDNF, glial cell 
line-derived neurotrophic factor (GDNF) and the basic fibroblast growth factor (bFGF) 
(Bonnet et al. 2004; Garcia et al. 2002, 2003; Garcia and Vecino 2003; Kinkl et al. 
2003; Ruzafa et al. 2018b). However, RGCs also produce neurotrophins such as nerve 
growth factor (NGF) (Roberti et al. 2014) and BDNF (Vecino et al. 1999; Pietrucha-
Dutczak et al. 2018) that can support Müller cells survival under harmful conditions 
(Harada et al. 2011). Indeed, the protective effect of the CM from Müller cells in RGCs 
survival was already demonstrated (Pereiro et al. 2020a), however this is the first 
time where the protective effect of CM from Müller cells was observed under harmful 
environment caused by EHP.

In a previous work, our group demonstrated that primary retinal microglial cells 
proliferate more when exposed to EHP, comparing with cells exposed to atmospheric 
pressure (Ferreira-Silva et al. 2020). In the present study we also studied whether EHP 
could affect the proliferation of Müller cells (primary Müller cells and MIO-M1 cells) 
and we observed that EHP did not change the proliferation of these cells, demonstrating 
that EHP affects retinal glia proliferation differently. Furthermore, we studied whether 
EHP could affect death of Müller cells and MIO-M1 cells. EHP did not cause death of 
MIO-M1 cells, indicating that this cell line is more resistant than primary Müller cells 
to the same magnitude of pressure at 24h and 48h. This might be explained by the 
differences between cell line and primary cultures. Primary cultures are known to be 
more susceptible to noxious conditions, and more difficult to obtain and maintain than 
cell lines, but cell lines offer several advantages over primary cultures for biochemical 
and molecular biological studies (Kaur and Dufour 2012). To the best of our knowledge, 
resistance of MIO-M1 cell have never been reported and indeed this cell line is nowadays 
used for several studies (Lorenz et al. 2021; Dierschke et al. 2020; Ciavarella et al. 2020). 

In the CNS, the crosstalk between glia and neurons is crucial for a variety of biological 
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functions. Studies have already demonstrated that Müller cells secrete factors to the 
extracellular space that are beneficial to adult RGCs (Garcia et al. 2002; Ruzafa et al. 
2018b). Several factors were identified by proteomic analysis in the secretome of cultured 
adult Müller cells that might offer RGCs protection against noxious situations in the 
retina. For example, PDGF, clusterin, basigin and SPP1 were identified as providing 
neuroprotective effects in RGCs, with SPP1 and basigin with a greater effect in RGC 
cultures (Ruzafa et al. 2018b). Nevertheless, when adding only one of these proteins 
or a combination of two the protective effect to RGCs is not equivalent to the CM of 
Müller cells, indicating that Müller cells secrete a wide range of factors that together 
promote RGC protection (Ruzafa et al. 2018b). In the present work, we found that 
CM from primary Müller cells and from MIO-M1 cells increased the survival of RGCs 
when the cells were cultured in atmospheric pressure or challenged to EHP. This effect 
was not so pronounced in co-cultures of RGCs and Müller cells, and one hypothesis 
might be that Müller cells may secrete other soluble factors or even other EVs like EXOs 
when exposed to EHP that could cover the effect of the CM. 

EVs are an important part of the secretome of cells and deliver their cargo (proteins, 
mRNA/miRNA, lipids, among others) into other cells (Skog et al. 2008). Taking 
the results using CM from MIO-M1 and Müller cells we also studied whether EVs 
secreted by these cells could have an impact on the survival of RGCs. MIO-M1 cells 
are known to release EVs (EXOs and MVs) to the extracellular space (DB Lamb 2018). 
The nomenclature of the different types of EVs and their characterization is still a 
matter of debate in the scientific community (Thery et al. 2018). EVs were isolated 
by ultracentrifugation and two populations were considered: MVs to the fraction 
isolated at low-speed ultracentrifugation and EXOs to the fraction isolated at high-
speed ultracentrifugation. Ultracentrifugation is one of the most used techniques for 
EVs isolation since it allows isolation from large volumes and there is no need of adding 
reagents that could damage the integrity of EVs (Konoshenko et al. 2018). However, 
ultracentrifugation does not allow to obtain a pure population of EVs since it might 
contain contaminants as cell debris or undesired fractions of EVs (Konoshenko et al. 
2018). The size and morphology of the EVs isolated by MIO-M1 and Müller cells were 
consistent for EXOs and MVs (Colombo, Raposo, and Thery 2014; van Niel, D'Angelo, 
and Raposo 2018). The proteins CHC1, TSG101, flotillin-1 and CD63, usually used as 
markers of EXOs (Nabhan et al. 2012; Willms et al. 2016; Lee, El Andaloussi, and Wood 
2012), were also present in MVs. These proteins have been previously described in MVs 
from other cells (Larson et al. 2017; Nabhan et al. 2012; Phuyal et al. 2014; Kowal et 
al. 2016), further reinforcing that relying only on the presence of some proteins for the 
characterization of EVs is limited (Thery et al. 2018; Kowal et al. 2016). GLAST, the 
glutamate-aspartate transporter expressed in Müller cells (Bringmann et al. 2013), was 
found in MVs derived from primary Müller cells. Since this transporter is localized in 
the cell membrane, this further supports the concept that proteins found at the plasma 
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membrane can be detected in MVs, mostly because of their biogenesis (Tricarico, Clancy, 
and D'Souza-Schorey 2017). To our knowledge it was the first time that GLAST was 
described in MVs from Müller cells. More experiments are needed but GLAST can be 
proposed as a marker for MVs derived from Müller cells. Calnexin is a protein from 
the endoplasmatic reticulum and is usually used as a negative control for EVs isolation 
(Thery et al. 2018). Calnexin was present in MVs from both types of Müller cells, 
but this was reported previously (Tucher et al. 2018; Haraszti et al. 2016). We cannot 
conclude that MVs from these cells are endowed with calnexin, as we cannot exclude 
the possibility of contamination with cell debris (Tucher et al. 2018). Other experiments 
would need to be performed to further elucidate this. Herein, we focused on the role of 
MVs in the survival of RGCs when cells are challenged with EHP.

MVs selectively transfer the content from their origin cells to recipient cells, likely 
altering cellular response, and ultimately, the fate of the recipient cells. We found that 
MVs from Müller cells and MIO-M1 cells promoted the survival of RGCs in EHP 
conditions. This effect was not as robust as CM, suggesting that soluble factors also 
contribute to the survival of RGCs. Indeed, MVs are only a fraction of what cells 
release to the extracellular space, together with other EVs subtypes and soluble factors. 
However, MVs could promote the survival of RGCs likely meaning that their content 
was not noxious to these cells. MVs inner content is composed of mRNA, miRNA, 
noncoding RNAs, proteins (e.g., enzymes, signaling components, transcription factors), 
bioactive lipids (e.g., sphingosine-1-phosphate, prostaglandins, leukotrienes), signaling 
nucleotides, and metabolites (Ratajczak and Ratajczak 2020). A deep study of the 
content of the MVs released by Müller cells would be crucial to understand if the effect 
of MVs was due to the same factors found in CM or if different factors are included in 
MVs with protective potential. Taking all this into account, our MVs seem to be good 
candidates for the growing concept of “super MVs”, custom-engineered MVs designed to 
inhibit apoptosis of target cells, stimulate cells that have survived damage to proliferate, 
and recovering vascularization of damaged tissues, thereby serving as a new class of 
cell-derived therapeutics in regenerative medicine (Ratajczak and Ratajczak 2020).

In our study, MVs from MIO-M1 cells did not change the proliferation of MIO-M1 
cells. Moreover, the protein levels of GFAP and GS were not altered in MIO-M1 cells 
exposed to MVs. Nevertheless, the expression of GS by Müller cells in vitro was already 
described to be altered depending on the hydrostatic pressure (Yu et al. 2011). There 
is not much information about the effect of MVs in cell proliferation. MVs isolated 
from human endothelial progenitor cells originating from cord blood and MVs derived 
from human immortalized mesenchymal stem cells line HATMSC1 increased the 
proliferation of human endothelial cells of dermal origin in a dose-dependent manner 
(Krawczenko et al. 2020). In contrast, MVs had a limited impact on the proliferation 
of fibroblasts and keratinocytes (Krawczenko et al. 2020). Whether MVs from Müller 
cells change the proliferation of other cells beside Müller cells we do not know.  
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Concluding from the in vitro studies, Müller cells secrete factors that are able to 
promote the survival of RGCs, protecting the cells from the damage caused by EHP. 
Since MIO-M1 cells are easier to culture and to maintain than primary Müller cells 
and MVs from MIO-M1 cells have also a protective effect on RGCs, we further studied 
the effects of MVs MIO-M1 in the retina of Wistar Han rats. 

One of the objectives of the study was to understand if MVs derived from MIO-M1 
cells could afford protection to RGCs in a context of increased IOP using the animal 
model of I-R injury, well established in our laboratory and known to trigger death of 
RGCs (Madeira et al. 2016; Boia et al. 2017). The induction of acute retinal ischemia for 
a period of 30–120 minutes followed by reperfusion causes death within a variety of cell 
types within the retina since damage occurs throughout the various layers of the retina 
(Szabo et al. 1991; Madeira et al. 2016; Boia et al. 2017; Johnson and Tomarev 2010). 
By setting IOP above the ocular perfusion pressure, blood flow through the retinal and 
uveal vasculature is suppressed. After the ischemic exposure, IOP can be normalized 
reducing the pressure of the perfusion system (Johnson and Tomarev 2010). Our group 
already reported that it is possible to prevent the loss of RGCs with several drugs when 
assessing 7 days after I-R (Madeira et al. 2016; Boia et al. 2017). Therefore, we decided 
to choose 7 days after intravitreal injection (and I-R) as the time point to analyse the 
effects of MVs. It was reported that intravitreal administration of EXOs derived from 
human mesenchymal stem cells was well tolerated without immunosuppression and 
decreased the severity of retinal ischemia in mice (Moisseiev et al. 2017). Unexpectedly, 
intravitreal injection of PBS together with the induction of I-R created a severe 
destruction of the retina making the analysis impossible. This result, as far as we know, 
was never reported. Moreover, it was previously described that PBS is not toxic to the 
retina and does not interfere with the physiology of the tissue, and it is considered the 
preferred vehicle when compared with normal saline (Hombrebueno et al. 2014; Stifter 
et al. 2017). Due to lack of time to understand this atypical observation, we were forced 
to abandon the study of the effect of MVs in the I-R animal model, since it was not 
possible to separate the effects caused by MVs or by the vehicle. The study proceeded 
only analysing the effect of the intravitreal injection of MVs in the contralateral eyes. 

Retinal function was assessed by ERG, a record of electrical responses in the eye 
obtained by stimulating the retina with light flashes in either dark-adapted (scotopic) 
or light-adapted (photopic) conditions. Generally, when retinal function deteriorates, 
the light-induced electrical activity in the retina is reduced (Vidal-Sanz et al. 2015). 
We found that intravitreal injection of neither PBS or MVs impacted cells response in 
scotopic and photopic conditions. Also, retinal thickness assessed by OCT revealed no 
changes in retinal structure and only in PBS injected retinas was observed the presence 
of retinal infiltrates. Taken together, these results suggest that MVs from MIO-M1 cells 
do not appear to affect retinal function.

Microglial cells are extremely sensitive to changes in their environment (Rashid, 
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Akhtar-Schaefer, and Langmann 2019). Under acute conditions, microglial cells become 
activated for a shorter period of time promoting neuroprotection and regenerative 
processes through neuroinflammation, facilitating a rapid return to tissue homeostasis 
(Bellver-Landete et al. 2019; Gupta et al. 2018). Nevertheless, in chronic conditions, 
such as in retinal degenerative diseases, microglia become pathologically activated and 
release exaggerated amounts of inflammatory mediators that promote tissue damage 
and disease exacerbation (Zhao et al. 2015; Gupta, Brown, and Milam 2003). In fact, 
microglial cells are considered to have a key role in the inflammatory environment in 
glaucomatous conditions. Nevertheless, in studies in the scope of the glaucoma condition, 
microglia cells presented alterations in morphology, gene expression, cell proliferation, 
cell adhesion, and immune response, compatible with a reactive phenotype (Ebneter 
et al. 2010; Bosco, Steele, and Vetter 2011). Recent studies have reported the critical 
role of EXOs in regulating microglial phenotype in motor neuron diseases (Silverman 
et al. 2016). Also, in a previous study our group reported that EXOs derived from 
retinal microglia have an autocrine function and propagate the inflammatory signal in 
conditions of elevated pressure, contributing to retinal degeneration in glaucomatous 
conditions (Aires et al. 2020). 

The communication between microglia cells and Müller cells is not new, since microglial 
cells establish important interactions with Müller cells regulating the microglia-Müller-
photoreceptor network that serves as a trophic factor-controlling system during retinal 
degeneration (Harada et al. 2002). However, how this communication occurs is still 
not well understood. In the present study we found that MVs MIO-M1 may increase 
the number of microglia cells and also the number of reactive microglia, meaning that 
MVs released by MIO-M1 cells could possibly activate them. In fact, recently our 
group reported that MVs derived from microglia cells could interact with Müller cells, 
where MVs from microglia cells induced changes in the expression of pro-inflammatory 
cytokines, chemokines, and trophic factors of Müller cells (Rodrigues 2021). Further 
experiments need to be performed to access if MVs MIO-M1 injected in the vitreous of 
Wistar Han rats could directly target microglial cells in the retina.

EVs isolated from C6 glioma cells were intravitreally injected in undamaged zebra 
fish and induced Müller glia to dedifferentiate and proliferate. In the same study, in 
mice, injection of EVs could also induce Müller cell proliferation (Balaiya 2019). This 
last result shows that indeed EVs injected in the vitreous could still target Müller cells 
in rodents. As already discussed here, GFAP is expressed not only by astrocytes but also 
by reactive Müller cells, and in our study, PBS and MVs increased the expression of 
GFAP in Müller cells, which we might speculate MVs could interact with Müller cells, 
but more experiments would need to be performed to assess how this interaction might 
occur. However, in GCL and NFL are localized not only the Müller cells endfeet but 
also astrocytes, making impossible in these layers to distinguish the expression of this 
protein by each type of cell.
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The main characteristic of glaucoma is the chronic death of RGCs and it was already 
reported that intravitreally injected MSCs-derived EXOs in rats successfully protected 
RGCs (Mead and Tomarev 2017). Also, EXOs derived from umbilical cord mesenchymal 
stem cells and human embryonic stem cells have also been found to yield similar 
neuroprotective effects (Pan et al. 2019; Seyedrazizadeh et al. 2020). In our study, we 
did not observe changes in retinal cell death in the eyes that received the intravitreal 
injection of PBS neither of MVs. To be able to count RGCs in the retina, several markers 
can be employed and of the most used RGCs marker is Brn3a, a transcription factor 
only expressed in RGCs that intervenes in cells differentiation and survival. Not all 
RGCs express Brn3a but it is still considered a reliable marker for identifying RGCs 
(Nadal-Nicolas et al. 2009). 

Remarkably, the intravitreal injection of MVs from MIO-M1 cells cultured under 
atmospheric pressure on adult Wistar Han rats do not cause alterations in retinal 
function and structure. Also, MVs did not appear to affect retinal cell death, and even 
the increase in reactive microglia may not be relevant (an increase of 3 %). However, we 
cannot forget that our potential effects were observed in an eye considered undamaged, 
but in fact it was a contralateral eye, in an animal model of I-R where the injury was 
induced unilaterally. In rats in which ocular hypertension was induced unilaterally there 
was a significant microglia activation in the contralateral eye (Tribble et al. 2021). With 
this in mind, we need to be careful with the interpretation of our results, understanding 
the limitations of our animal model.





Conclusions and 
Future Remarks

Chapter 5





85

Conclusions and Future Remarks

In the present study we found that EHP decreases both RGCs and Müller cells 
survival in pure cultures and also in co-cultures. However, when in co-culture, both cell 
types were more resistant to EHP effect, needing a larger period under EHP conditions 
to be observed a decrease in cell survival. MIO-M1 cells survival, cell death and cell 
proliferation seemed not to be affected by EHP in the time-points chosen. In primary 
Müller cells, even decreasing the cell survival under EHP, cell proliferation was also not 
affected.

The results presented in this thesis showed for the first time that in vitro healthy 
primary Müller cells and MIO-M1 cells release MVs that could promote RGCs survival 
under a noxious environment caused by EHP. MVs from Müller cells and from MIO-M1 
cells afford similar effects in RGCs survival under EHP, but this effect was still not so 
pronounced as the effect caused by CM. The analysis of the content of MVs would be 
of great importance. The identification of the proteins, miRNAs, and lipids carried by 
both MVs would provide important information in the field of RGC neuroprotection. 

The intravitreal injection of MVs MIO-M1 in the vitreous of Wistar Han rats allowed 
us to conclude that MVs from MIO-M1 cells are not noxious to the retina: structure 
and function were not affected, cell death and RGC survival was not altered. However, 
there was a slight increase in the reactivity of Müller cells and microglial cells that need 
to be further explored.

Further experiments must be performed to reveal the role played by MVs derived from 
Müller cells in the possible protection of RGCs in a context of glaucoma. Understanding 
the role of MVs from MIO-M1 cells exposed to EHP in naïve retinas would be important 
as well as understand if MVs from MIO-M1 cells cultured in atmospheric pressure could 
protect neurons from damaged retinas. In this study we were not able to identify the 
cells that directly interacted with MVs. This could be done using dyes or transfecting 
cells with a reporter gene. Lipophilic fluorescent dye molecules, such as PKH dyes, 
are currently the most widely used fluorescent probes for EVs labelling, though they 
have some limitations since these dyes tend to aggregate, leading to formation of EV-
like nanoparticles that can be taken up by cells (Aires et al. 2020; Shimomura et al. 
2021). Another option to label EVs, is by cloning the EV specific markers in reporter 
vectors that are tagged with green fluorescent protein, for example, followed by their 
transfection into cells of interest (Mondal et al. 2019). Furthermore, some experiments 
need to be repeated in order to increase the number of independent experiments.
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