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O glaucoma é das principais causas de cegueira a nível mundial. Esta doença é 

caracterizada pela atrofia do nervo ótico e morte de células ganglionares da retina (CGR). 

A pressão intraocular (PIO) elevada é o principal fator de risco para o desenvolvimento e 

progressão desta doença. A neuroinflamação mediada pelas células da glia contribui para 

a neurodegeneração da retina no glaucoma. No entanto, os mecanismos que estão 

envolvidos neste processo ainda não foram clarificados. As microvesículas (MVs) são 

vesículas extracelulares (VE) formadas pela fissão para o exterior da membrana plasmática 

e estão envolvidas na comunicação celular. A contribuição das MVs derivadas de 

microglias para a inflamação da retina é desconhecida. Tendo em conta o envolvimento 

das células da microglia e das células de Müller no glaucoma, neste estudo, pretendeu-se 

investigar se as MVs derivadas das células da microglia interferem com as células de 

Müller e avaliar os efeitos das MVs nas células de Müller e na retina. 

As células da microglia (linha celular BV-2) foram expostas a pressão hidrostática 

elevada (PHE), mimetizando o aumento da PIO. As células da condição controlo foram 

incubadas a pressão atmosférica. As MVs provenientes de células BV-2 (MV-CT e MV-

PHE) foram isoladas por ultracentrifugação de baixa velocidade e caracterizadas por 

análise de rastreamento de nanopartículas, microscopia eletrónica de transmissão e 

expressão de marcadores proteicos característicos de VE. As células de Müller (linha 

celular MIO-M1) foram incubadas com MV-CT ou MV-PHE e expostas a PHE ou 

pressão atmosférica. Em seguida, os efeitos da PHE e das MVs foram avaliados nas células 

MIO-M1. Para além disso, MVs foram injetadas no vítreo de murganhos C57BL/6J e os 

efeitos foram avaliados 24h e 7 dias após a injeção. 

As células MIO-M1 expostas a PHE e incubadas com MVs não apresentaram 

alterações que indiquem gliose. As células MIO-M1 sob PHE aumentaram a produção de 

fatores pró-inflamatórios e a expressão de quimiocinas, no entanto, as MVs derivadas de 

microglias induziram, de uma forma geral, a resposta oposta nas células MIO-M1. As 

células MIO-M1 têm uma resposta moderada à PHE e as MVs de microglias são capazes 

de influenciar a resposta das células de Müller, no entanto, são necessários mais estudos 

para explorar aprofundadamente estes efeitos. 
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Após a administração intravítrea das MVs nos murganhos C57BL/6J, a análise por 

tomografia de coerência ótica mostrou que as MVs não alteraram significativamente a 

espessura da retina e observaram-se “spots” no vítreo, sugerindo a presença de células no 

vítreo, provavelmente células pertencentes ao sistema imunitário. A análise dos infiltrados 

vítreos revelou que estas células se encontram mais presentes 24h após a injeção de MV-

PHE, comparando com o efeito das MV-CT. Sete dias após a injeção, ocorreu um 

decréscimo substancial na presença destas células no vítreo de animais em que MV-PHE 

foram administradas em comparação com a injeção de MV-CT. Os níveis das proteínas 

TSPO e iNOS aumentaram 24h após a exposição de MVs, sugerindo um aumento da 

inflamação. Imunohistoquímica revelou um aumento na imunomarcação de GFAP e no 

número de células MHC-II+/Iba1+, o que indica ativação das células de Müller e da 

microglia após a injeção de MVs. Além disso, as MVs induziram a morte de células da 

retina e a perda de CGR. De modo geral, as MVs derivadas de microglias induziram 

neuroinflamação da retina, gliose reativa e perda de CGR, mostrando que as MVs de 

origem microglial podem contribuir para a degeneração da retina. Curiosamente, ambas 

as populações de MVs causaram efeitos na retina, o que indica que estas conseguem 

disseminar o sinal inflamatório independentemente do estado de ativação das microglias.  

Em resumo, os resultados demonstraram que as microglias libertam MVs capazes 

de interagir com células de Müller e células da retina, modulando a sua resposta, o que 

segure que as MVs derivadas de microglias podem ser uma via de comunicação entre 

células gliais e propagar sinais inflamatórios na retina. 
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Glaucoma is a leading cause of blindness worldwide. This disease is characterized 

by optic nerve atrophy and retinal ganglion cell (RGC) death. Elevated intraocular 

pressure (IOP) is the main risk factor for the onset and progression of the disease. 

Neuroinflammation mediated by glial cells contributes to retinal neurodegeneration in 

glaucoma. However, the mechanisms that contribute to this process are not identified 

yet. Microvesicles (MVs) are extracellular vesicles (EV) formed by outward budding of 

the plasma membrane and are involved in cell-to-cell communication. The contribution 

of microglial MVs to retinal inflammation is unknown. Microglia and Müller cells play 

important roles in glaucoma, therefore, in this study, we aimed to explore if MVs derived 

from microglial cells communicate with Müller cells, and evaluate the effects of MVs on 

Müller cells and in the retina. 

Microglia cells (BV-2 cell line) were exposed to atmospheric and elevated 

hydrostatic pressure (EHP) to mimic elevated IOP. Control BV-2 cell cultures were 

maintained under atmospheric pressure conditions. MVs from BV-2 cells (MV-CT and 

MV-EHP) were isolated by low-speed ultracentrifugation and characterized by 

nanoparticle tracking analysis, transmission electron microscopy, and expression of 

protein markers characteristic of EV. Müller cells (MIO-M1 cell line) were incubated with 

MV-CT or MV-EHP under EHP or atmospheric pressure. The effects of EHP and MVs 

on MIO-M1 cells were evaluated. Additionally, MVs were injected in the vitreous of 

C57BL/6J mice and 24h and 7 days post-injection the effects were evaluated. 

The results show that MIO-M1 cells, exposed to EHP and incubated with MVs, did 

not express Müller cells gliotic markers. MIO-M1 cells under EHP increased pro-

inflammatory factor production and upregulated chemokine expression, while, in general 

terms, MVs from microglial cells induced the opposite response in MIO-M1 cells. The 

results show that MIO-M1 cells have a mild response to EHP and that microglial MVs 

can influence Müller cells response, however, more studies are necessary to further 

explore these results. 

After administration of MVs into the vitreous of C57BL/6J mice, optical coherence 

tomography (OCT) showed that MVs do not significantly change retinal thickness. 

However, “spots” were observed in the vitreous, suggesting the presence of cells in the 
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vitreous, likely corresponding to immune cells. The densitometric analysis of the cell 

infiltrates showed that eyes injected with MV-EHP presented more cells in the vitreous 

cavity 24h after injection compared with MV-CT. After 7 days post-injection, there was 

a significant decrease in cells infiltrates in MV-EHP condition when compared with MV-

CT. TSPO and iNOS protein levels increased 24h after MVs exposure, suggesting an 

increase in inflammation. Immunohistochemistry revealed an increase in GFAP staining 

and the number of MHC-II+/Iba1+ cells in retinas, indicating Müller cell and microglia 

activation after MVs injection. Moreover, MVs induced retinal cell death and decreased 

RGC survival. Overall, microglia-derived MVs induced retinal neuroinflammation, 

reactive gliosis, and RGC loss, showing that MVs derived from microglia may contribute 

to retinal degeneration. Both populations of MVs affect the retina, suggesting that 

microglial-derived MVs propagate the inflammatory signal, independently from the 

microglial cells state of activation. 

In summary, the results demonstrated that microglia release MVs that are able to 

interact with Müller cells and retinal cells, modulating their response, suggesting that 

MVs derived from microglial cells could be a via of communication between glial cells 

and propagate inflammatory signals in the retina.  
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1.1 The eye 

Of the 5 senses, vision is the one that gives us the most information about the 

world, its colours, shapes, and sizes, and allows us to appreciate the surroundings. The 

eye captures light and transforms it into electrochemical signals that are converted into 

images in the brain.  

Protected in the orbit, the eye is formed by three layers, each one with an essential 

purpose. The external layer protects the internal structure and allows light to enter the 

eye. Next, the intermediate layer is constituted by the anterior and the posterior part 

that, respectively, control the amount of light falling into the eye and the vascular layer 

that nurtures the outer layers of the retina. At last, the internal layer converts the visible 

light into electrochemical information (Figure 1)1. 

Figure 1 Anatomy of the human eye. Illustration of the eye structure, including the 

ciliary body, iris, aqueous humour, lens, pupil, cornea, sclera, choroid, retina, vitreous, 

fovea, and the optic nerve. Adapted from: https://www.freevector.com/. 

 

The sclera is the outermost part of the eye. It is composed of conjunctive tissue that 

protects the internal layers and helps to maintain the form of the eye, in the front of the 
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eye the fibrous white tissue that composes the sclera becomes transparent creating the 

cornea. The cornea allows the light to enter the eye and it is the first ocular structure that 

refracts light. The iris, localized in the anterior part of the eye, is a coloured structure, 

comprised of muscles that contract or expand to control the size of the diameter of the 

pupil to regulate the amount of light that enters the eye. The lens and the ciliary body 

work as one, the ciliary muscles can adjust the lens shape by muscle contraction, allowing 

the eye to focus on different distances. The posterior part of the eye is constituted by the 

choroid, a highly vascularized connective tissue, that nourishes the photoreceptors, by 

providing oxygen and nutrients. The retina is the most inner layer and it is part of the 

central nervous system (CNS), being capable of converting light photons into neuronal 

stimuli that are interpreted in the brain1,2.  

In humans, 80% of the eye volume corresponds to the vitreous chamber, limited by 

the lens and the retina, which is filled with vitreous humour. The vitreous humour gives 

the eye its fluid-filled spherical appearance and possesses phagocytic cells that remove 

debris, maintaining a clear path for the light1. The anterior and the posterior chambers, 

respectively, located between the cornea and the iris and between the iris and the lens, 

are filled with aqueous humour. In the posterior chamber, the ciliary body produces and 

secretes the aqueous humour that then flows through the pupil into the anterior chamber. 

This fluid is drained by the trabecular meshwork, located between the cornea and the 

iris, into the Schlemm’s canal, or the uveal meshwork, the nonconventional outflow 

pathway that drains the fluid into the ciliary muscle interstitium2,3.  

 

1.2 Retina  

The retina is a neural tissue that lines in the back of the eye capable of converting 

photons into neuroelectrical impulses that are transported to the brain through the optic 

nerve. This tissue is constituted by neurons, glial cells (microglia, Müller cells, and 

astrocytes), epithelial cells, and blood vessels. To maintain its efficient function, the 

retina is organized in layers comprised of cell bodies (nuclear layers) and cellular processes 

(plexiform layers), and a monolayer of epithelial cells (Figure 2). 
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Adjacent to the vitreous, the innermost layer is the nerve fiber layer (NFL) 

composed of the retinal ganglion cells (RGC) axons, while the RGC somas constitute the 

ganglion cell layer (GCL). Next, separated by the inner plexiform layer (IPL), the inner 

nuclear layer (INL) is formed by the cell bodies of bipolar, amacrine, horizontal, and 

Müller cells. The outer plexiform layer (OPL) contains the dendrites of bipolar and 

horizontal cells that communicate with the axons and terminal endings of 

photoreceptors. Followed by the outer nuclear layer (ONL) formed by the cell bodies of 

photoreceptors, and, at last, the outer and inner segments (OS/IS) of photoreceptors. A 

monolayer of epithelial cells constitutes the retinal pigment epithelium (RPE) forming 

the outermost layer of the retina2,4.   

Figure 2 Anatomy of the retina. Schematic representation of the retinal structure. NFL 

– nerve fiber layer; GCL – ganglion cell layer; IPL – inner plexiform layer; INL – inner 

nuclear layer; OPL – outer plexiform layer; ONL – outer nuclear layer; OS/IS – outer and 

inner segments of photoreceptors; RPE – retinal pigment epithelium. The figure was 

created using Biorender (https://biorender.com/).  
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1.2.1 Blood vessels  

To maintain an efficient visual function, the retina needs a constant supply of 

oxygen and nutrients. The oxygenation of the retina presents a higher rate than many 

other tissues, being one of the most metabolic active human tissues. The retina is 

organized in multiple layers and was two distinct vascular sources that provide blood 

supply to the tissue, the choroidal blood vessels nourish the photoreceptors, whereas the 

central retinal artery develops into capillaries that nurture the inner layers of the retina5. 

Furthermore, two main barriers of the vascular system, the blood-aqueous barrier and the 

blood-retinal barrier (BRB), ensure a regulated microenvironment for neuronal function, 

providing metabolic stability to the retina6. The BRB is divided into inner and outer 

blood-retinal barriers. The inner BRB is composed of endothelial cells connected by well-

developed tight junctions, accompanied by astrocytes, Müller cells, and pericytes. The 

outer BRB is composed of tight junctions between RPE cells, only separated by the 

Brunch’s membrane from the choriocapillaris (Figure 3). The BRB preserves the ocular 

homeostasis, however, in several retinal diseases, BRB breakdown is related to 

neurodegeneration, due to vascular impairments, and, consequently, vision loss5. 

The BRB also prevents the entry of cells from the circulation into the tissue, 

however, lymphocytes can cross the BRB during ocular inflammation. In ocular diseases, 

such as uveoretinitis, glaucoma, and diabetic retinopathy, disruption of the BRB and 

leukocyte infiltration occur in inflammation7–9. The cytokine production during 

inflammation activates endothelial cells, up regulating their expression of adhesion 

molecules. As a result, circulating leukocytes respond to the changes induced in the 

endothelium and immune cells are recruited to the inflammatory site10. Consequentially, 

macular edema, chorioretinal infiltrates, and exudates along with inflammatory cells in 

the vitreo occur due to BRB breakdown.  
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Figure 3 Illustration of the inner and outer blood-retinal barriers. The capillary 

endothelial cells and retinal epithelial cells sealed by complex junctions form the inner 

and outer BRB. Endothelial cells, pericytes, astrocytes, and Müller cells comprise the 

inner BRB and retinal pigment epithelial cells are overlaid on the Bruch’s membrane 

forming the outer BRB. The BRB controls the transport of fluids and solutes and the 

extravasation of immune cells into the retinal parenchyma, being essential for 

homeostasis and neuron maintenance. The figure was created using Biorender 

(https://biorender.com/).  

 

1.2.2 Visual pathway 

Synapses between the several cell types occur in the plexiform layers of the retina 

to transmit the neuronal signals through the retina. The neurotransmission of 

information in the retina can be categorized into vertical or horizontal visual pathways. 

In the vertical pathway, the most important excitatory neurotransmitter is glutamate, 

and signals are transmitted from the photoreceptors directly to bipolar cells and then to 

RGC. In the horizontal pathway, mediated mainly by γ-aminobutyric acid (GABA) and 

glycine, horizontal cells in the OPL and amacrine cells in the IPL modulate the vertical 
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transmission11. Two pathways are classified based on the response of bipolar cells. When 

a stimulus reaches the bipolar cell, it can hyperpolarize the cell (OFF bipolar cell) or 

depolarize it (ON bipolar cell). This parallel process allows detecting light areas on dark 

backgrounds (ON) and dark areas on light backgrounds (OFF). Rods communicate 

exclusively with ON bipolar cells, whereas cones are connected to ON and OFF bipolar 

cells. In the IPL, ON and OFF bipolar cells transmit signals to the respective ON and 

OFF RGC11,12. 

 

1.2.3 Neurons 

As part of the CNS, the retinal tissue is composed of 5 types of neurons: 

photoreceptors, horizontal cells, bipolar cells, amacrine cells, and RGC, each one executes 

distinct functions in the visual pathway11.  

Rods and cones are the two types of photoreceptors that exist in the human retina. 

The retinal photoreceptors convert light into neuronal signals through a process named 

phototransduction, this process is the first step in the visual pathway. Adjacent to the 

RPE, photoreceptors present an outer segment (OS) that contains membranous disks 

packed with a light-sensitive protein, the photopigments rhodopsin and cone opsin. The 

structural organization of the disks comprised in the OS provides a conical shape to cones 

and a cylindrical shape to rods12,13. Furthermore, photoreceptors are comprised of the 

inner segments (IS) that provide metabolic support to the OS, containing mitochondria 

and other cellular organelles, followed by the nucleus region and the synaptic terminals 

that communicate with bipolar and horizontal cells13. Horizontal cells are categorised by 

their communication with photoreceptors, contacting with rods and cones or exclusively 

with cones, in the human retina. Horizontal cells modulate photoreceptor response to 

light, their feedback pathway controls the synaptic input that bipolar cells receive from 

photoreceptors, and this function modulates light sensitivity12. Next, in the OPL, bipolar 

cells receive the stimuli from photoreceptors and horizontal cells and transmit it to RGC 

or amacrine cells. At least 11 different types of bipolar cells were identified in the human 

retina12. These are classified into two categories: ON and OFF bipolar cells. The 

expression of different glutamate receptors on bipolar cells dendrites allows cells to 

respond distinctively to the same synaptic impulse in the OPL, ON-bipolar cells express 
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metabotropic receptors, while OFF-bipolar cells express ionotropic receptors12. Then, 

amacrine cells modulate the synaptic impulse between bipolar cells and RGC in the IPL. 

Additionally, amacrine cells are capable of processing movement and light contrast, and 

modulate the signal transmission of bipolar cells11,12.  

Finally, the RGC are the output neurons in the visual pathway. Their soma is 

located in the GCL and their dendrites in the IPL where they receive the synaptic signals 

transmitted by bipolar and amacrine cells. Additionally, studies reported the occurrence 

of displaced amacrine cells in the GCL14–16.  The RCC axons form the optic nerve that 

carries the visual information to the brain. The optic nerve is formed by all the axons of 

the RGC, and in humans is comprised of more than a million fibers11. RGC transport 

different impulses that complete each other allowing the creation of complex visual 

images in specific brain regions. In the brain of mammals, the information is processed 

in the lateral geniculate nucleus and the superior colliculus17. RGC can be divided into 

several subtypes, classified by their axonal projections in the brain, morphology, and 

photosensitivity. For example, mouse RGC can be classified into 25 types18. Molecular 

markers of RGC include transcription factors of the Brn3 family (Brn3a), the cell surface 

protein Thy1, and the ribonucleic acid (RNA)-binding protein with multiple splicing 

(RBPMS)18. RGC are the main retinal cells affected during optic neuropathies, in which 

RGC dysfunction and death have been described19. 

 

1.2.4 Glial cells 

The glial cells are important for retinal support and homeostasis maintenance, but 

glial cells also respond to harmful stimuli like injuries and infection. There are three types 

of glial cells in the retina: astrocytes, microglia, and Müller cells4.  

 

1.2.4.1 Astrocytes 

Astrocytes are almost exclusively located in the NFL; they are composed of a flatted 

cell body and radial processes that extend to the blood vessels and RGC axons. Astrocytes 

support neurons by maintaining the homeostasis of ionic levels, regulating 

neurotransmitters metabolism, and providing glucose to the RGC20. The distribution of 
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astrocytes is related to the retinal vasculature, being part of the BRB, these cells link 

neurons and blood vessels. In response to harmful situations, astrocytes became reactive, 

change their morphology, protein expression, and proliferation rate in a process 

designated by astrogliosis. One typical marker of gliosis is the increase in the expression 

of the glial fibrillary acidic protein (GFAP)21. 

 

1.2.4.2 Microglia  

Microglia are the resident innate immune cells of the CNS. Their main functions 

are surveillance of the surrounding environment and maintenance of neuronal 

connections22. Microglia originate from hematopoietic progenitors that early in 

embryonic development migrate and colonize the CNS parenchyma23,24. In the retina, 

these cells first appear on the vitreal surface near the optic nerve, migrating from the 

inner to the outer retinal layers24.  

Under physiological conditions, in the mature retina, microglia can be found in the 

plexiform layers of the retina (IPL and OPL), monitoring the interactions between retinal 

neurons and glial cells (Figure 4A)24. These highly ramified cells, in their resting state, are 

known to remodel the dendrites of neurons during neuronal development, extend and 

retract their processes to scan the tissue, phagocyte cells debris, produce anti-

inflammatory cytokines and neuroprotective mediators, involved in RGC and 

photoreceptors survival25–28. Overall, microglia sense the environment regulating 

homeostasis. In response to harmful stimuli, such as infection, trauma, and pathological 

conditions, microglia became activated and quickly migrate to the injured site. Reactive 

microglia change their morphology from a ramified state to an amoeboid shape with 

retracted processes. Upon activation, these cells produce and release pro-inflammatory 

mediators, such as interleukin (IL)-1β, IL-6, tumour necrosis factor (TNF), reactive 

oxygen species (ROS), and nitric oxide (NO) 27,29,30. Once, in the damaged site microglia 

proliferate and phagocyte apoptotic cells and debris29 (Figure 4B). 

In the early stages of the disease, the activation of microglia occurs to control the 

damage, but prolonged microglial activation contributes to chronic neuroinflammation 

which leads to retinal neurodegeneration31,32 (Figure 4C). For instance, in glaucoma, 
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studies have shown the involvement of microglia in the degeneration of RGC, but more 

studies are necessary to understand the role played by microglia in RGC dysfunction and 

death33,34.  

Figure 4 Schematic representation of three common phases of microglia activity 

in the retina. (A) In physiological conditions microglia can be found in the plexiform 

layers, constantly monitoring the environment, phagocyting cell debris and secreting 

neuronal factors, maintaining the homeostasis of the retina; (B) In response to several 

noxious stimuli microglia migrate through the tissue following the distress signals; (C) 

Microglia migrate to the injury site, once activated microglial cells alter their morphology 

to an amoeboid shape; GCL – ganglion cell layer; IPL – inner plexiform layer; INL – inner 

nuclear layer; OPL – outer plexiform layer; ONL – outer nuclear layer; OS/IS – outer and 

inner segments of photoreceptors; RPE – retinal pigment epithelium. Image from 
Karlstetter, Ebert, & Langmann, 201032. 

 

1.2.4.3 Müller cells 

The Müller cells are the most abundant glial cell type in the retina35. These radial 

cells span the entire width of the retinal tissue from the inner limiting membrane (ILM) 

to the ONL. Previous studies showed that Müller cells derive from neural crest cells and 

are the last neuronal element to be generated36. The cell bodies of Müller cells are located 

in the INL, two main processes ramify from the cell soma, the apical process spreads 
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towards the ONL, whereas the end foot of the cell extends towards the NFL. Additionally, 

the processes are highly ramified, and lateral ramifications extend towards the plexiform 

and nuclear layers ensuring the complete coverage of the retinal space. This specific 

placement of Müller cells allows them to metabolic and structurally support retinal 

neurons37,38. 

The cytoskeleton of these glial cells possesses vimentin and GFAP, which are 

proteins usually used as Müller cell markers. Moreover, glutamine synthetase (GS), 

glutamate aspartate transporter 1 (GLAST, excitatory amino acid transporter-1, EAAT1), 

and cellular retinaldehyde-binding protein (CRALBP) are the most commonly used 

markers that are specific associated with Müller cells metabolism37–39.  

Figure 5 Schematic image of Müller cells interaction with retinal neurons. 

Representation of Müller cells metabolism; glutamate (Glu) to glutamine (Gln) 

transformation; homeostasis regulation and secretion of interleukins; A – astrocytes; B – 

bipolar cells; G – ganglion cells; M – Müller cells; Mi – microglia; Ph – photoreceptors37. 

Image from Vecino, Elena et al., 2016.  
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Müller cells and retinal neurons have a cooperative relationship, the glial cells 

support the survival of photoreceptors and RGC (Figure 5)40–43. One of the main 

functions of Müller cells is the recycling of glutamate, the most abundant 

neurotransmitter in the retina. The constant uptake of glutamate, via GLAST by Müller 

cells, avoids the diffusion of the neurotransmitter from the synaptic space modulating 

the synaptic activity, additionally, protects the neurons from glutamate excitotoxicity44–

47. Subsequently, the enzyme GS converts glutamate into glutamine. Müller cell-derived 

glutamine is utilized by RGC and amacrine cells, and partially by photoreceptors to 

produce glutamate and GABA39,48. Moreover, the secretion of antioxidants, such as 

pyruvate, reduced ascorbate, and glutathione by macroglial cells provide anti-oxidative 

support to the neurons. The antioxidant glutathione is produced from the up taken 

glutamate and is involved in the neuroprotection of photoreceptors46,49,50.  

Furthermore, Müller cells contribute to the remodelling of synaptic circuits and 

release growth factors, neurotrophic factors, and cytokines, factors that are essential for 

proper neuronal function and survival. For example, in response to injuries, these cells 

release neurotrophins (Figure 5), such as brain-derived neurotrophic factor (BDNF), 

nerve growth factor (NGF), and glial cell line-derived neurotrophic factor (GDNF) that 

protect retinal neurons37,39,51–54. Also, ciliary neurotrophic factor (CNTF) and leukemia 

inhibitory factor (LIF) released by Müller cells are involved in photoreceptors 

regeneration and RGC neuronal protection against retinal damage5,37,55.   

In physiological conditions, Müller cells store extracellular glucose in the form of 

glycogen, being the major suppliers of glucose in the retina. This function, combined with 

their anatomical position within the retina, allows them to control the distribution of 

glucose across distinct neurons (Figure 5)56–58. For example, under metabolic stress, 

photoreceptors use lactate, produced by the anaerobic degradation of glucose by Müller 

cells39. 

Microglia are the most active phagocytic cells in the retina, but Müller cells also 

phagocyte dead cells and debris under physiological and pathological conditions59,60. 

Additionally, they are capable of phagocyte foreign bodies that are injected into the 

eye61,62. Furthermore, Müller cells play crucial roles in the maintenance of the inner BRB 

and the preservation of the extracellular homeostasis (Figure 5). The glial cells preserve 
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the BRB integrity by the secretion of neurotrophic factors63,64. These cells ensure the 

exchange of molecules, such as nutrients, ions, water, waste products, and transmitters, 

through Müller glia between blood vessels and neurons. Moreover, the osmotic and ionic 

balance is regulated by the membrane channels Kir (Kir4.1 and Kir2.1) and aquaporin-4 

(AQP4) that regulate extracellular potassium buffering and water flow in the synaptic 

space, respectively65,66. 

Müller cells also act as light-guides through the retina. Their structural organization 

allows light to be gathered by their end feet and transmitted to the photoreceptor, 

allowing the reduction in light scattering and reflection in the inner retinal layer39,67,68.  

All noxious stimuli can activate Müller cells, changing their morphology, 

metabolism, and, consequently, their function. Müller cell gliosis is intended to protect 

the retina from further damage, but sustained macroglia activation has deleterious effects 

in neurons69. The expression of GFAP by Müller cells is an early marker of retinal distress. 

Other gliotic markers are the upregulation of vimentin and the increased expression of 

inflammatory factors. Some studies have shown that after retinal damage, a population 

of Müller cells can dedifferentiate into similar pluripotent retinal progenitors that 

proliferate and migrate to nuclear layers, giving rise to neural stem cells70–73. Prolonged 

Müller cell gliosis results in the dysregulation of GS, CRALBP, and Kir channels, causing 

changes in homeostasis. The neuroprotective and detrimental effects of Müller cell 

activation have been described in several retinal diseases, such as glaucoma and diabetic 

retinopathy65,74.  

 

Chronic neuroinflammation, involving the activation of microglia and Müller cells, 

is associated with retinal neurodegenerative diseases, such as diabetic retinopathy, 

glaucoma, and age-related macular degeneration39. The interactions between retinal glial 

cells can influence the beneficial or detrimental outcomes of the inflammatory response 

modulating the neurodegeneration progression.  
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Following injury, microglia activation precedes Müller cell gliosis75,76. Previous 

studies reported that the exposure of Müller cells to activated microglia affects Müller 

cells morphology and proliferation rate77,78. Moreover, Müller cells expression of 

intermediate filament proteins (GFAP and vimentin), glutamate transporters (GLAST), 

inflammatory mediators, like inducible nitric oxide synthase (iNOS), and adhesive 

proteins such as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 

molecule-1 (ICAM-1) change in the presence of activated microglia. Along with the 

release of inflammatory factors (IL-1β and IL-6), growth factors (LIF and GDNF), and 

chemotactic chemokines (monocyte chemoattractant protein 1, MCP1 and macrophage 

inflammatory protein 1, MIP-1)77–79. This interaction between glial cells modulates their 

neuroprotective effects. For example, activated microglia increases the production of 

NGF, and NGF consequently decreases the production of basic fibroblast growth factor 

(bFGF) by Müller cells, augmenting photoreceptor apoptosis. At the same time, the 

release of CNTF and GDNF by activated microglia stimulates the expression of CNTF 

and bFGF, which simultaneously improves the survival of photoreceptors80. Furthermore, 

activated microglia modulates Müller cell phagocytic capacity, gradually decreasing it 

after microglia migration to the injury site59,81. Müller cell response to microglia activation 

is affected by the nature of the injury, prolonged microglia activation, and, by the other 

cell types. 

Overall, the understating of the cell-to-cell communication between these glial cells 

is necessary to further comprehend retinal pathologies and to uncover potentially new 

therapeutic targets that can regulate the neuroprotection, inflammation, and neuronal 

death in retinal injuries and diseases. 

 

1.3 Glaucoma  

Glaucoma is a group of eye disorders associated with progressive degeneration of 

RGC82. This disease is a leading cause of irreversible blindness worldwide and it is 

estimated that the number of people with glaucoma will increase to 111.8 million in 

204083. Glaucoma is classified as a degenerative optic neuropathy, characterized by loss 

of RGC, thinning of the NFL, and excavation of the optic disc, which can cause 
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permanent vision loss84. Genetics and vascular dysregulation are some factors that affect 

the susceptibility to glaucomatous nerve damage, however, elevated intraocular pressure 

(IOP) and older age are the main risk factors for the onset and progression of the 

disease84,85. Glaucoma is a silent disease in which most patients are diagnosed when the 

disease is in advanced stages. The treatment is mainly centred on lowering IOP by topical 

application of eye drops and surgery (laser or incisional), however, the disease may still 

progress despite the decrease in IOP86,87. Understanding the mechanisms that mediate 

the loss of RGC can be the key to develop new therapeutic strategies to halt RGC 

neurodegeneration.  

 

1.3.1 Glaucoma models 

Proper glaucoma models are essential to understand the molecular mechanisms of 

the disease and to develop new and more efficient therapies. In vivo and in vitro models 

were established to study glaucoma. Most animal models are centred in elevated IOP, the 

main risk factor in glaucoma, whereas other models address the normal tension 

glaucoma88. Some rodent genetic models mimic glaucomatous damages, such as DBA/2J 

mice, Nee mice, and GLAST knockout mice89. Microbead occlusion, intracameral 

injection of viscous agents, obstruction of aqueous outflow, cauterization of extraocular 

veins, circumlimbal suture, cannulation of the anterior chamber, compression of the 

conjunctival limbus are some of the pressure-dependent models89. The pressure-

independent models of glaucoma address other features of the disease associated with 

neuronal death that allows studying mechanisms involved in RGC loss and optic nerve 

damage, such as the retinal ischemia-reperfusion injury, intravitreal injection of 

glutamate, or TNF89. Animal models are crucial to study the pathophysiology of the 

disease, however, they are too complex systems to understand the specific cellular roles. 

In vitro models emerge as valuable methods to identify the cellular pathways in glaucoma. 

The in vitro systems of elevated hydrostatic pressure (EHP) mimic ocular hypertension 

and can be used in several retinal cellular types90.  
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1.3.1.1 Elevated hydrostatic pressure model: Focus on microglia and Müller 

cells 

The current in vitro models to study elevated pressure are used to provide new 

perceptions into the individual cells’ roles in the neurodegeneration characteristic of 

glaucoma. Previous studies assessed the responses of cells and tissues to several pressures, 

ranging from 30 to 100 mmHg above atmospheric pressure, and exposed for different 

times, from 10 minutes to 72 hours90. The EHP model applied in this study uses a 

customized pressure chamber that is connected to a tank that injects a mixture of gas 

(95% air/5% CO2) through a pressure regulator. To maintain stable environmental 

conditions (temperature and humidity), the pressure chamber is kept with a reservoir 

with water in a standard incubator at 37°C. The pressure gauge (stable within ±1 mm 

Hg) connected to the chamber allows to regulate and maintain constant pressure, in this 

case, 70 mmHg above atmospheric pressure90,91.  

Reports have been describing the response of microglial cells to EHP, via exposure 

of primary retinal microglial cells, microglial cell lines, primary retinal neural cultures, 

and retinal organotypic cultures to elevated pressure. Furthermore, the studies show that 

EHP triggers changes in microglia number, reactivity, and morphology, increasing the 

mRNA expression of microglial activation associated markers and prompting amoeboid 

like changes in microglial cells morphology92,93. In addition, microglia migration, 

proliferation, and phagocytosis increase with EHP93–95. Challenging microglia with 

elevated pressure increases the expression of pro-inflammatory factors (TNF and IL-1β) 

and cytotoxic factors (NO), which are accompanied by increased levels of iNOS93,94. 

Another study shows that EHP considerably up-regulates IL-6 expression in microglia96. 

Moreover, microglia exposure to EHP increases oxidative stress, along with increase in 

adenosine triphosphate (ATP) and adenosine expression93,95. These alterations 

consequently contribute to RGC loss92.  

The effects of EHP in Müller cells have been described in some studies. In a rat 

Müller cell line, EHP exposure causes alterations in genes associated with elevated IOP97. 

In primary retinal Müller cell cultures exposed to 40 mmHg above atmospheric pressure 

for 24h increased the mRNA expression of GS and GLAST, suggesting that modulation 
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of the extracellular glutamate uptake is affected by elevated pressure98. Moreover, primary 

Müller cell cultures exposed to EHP increased mRNA expression of Kir2.1 and 4.1 

channels, showing that EHP can induce cation channels dysregulation and, consequently, 

homeostasis imbalance99. Additionally, Müller cells increased pigmented epithelium-

derived factor (PEDF), a potential neuroprotective factor, production upon EHP 

exposure, along with increased PEDF receptor expression and retraction of Müller cells 

processes100.  

 

1.3.2 Glaucoma and neuroinflammation 

Neuroinflammation is the immune-inflammatory response within the CNS, 

modulated by the production of several mediators101. Evidence suggests 

neuroinflammation as a main player in glaucoma, however, a lot is still not known about 

the mechanisms involved in the neuropathology90.  

In glaucoma patients, the analysis of the vitreous humour showed elevated levels of 

IL-2, IL-5, MCP-1, TNF, and interferon-y-inducible protein (IP-10)102, and the 

assessment of the aqueous humour revealed increased concentrations of IL-8, IL-9, IL-

10, IL-12, interferon-α, and γ (IFN-α and IFN-γ) and monokine induced by interferon-γ 

(MIG)103. Also, increased levels of NO were detected in samples from aqueous humour 

of patients with glaucoma104, accompanied by increased superoxide dismutase and 

glutathione peroxidase activity105, suggesting that oxidative stress may also play a role in 

glaucoma. Additionally, analysis of blood samples of glaucoma patients revealed that 

superoxide dismutase, glutathione peroxidase, and catalase activities are increased in red 

blood cells106. Moreover, the analysis of human glaucoma donor eyes showed an increase 

in toll-like receptors (TLR) expression, showing an immune cells response to glaucoma. 

TLR are expressed in immune cells, like T and B cells, macrophages, and dendric cells, 

being part of the innate immune system107. Furthermore, a recent study reported the 

presence of B cells and natural killer cells infiltrates in the aqueous humour of glaucoma 

patients, suggesting that an immune imbalance may be involved in glaucomatous 

conditions9.  
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The resident glial cells of the retina are responsible for the inflammatory response 

in glaucomatous conditions. After optic nerve damage, increase in IOP and excitotoxicity 

stimuli, glial cells can relocate in the retina and become activated, modulating the 

production of factors, such as cytokines and chemokines, that might have neuroprotective 

or detrimental effects in neuronal survival108,109. The presence of reactive microglia has 

already been described following optic nerve axotomy, retinal ischemia-reperfusion 

injury, and glaucoma109. Microglia reactivity and dysregulation of cytokine signalling in 

RGC have been reported in the DBA/2J mouse model of inherited glaucoma, which 

precedes the increase in IOP and axonal degeneration33,110. Additionally, in the DBA/2J 

mouse model, depletion of microglia by irradiation or treatment with minocycline or 

triamcinolone, which inhibit reactive microglia, improves RGC survival, further 

demonstrating the role of microglia in RGC death111,112. Moreover, inducing deficiency of 

fractalkine communication between RGC and microglia aggravates axonal transport 

dysfunction, as reported in the DBA/2J mouse model of glaucoma 113. The expression of 

IL-6, a crucial factor of pressure-induced apoptosis, is increased in microglial cells in the 

DBA/2J model114. Interestingly, IL-6 was shown to protect RGC from degeneration 

induced by pressure115, but its absence can prevent axonal degeneration and improve 

visual function116. Furthermore, EHP differently affects the IL-6 production by astrocytes 

and microglial cells, resulting in distinct effects in RGC survival115. The levels of TNF, a 

pro-inflammatory cytokine, are increased in the retina in human and experimental 

models of glaucoma and the aqueous humour of glaucoma patients117–119. The 

upregulation of TNF was been associated with microglia activation and RGC death in 

animals with ocular hypertension117. The inhibition of TNF signalling prevents optic 

nerve degeneration and reduce RGC loss117,120. Further studies have corroborated the 

detrimental effects of activated microglia in RGC degeneration and how the manipulation 

of microglia reactivity prevents neuronal loss121,122. In a model of ocular hypertension, 

microglia inhibition prevented axoglial alterations in the glaucomatous optic nerve123. 

Likewise, the control of microglia reactivity protects RGC in an excitotoxicity induced 

neuronal death model124. Also, blockade of the A2A receptor controls microglia reactivity 

preventing RGC death induced by EHP in vitro and transient ischemic injury in vivo92,94,125. 

Additionally, it was reported that depletion of microglia from primary retinal neural 

cultures decreases cell death93.  
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Müller cells are also involved in the inflammatory response, altering their 

morphology and production of inflammatory mediators, which can have a 

neuroprotective impact or further aggravate the detrimental effects on RGC74,126. 

Activated Müller cells have been identified in experimental animal models of 

glaucoma74,127–129 and human glaucomatous eyes130. In glaucoma, excitotoxicity by 

glutamate has already been identified as a contributor to RGC loss131, and reports showed 

that in vitro incubation of Müller cells under excitotoxic conditions induce the expression 

of several neurotrophins, such as BDNF, NGF, GDNF, and neurotrophins 3 and 4 (NT-

3 and NT-4)132. Moreover, hypoxia tissue has been detected in the retina and optic nerve 

head of glaucoma patients by the identification of hypoxia-inducible factor-1 α (HIF-1α) 

regions133. In Müller cells, HIF-1α expression was increased after IOP elevation, along 

with vascular endothelial growth factor (VEGF), erythropoietin and heat shock protein-

27 (HSP-27) upregulation134, which also are detected in glaucomatous patients’ eyes135. 

Additionally, the neuroprotective capabilities of these factors released by Müller cells 

were identified following glaucoma retinal injuries136–139. Retinal ischemia impairs the 

glutamatergic system of Müller cells leading to excitotoxicity and RGC damage140. 

Furthermore, the release of other factors, such as TNF, NO, and ROS by activated Müller 

cells also contribute to RGC death65.  

The mechanisms that contribute to the inflammatory signal in the retina are still 

unclear. However, the control of glial activation appears as a potential new approach in 

glaucoma treatment, preventing RGC death and further progression of optic nerve 

degeneration. 

 

1.4. Extracellular vesicles 

The exchange of information between cells is crucial in intercellular 

communication. Cell-to-cell interactions can be mediated by direct cell contact or 

transmission of soluble factors, such as cytokines, chemokines, and growth factors141. 

Additionally, a third mechanism involving extracellular vesicles (EVs) was identified in 

intercellular communication142. Initially, EVs were portrayed as cell waste carriers, 

however, these small vesicles, formed by a lipidic membrane, carry a variety of factors, 
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such as proteins, RNAs, and lipids, functioning as signalling vehicles to nearby and 

remote cells. Furthermore, the cargo transported by EVs can be influenced by the 

environmental conditions that the donor cell is exposed to, and their production and 

release can be modulated by different stimuli143. All cells can release EVs, which can carry 

cargo related to the cell of origin or undifferentiated content generally found in most 

vesicles144. Secreted EVs can be found in most body fluids, including blood, saliva, urine, 

bile, and semen145–147. EVs are categorised into exosomes, microvesicles (MVs), and 

apoptotic bodies (Figure 6), based on their biogenesis and size141,148. The combination of 

several microscopy and biochemical techniques is necessary to differentiate the distinct 

types of EV. Additionally, there are no universal markers for MVs besides cell surface 

markers which can differ in composition depending on the cell type. For example, the 

presence of endosomal markers is highly used as a conventional method for exosome 

identification149,150. 

Figure 6 Schematic representation of biogenesis and secretion of extracellular 

vesicles. Exosomes are formed by budding of the membrane of multivesicular bodies 

(MVB), which fuse with the plasma membrane allowing the release of exosomes to the 

extracellular milieu. MVs result from outward budding and fission of the plasma 

membrane. During apoptosis, apoptotic bodies are formed by membrane blebbing. 
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1.4.1 Isolation and characterization methods of extracellular vesicles 

The method used for EVs isolation should be planned based on the experimental 

aim and the properties of the sample. EVs can be isolated from body fluids and cell culture 

medium. Usually, isolation methods are based on EVs size, density, or specific markers 

expressed in EVs membrane surface151. Each manipulation of vesicles samples can disrupt 

EVs concentration, therefore few techniques may be applied to concentrate samples or 

use the combination of different methods152. The International Society for Extracellular 

Vesicles established guidelines to isolate and characterize the different types of EVs, to 

overcome the deficiency of specific markers of each type of EVs153. Differential 

centrifugation, density gradient centrifugation, size exclusion chromatography, 

ultrafiltration, precipitation, and immunocapture are the mainly used methods for EVs 

isolation154,155. The use of these methods does not ensure the isolation of ideal samples of 

EVs156. For example, although differential centrifugation is commonly used it does not 

isolate pure EVs samples, whereas density gradient centrifugation provides highly purified 

EVs, but with low yield151,157. Each isolation method has limitations and EVs 

characterization is required to further study the vesicles and their application156.  

Adequate methods are required to characterize the population of EVs by their size 

distribution, morphology, and biomarkers. Furthermore, quantification of the total 

number of EVs is crucial for the study of vesicles and their applications. A combination 

of methods is used to characterize EVs. Nanoparticle tracking analysis (NTA) measures 

the Brownian motions of individuals particles in suspension, gathering information 

regarding the size distribution and particle concentration158. However, NTA detects 

particle size only and does not differentiate between subpopulations of vesicles and non-

EVs contaminants, which could have the same size as the vesicles’ population in the 

study159. Electron microscopy (EM) techniques, such as transmission (TEM) and 

cryotransmission, are the standard methods for imagining EVs160. Cryotransmission-EM 

is a better alternative to TEM, because it preserves the integrity of the EVs, whereas 

during sample preparation for TEM the size can be compromised157. Furthermore, it is 

important to characterize the EVs cargo156. EVs can be characterized by the detection of 

specific markers using flow cytometry156. Flow cytometry provides a wide range of 

information regarding the molecular content of EVs surface, by multiple labelling of the 
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desire markers flow cytometry measures the emitted fluorescence signal, detecting the 

presence of the marker159. RNA purification, microarray analysis, quantitative reverse 

transcriptase-polymerase chain reaction (PCR) and PCR arrays, next generation 

sequencing and digital droplet PCR are techniques performed to characterize the RNA 

content in EVs156. In addition, the protein content of EVs is usually characterized through 

Western blot (WB), proteomic analysis, and fluorescent-activated cell-sorting156. WB is 

a widely used technique to confirm EVs presence in samples by showing the enrichment 

of various protein components in EVs isolated associated in the corresponding expression 

in donor cells156. However, WB should not be the only method applied to classify 

subpopulations of vesicles, especially between exosomes and MVs, since there are no 

universal recognized markers to differentiate them161,162. Lipidic components of EVs can 

also be characterized by mass spectrometry, however, the size of the sample is often a 

limitation156. Even though, identification of lipid classes in a subpopulation of EVs, and 

comparison to the cells that released the vesicles, could allow the identification of new 

EVs markers and uncover the biological role of EVs lipids in intercellular 

communication163. Moreover, EVs carry cellular metabolites, including sugars, amino 

acids, cofactors, and others164. Identification and quantification of these mediators 

transported by vesicles provide clues of the physiological environment, rising as possible 

biomarkers of disease156.  

 

1.4.2 Exosomes 

Exosomes are small EVs, with a size range of 50-150 nm, formed as intraluminal 

vesicles (ILV) by inward budding of the membrane of multivesicular bodies 

(MVB)143,165,166. Following fusion of the MVB with the cell membrane, exosomes are 

released into the extracellular space (Figure 6)167. Different exosome subpopulations are 

distinguished by composition and morphology suggesting the involvement of multiple 

sorting types of machinery in exosome biogenesis166. Endosomal sorting complex required 

for transport (ESCRT), comprised of four distinct protein complexes, is essential in the 

biogenesis of exosomes. ESCRT-0 and ESCRT-1 are involved in the formation of 

microdomains in the MVB membrane, after that ESCRT-II recruits ESCRT-III, which 

executes the budding and fission of the microdomain, finally forming the ILV143. 
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However, evidence indicates that MVB are still formed in the absence of ESCRT, 

indicating that exosomes can also be formed through ESCRT-independent 

mechanisms168. The molecular composition of exosomes includes endosomal-associated 

proteins (annexins and flotillin), tetraspanins (cluster of differentiation (CD)63, CD81, 

CD82, CD53), and lipids (cholesterol, sphingomyelin, and hexosylceramides)169–173. 

Additionally, exosome cargo can contain RNA (mRNA, miRNA, non-coding RNA) that 

can be subsequently transferred and processed by the recipient cells174,175. Exosomes are 

important players in intercellular communication, participating in countless healthy and 

disease processes of cell interaction, including homeostasis, development, cancer, and 

neurodegenerative diseases176. Previous studies have shown the importance of these EVs 

in pathological situations. Microglial cells propagate tau protein via secretion of tau 

enriched exosomes, contributing to neurotoxicity and progression of Alzheimer's 

disease177. In Parkinson's disease, exosomes released by both neurons and microglial cells 

contribute to the spread of α-synuclein, increasing neuroinflammation and aggravating 

neuronal disfunction178. Additionally, α-synuclein aggregation is promoted by certain 

lipids contained in exosomes179. It was recently demonstrated by our group that exosomes 

derived from microglia exposed to elevated pressure induce microglia reactivity, increase 

the production of proinflammatory mediators, cause retinal cell death, and impact RGC 

survival180. Exosomes may be seen as vehicles used by microglia to propagate the 

inflammatory signals, exacerbating cell dysfunction that contributes to retinal 

degeneration.  

 

1.4.3 Microvesicles 

MVs are formed through direct outward budding and fission of the plasma 

membrane (Figure 6) and present sizes ranging from 50 to 1000 nm. The distinction 

between MVs and exosomes is mainly based on their different biogenesis, since the size 

range of these vesicles overlap143. Even though the characterization of MVs is challenging, 

due to the lack of specific markers and the similarity in sizes between EVs, the interest 

in these EVs has increased in the recent years. When first identified MVs were thought 

to be part of a cellular process of clearing cells’ waste, subcellular material from platelets 
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or ectocytosis, and were also mistaken as apoptotic bodies and exosomes149,181,182. These 

vesicles participate in several physiological processes183,184 and appear as possible 

biomarkers of disease, considering that shed MVs are involved in the progression of 

pathologies, including cancer, multiple sclerosis, and infections185–189. Over time, studies 

tried to unravel the mechanisms of MVs biogenesis and the involvement of these vesicles 

in cell-to-cell communication. The biogenesis of MVs requires molecular changes within 

the plasma membrane, such as phospholipid and cytoskeletal protein rearrangement190. 

Membrane microdomains are formed through the clustering of membrane-associated 

proteins and lipids as well as the recruitment of ESCRT-I191. After the translocation of 

phosphatidylserine (PS) to the outer membrane leaflet, the membrane budding is induced 

and, consequently, the formation of the vesicle192. This rearrangement is regulated by 

aminophospholipid translocases (flippases and floppases), scramblases, and calpain, 

which are Ca2+-dependent enzymes143,190,192. Aminophospholipid translocases are 

responsible for the transport of PS and phosphatidylethanolamine from one side of a 

bilayer to the other, while scramblases translocate phospholipids between the inner and 

outer leaflets of a cell membrane143,190. One consequence of the lipidic reorganization 

within the membrane is the alteration in cholesterol flux, increase efflux of cholesterol 

increases membrane fluidity, compromising the integrity of the membrane193–195. Actin-

myosin interactions cause the restructuring of the cell cytoskeleton143,190. Myosin 

contracts due to its phosphorylation by activated GTPase adenosine diphosphate (ADP)-

ribosylation factors (ARF6 and ARF1), which leads to the budding of the MVs196. 

Previous studies also reported the shedding of ESCRT-dependent MVs in C. elegans, as 

well as the bending of the plasma membrane promoted by acidic sphingomyelinase (A-

SMase) translocation in glial cells197,198. ESCRT proteins have been implicated in the 

shedding of MVs through microdomains formation induced by 

phosphatidylethanolamine asymmetry within the membrane197. Following MVs 

formation, the vesicle is released from the plasma membrane (Figure 7).  
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Figure 7 Biogenesis of microvesicles. Membrane microdomains are formed after lipids 

and membrane-associated proteins are clustered (step 1). Recruitment of components 

that are meant to be released in MVs (step 2). Membrane budding formation and vesicle 

release (step 3). Image from Van Niel, Guillaume, 2018143. 

 

After release, MVs can bind to recipient cells by receptor recognition, for example, 

exposed PS in the outer membrane of MVs is recognized through PS-receptors, followed 

by internalization. Nevertheless, several cells proceed differently, and in some cases, the 

interaction is restricted to the signalling mediated by surface contact via receptor 

binding199. In other cases, after receptor recognition, MVs fuse directly with the plasma 

membrane or are internalized via endocytosis200. In this case, the endocytic uptaken 

vesicle can stay isolated in the endosome and subsequently fuse with lysosomes; or 

discharge their content into the cytosol of recipient cell by fusion of their membrane with 

the endosome; alternatively, vesicles can return to the extracellular space (transcytosis) 

by endosome fusion with the plasma membrane148. Protein secretion is another 

alternative for MVs interaction with target cells, MVs suffer a rupture and release their 

content, which after modifies the recipient cell response149. 

Previous reports described the content of MVs, showing several membrane 

enzymes, such as tetraspanins (CD9, CD81, CD82), intracellular trafficking proteins 

(annexins, flotillin), membrane receptors (major histocompatibility complex II (MHC-

II), CD14), and cytoplasmatic molecules, like ARF6, actin and chaperones proteins 

(HSP-70 and 90)144,201–207. These small vesicles are enriched with lipids such as 

cholesterol, PS, phosphatidylethanolamine, and sphingolipids. Additionally, microRNA, 

non-coding RNAs, mRNA can also be carried by MVs141,143. 
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Further studies explored the effects of MVs derived from other cell types in different 

neurological conditions. For example, in the context of traumatic brain injury, brain 

endothelial cells release MVs enriched in occludin, a tight junction protein, that can be 

isolated from blood plasma208. This work shows that after a brain injury the cerebral 

endothelium is compromised, releasing MVs containing tight junction proteins that may 

provide clues regarding the integrity of the brain-blood barrier (BBB)208. In some cases, 

long-lasting changes in the permeability of the BBB induce inflammation, contributing 

to neuronal impairment209. Therefore, following brain trauma, the characterization of the 

cargo profile of MVs from blood plasma may serve as a biomarker of the condition of the 

neuronal environment, monitoring the BBB integrity and neuroinflammation208. 

 

1.4.4 Apoptotic bodies 

Apoptosis is a mechanism of programmed cell death. It happens deliberately during 

development, homeostasis, and pathological conditions in all tissues210,211. Apoptotic 

bodies are released by cells undergoing apoptosis, formed by membrane enclosed vesicles 

that contain cellular cargo from disintegrating cells (Figure 6). Apoptotic bodies are the 

largest type of EVs, that may reach up to 4000 nm, however, smaller vesicles could be 

released by membrane blebbing212,213. During cell death, morphological alterations occur 

in the cell, such as PS translocation to the outer membrane, which binds to annexin, and 

oxidation of surface molecules214. Thrombospondin or the complement protein C3b 

recognize binding sites and, in turn, phagocytic cells, like microglia and macrophages, 

recognize the apoptotic bodies215–217. Therefore, annexin, thrombospondin, and C3b are 

well-recognized markers of apoptotic bodies218,219. Generally, these vesicles are 

phagocyted locally, consequently, apoptotic bodies participate in the cell-to-cell 

communication with nearby cells219. The contribution of these EVs in the cell-to-cell 

interaction was being demonstrated in previous studies. For example, apoptotic bodies 

are involved in the horizontal transference of tumour DNA after vesicle phagocytosis and 

endothelial cells derived apoptotic bodies affect growth and differentiation of endothelial 

progenitors cells212,220.  
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1.4.5. Effects of microvesicles from microglia 

Microglia release EVs to communicate with other cells, in both physiological and 

pathological conditions. Over the years, the interest in MVs released by microglial cells 

has increased, due to the role of these cells in inflammation and degeneration. The 

number of microglia-derived MVs and the cargo that they carry is affected by the 

conditions that the donor cells are exposed221. Previous reports revealed that in the brain 

activated microglia release MVs, which communicate with the surrounding cells and 

modulate the microenvironment222.  

Cells that express the purinergic receptor P2X7, an ion channel gated by 

extracellular ATP, have a specific mechanism of MVs shedding. Microglial cells express 

this receptor223, which modulates the inflammatory cytokine release224. P2X7 receptor 

activation results in the rearrangement of cytoskeletal proteins and plasma membrane 

asymmetry225–227. This process induces translocation of A-SMase and, consequently, 

vesicle formation, followed by the detachment of blebs from the membrane, resulting in 

the release of MVs198,228. Activation of the receptor P2X7 stimulates inflammasome 

assembly, a caspase-1-associated complex, that leads to the release of IL-1β 224,228,229. 

Therefore, this mechanism emerges as a secretory pathway of IL-1β through MVs. 

Interestingly, released MVs carry the P2X7 receptor in their membranes and are enriched 

in pro-caspase-1 and IL-1β228,230,231. Upon activation by extracellular ATP, pro-IL-1β is 

converted in mature IL-1β by the caspase-1 inflammasome complex in the MVs 

intravesicular lumen232,233. TNF, proteases, and the MHC-II could be some of the factors 

involved in the trafficking of membrane proteins, which may accompany IL-1β release by 

MVs shedding since they are modulated upon P2X7 receptor activation206,233–235. 

Furthermore, extracellular ATP induces apoptosis by P2X7 activation, thus shedding of 

MVs that carry the P2X7 receptor could be a mechanism of protection against apoptosis 

since it decreases receptor accessibility230,236. Moreover, a recent study described a new 

via to release MVs independent of extracellular ATP in myeloid cells during inflammation 

by showing that inhibition of ATP/P2X7 pathway does not decrease the number of 

MVs237. In such conditions, the production of MVs can be induced by pro- and anti-

inflammatory cytokines, IFN-γ and IL-4, independent of the purinergic receptor237. The 

modulation of the two systems of MVs release present differences, ATP is relatively rapid 
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to induce MVs release, while MVs formation mediated by cytokines require longer 

times228,237. In addition, MVs production via cytokines stimulation is abolished by the 

inhibitor of transcription, which does not occur in ATP mediated MVs shedding, 

suggesting that the cytokine effects are dependent on activation of transcriptional 

factors237. The two pathways may be coordinated during inflammation in 

neurodegenerative diseases, in which ATP and cytokines are recognized as important 

mediators238,239.    

Cells can release cytokines by direct secretion, however, the use of MVs to release 

IL-1β as well as other factors presents advantages, such as the wide distribution of the 

mediators to distant target cells, prevention scattering of factors in the extracellular space, 

and avoiding factors degradation149. Therefore, MVs biogenesis may represent a via 

through which microglia communicate with other cells and, at the same time, regulate 

their factors production modulating their cellular response.  

In lipopolysaccharide (LPS)-induced reactive microglia released MVs carry IL-1β, 

in its pro and maturated form, accompanied by the inflammasome-caspase associated 

enzyme pro-caspase-1, responsible for the cytokine maturation230,240. Furthermore, 

reports described that exposure of naïve microglial cells to MVs released by LPS 

stimulation induced microglia activation in vitro240. In addition, those MVs were also 

capable of inducing an inflammatory response in vivo240. These small vesicles have the 

potential to propagate inflammation and contribute to disease progression. Interestingly, 

elevated levels of myeloid MVs were detected in the cerebrospinal fluid of multiple 

sclerosis patients186, and the cerebrospinal fluid of experimental autoimmune 

encephalomyelitis multiple sclerosis model186. Additionally, the recruitment of 

inflammatory cells after injection of MVs into the brain was described in the experimental 

autoimmune encephalomyelitis model186. Moreover, MVs emerge as a new therapeutic 

target to control inflammation since, in a knock-out mouse for A-SMase, animals were 

protected from injury induced by experimental autoimmune encephalomyelitis due to 

impairment in MVs formation186. Furthermore, other mediators identified in MVs were 

also suggested as possible factors of inflammation. The presence of glutaminase, a 

mitochondrial enzyme specialized in glutamate de novo synthesis, was described in MVs 

shed from microglia. MVs from activated microglia cause glutamate neurotoxicity, since 
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glutaminase release mediated by MVs is increased upon microglia activation241. Neuronal 

injury and inflammation can be amplified by exorbitant levels of extracellular glutamate, 

therefore MVs appear as a potential pathway of neurotoxicity induced by glutamate in 

neurologic diseases. Additionally, increased levels of miR-200c in MVs derived from 

microglia subjected to oxygen-glucose deprivation-hypoxia/reoxygenation were 

reported241. The miR-200c is involved in cell survival, contributing to brain cell death 

during ischemic injury242. Additionally, the inhibition of miR-200c in MVs from 

microglia showed neuroprotective effects243, indicating that miRNA carried in MVs are 

able to mediate biological responses.  

A report showed that MVs released by microglial cells interact with neurons, 

enhancing excitatory neurotransmission244. Hippocampal neurons incubated with MVs 

shed by microglial cells increase the miniature excitatory postsynaptic current frequency, 

without causing alterations in its amplitude, boosting the release of synaptic vesicles at 

the presynaptic site244, showing that MVs derived from microglia can modulate the 

synaptic activity. Assessment of the effects of microglia MVs in neuronal cultures revealed 

an increased production in ceramide and sphingosine from sphingomyelin, indicating 

that the neuronal response to MVs is due to stimulation of the sphingolipid 

metabolism198,244. These effects require direct interaction between MVs and neurons since 

in this case, the results do not depend on cytokine release. Moreover, the surface 

components of MVs are responsible for the modulation in neurotransmission, since MVs 

depleted of content, by sequential freeze and thaw, stimulate the neuronal response244. 

These data reveal that not only the content carried by MVs can trigger a biological 

response, but also the lipid fraction of shed MVs plays a role as active biomolecules in 

the cell-to-cell communication245.   

Proteomic analysis of untreated and ATP stimulated microglial cells revealed a 

substantial overlap between protein markers expressed in MVs and exosomes246. Vesicles 

derived from ATP activated microglial cells presented an abundant incidence of proteins 

related to cellular metabolism, such as glycolysis, lactate production, the oxidative branch 

of the pentose phosphate pathway, and fatty acid synthesis related proteins246. This study 

provides additional information on the microglia response to ATP and how MVs derived 

from microglia can impact cells metabolism.  
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Recent studies have shown the potential role played by MVs derived from microglia 

in the progression of neurodegenerative diseases. For example, in the cerebrospinal fluid 

of patients with Alzheimer’s disease, the levels of microglial-derived MVs loaded with 

amyloid-β are increased. The release of these vesicles with neurotoxic potential is 

correlated with microglia activation and neuronal loss247. Furthermore, the release of MVs 

containing p-tau contributes to the dissemination of tau aggregates in Alzheimer’s 

disease248,249. Moreover, reports described the capacity of activated microglia to modulate 

the synapses in neurodegeneration250,251, however, the role of reactive microglial cells in 

synaptic dysfunction is uncertain. A recent study showed that activated microglia release 

vesicles enriched in miR-146a-5p that decrease the levels of synaptic proteins 

(presynaptic synaptotagmin-1 and postsynaptic neuroligin-1), and adhesion protein in 

receiver neurons, leading to synaptic dysregulation and dendric spine loss221,252. These 

findings demonstrate how microglial activation and MVs production can affect neuronal 

synaptic function, and their involvement in neuroinflammation and neurodegeneration 

in diseases, such as in multiple sclerosis.  

More studies are needed to understand the contribution of MVs to inflammation 

and neurodegeneration. Nevertheless, MVs released by microglia are emerging as 

biomarkers from damage and neuroinflammation. Because microglial cells are the primary 

sensor cell to notify alterations within the microenvironment, the identification of MVs 

from microglia may indicate the conditions of the CNS. This feature of MVs roused the 

interest in these vesicles as markers of CNS distress signals and thereby for the study of 

pathologies to identify the early stages of diseases and the processes of communication 

between cells.  
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Glaucoma is a neurodegenerative disease characterized by RGC death and 

progressive optic nerve atrophy. Neuroinflammation contributes to retinal glaucomatous 

damage, and microglia and Müller cell response to retinal damage can influence the 

outcome of the inflammatory process. Microglial cells are known to release EVs that 

spread information to the receiver cells and upon interaction can modulate their response. 

However, how these cells communicate and their consequences during retinal 

inflammation are uncertain. We hypothesized that microglial-derived MVs interact with 

Müller cells, changing their response and influencing their phenotype under different 

culture conditions.  

The main aim of this work was to assess how microglia-derived MVs can modify 

Müller cells in the context of glaucoma. To achieve this goal an in vitro model of EHP was 

used to mimic the increase in IOP. Microglia cells were exposed to EHP (+70 mmHg 

above atmospheric pressure), or atmospheric pressure (control) for 24h, MVs were 

collected and characterized. Müller cells were also exposed to EHP or control pressure for 

24h. The levels of neurotrophic factors, inflammatory cytokines, and gliosis markers were 

evaluated after incubating Müller cell with MVs and EHP. Additionally, MVs were 

injected in the vitreous of C57BL/6J mice and their effects were analysed in the retina 

after 24h and 7 days by determining structure and thickness, microglia, and Müller cells 

reactivity, retinal cell death, and RGC survival.  

In summary, this study aimed to elucidate the role of microglial-derived MVs in 

microglia-Müller cell communication in the context of elevated pressure. 
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2.1 Animals 

All animals handled in this study 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 23/2015 and nº 

09/2017).   

 

Eleven days old and 4-7 months old C57BL/6J mice were used in this study. 

Animals were housed under a controlled environment (27.0±2.5 °C of temperature and 

15.2±11.9% of relative humidity, 12h-light/dark cycle) with free access to food and 

water. 

 

2.2 BV-2 cell line 

BV-2 cells (murine microglial cell line) were cultured in 175 cm2 flasks, maintained 

at 37 °C in a humidified atmosphere of 5% CO2 in Roswell Park Memorial Institute 

(RPMI; GIBCO, Invitrogen) medium, supplemented with heat-inactivated 10% fetal 

bovine serum (FBS; GIBCO, Invitrogen), 2 mM L-glutamine (GIBCO, Invitrogen) and 

antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin; GIBCO, Invitrogen). Briefly, 

BV-2 cells were passed every two days by washing the cells in a fresh medium and shake 

the culture flask until cell detachment. The BV-2 cell suspension was centrifuged at 150 

g for 5 minutes and the pellet was resuspended in culture medium. Cells were then added 

to a new flask or plated for experiments. Cells were used until passage 30. 
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For experiments, heat-inactivated FBS depleted of vesicles (Exo-free FBS) was 

previously prepared by ultracentrifugation at 25400 g for 16h at 4 °C. BV-2 cells were 

plated at 6.25 x 104 cells/cm2 in 100 mm plates in RPMI supplemented with 2% Exo-free 

FBS, 2 mM L-glutamine, and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin), 

and cultured at 37 °C in a humidified atmosphere of 5% CO2. 

 

2.3 Primary Müller cell cultures  

Müller cell cultures were prepared as previously described253, with some 

modifications as follow. Mice with 11 days old were sacrificed by decapitation and the 

eyes were immediately removed, washed, and soaked in Dulbecco's Modified Eagle 

medium (DMEM) with Glutamax, (GIBCO, Invitrogen) supplemented with gentamicin 

(10 µg/mL; GIBCO, Invitrogen) overnight at room temperature (RT) protected from 

light253,254. The eyes were rinsed twice in phosphate-buffered saline (PBS, in mM: 137 

NaCl, 2.7 KCl, 10 Na2HPO4, 1.8 KH2PO4; pH 7.4) and incubated with 0.05% trypsin 

(in 0.5 mM EDTA; GIBCO, Invitrogen) and collagenase (200 U/mL; GIBCO, Invitrogen) 

for 2h at 37 °C in a humidified atmosphere of 5% CO2. Eyes were washed with low 

glucose DMEM (5.5 mM glucose; GIBCO, Invitrogen) supplemented with 10% FBS and 

antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin), further referred in this 

section as medium. The retinas were dissected in medium and 6-10 retinas were 

transferred to 10 mm plates. The tissue was mechanically dissociated into small fragments 

and incubated for 3 days at 37 °C in a humidified atmosphere of 5% CO2. Cell growth 

was observed, and at day 5 in vitro (DIV5), the cultures were washed with culture medium 

until only an adherent cell population remained attached to the plate. Cells became fully 

confluent after 8-10 days in culture. Cells were then washed with PBS and detached from 

plate with trypsin (0.05% trypsin in 0.5 mM EDTA) for 2-3 minutes at 37 °C in a 

humidified atmosphere of 5% CO2. Medium was added to stop trypsinization, and the 

cell suspension was centrifuged at 800 g for 5 minutes. The supernatant was carefully 

discarded, and the pellet was resuspended in medium. Cells were cultured in 175 cm2 

flasks in DMEM and used until passage 5, as described previously255. 
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For experiments, cells were plated at a density of 1.05 x 104 cells/cm2 in 6-well plates 

or 5.3 x 103 cells/cm2 in 24-well plates with glass coverslips, pre-coated with poly-L-lysine 

(0.1 mg/mL), in DMEM low glucose supplemented with 10% Exo-free FBS and 

antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin), and cultured at 37 °C in a 

humidified atmosphere of 5% CO2. 

 

2.4 MIO-M1 cell line 

The human Müller cell line Moorfields/Institute of Ophthalmology-Müller 1 (MIO-

M1)256 was cultured in 175 cm2 flasks in DMEM with Glutamax, supplemented with 

heat-inactivated 10% FBS and antibiotics (100 U/mL penicillin, 100 µg/mL 

streptomycin) and maintained at 37 °C in a humidified atmosphere of 5% CO2. When 

cell confluency was obtained, cells were washed with PBS, and 0.05% trypsin (in 0.02 

mM EDTA; Sigma-Aldrich) was added for 2-3 minutes at 37 °C. The cell suspension was 

centrifuged for 5 minutes at 450 g. The supernatant was carefully discarded and the pellet 

was resuspended in culture medium. MIO-M1 cell suspension was then used for plating 

or added to a new flask. MIO-M1 cell line was passed usually once a week and used until 

passage 40. 

For experiments, cells were plated at a density of 1.05 x 104 cells/cm2 in 6-well plates 

or 1.32 x 104 cells/cm2 in 24-well plates with glass coverslips, pre-coated with poly-L-

lysine (0.1 mg/mL), in DMEM with Glutamax supplemented with 10% Exo-free FBS and 

antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin), and cultured at 37 °C in a 

humidified atmosphere of 5% CO2. 

 

2.5 Cell treatment 

BV-2 cells were incubated for 24h in a 37 °C incubator equipped with a custom-

made pressure chamber (Figure 8), supplied with a pressure regulator and a gauge, which 

allowed to maintain a constant hydrostatic pressure of 70 mmHg above atmospheric 

pressure (EHP), achieved by injecting a mix of 95% air 5% CO2 
115. The selected 

conditions for elevated pressure induction were based on previous findings95,180,257. 
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Additionally, BV-2 cells were maintained in a standard 5% CO2 humidified incubator at 

atmospheric pressure (control condition).  

Figure 8 Customized pressure chamber inside a 37º C oven. The pressure chamber 

is equipped with a regulator to control the pressure.  

 

2.6 Isolation of extracellular vesicles  

BV-2 cell culture media were collected and centrifuged at 400 g for 10 minutes at 

4 °C, and the supernatants were collected. The fraction of EVs corresponding to MVs 

was obtained from supernatants by low-speed ultracentrifugation at 16500 g for 20 

minutes at 4 °C. The pelleted MVs were washed with sterile PBS and centrifuged for 20 

minutes at 16500 g at 4 °C. The pellet was resuspended in sterile PBS. MVs collected 

from BV-2 cells incubated at atmospheric pressure (control) or challenged with EHP will 

be referred to as MV-CT and MV-EHP, respectively. 

 

2.7 Nanoparticle tracking analysis 

NTA was performed using a NanoSight NS300 instrument with a 488 nm laser and 

an sCMOS camera module (Malvern Panalytical Limited). The total of MVs samples was 

diluted in 1 mL of PBS and analysed following general instructions. A syringe pump with 

constant flow injection was used, and 5 videos of 1 minute were recorded for each sample 

with the camera level set at 12. Mean and estimated concentration for each particle size 

were obtained. All data were processed using NTA 3.3 analytical software (Malvern 

Panalytical Limited) with a Detection Threshold of 3.  
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2.8 Transmission electron microscopy  

MVs were fixed with 4% paraformaldehyde (PFA) and prepared as previously 

described258. Briefly, Formvard-carbon coated grids (TAAB Laboratories) were used and 

MVs were washed with PBS and fixed with 1% glutaraldehyde for 5 minutes. Grids were 

washed with distilled water and contrasted with uranyl-oxalate (pH 7), for 5 minutes, 

and transferred to methyl-cellulose-uranyl acetate, for 10 minutes on ice. The 

preparations were observed in a Tecnai G2 Spirit BioTWIN electron microscope with 

analySIS 3.2 software (FEI).  

 

2.9 Incubation with microvesicles  

MIO-M1 cells (recipient cells) were incubated with MVs derived from BV-2 cells 

(donor cells) in the proportion of 1 donor cell to 1 recipient cell (MIO-M1 cells were 

incubated with the MVs derived from the same number of BV-2 cells). MIO-M1 cells 

were also challenged with EHP for 24h or cultured in normal pressure control. 

 

2.10 Intravitreal injection  

Four to seven months old C57BL/6J mice were anesthetized with 2.5% isoflurane 

in 1 L/min O2 (IsoFlo; Abbott Laboratories). Topical anaesthesia (oxybuprocaine 

hydrochloride, Anestocil, 4 mg/mL, Edol) was used to anesthetize the ocular surface and 

the pupils were dilated with tropicamide (Tropicil Top, 10 mg/mL, Edol). BV-2 cells 

plated in six 100 mm plates per condition were used to isolate MVs in 100 µL of sterile 

PBS. In each eye, 3 µL of MVs suspension were injected in the vitreous using a 36G 

needle attached to an intraocular injection kit (NanoFil Application Kits, World 

Precision Instruments) coupled to a 10 µL syringe and an automated pump controlled 

with a footswitch (Micro4; World Precision Instruments). In each animal, one eye was 

injected with MV-CT and another eye with MV-EHP. A control animal group was 

defined by injecting 3 µL sterile PBS in one eye, and another eye was left untreated 

(naïve). Animals were randomly assigned to two time points (24h and 7 days post-

injection). 
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2.11 Labelling of microvesicles  

MVs were labelled with PKH67 Green Fluorescent Cell Linker Kit for General Cell 

Membrane Labelling (Sigma-Aldrich). Briefly, 50 µL of freshly isolated MVs were 

incubated with 1 µL of PKH67 for 5 minutes, in the dark previously prepared in 100 µL 

of diluent C. Samples were washed in sterile PBS and centrifuged for 20 minutes at 16500 

g at 4 °C. The supernatant was gently discarded and MVs pellet was collected. The same 

procedure was performed in PBS to use as negative control.  

 

2.11.1 Microvesicles interaction with MIO-M1 

MIO-M1 cells, cultured at control pressure or exposed to EHP, were incubated for 

1 or 2h with PKH67-labelled MVs that were previously diluted by ten-fold in DMEM 

with Glutamax. After, cells were washed in warm PBS and fixed for 10 minutes in 4% 

PFA with 4% sucrose. Coverslips were washed in PBS and permeabilized in 1% Triton X-

100 in PBS for 5 minutes. Cells were incubated with phalloidin conjugated to 

Tetramethylrhodamine B isothiocyanate (TRITC; Sigma-Aldrich) (1:1000) and with the 

nuclear dye 4',6-diamidino-2-phenylindole (DAPI, 1:2000) for 30 minutes. Following 

washing with PBS, the preparations were mounted with fluorescent mounting medium 

(DAKO). Z-stack images (0.5 μm thickness) were acquired in a confocal microscope 

(LSM 710 Axio Observer Z1 microscope, QUASAR detection unit; ZEN Black 2010 

software Carl Zeiss), using an EC Plan-Neofluar x40/1.30 Oil Dic M27 objective for 

phalloidin-stained cells, and a Plan Apochromat x63/1.40 Oil Dic M27 objective for 

preparations without phalloidin. 

 

2.11.2 Interaction of microvesicles in the retina 

Intravitreal injection of PKH67-labelled MVs was performed in 7 months old 

C57BL/6J mice, as previously described above. In the same animal, one eye was injected 

with PKH67-labelled MV-CT and the contralateral eye with PKH67-labelled MV-EHP. 

Animals injected with PKH67 in PBS in one eye and PBS alone in the contralateral eye 

were used as negative controls. After 24h, the animals were anesthetized with 2.5% 
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isoflurane in 1 L/min O2 and sacrificed by decapitation. A suture was stitched to mark 

the upper eyelid and eyes were immediately removed and washed in PBS. A small incision 

was done in the cornea and the eyes were soaked overnight in 4% PFA. Then, retinas 

were removed from the eyecup, without losing eye orientation, and four cuts were made 

to allow the retinas to set flat (the deeper cut marked the superior part of the eye) in a 

glass slide. Once the tissue was flat, using a small piece of cellulose filter paper the retina 

was moved to a well where it was soaked for 1h in 4% PFA. Then, retinas were washed 

twice with PBS and incubated for 15 minutes with DAPI (1:2000). After three PBS 

washes, the retinas were mounted in mounting medium with the GCL facing up. MVs 

interaction with the retinas was observed in Z-stack images (0.5 μm thickness) captured 

in a confocal microscope (LSM 710 Axio Observer Z1 microscope, QUASAR detection 

unit; ZEN Black 2010 software Carl Zeiss) using Plan Apochromat x20/0.80 Oil DIC 

M27 objective. Additionally, whole-mounted retinal images were acquired with EC Plan-

Neofluar x10/0.3 Ph1 M27 objective using an automated tile-scan imaging/stitching tool.  

 

2.12 Preparation of vertical retinal sections  

Animals were deeply anesthetized with an intraperitoneal injection of a solution of 

ketamine (80 mg/kg, Nimatek) and xylazine (5 mg/kg, Ronpum 2%) and then 

transcardially perfused with PBS followed by 4% PFA. A suture was stitched to mark the 

upper eyelid, the eyes were removed, and the cornea was punctured with a needle. Eyes 

were fixed for one additional hour in 4% PFA and then washed in PBS. For 

cryopreservation, the tissue was soaked in 15% sucrose in PBS for 1h followed by 30% 

sucrose in PBS overnight. The eyes were embedded in a tissue-freezing medium (Optimal 

Cutting Temperature, OCT; Shandon CryomatriX, Thermo Scientific) with 30% of 

sucrose in PBS (1:1), and stored at -80 °C. Retinal cryosections of 14 µm thickness were 

sectioned in a cryostat (Leica CM3050 S, Leica Biosystems) and mounted on Superfrost 

Plus glass slides (Menzel-Gläser, Thermo Scientific). Glass slides were stored at -20 °C 

until used. 
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2.13 Immunostaining 

2.13.1 Immunocytochemistry 

The cells plated on glass coverslips were washed with warm PBS and then fixed with 

4% PFA with 4% sucrose for 10 minutes. Then, cultures were washed with PBS and 

permeabilized in 1% Triton X-100 in PBS for 5 minutes. After permeabilization, cells 

were blocked with 3% bovine serum albumin (BSA) and 0.2% Tween, in PBS, for 1h. 

Cultures were then incubated with the primary antibodies (Table 1) for 90 minutes at 

RT. Coverslips were washed with PBS and incubated with the corresponding secondary 

antibodies (see Table 1) for 1h at RT in the dark. Following incubation, cells were washed 

with PBS and incubated DAPI (1:2000) for 10 minutes. After a final wash with PBS 

coverslips were mounted with fluorescent mounting medium. 

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

 Supplier (Cat No) Host Dilution 

Primary Antibodies 

Anti-Vimentin Abcam (ab92547) 

Rabbit 

1:200 
Anti-GS Abcam (ab49873) 

Anti-EEAT1(GLAST) Abcam (ab416) 1:100 

Anti-NF-L  
Cell Signalling Technology 

(2837) 
1:200 

Anti-NeuN Abcam (ab128886) 1:250 

Anti-β-III-Tubulin Abcam (ab107216) Chicken 1:500 

Anti-CD11b AbD Serotec (MCA275G) Rat 1:200 

Secondary antibodies 

Alexa Fluor 488 anti-rabbit IgG  Invitrogen (A21206) Donkey 

1:200 Alexa Fluor 568 anti-chicken IgG Invitrogen (A11041) 
Goat 

Alexa Fluor 568 anti-rat IgG Invitrogen (A11077) 

 

2.13.2 Immunohistochemistry 

The retinal sections were defrosted at RT overnight. The sections were fixed with 

cold acetone at -20 C for 10 minutes, and then rehydrated in PBS until OCT 
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disappeared. A hydrophobic pen was used to limit the sections and the tissue was 

permeabilized with 0.25% Triton X-100 in PBS for 30 minutes and blocked in 10% 

normal goat serum and 1% BSA in PBS for 30 minutes at RT in a humidified 

environment. Then, the slides were washed with PBS and incubated overnight at 4 C, 

in a humidified environment, with primary antibodies (Table 2) prepared in 1% BSA in 

PBS. The sections were immersed in PBS followed by incubation with the secondary 

antibodies (see Table 2) prepared in 1% BSA in PBS for 1h at RT, protected from light. 

The sections were washed with PBS and then incubated with DAPI (1:2000) for 10 

minutes. Finally, the retinal sections were washed in PBS and mounted with a fluorescent 

mounting medium.  

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

 Supplier (Cat No) Host Dilution 

Primary Antibodies 

Anti-GFAP Millipore (AB5541) Chicken  

1:500 

 

Anti-Brn3a Millipore (MAB1585) Mouse 

Anti-MHC-II Abcam (ab139365) Rat 

Anti-Iba1  Wako (019-19741) Rabbit 1:1000 

Secondary antibodies 

Alexa Fluor 488 anti-chicken IgG  Invitrogen (A11039) 

Goat 1:500 
Alexa Fluor 568 anti-mouse IgG Invitrogen (A11004) 

Alexa Fluor 488 anti-rabbit IgG Invitrogen (A11008) 

Alexa Fluor 568 anti-rat IgG Invitrogen (A11077) 

 

2.14 Phagocytosis assay 

First, to assess the ideal conditions for the evaluation of the phagocytic capacity of 

Müller cells, MIO-M1 cells were incubated for 1h, 2h, and 24h with 0.0025% and 

0.005% of fluorescent latex beads. In the following experiments, MIO-M1 cells were 

incubated with 0.0025% fluorescent latex beads (1 µm diameter, Sigma-Aldrich) for 2h 

prior to the end of the experiment. Then, cultures were fixed with 4% PFA with 4% 

sucrose, washed with PBS, and permeabilized and blocked as previously described. Cells 

were stained with phalloidin (1:500) for 30 minutes, followed by a washing step with 
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PBS, and incubated with DAPI (1:2000) for 10 minutes. Coverslips were mounted with 

fluorescent mounting medium. Images of the preparations were acquired in an inverted 

fluorescence microscope (Zeiss Axio Observer.Z1 microscope equipped with an AxioCam 

HRm and Zen Blue 2012 software, Carl Zeiss) with a Plan Achromat x20/0.8 objective. 

From each condition, 10 random fields were acquired, and the number of phagocytized 

beads by each cell was counted as well as the number of cells with incorporated beads. 

Finally, the phagocytic efficiency (%) was calculated as described259:  

𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
1 × 1𝑥 + 2 × 2𝑥 + 3 × 3𝑥 + ⋯ + 𝑛 × 𝑛𝑥

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100 

𝑛𝑥 represents the number of cells containing 𝑛 microspheres (𝑛 = 1,2,3, … up to a 

maximum of 6 points for more than 5 beads ingested per cell). 

 

2.15 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, coverslips and 

cryosections were fixed and permeabilized as described above. The preparations were 

washed twice in PBS and incubated with equilibration buffer (200 mM potassium 

cacodylate, 25 mM Tris-HCl, 0.2 mM DTT, 0.25 mg/mL BSA and 2.5 mM cobalt 

chloride) for 10 minutes. Then, cultures and retinal sections were incubated with the 

recombinant TdT enzyme and with nucleotide mix containing dUTP conjugated to 

fluorescein at 37 C for 1h. To stop the reaction, the preparations were immersed in 

saline-citrate buffer (175 g/L NaCl, 88.1 g/L sodium citrate) for 15 minutes at RT, 

followed by three washes with PBS for 5 minutes. Next, slides were incubated with DAPI 

(1:2000) and cultures were labelled with phalloidin (1:500) and DAPI. The preparations 

were mounted with a fluorescent mounting medium. In cell cultures, ten random fields 

were acquired for each condition. In retinal cryosections, four sections were acquired per 

eye then the total length of the retina and the total number of TUNEL+ cells was 

normalized to the length of the section per image.  
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2.16 Preparation of protein extracts  

Cells were washed with PBS and collected in ice-cold radioimmunoprecipitation 

assay (RIPA) buffer with 1 mM of DTT (Sigma-Aldrich) and complete mini protease 

inhibitor cocktail tablets (Roche Diagnostics). After, cell lysates were sonicated and 

centrifuged at 16100 g for 10 minutes at 4 °C. Pellets were discarded, and the 

supernatants were immediately stored at -80 °C. 

Retinal lysates were prepared from eyes that were immediately removed from 

anesthetized animals with 2.5% isoflurane in 1 L/min O2 and sacrificed by decapitation. 

The eyes were placed in ice-cold PBS and the retinas were dissected. The tissue was lysed 

in RIPA buffer with DTT and complete mini protease inhibitor cocktail tablets, sonicated 

and centrifuged, as described above. The supernatant was collected and stored at -80 °C. 

 

2.17 Bicinchoninic acid (BCA) assay 

Quantification of total protein of protein extracts was performed using the BCA 

protein assay kit (Sigma-Aldrich), following the instructions supplied by the manufacture 

using known protein concentrations of BSA to obtain a standard curve. Then, in a 96-

well plate, 25 µL of diluted samples were incubated with the provided BCA regent, for 

30 minutes at 37 °C in the dark. The absorbance at 570 nm was read in a microplate 

reader (Gen5 software, Synergy HT, BioTek Instruments). 

 

2.18 Cytokine antibody array 

A human cytokine array was used to simultaneous detect multiple cytokines, 

following the instructions provided by the manufacture (Abcam). All washes and 

incubations were performed under gentle rotation (60 rpm). Membranes were blocked in 

1x blocking buffer at RT for 30 minutes and then incubated with the samples (300 µg of 

MIO-M1 lysates collected in provided cell lysis buffer) overnight at 4 °C. Then, 

membranes were washed for 45 minutes at RT with wash buffer 1. After, serial washes 

with wash buffers 1 and 2 at RT (5 minutes each), membranes were incubated with 1x 
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Biotin-Conjugated Anti Cytokines overnight at 4 °C. Following incubation, serial washes 

were performed as previously described, and 1x Horseradish peroxidase (HRP)-

Conjugated Streptavidin was incubated overnight at 4 °C. Serial washes were repeated, 

and the membranes were prepared for chemiluminescence detection. Finally, membranes 

were incubated for 2 minutes with the detection mix (equal volumes of detection buffer 

C and detection buffer D) at RT. ImageQuant LAS500 equipped with a CCD camera was 

used to detect chemiluminescence. 

 

2.19 Western blot  

Protein extracts were denaturated with 6x Sample Buffer 6x (0.5 M Tris, 30% 

glycerol, 10% SDS, 0.6 M DTT, 0.012% Bromophenol Blue) and heated for 5 minutes 

at 95 °C. Equal amounts of protein were loaded into the gel, except for MVs samples of 

which the entire volume was loaded. Proteins were separated by 8-15% sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF 

membranes (Millipore). Next, membranes were blocked with 5% low-fat 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 incubated overnight at 4 °C with primary antibodies (Table 

3). Membranes were then washed three times with TBS-T, followed by incubation with 

the corresponding secondary antibodies (see Table 3) for 1h at RT. After final washes, 

protein detection was performed using enhanced chemiluminescence (ECL) (Clarity; Bio-

Rad and WesternBright Sirius; Advansta) or enhanced chemifluorescence with ECF (GE 

Healthcare). Luminescence was detected in LAS550 and fluorescence in Typhoon FLA 

9000 (GE Healthcare). 
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Table 3 List of primary and secondary antibodies used in WB. 

 Supplier (Cat No) Host Dilution 

Primary Antibodies 

Anti-Flotillin 1 
BD Transduction Laboratories™ 

(610821) 
Mouse 1:1000 

Anti-GFAP Millipore (IF03L) Mouse 1:500 

Anti-GS Abcam (ab49873) Rabbit 1:1000 

Anti-Vimentin Millipore (V5255) Mouse 1:500 

Anti-iNOS Abcam (ab178945) Rabbit 1:1000 

Anti-IL-1β Abcam (ab9722) Rabbit 1:1000 

Anti-LIF Abcam (ab113262) Rabbit 1:500 

Anti-BDNF Abcam (ab108319) Rabbit 1:1000 

Anti-GFAP Millipore (G9269) Rabbit 1:1000 

Anti-GS 
Santa Cruz Biotechnology (sc-

74430) 
Mouse 1:1000 

Anti-TSPO Abcam (ab109497) Rabbit 1:1000 

Anti-IL-1β R&D Systems (AB-401-NA) Mouse 1:500 

Anti-Calnexin SICGEN (AB0041-500) Goat 1:10000 

Secondary antibodies 

Anti-goat IgG, Alkaline phosphatase 

(AP) 
Invitrogen (31-300) Rabbit 1:10000 

Anti-mouse IgG, AP Millipore (A3562) Goat 1:10000 

Anti-mouse IgG, HRP Invitrogen (A16072) Goat 1:10000 

Anti-Rabbit IgG, HRP Invitrogen (A16104) Goat 1:10000 

 

2.20 Optical coherence tomography (OCT) 

The structure and thickness of the retina were evaluated with Spectrum Domain 

(SD)-OCT (coupled to a Phoenix Micron IV Retinal Imaging Microscope, Phoenix 

Technology). Animals were anesthetized with an intraperitoneal injection of ketamine 

and xylazine (80 mg/kg and 5 mg/kg, respectively). Topical anaesthesia was applied to 

anesthetize the ocular surface and the pupils were dilated with tropicamide. Additionally, 
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carmellose sodium (Celluvisc, Allergan) was used to hydrate the cornea during the 

acquisition. OCT was performed at 24h and 7 days after MVs intravitreal injection. A 

SD-OCT system was used to capture B-scans of the retina. The first image was focused 

on the centre of the eye fundus and scans were acquired above and below the optical 

nerve head. For each eye, 5 images were analysed, two images above and two images 

bellow the optic nerve and one of the optic nerve260. Total retinal thickness was measured 

from the GCL to the RPE using Insight (Phoenix Technology).  

The OCT scan images were used to quantify the presence of cell infiltrates in the 

vitreous using ImageJ software, similar to what was described previously7, with some 

modifications as follows. The Max Entropy auto-thresholding macro was applied to the 

OCT scan images and the region of interest in each image was defined as the vitreous 

cavity visible. Vitreous infiltration score (VIS) was calculated using the following formula:  

𝑉𝐼𝑆 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 × 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) 

 

2.21 Fluorescein angiography  

Animals were deeply anesthetized with an intraperitoneal injection of ketamine and 

xylazine (80 mg/kg and 5 mg/kg, respectively). Topical anaesthesia was used to 

anesthetize the ocular surface and the pupils were dilated with tropicamide. Additionally, 

carmellose sodium (Celluvisc) was used to hydrate the cornea during the acquisition. 

Fluorescein angiography images were captured with the Micron IV Retinal Imaging 

Microscope, immediately after animals were intraperitoneally injected with 5% 

fluorescein (100 mg/mL, Serb Laboratories) and until saturation was achieved260. For this 

reason, only one eye per animal was analysed. Fluorescein angiography was performed to 

assess the effect of MVs interaction on vascular leakage. Only the timepoint of 24h was 

performed. The presence of leaky areas was evaluated in the acquired coded images, then 

images were graded by a researcher blinded to the experimental condition.  
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2.22 Statistical analysis  

GraphPad Prism® 7.0 software was used for the statistical analysis of results. 

Graphics are presented as mean±standard error of the mean (SEM). The normal 

distribution of the data was analysed by the Shapiro-Wilk normality test. Data with 

normal distribution were analysed with parametric tests and data with non-gaussian 

distribution was analysed with non-parametric tests, as indicated in the figure legends. 

Statistical significance was considered for P value of < 0.05. 
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In this study, we aimed to investigate the effects of microglia-derived MVs in Müller 

cells, using MIO-M1 cells (human Müller cell line) and an animal model. 

MVs from microglial cells were derived from the BV-2 murine microglia cell line 

previously exposed to EHP (MV-EHP) or from atmospheric pressure conditions (MV-

CT) for 24h. MIO-M1 cells were cultured at atmospheric pressure or EHP for 24h in the 

presence or absence of MVs. In addition, MVs were injected in the vitreous of C57BL/6J 

mice and their effects were assessed after 24h and 7 days of injection. 

 

3.1 Characterization of Müller cell cultures 

In this study, primary Müller cell cultures were established in the laboratory. First, 

the purity of the primary cultures was assessed by immunolabeling for the presence of 

Müller cell, neuronal and microglial cell markers. No labelling was observed for the 

neuronal markers neurofilament-L (NF-L) and neuronal nuclear protein (NeuN, Figure 

9A), indicating that neurons are not present in the culture. Interestingly, primary Müller 

cells presented a weak expression of β-III-tubulin (β-III-tub), usually regarded as a 

neuronal marker (Figure 9A). Previous studies reported the expression of neuronal or 

ganglion cell-specific markers in Müller cells after injury (β-III tub, Thy-1 cell surface 

antigen, transcription factor Brn3.0, and neurotransmitter markers261–265). In addition, 

the β-III tub was also described to be constitutively expressed in fetal astrocytes of the 

human brain266, and Müller cell lines, including MIO-M1 cells267. Additionally, the 

antibody for the CD11b (Figure 9A), a microglial marker, did not label cells, suggesting 

that microglia are not present in the culture. Müller cell cultures expressed specific 

proteins of Müller cell, such as, vimentin and GS (Figure 9B). These results, together 

with the fact that all cells in culture expressed vimentin, show that the cultures of primary 

Müller cells derived from post-natal mice are pure, express the selective markers and 

present a morphology compatible with Müller cells. 

Taking the fact that the preparation of the primary cultures of Müller cells is 

expensive, laborious, and time-consuming, the decision was made to proceed with MIO-

M1 cells, despite the fact that cells lines pose several disadvantages268. The human Müller 
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cell line MIO-M1 also expressed vimentin, GS, and GLAST (Figure 10), as previously 

described by others256,269. These cells have previously been used to explore the role of 

Müller cells in retinal diseases270–273. 

 

Figure 9 Evaluation of the purity of mouse primary Müller cell cultures. A. 

Expression of neuron markers, Neurofilament-L (NF-L; green), neuronal nuclear protein 

(NeuN; green) and β-III-tubulin (β-III-Tub; red), and microglia marker, cluster of 

differentiation 11b (CD11b; red) in Müller cell primary cultures. B. Expression of Müller 

cell markers (green): vimentin (Vim), glutamine synthetase (GS). Cell morphology was 

observed by staining actin filaments with phalloidin (red). Nuclei were stained with DAPI 

(blue). Scale bar: 50 µm. 

 

Figure 10 Expression of Müller cell markers in MIO-M1 cell line. Representative 

images of MIO-M1 cells labelled for vimentin (Vim), glutamine synthetase (GS), and 

glutamate aspartate transporter 1 (GLAST) (green). Actin filaments were stained with 

phalloidin (red). Nuclei were stained with DAPI (blue). Scale bar: 50 µm. 
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3.2 Characterization of extracellular vesicles released by BV-2 cells 

BV-2 cells were exposed to EHP or kept at atmospheric pressure and the released 

EVs were collected from supernatant. EVs collected at low-speed ultracentrifugation were 

characterized in number, size, and presence of protein markers characteristic of MVs 

(Figure 11). NTA was performed to determine the size distribution of particles in 

suspension. The collected EVs presented an average size of 196.4±4.9 nm and 

218.2±6.1 nm, respectively, for the control and EHP conditions (Figure 11A), consistent 

with the range size of MVs143. The concentration of MVs released in cells exposed to EHP 

(9.32x108 ± 4.1x107 particles/mL, n=3) were not significantly different from control 

condition (7.6x108 ± 4.4x107 particles/mL, n=3, Figure 11A). TEM was used to image 

the particles (Figure11B) that presented size similar to the results obtained by NTA and 

morphology compatible with EVs. The protein flotillin-1, present in lipid rafts during 

vesicle formation, has been used as a protein marker of exosomes144, but it is also present 

in MVs201. In the protein extracts obtained from vesicles suspension, flotillin-1 was 

detected in both conditions, MV-CT and MV-EHP (Figure 11C). The endoplasmic 

reticulum protein calnexin is enriched in cellular extracts and was detected in the extracts 

from extracellular vesicles, which was already reported by others163,274,275 (Figure 11C). 

Taking into account these results, the isolated fraction of EVs was characterized as MVs, 

and this nomenclature will be used subsequently.  

 

3.3 Microvesicles derived from BV-2 cells interacted with MIO-M1 cells 

Since the main hypothesis of this work is that MVs derived from microglial cells 

may change the phenotype of Müller cells, the effects of MVs derived from BV-2 cells in 

MIO-M1 cells were addressed. Firstly, to evaluate whether MVs obtained from BV-2 cells 

interacted with MIO-M1 cells, MV-CT and MV-EHP were labelled with the lipophilic 

dye PKH67 following incubation with MIO-M1 cells, for 1h or 2h (Figure 12A, n=1). 

The presence of green puncta inside the cells indicated that PKH67-labelled MVs, from 

both conditions, were internalized by MIO-M1 cells. With time, PKH67 staining inside 

the cells increased, as well as the number of cells stained (Figure 12A). Moreover, MIO-

M1 cells were incubated with PKH67-labelled MV-CT and MV-EHP for 2h under EHP 

or atmospheric pressure and stained with phalloidin to allow better visualization of the  
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Figure 11 Characterization of extracellular vesicles collected by low speed-

ultracentrifugation released by BV-2 cells. EVs were isolated from supernatants of 

microglial cells (BV-2 cell line) after exposure to EHP or atmospheric pressure. A. The 

size distribution and concentration of particles in vesicle suspensions were analysed by 

NTA. The presented graph is representative of 3 independent experiments. B. Vesicles 

were imaged by TEM and the depicted images are representative of 2 independent 

experiments. Scale bar: 1000 nm. C. The presence of Flotillin-1 and calnexin were 

analysed by WB.  

 

cells morphology (Figure 12B, n=1). Results show that under elevated pressure MIO-M1 

cells also internalize MVs. Interestingly, fewer PKH-67 labelled particles were observed 

inside the cells after phalloidin staining, suggesting that the protocol for phalloidin 

staining may affect PKH67 observation. The negative controls (PBS plus PKH67 and 

PBS alone) did not present any considerable labelling (Figure 12A and B). 

 

3.4 Effect of BV-2 microvesicles and EHP in the death of Müller cells 

MIO-M1 cells were incubated with MVs derived from BV-2 cells, MV-CT, and MV-

EHP, and exposed to atmospheric pressure or EHP for 24h. Cell death was assessed by 

TUNEL assay (Figure 13A). In EHP conditions, TUNEL+ cells were 138.1±68.65% of 

control, n=3 (Figure 13B). The incubation of MIO-M1 cells with MV-CT decreased the 

number of TUNEL+ cells either in EHP or control conditions (40.26±20.46% and 

57.31±11.6% of control, MV-CT under atmospheric pressure or MV-CT under EHP, 

respectively, n=3, Figure 13B), suggesting that MVs obtained from control BV-2 cells 

improve the survival of MIO-M1 cells. Incubation with MV-EHP in normal pressure did  



 

59 

 

 

 

 

 

 

 

 

 

Figure 12 MVs 

derived from BV-2 

cells interact with 

MIO-M1 cells. A. 

Representative 

images of the 

interaction between 

PKH67-labelled MVs 

(green) and MIO-M1 

cells were observed 

after 1h and 2h of 

incubation. Images 

were acquired in light 

transmission and the 

border of the plasma 

membrane was 

outlined with a white 

line using Adobe 

Illustrator. B. 

Representative 

images of the 

interaction of 

PKH67-labelled MVs 

and MIO-M1 cells 

after 2h of incubation 

under atmospheric or 

EHP conditions. 

MIO-M1 cells were 

labelled with 

phalloidin (red) and 

nuclei were stained 

with DAPI (blue). 

Scale bar: 50 µm. 
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not significantly change cell death (97.38±41.45% of the control, n=3). Additionally, 

the incubation of MIO-M1 cells with MV-EHP during EHP did not significantly alter 

cell death (204.7±75.55% of control, n=3 Figure 13B).  

 

Figure 13 Effect of MVs and EHP exposure in cell death of Müller cells. A. MIO-

M1 cells were incubated with MV-CT and MV-EHP under atmospheric or EHP for 24h 

and cell death was evaluated by TUNEL assay (green). Müller cells were stained with 

phalloidin (red). Nuclei were counterstained with DAPI (blue). Representative images 

are depicted B. The number of TUNEL+ cells was normalized to the total number of cells 

(DAPI+ cells) and the results are presented as percentage of control. Results were 

obtained from 3 independent experiments, performed in duplicate. Scale bar: 50 µm. 

 

3.5 Effect of EHP and microglia-derived microvesicles in Müller cell gliosis  

The expression levels of proteins involved in Müller cell gliosis were quantified by 

WB in protein extracts from MIO-M1 cells incubated with MVs derived from BV-2 cells 

(MV-CT and MV-EHP) and exposed to EHP or control pressure for 24h. Müller cell 

gliosis is characterized by the increase in the expression of the intermediate filaments of 

the cytoskeleton GFAP and vimentin and a decrease in the glutamate recycling enzyme 

GS48. The incubation of MIO-M1 cells for 24h with either MV-CT or MV-EHP did not 

cause major changes in the protein levels of GFAP (n=4, Figure 14A), vimentin (n=5, 

Figure 14B), and GS (n=6, Figure 14C). Also, the exposure of MIO-M1 cells to EHP for 

24h did not cause Müller cell reactivity. Additionally, GFAP, vimentin, and GS levels 

were not altered upon the exposure of MIO-M1 cells to EHP in the presence of MV-CT 

(n=4) and MV-EHP (n=4, Figure 14).  
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Figure 14 Effect of EHP and MVs derived from microglia in Müller cell gliosis. 

MIO-M1 cells were incubated with MV-CT and MV-EHP and cultured in normal 

pressure or exposed to EHP for 24h. Protein lysates were assayed for GFAP (A), vimentin 

(B), and GS (C). The results were normalized to control (performed in duplicate) and 

presented as percentage of control. Results were obtained from 4 to 6 independent 

experiments.  

 

3.6 Effect of EHP and microvesicles derived from BV-2 cells in the 

inflammatory response of MIO-M1 cells 

The effect of MV-CT and MV-EHP in the inflammatory profile of MIO-M1 cells 

was evaluated by WB, assessing the protein levels of iNOS, a biomarker of inflammation. 

iNOS levels did not significantly change when MIO-M1 cells were exposed to MV-CT 

and MV-EHP at atmospheric pressure (n=6, Figure 15). There was a tendency to a 

decrease in the protein levels of iNOS when the cells were exposed to EHP (n=6) and in 

the presence of MV-EHP (n=6, Figure 15). Moreover, the incubation with MV-CT under 
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EHP caused a significant decrease in iNOS levels (38.6±8.70% of control, n=6, Figure 

15).  

 

Figure 15 Effect of MVs derived from microglia under EHP and normal conditions 

in the inflammatory response of MIO-M1 cells. MIO-M1 cells were incubated with 

MV-CT and MV-EHP and cultured in normal pressure or exposed to EHP for 24h. 

Protein lysates were assayed for iNOS levels. The results were normalized to control 

(performed in duplicate) and presented as percentage of control. Results were obtained 

from 6 independent experiments. *p<0.05, compared with control, Kruskal–Wallis test 

followed by Dunn's multiple comparison test. 

 

3.7 Effect of EHP and microvesicles derived from BV-2 in the soluble factors 

release by MIO-M1 cells  

After, MIO-M1 cells MVs incubation under EHP and atmospheric pressure for 24h 

the release of soluble factors was evaluated by WB. No significant changes were observed 

in the protein levels of LIF, BDNF, and pro-IL-1β in MIO-M1 cells after MVs incubation 

under both pressure conditions, as well as under EHP alone (Figure 16). The incubation 

of MIO-M1 cells with MVs did not cause significant alterations in the protein levels of 

LIF (n=3, Figure 16A). Similarly, either EHP alone (n=3) or MVs incubation under 

pressure (n=1, Figure 16A) did not alter LIF expression by MIO-M1 cells. Additionally, 

MVs incubation and EHP alone did not alter the expression levels of BDNF by MIO-M1 

cells (n=4, Figure 16B). MVs incubation under EHP tented to decrease BDNF levels in 

MIO-M1 cells (n=2, Figure 16B). No statistical differences in the protein levels of pro-

IL-1β were found in MIO-M1 cells incubated with MVs under control pressure (n=4, 
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Figure 16C). Similarly, under EHP the results did not show significant difference in pro-

IL-1β levels, either with EHP alone (n=4) or when MVs were added (n=4, Figure 16C).  

 

Figure 16 Effect of MVs derived from microglia under EHP and normal conditions 

in soluble factors protein levels. MIO-M1 cells were incubated with MV-CT and MV-

EHP and cultured in normal pressure or exposed to EHP for 24h. Protein levels of LIF 

(A), BDNF (B), and BDNF (C) were assessed by WB. The results were normalized to 

control (performed in duplicate) and presented as percentage of control. Results were 

obtained from 1 to 4 independent experiments.  

 

3.8 Effect of EHP and microvesicles derived from BV-2 in cytokine and 

trophic factors expression in MIO-M1 cells  

To better characterize the phenotype of MIO-M1 cells upon incubation with BV-2 

MVs and EHP, a cytokine array was performed to have a broader spectrum of factors 

analysed. The analysis was made using samples of MIO-M1 cell lysates pooled from 4 
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different conditions (n=1) to evaluate the levels of chemokines, growth factors, and 

cytokines (Table 4). The expression of these factors by MIO-M1 cells in each 

experimental condition was normalized to the expression levels in cells incubated in 

control conditions. 

Table 4 Cytokine antibody array for MIO-M1 protein extracts after exposure to 

EHP, MV-CT, and MV-EHP. 

  EHP MV-CT MV-EHP    

Chemokines    

I-309 6,16 0,9 0,43 
  >5 

MCP-1 1,43 1 0,9 
  

1.6 - 5 

MIP-1b 1,17 0,83 0,69 
  

1.4 - 1.6 

RANTES 1,99 0,5 0,52 
  

1.2 - 1.4 

MCP-2 1,17 0,25 0,29 
  

1 - 1.2 

MCP-3 1,3 0,35 0,63 
  

0.8 - 1 

Eotaxin 0,81 0,21 0,47 
  0.6 - 0.8 

MCP-4 0,55 0,11 0,11 
  

0.4 - 0.6 

TARC 1,29 0,56 0,47 
  

<0.6 

MDC 1,55 0,44 0,93 
   

Ckβ 1-8 0,55 0,23 0,47 
   

Eotaxin-2 1,42 0,15 0,7 
   

GRO 3,36 1,92 3,42 
   

GRO-α 12,85 1,6 3,42 
   

Fractalkine 0,48 0,4 0,45 
   

ENA-78 1,21 1,07 1,36 
   

GCP-2 0,98 0,58 0,81 
   

NAP-2 1,79 0,11 0,36 
   

MIG 2,14 1,21 1,21 
   

IP-10 0,61 0,19 0,63 
   

SDF-1 1,54 0,54 0,32 
   

BLC 0,55 0,38 0,52 
   

Growth factors    

GM-CSF 1,01 0,51 0,68 
   

TGF-β1 0,97 0,29 0,32 
   

TGF-β2 0,69 0,35 0,26 
   

TGF-β3 0,27 0,25 0,19 
   

EGF 1,2 0,54 0,82 
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IGF-1 1,52 0,53 0,74 
   

VEGF 1,94 0,56 0,28 
   

PDGF-BB 1,6 0,58 0,37 
   

BDNF 0,87 0,53 0,58 
   

FGF-4 6,78 1,16 1,32 
   

FGF-6 1,92 0,56 0,43 
   

FGF-7 1,79 0,42 0,4 
   

FGF-9 0,95 0,41 0,43 
   

GDNF 0,55 0,28 0,41 
   

HGF 0,72 0,04 0,25 
   

IGFBP-1 1,07 0,14 0,49 
   

IGFBP-2 1,35 0,85 0,97 
   

IGFBP-3 1,93 0,1 0,17 
   

IGFBP-4 20,53 3,94 4,9 
   

NT-3 1,33 0,26 0,36 
   

Thrombopoietin 3,03 0,59 0,45 
   

TNF superfamily    

TNF-α 0,79 0,5 0,67 
   

TNF-β 0,75 0,47 0,73 
   

LIGHT 0,64 0,37 0,37 
   

Pro-inflammatory cytokines    

IL-1α 1,61 0,38 0,14 
   

IL-1β 1,02 0,37 0,3 
   

IL-2 1 0,34 0,26 
   

IL-3 1,03 0,25 0,25 
   

IL-6 0,62 0,42 1,47 
   

IL-7 3,53 0,47 2,38 
   

IL-8 1,24 1,21 1,54 
   

IL-12 p40/p70 6,76 2,97 3,87 
   

IL-15 1,33 0,46 0,38 
   

IL-16 0,93 0,38 0,66 
   

IFN-γ 1,14 0,41 0,34 
   

SCF 1,97 0,59 0,4 
   

Oncostatin M 4,48 0,97 1,24 
   

Leptin 1,15 0,59 0,5 
   

Flt3L 0,76 0,42 0,43 
   

LIF 0,77 0,26 0,35 
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MIF 0,82 0,72 0,72 
   

Osteopontin 1,24 4,59 4,19 
   

Anti-inflammatory cytokines    

IL-4 0,89 0,37 0,42 
   

IL-5 0,98 0,2 0,26 
   

IL-13 2,35 0,41 0,35 
   

Other factors    

Angiogenin 5,56 2,93 2,4 
   

TIMP-1 0,61 0,75 0,74 
   

TIMP-2 0,94 2,16 2,27 
   

All data were normalized to the control (cells incubated at 
atmospheric pressure). Ratios above 1.2 (shades of red) were 
considered as an increase in protein levels, values below 0.8 
(shades of blue) were considered a decrease in protein levels no 
changes are for values 1.2≤x≤0.8. 
I-309 - Glycoprotein 309; MCP - Monocyte chemoattractant 
protein; MIP-1b - Macrophage inflammatory protein; RANTES - 
Regulated upon activation, normal T cell expressed, and secreted; 
TARC - Thymus and activation regulated chemokine; MDC - 
Macrophage-derived chemokine; Ck – Chemokine; GRO -  Growth 
regulated oncogene; ENA-78 - Epithelial neutrophil activating 
peptide-78; GCP-2 - Granulocyte chemotactic protein-2; NAP-2 - 
Neutrophil- activating peptide-2; MIG - Monokine induced by 
gamma interferon; IP-10 - Interferon gamma-induced protein 10; 
SDF-1 - Stromal cell-derived factor 1; BLC - B lymphocyte 
chemoattractant; GM-CSF - Granulocyte-macrophage colony-
stimulating factor; TGF - Transforming growth factor; EGF - 
Epidermal growth factor; IGF-1 - Insulin-like growth factor 1; 
VEGF - Vascular endothelial growth factor; PDGF - Platelet-
derived growth factor; BDNF - Brain-derived neurotrophic factor; 
FGF - Fibroblast growth factor; GDNF - Glial-derived neurotrophic 
factor; HGF - Hepatocyte growth factor; IGFBP - Insulin-like 
growth factor-binding protein; NT-3 - Neurotrophin-3; TNF - 
Tumor necrosis factor; LIGHT - TNF family member; IL - 
Interleukin, IFN-γ - Interferon γ; SCF - Stem cell factor; Flt3L - Fms-
like tyrosine kinase 3 ligand; LIF - Leukemia inhibitory factor; MIF 
- Macrophage migration inhibitory factor; TIMP - Tissue inhibitor 
of metalloproteinase. 

   

 

MIO-M1 cells responded to MV-CT incubation by downregulating the expression 

of most chemokines related to microglia, T-cells, and monocyte chemotaxis (MCP-2, 

MCP-4, SDF-1, IP-10, RANTES, and fractalkine), furthermore, GRO, GRO-α, and MIG 

were upregulated. I-309, MCP-1, and MIP-1b levels were not altered in MIO-M1 cells 

incubated with MV-CT. Moreover, in the same condition, MIO-M1 cells decreased the 

expression of the majority of the growth factors, being most of them related to 

neuroprotection (TGF, BDNF, GDNF, HGF, NT3). Furthermore, most of the FGF 

mediators were decreased after MV-CT incubation, except FGF-4 that did not present 
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alterations. Additionally, cytokine expression decreased in MIO-M1 incubated with MV-

CT, including TNF, IL-1β, IL-6, and LIF, however, IL-8, IL-12, and osteopontin levels 

increased. When incubated with MV-EHP, MIO-M1 cells decreased chemokine 

expression, however, GRO, ENA-78, and MIG were upregulated, while MCP-1, MDC, 

and GCP-2 did not change compared to control cells. In general, MIO-M1 cells 

downregulated growth factors expression after MV-EHP incubation, except FGF-4 and 

IGFBP-4 that presented increased levels. MV-EHP incubation increased cytokines IL-6, 

IL-7, IL-8, IL-12, oncostatin M and osteopontin expression in MIO-M1 cells, while 

decreasing the remaining cytokines. The exposure of MIO-M1 cells to EHP upregulated 

the expression of most chemokines, however, the MCP-4, Ckβ 1-8, fractalkine, IP-10, 

and BLC levels were decreased. Additionally, MIP-1b, MCP-2, eotaxin, and GCP-2 

expression did not change in MIO-M1 cells under EHP. Growth factors expression also 

increased in MIO-M1 cells exposed to EHP, however certain factors levels were not 

altered under EHP, such as GM-CSF, TGF-β1, EGF, BDNF, FGF-9, and IGFBP-1. 

Additionally, fewer were downregulated in the same condition (TGF-β2 and 3, GDNF 

and HGF). MIO-M1 cells responded to EHP incubation by increasing the expression of 

several cytokines, such as IL-1α, IL-7, oncostatin M among others. Additionally, the 

expression of cytokines of the TNF family, IL-6, Flt3L, and LIF was decreased after EHP 

exposure, while the remaining cytokines did not alter their expression. 

MCP-1, RANTES, and fractalkine play important roles in microglia 

chemotaxis27,276. Notably, when incubated with MVs derived from microglia, RANTES 

and fractalkine expression were downregulated in MIO-M1 cells, while MCP-1 levels did 

not change compared with control cells. However, in EHP conditions MIO-M1 cells 

increased MCP-1 and RANTES expression, whereas fractalkine levels decreased. 

Interestingly, RANTES and MCP-1 are related to microglia activation signalling27 and 

fractalkine modulates microglial homeostasis277. Furthermore, the majority of 

chemokines that belong to the CC chemokine family, such as MCP-3, TARC, eotaxin-2, 

and others, which mainly interact with monocytes, macrophages, and microglia278, were 

upregulated in MIO-M1 cells exposed to EHP, contrarily MVs incubation decreased the 

expression of the majority of these chemokines. Moreover, the expression of CXC 

chemokines (GRO, ENA-78, NAP-2, MIG, SDF-1, IP-10, BLC), predominantly 

responsible for the recruitment of neutrophils278, was also affected by MVs and EHP 
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incubation. GRO, ENA-78, and MIG were upregulated in MIO-M1 cells under EHP and 

incubated with MVs from both conditions. However, in general, EHP increased the 

expression of CXC chemokines, whereas incubation with MVs decreased their expression. 

Moreover, EHP increased the levels of growth factors while incubation with MVs 

decrease, suggesting that MIO-M1 cells modulated their neuroprotective capacities, 

implicating neuronal survival. Additionally, several mediators have angiogenic properties. 

EHP exposure caused an increase of pro-angiogenic factors expression, such as ENA-78, 

SDF-1, MIG, NAP-2, VEGF and angiogenin. MV-EHP increased ENA-78, MIG and 

angiogenin expression and decreased VEGF levels. Incubation with MV-CT increased 

angiogenin levels, while decreased the remaining pro-angiogenic factors expression279. 

Additionally, the anti-angiogenic protein TIMP-2280 was upregulated in the presence of 

MVs, but not in cells exposed to EHP. Focusing on the cytokine expression profile of 

MIO-M1 cells, EHP induced an increase in the expression of most pro-inflammatory 

cytokines and of the anti-inflammatory cytokine IL-13, the other evaluated cytokines did 

not change their expression or decreased it. When incubated with MVs, generally, the 

cytokine expression was decreased. Particularly, expression of osteopontin and oncostatin 

M, which are involved in photoreceptors and RGC neuroprotection281–283, were 

upregulated after MIO-M1 exposure to EHP and MV-EHP, while MV-CT incubation 

increased only osteopontin levels. 

Overall, this assay showed that the expression of the majority of proinflammatory 

factors was elevated in MIO-M1 cells exposed to EHP compared with control cells. 

Additionally, MVs incubation decreased the levels of most of mediators expressed in 

comparison to control cells, however, MV-EHP increased more inflammatory factors than 

MV-CT, such as ENA-78, IL-6, IL-7, and oncostatin M, suggesting that MVs from 

different conditions modulated different responses in MIO-M1 cells.  

 

3.9 Effect of EHP and microglia-derived microvesicles in Müller cell 

phagocytic efficiency 

Müller cells have the capacity to phagocyte degenerating cells in healthy, diseased, 

and injured retinas, and the role of their phagocytic capacity in regeneration, 

degeneration, and neuroprotection has been reported59. Therefore, the phagocytic 
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efficiency of MIO-M1 cells was evaluated to understand whether MVs derived from BV-

2 cells cause change in phagocytosis. In order to establish the conditions for the 

assessment of the phagocytic capacity of Müller cells, MIO-M1 cells were incubated for 

1h, 2h, and 24h with 0.0025% and 0.005% of fluorescent latex beads (Figure 17A). The 

engulfment of latex beads by MIO-M1 cells increased overtime and with the increase in 

beads concentration, as expected (Figure 17C). Since these cells are plated in poly-L-

lysine coated glass coverslips and it was observed that latex beads adhered to the coating, 

the preparations were observed in a confocal microscope to ensure that only engulfed 

beads were being counted. The orthogonal projection confirmed that latex beads were 

inside MIO-M1 cells and not above or below the cells (Figure 17B). Therefore, for the 

subsequent experiments, MIO-M1 cells were incubated with 0.0025% fluorescent latex 

beads for 2h.  

 

Figure 17 Phagocytosis of latex beads by MIO-M1 cells. MIO-M1 cultures were 

incubated with 0.0025% and 0.005% fluorescent latex beads (green) for 1h, 2h, and 24h 

A. Representative images of engulfed latex beads by MIO-M1 cells stained with 

phalloidin (red). Nuclei were counterstained with DAPI (blue). B. Orthogonal image 

demonstrating MIO-M1 engulfment of latex beads. C. Phagocytic efficiency of MIO-M1 

cells obtained from 1 independent experiment. Scale bar: 50 µm. 
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Then, the effect of the incubation of BV-2 derived MVs in MIO-M1 cells that were 

exposed to EHP or atmospheric pressure in the phagocytic efficiency was assessed (Figure 

18A). In control conditions, the phagocytic efficiency was 32.3±5.88% (n=3), and the 

presence of MV-CT or MV-EHP did not change the phagocytic efficiency of MIO-M1 

cells (32.8±4.83% and 31.28±6.48%, respectively, n=3, Figure 18B). The phagocytic 

efficiency after MIO-M1 cells exposure to EHP for 24h was 43.0±6.22% (n=3, Figure 

18B). Under EHP conditions, the exposure to MV-CT or MV-EHP did not significantly 

change the phagocytic efficiency (42.7±14.44 and 36.6±6.64%, respectively, n=3, 

Figure 18B).  

 

Figure 18 Effect of MVs derived from microglia under EHP and normal conditions 

in MIO-M1 cells phagocytic efficiency. MIO-M1 cells were incubated with MV-CT 

and MV-EHP and cultured in normal pressure or exposed to EHP for 24h. A. 

Phagocytosis was evaluated with fluorescent latex beads (green). MIO-M1 cells were 

stained with phalloidin (red). Nuclei were counterstained with DAPI (blue). B. 

Phagocytic efficiency was calculated from 3 independent experiments, performed in 

duplicate. Scale bar: 50 µm. 

 

Then, the role of MVs in cell-to-cell communication within the retina was further 

investigated using an animal model. 

 

3.10 BV-2 cells-derived microvesicles are internalized by retinal cells in vivo 

MVs derived from BV-2 cells cultured in atmospheric pressure (MV-CT) or EHP 

(MV-EHP) were labelled with PHK67. Labelled MV-CT and MV-EHP were injected into 

the vitreous of C57Bl/6J mice. Retinal whole-mounts were prepared 24h post-injection, 

and DAPI staining allowed the observation of nuclei at the GCL. Green puncta, likely 
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corresponding to PKH67 labelled MVs, were observed in retinas injected with MV-CT 

and MV-EHP (n=3, Figure 19). No noticeable PKH67 staining was observed in the 

negative control performed (n=1, Figure 19 top row). Upon intravitreal injection, more 

labelled MV-EHP were observed in the retinas when compared with labelled MV-CT 

(Figure 19).  

 

 

Figure 19 MVs derived from BV-2 cells interact with cells in the retina. MV-CT 

and MV-EHP were labelled with PKH67 and injected in the vitreous of C57BL/6J mice. 

Whole-mount preparations were acquired in a confocal microscope. MV-CT and MV-

EHP labelled with PKH67 (green) were observed in the retinas. Nuclei were stained with 

DAPI (blue). Scale bar: 500 µm. The right panel shows a magnification of PKH67-

labelled MVs acquired in confocal microscope. Scale bar: 50 µm. 
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3.11 Effect of BV-2-derived microvesicles injection in the integrity of the 

retina of C57BL/6J mice  

Following intravitreal injection of MVs derived from BV-2 cells, OCT was 

performed to examine retinal structure and thickness at 24h and 7 days post-injection 

(Figure 20A).  

The total retinal thickness, determined between the GCL and RPE, was assessed using 

the OCT images (Figure 20A). The retinal thickness of control retinas was 200.2±0.97 

µm (n=5, Figure 20B), which is in accordance with previous results284,285. Analysis of the 

results showed no major differences in retinal structure or retinal thickness between 

conditions (Figure 20A). The intravitreal injection of MVs did not change total retinal 

thickness 24h and 7 days post-injection. Data showed very similar thickness after MV-

CT and MV-EHP injection for 24h (200.4±1.42 µm and 200.3±1.60 µm, respectively 

for MV-CT and MV-EHP, n=14 and n=13) and 7 days post-injection (200.9±2.23 µm 

and 199.4±1.19 µm, respectively for MV-CT and MV-EHP, n=7), comparing to naïve 

retinas (Figure 20B).  

During the OCT exam, distinctive puncta were detected in the vitreous cavity 

(Figure 20A). This finding was previously associated with the presence of vitreous 

immune cell infiltrates in several models of disease7,286–288. Cell infiltrates were detected 

in the vitreous of animals injected with MVs 24h after injection (Figure 20A). 

Densitometric analysis revealed that injection of MVs increased the presence of cell 

infiltrates in the vitreous, and MV-EHP appeared to cause a higher presence of infiltrates 

in the vitreous cavity compared to MV-CT at 24h (n=12, Figure 20C). Considerably 

fewer cells were observed 7 days after MVs injection, and a significant decrease was found 

for MV-EHP (n=6, Figure 20C) when compared with MV-CT (p<0.05). The presence 

of immune cells in the vitreous is associated with inflammation and BRB breakdown7,289. 

Therefore, fluorescein angiography was performed at 24h post-MVs injection to evaluate 

vascular leakage as a measurement of BRB integrity. No evident leakage of fluorescein 

was observed in untreated animals (Figure 20D). In animals injected with MV-CT and 

MV-EHP after 24h, the angiograms exhibited regions with a diffuse green cloud, showing 

extravascular fluorescein, indicating vascular leakage (Figure 20D), a sign of BRB 

impairment.  
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Figure 20 Effect of BV-2-derived microvesicles injection in the integrity of the 

retina of C57BL/6J mice evaluated by OCT and fluorescein angiography. A. 

Representative images of retinal tomographic scans, showing the presence of cells in the 

vitreous of animals injected with MV-CT and MV-EHP after 24h and 7 days. GCL - 

ganglion cell layer; INL - inner nuclear layer; ONL - outer nuclear layer; IS/OS- inner and 

outer segments of photoreceptors. Scale bar: 50 µm. B. Total retinal thickness was 

determined after segmentation of the GCL and the RPE and the results were obtained 

from 5 to 14 independent experiments. Scale bars: 50 µm. C. Assessment of the cell 

infiltrates present in the vitreous cavity following MVs injections by densitometric 

analysis. Results from 5 to 14 independent experiments. *p<0.05, different from MV-

CT at 7 days, unpaired t test. D. Fluorescein angiography was performed after 

intraperitoneal injection of 5% fluorescein in naïve animals and in animals that were 

previously (24h) injected with MVs. The images represent the distribution of fluorescein 

across the retina.  
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3.12 BV-2 derived microvesicles modulate the protein levels of pro-

inflammatory mediators 24h post-injection  

The effect of MVs derived from BV-2 cells in the inflammatory response of the 

retina was determined by assessing the protein levels of 18 kDa translocator protein 

(TSPO, a biomarker of microglial reactivity), pro-IL-1β, and iNOS by WB (Figure 21). 

The intravitreal injection of MV-CT and MV-EHP increased the protein levels of TSPO 

24h after injection (n=3, Figure 21A) as well as iNOS (n=3, Figure 21C). On the 

contrary, MVs decreased the protein levels of pro-IL-1β (n=3, Figure 21B) in retinal 

protein extracts, when compared with naïve animals. 7 days post-MVs injection TSPO 

protein levels were slightly increased compared with naïve retinas (n=3), however, TSPO 

appeared to decrease between 24h and 7 days after injection. Pro-IL-1β expression 

returned to levels similar to those of the naïve after 7 days (n=3). iNOS protein levels 

were undetected at 7 days post-MVs injection. Overall, the increase in TSPO and iNOS 

protein suggests that MVs from BV-2 cells cause retinal inflammation 24h post-injection. 

This situation seems transient since at 7 days post-injection of MVs, the protein levels of 

TSPO, pro-IL-1β (and likely iNOS) may be similar to naïve animals. Additionally, the 

release of pro-inflammatory cytokines, such as IL-1β is described during inflammation290. 

Therefore, the decrease in pro-IL-1β at 24h could indicate increased release of the 

cytokine after the MVs injection.  
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Figure 21 Effect of intravitreal injection of MVs from microglia under EHP and 

normal conditions in inflammation markers. Eyes were intravitreally injected with 

MV-CT and MV-EHP. TSPO (A), pro-IL-1β (B), and iNOS (C) protein levels were 

assessed by WB. Results were normalized to calnexin and expressed as percentage of 

control retinas (naïve animals). Data obtained from 3 independent experiments and one 

naïve sample.  

 

3.13 Intravitreal injection of BV-2 derived microvesicles triggers Müller cell 

reactivity  

The effect of MVs derived from microglia in Müller cells was assessed by WB to 

determine the protein levels of vimentin, GS, and GFAP. When comparing the two types 

of MVs within the same time point no statistically significant changes in the protein 

levels of vimentin, GS and GFAP were observed after MVs injection (Figure 22A-C). 

More than the effect of the type of MVs, it seems that the protein levels of vimentin and 

GS change with the time point. 24h after injection, MVs did not change the expression 
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levels of vimentin (n=3, Figure 22A). The protein levels of vimentin were 65.7±12.4 and 

66.6±15.3% of naïve (n=3, Figure 22A). 7 days after injection, for MV-CT and MV-

EHP, respectively. Additionally, 24h after MV-CT and MV-EHP injection the GS protein 

levels were, respectively, 85.4±5.7 and 86.5±10.5% of naïve (n=3), and 7 days post-

injection protein levels were 125±16.5 and 127.7±21.1% of naïve, for MV-CT and MV-

EHP, respectively (n=3, Figure 22B). 

Alterations in GFAP expression levels were quantified by WB (Figure 22C). The 

results revealed that the injection of MVs shows a tendency to an increase in GFAP 

expression levels in the retina 24h (135±20.1 and 169.6±17.3% of naïve, for MV-CT 

and MV-EHP, respectively, n=3) and 7 days post-injection (191.6±17.3 and 

222±67.2% of naïve, for MV-CT and MV-EHP, respectively, n=3) when compared to 

naïve animals (Figure 22C). GFAP is usually expressed in astrocytes, although Müller 

cells in detrimental conditions can also express this protein65. Therefore, by 

immunolabelling in vertical retinal sections for GFAP, it is possible to infer Müller cell 

reactivity (Figure 22D). GFAP immunoreactivity was observed in Müller cells in some 

conditions. The presence of GFAP in Müller cells was scored, as follows: as low levels if 

present only in the peripheral retina; high if immunolabelling was also detected in the 

central or other parts or throughout the whole retina; and none if no GFAP was observed 

in Müller cells. The analysis suggested that MVs injection promoted the expression of 

GFAP in Müller cells at 24h, MV-CT triggered a higher increase (n=9) while MV-EHP 

induced mild expression (n=8, Figure 22E). At 7 days, MV-EHP promoted an increase 

of GFAP in Müller cells, with more than 50% of animals with GFAP present in Müller 

cells (n=8, Figure 22E). However, the effect of MV-CT 7 days after injection was 

moderate, with most of the eyes analysed presenting low to none alterations in GFAP 

distribution in the retina (n=9, Figure 22E).  
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Figure 22 Effect of intravitreal injection of MVs from microglia under EHP and 

normal conditions in Müller cells protein markers of reactivity. Eyes were 

intravitreally injected with MV-CT and MV-EHP. Vimentin (A), GS (B), and GFAP (C) 

protein levels were assessed by WB. Results were normalized to calnexin and expressed 

as percentage of control retinas (naïve animals). Data obtained from 3 independent 

experiments and one naïve sample. D.24h and 7 days after MVs injection Müller cells 

reactivity was evaluated after immunolabeling for GFAP (white). Nuclei were stained 

with DAPI (blue). GCL - ganglion cell layer; INL - inner nuclear layer; ONL - outer 

nuclear layer. Scale bar: 50 µm. E. Qualitative assessment of GFAP presence in Müller 

cells. High – GFAP expression in peripheral retina and centre or expressed throughout 

the retina; Low – GFAP detected only in the peripheral retina; None – no GFAP labelling 

is detected. Results from 2 to 9 independent experiments.  
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3.14 Intravitreal injection of BV-2 derived microvesicles change the 

phenotype of retinal microglial cells  

The number of microglial cells and microglia reactivity were evaluated 24h and 7 

days post intravitreal injection of MV-CT and MV-EHP (Figure 23). The total number 

of microglia cells was assessed by immunolabelling with ionized calcium-binding adapter 

molecule 1 (Iba1, microglial marker, Figure 23B). The results between groups did not 

present significant alterations at 24h (9.0±1.59 and 6.5±0.54 Iba1+ cells/mm, for MV-

CT and MV-EHP, respectively, n=9 and n=8) and 7 days (7.8±0.92 and 7.0±0.47 Iba1+ 

cells/mm, for MV-CT and MV-EHP, respectively, n=9 and n=8) compared with 

untreated naïve retinas (8.4±0.43 Iba1+ cells/mm, n=2 Figure 23B). Reactive microglia 

were identified as Iba1+ cells expressing MHC-II (MHC-II+ Iba1+ cells), as we reported 

previously180,260. A significant increase in the number of reactive microglia was observed 

24h after MV-CT injection (15.6±3.41% of total microglia, n=9) when compared with 

naïve animals (1.2±0.28% of total microglia, n=2, Figure 23C), which indicates that 

MV-CT trigger retinal microglia activation. Additionally, the intravitreal injection of MV-

EHP appeared to increase in the number of reactive microglia 24h post injection 

(9.1±2.85% of total microglia, n=8). Microglia reactivity was sustained at 7 days post 

MVs injection (12.7±2.29 and 10.6±2.71% of total microglia, for MV-CT and MV-

EHP, respectively, n=9 and n=8, Figure 23C), and no significant alterations were found 

between MV-CT and MV-EHP at this time point.  
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Figure 23 Intravitreal injection of MVs derived from BV-2 cells induced microglia 

activation in the retina. A. Isolated MVs from BV-2 cells exposed to EHP and normal 

conditions were injected in the vitreous. Microglial reactivity was assessed by 

immunolabelling for Iba1 (green) and MHC-II (red). Nuclei were stained with DAPI 

(blue). GCL - ganglion cell layer; INL - inner nuclear layer; ONL - outer nuclear layer. 

Scale bar: 50 µm. B. The number of microglial cells (Iba1+ cells) per mm was counted in 

each condition, from 3 to 9 independent experiments. C. The number of reactive 

microglial cells (MHC-II+ Iba1+ cells) was determined, and results are presented as 

percentage of total microglia (Iba1+ cells). Results from 2 to 9 independent experiments. 

*p<0.05, different from naïve, Kruskall-Wallis test, followed by Dunn’s multiple 

comparison test.  

 

3.15 MVs increased cell death at 24h and change the number of RGC 7 

days post injection 

The effect of MVs derived from BV-2 cells in retinal cell death and RGC number 

were assessed by TUNEL assay and immunolabelling for Brn3a, a marker of RGC, 

respectively (Figure 24A and Figure 25A). When injected with MV-CT there were 

0.7±0.17 TUNEL+ cells/mm and 0.1±0.02 TUNEL+ cells/mm at 24h (n=9) and 7 days 

(n=7) after injection, when compared with naïve retinas (0.2±0.1 TUNEL+ cells/mm, 

n=2, Figure 23B). While, when injected with MV-EHP there were 0.8±0.23 TUNEL+ 

cells/mm and 0.2±0.07 TUNEL+ cells/mm at 24h (n=7) and 7 days (n=8) after injection 

(Figure 24B). At 24h both MVs injected significantly decreased the number of Brn3a+ 

cells (40.0±4.00 and 37.5±2.52 Brn3a+ cells/mm, for MV-CT and MV-EHP, 
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respectively, n=9 and n=8) compared to naïve retinas (66.2±5.50 Brn3a+ cells/mm, 

n=4, Figure 25B). In addition, 7 days after intravitreal injection, the number of Brn3a+ 

cells was substantially decreased by MV-EHP (26.5±2.53 Brn3a+ cells/mm, n=8, Figure 

25C) when compared to naïve retinas and compared with MV-CT (43.32±6.70 Brn3a+ 

cells per mm, n=8) at the same time point (Figure 25B). These results show that MVs 

derived from microglia induced retinal cell death and RGC loss in vivo.  

 

 

Figure 24 Intravitreal injection of MVs derived from BV-2 cells increased retinal 

cell death. A. Cell death was assessed by TUNEL assay (white) after intravitreal injection 

of MV-CT and MV-EHP. The nuclei were labelled with DAPI (blue). GCL - ganglion cell 

layer; INL - inner nuclear layer; ONL - outer nuclear layer. Scale bar: 50 µm. B. The 

number of TUNEL+ cells was counted and expressed per mm of retina. Results were 

obtained from 2 to 9 independent experiments.  
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Figure 25 MVs isolated from BV-2 cells exposed to EHP and normal conditions 

induced loss of retinal ganglion cells. A. RGC were immunolabeled for Brn3a (white). 

Scale bar: 50 µm B. The number of Brn3a+ cells was counted and expressed per mm of 

section. Results were obtained from 2 to 9 independent experiments. *p<0.05, 

**<0.005, ****<0.0001 different from naïve retinas, one-way ANOVA Multiple 

comparisons, followed by Dunnett's multiple comparisons test. #p<0.05, different from 

MV-CT at 7 days, unpaired t test.  

 

 

 

 



 

82 

 



 

 
 

Chapter 4 
Discussion



 

 
 



 

85 

 

 

Glaucoma is the second leading cause of blindness worldwide and it is characterized 

by optic nerve atrophy and RGC death84. The main risk factor of glaucoma is elevated 

IOP and the treatments currently applied are focused on IOP control87. Evidence 

provided by human post-mortem samples from glaucoma subjects and experimental 

models strongly supports the contribution of neuroinflammation to RGC degeneration 

in glaucoma38,93,180,291. However, the mechanisms that drive retinal inflammation in 

glaucoma remain unclear. Therefore, it is of utmost importance to study the mechanisms 

that contribute to glaucomatous neurodegeneration since this might help in the 

development of novel therapeutic strategies. 

Microglia and Müller cells play important roles in maintaining the homeostasis of 

the retinal tissue21. Microglia patrol the retinal tissue seeking alterations and sensing 

distressful signals22. Müller cells provide structural and functional support to the retina 

and protect the tissue from damage during noxious situations35. Glial activation is 

associated with neuroinflammation in glaucomatous conditions292. Microglia-mediated 

neuroinflammation contributes to retinal neurodegeneration, and following an injury, 

microglia cell reactivity precedes Müller cell gliosis33,293. MVs are EVs that are involved 

in cell-to-cell communication, as they carry a variety of molecules, including lipids, 

proteins, and genetic material141,143. Previous studies reported the release of MVs from a 

wide range of cells and their function in several disorders, such as cancer and 

neurodegenerative diseases190. The contribution of microglial MVs to retinal 

inflammation is unknown. Herein, we studied whether MVs derived from microglia can 

modulate Müller cells response.  

Microglia affect cell function by releasing various mediators and EVs. Shedding of 

MVs from microglia, in their resting state or upon activation, is a known concept222. 

Moreover, MVs shed by microglia can spread the inflammatory signal, contributing to 

the progression of diseases178,186,247. In the present work, microglial cells (BV-2 cell line) 

were exposed to EHP to mimic elevated IOP. Previous studies reported the effects of EHP 

in BV-2 cells, showing that EHP impacts BV-2 response similar to what is described in 
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glaucomatous conditions93,94. Characterization of the isolated samples of EVs from BV-2 

cells is a crucial step to properly analyse and categorise EVs. EVs samples isolated by 

ultracentrifugation may contain contaminants including small organelles, undesired 

fractions of EVs, and other cellular debris. However, ultracentrifugation is a frequently 

used method since no reagents that could potentially affect the EVs are used and allows 

isolation from large volumes of biological fluids at a relatively low cost151. The NTA 

results showed the size distribution was within the 100-800 nm range, which is consistent 

with the characteristics of MVs143. Additionally, TEM allowed to confirm that the 

isolated vesicles are MVs. Flotilin-1 and calnexin were detected in the MVs. Flotillin-1 is 

a protein typically expressed by EVs (exosomes and MVs), present in domains of the cell 

membrane which are involved in vesicle trafficking144,201,294. Previous studies showed that 

EHP modulates the purinergic system of BV-2 microglial cells, increasing the extracellular 

levels of ATP without causing cell death95. Therefore, apoptotic bodies are most likely 

absent from the vesicles isolated from BV-2 cells exposed to EHP. Calnexin was detected 

in EVs to a lower extend when comparing with total cell lysates, as reported by others274, 

thus contamination of the preparation with other cell compartments or cell debris can 

not be excluded. Overall, the results indicated that the obtained samples of EVs from BV-

2 cells were enriched with MVs. In the future, it would be interesting to explore specific 

MV markers along with the content within the MVs, to further characterize MVs released 

by microglial cells and to provide insight into the role of MVs in the inflammatory signal. 

For example, Slingshot 3 phosphatase and ATP-dependent RNA helicase DDX25 were 

enriched in MVs fractions derived from microglial cells and were only recently identified 

in EVs246, suggesting that these two proteins may be used as selective markers of 

microglial MVs.  

Müller cells are the main glial cell type of the retina and are known to promote 

RCG survival during pathological conditions, like glaucoma65. Müller cells release factors 

that support the function of retinal neurons, such as neurotrophic factors37. In response 

to retinal injuries, Müller cells become activated, changing their phenotype and these 

alterations can promote neuroprotection or contribute to neurodegeneration39.  

The response of microglial and Müller cells has been described in a wide range of 

retinal pathologies, and crosstalk between the glial cells appears to be required74,75,77,78,80. 
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However, the mechanisms of how microglia and Müller cells coordinate their 

communication remain unclear.  MIO-M1 cells, a human Müller cell line, were employed 

to investigate the role of MVs in the cellular communication between microglia and 

Müller cells. We started by analysing whether MVs derived from microglia could interact 

with MIO-M1 cells. The MVs were labelled with PKH67, a fluorescent lipid membrane 

(lipophilic) dye, allowing EVs visualization and tracking in recipient cells295–297. We 

observed that MIO-M1 cells were labelled with PKH67, indicating that MVs from 

microglial cells have the potential to interact with Müller cells. Nevertheless, the 

lipophilic dye labelling method has limitations298,299, and the use of other techniques to 

label EVs must be considered.  

MVs selectively transfer the content from their parent cells to recipient cells, likely 

altering cellular response, and ultimately, the fate of the recipient cells221. We studied the 

effects of MVs from microglia on the response of MIO-M1 cells, under EHP or 

atmospheric pressure. We demonstrated that microglial-derived MVs from control 

conditions (MV-CT) may protect MIO-M1 cells from apoptosis in vitro. The incubation 

of MIO-M1 cells with MV-CT appeared to protect them from cell death, under normal 

conditions and EHP, whereas MV-EHP did not cause major alterations. Meanwhile, the 

total cell count comparison between MVs and EHP treated cultures, and control cultures 

did not reveal significant differences in the overall number of cells. Taking the different 

outcomes when MIO-M1 cells are exposed to MV-CT or MV-EHP, one may suggest that 

microglial derived MVs from different conditions carry different contents, affecting 

receiving cells through different mechanisms. The content of microglial-derived MVs is 

hardly identified, although, there may be a resemblance in the effects of MVs and 

exosomes. Recent studies showed that microglial exosomes can play a beneficial role, 

protecting photoreceptors from hypoxia-induced apoptosis via miRNAs transfer300. 

Likewise, during retinal ischemia, human mesenchymal stem cell exosomes protect retinal 

cells from death301,302.  

Previous studies indicate that MVs shed by microglia can transfer pro-inflammatory 

factors, such as IL-1β, TNF, inflammasome complex components230,233,235. MVs are also 

able to carry miRNAs, such as miRNA-155, a well-characterized microglia pro-

inflammatory miRNA303, and miRNA-200c240,241. Remarkably, myeloid cell activation 
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highly increases the expression of pro-inflammatory mediators, allowing MVs to 

propagate inflammation240,304,305. Exosomes from microglia have been reported to have a 

neuroprotective role in retinopathy of prematurity, alleviating photoreceptors apoptosis 

on account of the high expression of miRNA-24-3p300. Similarly, miRNA-126 and 

miRNA-296 transferred by MVs derived from endothelial progenitor cells decrease renal 

cell apoptosis in a kidney injury model of ischemia-reperfusion injury306. Moreover, 

bioinformatic studies revealed that mesenchymal stem cells MVs cargo comprises 

miRNAs, such as miRNA-21 and miRNA-34a, that are involved in various cellular 

functions, participating in cell death, proliferation, and survival307. Little is known about 

the molecular composition of MVs produced by microglial cells in different 

environments. However, these miRNAs not yet describe in MVs from microglial cells may 

be transferred by these vehicles and contribute to the protective effects herein observed.  

During noxious conditions, Müller cells became reactive and increase the expression 

of GFAP and vimentin39,69. Also, Müller cell gliosis is accompanied by the downregulation 

of GS expression126. In this work, MIO-M1 cells did not express substantial alterations in 

Müller cells gliotic markers, under EHP alone and when treated with microglial MVs 

under atmospheric pressure or EHP. There are two possible explanations. One is that the 

conditions used, such as the magnitude and the duration of pressure elevation and 

concentration of MVs, were not enough to cause alterations. For example, Holcombe et 

al described that the IOP threshold of ̴ 70 mmHg for the maintenance of retinal perfusion 

and IOPs elevated ≤70 mmHg was consistent with the maintenance of Müller cell 

function in rat glaucomatous model in vivo45. However, other reports demonstrate that 

40 mmHg induces a significant change in Müller cells gliotic markers98. This suggests that 

other experimental pressure conditions should be tested. Another possibility is that MIO-

M1 cells are secreting neurotrophins and other trophic factors that may be refraining the 

reactivity of the cells, in an autocrine manner. In fact, in this study, challenging MIO-

M1 cells with EHP for 24h, demonstrated that elevated pressure induced an overall 

increase in the expression of chemokines, growth factors, and pro- and anti-inflammatory 

cytokines. A full characterization of the response of MIO-M1 cells to EHP, differing the 

magnitude and the time, including the analysis of the cell secretome may be helpful in 

the future. Previous works have shown how similar human MIO-M1 are to human Müller 
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cells96. However, others reported that primary mice Müller cells cultures are more alike 

to human Müller cells than the modified cell line MIO-M197. Therefore, it would be 

interesting to use the mouse primary Müller cell culture, developed during this work, to 

explore how much the results potentially diverge from the ones obtained using the MIO-

M1 cell line. 

Inflammation mediated by retinal glial cells contributes to RGC loss. Although 

inflammatory responses are usually considered to be mediated by microglia24, Müller cells 

also detect detrimental stimuli and release inflammatory mediators69 that might impact 

the survival of RGCs41,43. The production of NO in Müller cells is mainly caused by 

activation of iNOS308, whose expression is increased in response to harmful stimuli65. 

Increased levels of NO have been reported to negatively impact the retinal cells in several 

diseases, including glaucoma309,310. However, NO is an essential mediator in several 

homeostatic processes in the retina, contributing to the regulation of blood flow and 

synaptic transmission, and the reduction of NO levels may also contribute to adverse 

effects311,312. Surprisingly, there was a trend to a decrease in the protein levels of iNOS in 

MIO-M1 cells exposed to EHP, an effect further accentuated in the presence of MV-CT. 

One possible explanation would be the feedback regulation of NO in which the NO levels 

increased in MIO-M1 cells in EHP inhibiting iNOS expression313. On the other hand, 

EHP exposure could trigger other mechanisms that modulate the intracellular assembly 

of iNOS in MIO-M1 cells. The iNOS protein is synthesized as a monomer, iNOS inactive 

subunits, and its dimerization assembles the dimeric active iNOS form, enabling the 

protein to catalyse NO314. Interferences with the dimeric assembly could prevent the 

dimerization of the enzyme and, consequently, decreasing the expression and NO levels. 

Interestingly, challenging microglial cells with EHP triggers oxidative and nitrosative 

stress, through the increase of NO and iNOS expression93,315. These findings indicate that 

the metabolic alterations triggered by elevated pressure are potentially conditioned by 

cell type. The content carried by these two populations of vesicles might be different that 

contribute to distinct MIO-M1 cells response.  

The pro-inflammatory cytokine IL-1β is a potential mediator of retinal 

inflammation, that once released induces an immune response and tissue damage316,317. 

The evaluation of mRNA and protein levels of IL-1β in retinal organotypic cultures and 
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primary retinal neural cell cultures revealed that exposure to EHP increases IL-1β 

production92,93, additionally, microglia cells were identified as the cells releasing this 

cytokine3. Exosomes derived from microglial cells exposed to EHP promoted microglia 

reactivity, increasing the levels of pro-inflammatory mediators, such as IL-1β180. 

Moreover, Müller cells respond to activated microglia upregulating IL-1β levels77. The 

incubation of MIO-M1 cells with MV-CT and MV-EHP, and exposure to atmospheric 

pressure or EHP did not induce major alterations in pro-IL-1β levels assessed by WB. 

However, the cytokine array analysis revealed a substantial decreased in IL-1β expression 

in MIO-M1 cells incubated with MV-CT and MV-EHP at atmospheric pressure. IL-1β, 

as well as other mediators produced by cells, present two forms, the pro, and the mature 

form, and assuming that the cytokine array detects only the matured form this could 

explain the discrepancy observed in the results. Therefore, we cannot rule out the 

hypothesis that MVs derived from microglial cells induced the release of IL-1β by MIO-

M1 cells, without causing a major alteration in pro-IL-1β expression. The data obtained 

by cytokine array analysis provided more information regarding the expression of 

inflammatory factors in MIO-M1 cells. Interestingly, we observed an overall increase in 

inflammatory mediators, such as chemoattractant factors (I-309, MCP-1, RANTES, 

MCP-3, TARC, MDC, Eotaxin-2, GRO, ENA-78, NAP-2, MIG, and SDF-1) and pro-

inflammatory cytokines (IL-1α, IL-15, SCF, and oncostatin), expressed by cells under 

EHP, whereas as MVs, in general, decreased it. Interestingly, the exposure of MIO-M1 

cells to EHP increased the expression of RANTES and MCP-1, mediators of microglia 

activation signalling27, which was not the case when cells were in the presence of MVs 

from microglia, suggesting that in the absence of microglia, Müller cells send stress signals 

to induce a microglial response. Moreover, under EHP MIO-M1 cells increased pro-

angiogenic factor expression (ENA-78, SDF-1, MIG, NAP-2, VEGF, and angiogenin279), 

whereas with MVs most of these factors presented low expression levels. Additionally, 

TIMP-2, an anti-angiogenic factor279, was only increased in MIO-M1 cells incubated with 

MVs. These results may indicate that Müller cells under EHP conditions shift towards a 

pro-inflammatory phenotype, showing their capacity to induce inflammation and recruit 

immune cells to the injury site, characteristics already described in retinal diseases318–322. 

Furthermore, these results also corroborate the existence of the crosstalk between 

microglia and Müller cells79,80,323, since microglial-derived MVs modulated the production 
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of cytokines and chemokines in Müller cells. In addition, MV-CT and MV-EHP caused 

slightly different profiles of expression, indicating that MVs derived from microglia at 

distinct pressure conditions cause different responses in Müller cells. It is noteworthy 

that few mediators, such as GRO-α and FGF-4, when highly increased in MIO-M1 cells 

exposed to EHP were also increased in the presence of MV-EHP, while a decrease was 

identified in MV-CT incubation. This tendency concedes the possibility that MV-EHP 

may favour an analogous effect to EHP. Additionally, the increased synthesis of GRO-α 

and ENA-78 possibly indicates a stronger chemoattractant effect on neutrophils 

recruitment324,325 in MIO-M1 cells incubated with MV-EHP. Neutrophilic inflammation 

has previously been identified in glaucoma animal models326,327. Moreover, not much is 

unknown about the FGF-4 role in the retina. Though, in the brain, this growth factor 

promotes neuronal proliferation and differentiation328. Likewise, the FGF was reported 

to be involved in lens regeneration in urodele amphibians eyes329. However, it does not 

play a role in RGC survival in an adult pig retina, being FGF-9 possibly responsible for 

that function330. EHP exposure increased the levels of other FGFs that may engage in 

neuroprotective mechanisms. For example, the release of FGFs by Müller cells can prevent 

the osmotic swelling of retinal cells331, which can contribute to edema and 

neurodegeneration in retinal diseases65,332.  

Previous studies have documented the ability of Müller cells to provide 

neuroprotection to photoreceptors and RCG, releasing several neurotrophic factors 

(BDNF, LIF, CNTF, GDNF) essential to neuron survival37,126. Our results showed that 

MIO-M1 cells incubated with MV-CT and MV-EHP, and exposed to atmospheric 

pressure or EHP tended to decrease the expression of BDNF, whereas no substantial 

alterations were detected in LIF. Additionally, the cytokine array detected decreased 

levels of LIF in MIO-M1 cells exposed to EHP and incubated with MVs, whereas BDNF 

was only decreased in the presence of MVs. Contradictory to prior studies BDNF levels 

appeared to decrease, however, Müller cells can release pro-BDNF, indicating that under 

the experimental conditions MIO-M1 may induce neuroprotection. Therefore, the 

neuroprotective activity of MIO-M1 cells under EHP remains unclear. Moreover, 

exposure to EHP increased most of the neurotrophic factors production in MIO-M1 cells, 



 

92 

 

while MVs from microglial cells decreased it, showing that MVs may impact MIO-M1 

cells function.  

Nevertheless, Müller cells phagocyte cell debris, dead cells, and pathogens under 

normal and detrimental conditions59–61. Herein, we demonstrate that MIO-M1 cells are 

capable of phagocyte latex beads under normal and EHP conditions. Additionally, 

elevated pressure slightly increased the phagocytic capacity of MIO-M cells. Others 

reported that the same pressure conditions trigger an increase of the phagocytic function 

in microglia93,95,315. Activated microglial cells can decrease the phagocytic capacity of 

Müller cells59,81, suggesting that microglia and Müller cells communicate with each other. 

MVs could be a possible mechanism of communication between these cells. However, in 

our conditions, no alterations were observed in the phagocytic capacity of MIO-M1 cells 

in the presence of MVs derived from microglia. Interestingly, exosomes isolated from 

EHP-activated microglial cells increase the phagocytic efficiency of BV-2 cells and retinal 

microglia180.  

To further investigate the role of microglia derived MVs in cell-to-cell 

communication, MVs were intravitreally injected into mice eyes. MVs administration 

triggered BRB breakdown, glial reactivity, retinal cell death, and, consequently, RGC loss.  

In the literature, studies show an increase in total retinal thickness in glaucoma 

patients285,333. However, reports described no changes in total retinal thickness in animal 

glaucoma models334,335. In our results, no meaningful alterations were observed in animals 

intravitreally injected with MVs from microglial cells. Nevertheless, 24h and 7 days post-

injection of MV-CT and MV-EHP, cell infiltrates were detected in the vitreous, 

accompanied by vascular leakage. These results indicate that microglia derived MVs 

induced BRB breakdown. Prior studies in animal glaucomatous models and glaucoma 

patients have shown that vascular leakage at the optic disc is related to higher IOP levels, 

showing BRB dysfunction of the optic disc326,336–338. In addition, changes in the 

vasculature permeability during glaucomatous insults allow bloodstream circulating cells 

to enter the retinal tissue339. Immune cell infiltration has previously been demonstrated 

in glaucoma injury in response to inflammatory signalling induced by the damaged local 

tissue339–341. Bamforth, Lightman, and Greenwood described similar effects after injection 

of IL-1β into the vitreous of rats289. MVs can transfer IL-1β149, indicating pro-
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inflammatory cytokines as a potential mediator carried by MV-CT and MV-EHP 

accountable in the induced retinal inflammation. We observed a distinction in the effects 

of MV-CT and MV-EHP within each time-point after MVs exposure, as well as a 

tendency for tissue recovery overtime since fewer infiltrates were detected after 7 days. 

This data shows that MVs from microglia may propagate inflammation, and contribute 

to the premise that vesicles from environmentally different cultured parent cells may 

trigger different mechanisms143. 

In this model, BRB breakdown was accompanied by increased expression of pro-

inflammatory markers TSPO and iNOS in the retinas of mice 24h post MVs intravitreal 

injection. Additionally, at 7 days, the expression levels of the inflammatory markers 

TSPO and pro-IL-1β tended to normal values, suggesting a recovery of the tissue over 

time, consistent with the “retreat” of the vitreous immune infiltrates. Up-regulation of 

pro-inflammatory mediators is associated with inflammation in glaucomatous 

injury312,342–345. Interestingly, at 24h pro-IL-1β levels were decreased, which was not 

consistent with prior findings, that described increase production of IL-1β in glaucoma 

models and patients346–350. Nevertheless, this does not invalidate the possibility of 

inflammation, as mature IL-1β production and release may be increased, along with the 

expression on the corresponding post-transcriptional inflammation associated 

microRNA. More experiments are needed to assess the role of microglia MVs in 

inflammation and their effects on IL-1β metabolism within the retina. 

Glial cell activation is a common response to retinal injuries37,293. The intravitreal 

administration of MVs derived from microglial cells induced Müller cells activation, 

exhibited by dysregulation of vimentin, GS, and GFAP levels. However, in this work, 

Müller cells did not express a typical phenotype associated with Müller cells reactivity. 

In response to glaucoma and glaucomatous like insults, Müller cells frequently increase 

GFAP and vimentin expression and decrease GS levels65,351,352. This observation suggests 

that, in the retina, Müller cells response to microglia-derived MVs may differ from typical 

gliotic changes induced by other retinal injuries. Nevertheless, retinal GFAP expression 

was up-regulated, suggesting astrocyte and Müller cells activation triggered by microglial-

derived MVs353. Likewise, it was recently described an increase in GFAP+ retinal glial cells 

after intravitreal delivery of exosomes derived from umbilical cord mesenchymal stem 
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cells354. Interestingly, MV-EHP induced a long-term and acute response of Müller cells. 

At 7 days, GFAP immunolabeling revealed a sustained upregulation of the intermediate 

filament by MV-EHP, while retinas injected with MV-CT showed mild GFAP staining 

over time, proving once again the different impacts of MV-CT and MV-EHP. Previous 

studies described the decrease in GS expression as a feature in the early stages of primary 

glaucoma355. However, extracellular glutamate could accumulate causing neuronal 

damage65,356. In some situations, Müller cells may try to regain glutamate function and 

upregulated GS expression98,357,358. Similarly, Müller cells may undergo an equivalent 

response after MVs exposure. The intermediate filament proteins, like GFAP and 

vimentin, are essential to maintain Müller cell integrity359. Under noxious conditions 

GFAP increase expression is accompanied by vimentin up-regulation, characterizing 

reactive Müller cells65. Contrary, in this work, we observed an increase in retinal GFAP 

levels associated with a decrease in vimentin expression 7 days post MVs injection, 

suggesting that GFAP tries to compensate for vimentin loss359. Furthermore, the 

intravitreal administration of MVs from microglial cells induced microglial reactivity. We 

observed an increased expression of TSPO and MHC-II+/Iba1+ cells, markers associated 

with microglia activation in the retina343,345,360. Moreover, MV-CT triggered to some 

extent a higher response in microglial cells, whereas MV-EHP promoted a higher 

expression of GFAP in Müller cells. For that reason, one may speculate that MV-CT and 

MV-EHP target different cells in the retina. Another possible explanation is that MVs 

from different microglial origins potentially prompt distinct mechanisms in the inner 

retina, even if targeting the same recipient cell. We could not determine if the induced 

glial reactivity results from direct interaction of microglia-derived MVs with Müller and 

microglial cells or a consequence of MVs communication with other retinal cells, which 

subsequently triggers glial cells activation. Overall, our results are in line with prior studies 

that demonstrate that MVs propagate inflammation in vivo186,240. 

In glaucoma, neuroinflammation due to glial cell activation has been described to 

contribute to RGC loss38,65,93,293. In these experiments, intravitreal injection of MVs from 

microglial cells tended to increase retinal cell death at 24h post-injection and decreased 

the number of RGC, indicating that MVs from control microglia and reactive microglia 

affect retinal homeostasis and impact RGC survival. Moreover, MV-EHP induced a 
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substantial decrease in RCG number, showing that during glaucoma, elevated IOP might 

promote the release of MVs by activated microglia, which over time may contribute to 

the dissemination of the inflammatory signal and RGC death. However, similar results 

were observed in retinas administered with MVs isolated from microglial cells at 

atmospheric pressure, suggesting that microglial MVs may not play a role in inflammation 

propagation during retinal neuroinflammation. Therefore, the role of microglial-derived 

MVs in neuroinflammation is still uncertain and more studies are needed to further 

understand the importance of these vesicles in glaucoma disease. 

Remarkably, in the retina the impact of both populations of MVs from microglia, 

MV-CT, and MV-EHP, was comparable, the sustained overall inflammatory profile that 

ultimately prompts RGC loss overtime. These results indicate that microglial MVs may 

spread the neuroinflammatory signal, in the inner retina, regardless of content carried by 

these vehicles. Additionally, the impact of microglial-derived exosomes in 

neuroinflammation is more pronounced than the effects of MVs. Exosomes from 

microglia were recently identified as important players in the propagation of 

neuroinflammation in the diseased retina, demonstrating that exosomes derived from 

reactive microglial cells can mediate retinal inflammation180. Indeed, exosomes from non-

reactive microglia did not cause inflammation, however, we found that MVs from 

microglia cultured in control pressure spread the inflammatory stimuli. Therefore, while 

microglial exosomes contribute to retinal degeneration, modulating the inflammatory 

signal, one may speculate that MVs do not play a crucial role in glaucomatous 

degeneration since both MVs populations trigger a similar response in the retina.  
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Concluding remarks and future perspectives 
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The results presented in this thesis show that EHP potentially induces alterations 

in the secretion of neurotrophins and other trophic factors by MIO-M1 cells. Likewise, 

the MVs derived from microglia altered the MIO-M1 cells mediators production, in 

addition, induced retinal inflammation and retinal cell death.  

Our results demonstrate that: 

• The exposure of MIO-M1 cells to EHP for 24h did not cause Müller cell reactivity, 

suggesting that these cells may be resistant to the conditions tested.  

• The exposure of MIO-M1 cells to EHP changed the levels of several chemokines, 

growth factors, and pro and anti-inflammatory factors. Additionally, MIO-M1 cells seem 

to decrease the expression of the pro-inflammatory marker iNOS.  

 

• Microglial cells released MVs, both when cultured in control pressure and when 

challenged with EHP. These MVs are able to interact with Müller cells and retinal cells. 

 

• The exposure of MIO-M1 cells to MVs derived from microglia showed that:  

- MV-CT appear to protect MIO-M1 cells from apoptotic cell death. 

- MIO-M1 cells altered the expression of pro-inflammatory cytokines, chemokines, 

and trophic factors upon incubation with MVs. 

 

• The intravitreal injection of MV in the vitreous of C57BL/6J mice allowed us to 

conclude: 

- Microglial-derived MVs interacted with cells in the retina. 

- MVs derived from microglia caused vascular leakage and the presence of cells in 

the vitreous.  

- Microglia-derived MVs increased the expression of inflammatory markers. 

- Microglia-derived MVs promoted neuroinflammation and Müller cells and 

microglia reactivity. 

- Microglia-derived MVs triggered cell death. 
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- Both, MV-CT and MV-EHP, impacted RGC survival. 

Overall, MVs induce glial reactivity; MV-CT trigger a significant effect in microglial 

activation, whereas MV-EHP induce higher levels of Müller cells reactivity. Furthermore, 

both MVs prompted RGC loss, however, MV-EHP caused more damage when compared 

with MV-CT. 

Further experiments must be performed to uncover the role played by MVs derived 

from microglia in Müller cells. Lipophilic dyes are not the most reliable labelling 

procedure, they often cause false-positive signals, due to non-specific labelling of EVs and 

other cellular components, except when one holds a pure sample of EVs entirely devoid 

of other cellular contaminants298. Additionally, in cellular EVs uptake assays, PKH dyes 

can produce background signals, due to staining of cells caused by unbound dyes retained 

by recipient cells299. Therefore, it would be interesting to apply another method to label 

EVs. One suggestion is the transfection of cells with reporter 361,362 Still, this procedure 

also presents limitations, since EVs can express heterogeneity in similar or different cell 

types, restringing to a subpopulation of EVs.  Moreover, the clarification of the effects of 

EHP in these cells, specifically the evaluation of glutamine and NO production, would 

be important to elucidate the role of the crosstalk of microglia and Müller cells in a 

context with elevated pressure. In addition, it would be fascinating to further explore the 

inflammatory mediators released after the intravitreal injection of MVs, considering that 

MV-EHP caused a higher increase in Müller cell reactivity and RCG loss compared with 

MV-CT. Nevertheless, taking into consideration the effects caused by MV-CT, it would 

be interesting to analyse the content of these two populations of vesicles, which might 

explain the different effects. The analysis of the individual layers of the retina as well as 

the identification of the immune cells present in the vitreous may provide additional 

indications of the effects caused by MVs in the retina of mice. Furthermore, some 

experiments need to be repeated in order to increase the number of independent 

experiments.  
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