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The Vitreoretinal Interface  

Vitreoretinal interface includes the cortical vitreous, inner limiting membrane (ILM) 

and the endfeet of retinal Müller cells. It is a complex extracellular matrix (ECM) 

structure where vitreous cortex and ILM interact with each other through various 

molecular mechanisms.  

1. Vitreous 

The vitreous body (corpus vitreum) is a transparent and highly hydrated ECM 

structure containing a network of heterotypic collagen fibrils (predominantly type II 

collagens). Three specific areas can be readily recognized within the vitreous: (1) the 

basal and intermediate vitreous, (2) the vitreous cortex, (3) the central vitreous. The 

vitreous collagen fibrils are densely packed in the basal and cortical vitreous. The 

density of the collagen fibrils decreases gradually towards the center. The basal 

vitreous is an annular structure firmly attached to both the retina and the non-

pigmented ciliary epithelium at the ora serrata. The vitreous cortex is the peripheral 

shell of the vitreous body that borders the retina. The collagen fibrils in the cortex 

run parallel along the retina and blend into the anterior vitreous base. The posterior 

vitreous cortex is absent over the optic disc and thinned over the macula and 

peripapillary zone.   

1.1. Suprastructural organization of vitreous 

While type II collagens form the main scaffold of the vitreous body, the other ECM 

proteins, including type V/XI and IX collagens, proteoglycans (PGs) and glycoproteins 

(GPs), are responsible for stabilizing the collagen network, the hydrated state and 

volume of the vitreous body. The chondroitin sulphate chains of type IX collagen and 

opticin maintain the space between the collagen fibrils and prevent self-aggregation 

of the collagen fibrils. Hyaluronic acid is highly hydrated and fills the spaces between 
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the collagen fibrils. The vitreous body in young adults fully occupies the vitreous 

cavity and is strongly attached to the retina at the vitreous base, macula, optic disc 

and along the major retinal vessels. By its supramolecular organization, the vitreous 

body is able to resist and buffer tractional, compressive and impact forces, thus 

protecting the retina.  

1.2. Ageing of the vitreous 

The age-related degenerative changes of the vitreous body result in a collapse of the 

gel structure due to its progressive liquefaction (synchysis) and aggregation of the 

collagen fibrils (syneresis). The macroscopic and microscopic alterations, as well as 

the changes in biochemical composition of the ageing vitreous have been extensively 

studied and reviewed by several authors.1, 2 The proposed hypothesis is that age-

related vitreous liquefaction results from degenerative changes of the ECM 

molecules coated on the surface of  collagen fibrils which are involved in the spacing 

of the network of collagen fibrils. Bishop et al demonstrated that ageing was 

associated with a significant loss of type IX collagen and its chondroitin sulfate side-

chain on the surface of the type II collagen fibrils predisposing these fibrils to lateral 

aggregation.3 Age-related accumulation of advanced glycation end products (AGEs) 

can induce a decrease in viscosity and average molecular weight of hyaluronan, 

which has been considered to be caused by the free radical attack to hyaluronan.4 

Another theory suggested that enzymatic degradation of type II collagen could also 

have a role in the development of vitreous liquefaction. Los et al reported that 

collagen fragments were found in the vicinity of liquefied spaces in human vitreous.5 

Van Deemter et al identified type II collagen fragments degraded by the matrix 

metalloproteinases MMP-1 , MMP-8 and trypsins in the vitreous cavity.6, 7 

Additionally, plasmin and its precursor plasminogen were found to increase with 

ageing in the vitreous.8 The potential proteolytic activities of plasmin could play an 
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important role in vitreous collagen remodelling as well. Therefore, ageing may 

challenge the balance of collagen synthesis and degradation resulting in a 

destruction of the collagen fibril networks.       

2. Inner Limiting Membrane 

The ILM of the retina is the basement membrane of retinal Müller cells. It is the 

histological border of the vitreous cortex and retina and an important component of 

the vitreoretinal interface. The vitreal side of the ILM is attached to the stromal ECM 

vitreous fibrils and the retinal side of the ILM to the endfeet of retinal Müller cells 

through tight junctions.9  

2.1. The structure of ILM varies topographically 

ILM is a transparent ECM membrane and invisible by conventional imaging 

technology. Light and transmission electron microscopy (TEM) studies showed that 

the ILM is a thin sheet of ECM with regional variations in thickness. The ILM is thinned 

at the vitreous base, macula, margin of the optic disc and along the major retinal 

vessels and it is absent over the optic nerve head.9 The application of atomic force 

microscopy (AFM) allowed a study of the native ILM without dehydration, which is 

important since dehydration will cause an important underestimation of the 

thickness of the ILM. The AFM study indicated that the ILM has a high water content 

in vivo by demonstrating 30 to 50% reduction in thickness after enzymatic removal 

of the highly hydrated GAG side chains.10 The average thickness of the fully hydrated, 

native ILM was 3488±460 nm. The ILM is thinnest within a central 400 µm zone of 

the fovea with an average thickness of 138 ± 80 nm and gradually increases to 3711 

± 300 nm at a distance of 900 to 1050 μm from the center of the fovea.11     

2.2. Biochemical composition and suprastructural organization of ILM 
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The ILM shares a similar supramolecular organization with basement membranes 

elsewhere in the human body, but it also has its own specific features in terms of 

biochemical composition and functions. The components of the ILM are ECM 

proteins which come together to form a sheet-like structure by interacting with each 

other through specific crosslinks. The ECM proteins include type IV collagen, laminin, 

heparan-sulphate proteoglycans (HSPGs), nidogen, perlecan, agrin, fibronectin, and 

type VI and XVIII collagens.11, 12 The assembly of the basement membrane is initiated 

by deposition of laminins on the cell surface and interactions between laminins and 

the cell surface receptor (such as the integrin family and dystroglycan).12, 13 Type IV 

collagens form an independent network as the main scaffold of the basement 

membrane which interacts with the laminin network through specific molecular 

mediators, such as nidogen/entactin and type VI collagen.14-16 The scaffold formed 

by independent laminin and type IV collagen networks thus provides interaction sites 

for other BM associated molecules to bind and construct a fully functional BM.  In 

chick embryogenic eyes,  a collagenase induced disruption of retinal basal lamina can 

be rescued by application of laminin-1 but not laminin-2 nor type IV collagen. This 

observation indicated that the deposition of laminin-1 on the retinal cell surface is 

essential for the further deposition of type IV collagens and other BM molecules and 

the formation of a fully functional ILM.17     

2.3. Origin and turnover of ILM 

2.3.1. Lens and ciliary body are the main producers of ILM proteins during 

embryology 

During embryogenesis, the majority of the ILM proteins is produced by the lens and 

ciliary body and not by the retina. An in situ hybridization study showed that the 

mRNA expression of ILM proteins in chick embryos, such as laminin β1, the α1 chain 

of type IV collagen, nidogen-1, perlecan and the α1 chain of type XVIII collagen, are 
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produced by the lens and ciliary body.18 A similar result has been reported in 

humans.19 The ILM proteins produced by the lens and ciliary body then are 

transferred through the vitreous to the retina. The vitreous thus serves as a reservoir 

for ILM proteins during the embryogenic phase. Western blot analysis has confirmed 

that the ILM proteins in vitreous are most abundant during the early embryogenic 

phase, decrease rapidly during the late embryogenic phase and the first 2 years of 

the postnatal period, and are barely detectable in adulthood.19 However, not all ILM 

proteins follow this time course in the vitreous and not all ILM proteins originated 

from lens and ciliary body. Transferrin, fibronectin and macroglobulin remain 

present in steady concentrations in the vitreous throughout adult life. Agrin has been 

shown to be produced by the retina, whereas type IV collagen can be produced by 

the optic nerve. Additionally, retinal glial cells including astrocytes and Müller cells 

can produce type I-VII, IX and XI collagens some of which are involved in the 

vitreoretinal interface.20 These findings suggest a low level of ILM protein synthesis 

in the adult retina which supports the theory of dynamic remodeling of the 

vitreoretinal collagens during ageing. 

2.3.2. Thickening and stiffening of aged ILM is the result of a process of age-related 

matrix remodelling  

During ageing, the human ILM displays a series of structural and biological 

alterations which are the result of age-related biochemical and molecular changes. 

The thickness and stiffness of the ILM appear to increase over time. This increase in 

thickness has been demonstrated both by TEM and AFM. With regard to the major 

components of the ILM, the relative proportion of type IV collagen in relation to the 

total amount of ILM proteins increases while the relative proportion of laminin 

decreases. An age-related accumulation of advanced glycation end products in the 

ILM may contribute to the stiffening of the ILM.21-23 Additionally, the distribution of 
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ECM proteins in the ILM alters as well. By immune histology, Kohno et al showed 

that fibronectin and laminin in the ILM of young adults appear to be present as a 

thick band at the posterior pole. Only occasionally they appeared as a bi-laminar 

structure, while this bi-laminar distribution became common in aged ILM.24 The 

exact molecular organization, especially at the central part of the ILM (foveal ILM), 

has not yet been elucidated.       

3. Retinal Müller cells 

Retinal Müller cells, the predominant glia in the human retina, share the basic bipolar 

morphology of radial glial cells in the central neural system and play a number of 

important roles in normal and diseased retina (for a review, see references 25 and 

26).25 The Müller cells span the entire retinal thickness. Their somata are located in 

the inner nuclear layer, and two stem processes extend radially. The inner stem 

process approaches the retinal side of the ILM and forms endfeet that are part of the 

vitreoretinal interface. The outer stem process reaches the subretinal space into 

which it sends numerous microvilli to connect with photoreceptors.26  

Müller cells have been suggested to play a central role in the formation of epiretinal 

membrane (ERM) at the vitreoretinal interface. Upon stress or pathological stimuli, 

the Müller cells are activated and undergo gliosis which is characterized by cellular 

hypertrophy, upregulation of the intermediate filaments vimentin and glial fibrillary 

acidic protein (GFAP), and a transient or long-lasting proliferation of the Müller cells. 

The migration of Müller cells onto the vitreal surface has been suggested to 

represent the initial event of epiretinal membrane formation both in idiopathic 

epiretinal membrane and proliferative vitreoretinopathy.27, 28 Furthermore, Müller 

cells have been found to transdifferentiate into a myofibroblast-like phenotype 

which contributes to the excessive collagen production and membrane contraction 

observed in those ocular pathologies.29 The migration, proliferation and 
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transdifferentiation of Müller cells can be regulated by a large number of growth 

factors, such as transforming growth factor β1 and β2 (TGF-β1 and TGF-β2), basic 

fibroblast growth factor (bFGF), platelet derived growth factor (PDGF) and insulin-

like growth factor (IGF) (for a review, see references 30 and 31).30, 31 Recent 

advancements in matrix biology indicated that the collagenous components and the 

mechanical properties (tension, traction and rigidity) of the ECM are also involved in 

the regulation of cell behavior. Lindqvist et al and Wang et al both reported that 

mechanical traction induced cell signalling pathways involved in activation of Müller 

cells.32, 33 Müller cells also change their gene expression profile in response to matrix 

remodeling. This can be observed in vitro when they are grown on substrates with 

various stiffnesses.34    

4. Molecules that are involved in vitreoretinal adhesion 

The adhesion of the cortical vitreous to the adjacent ILM, namely, vitreoretinal 

adhesion, involves a series of complex molecular adhesion mechanisms. The basal 

vitreous is the firmest zone of attachment between the vitreous and retina. The 

vitreous fibrils at the vitreous base are oriented perpendicularly to and are densely 

interwoven with the ILM. With age, a progressive posterior extension and inter-

digitation of collagen fibrils with the peripheral retina and ILM  occurs and results in 

an increase of the anteroposterior width of the vitreous base.35 At the pre-equatorial 

and equatorial regions, areas were found where vitreous fibrils focally penetrate the 

ILM and where ILM-associated type IV collagen was seen to be focally interrupted at 

sites where it extends itself into the vitreous cortex.36 Based on clinical findings and 

some histological studies, the presence of focal attachments is also probable at the 

posterior pole, and specifically in areas overlying retinal blood vessels, the macula 

and optic disc. Focal vitreoretinal attachments may explain why - in case of a 

spontaneous posterior vitreous detachment (PVD) - retinal tissue may be damaged. 
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Thereby, intravitreal hemorrhage, retinal tear formation, and ultimately 

rhegmatogenous retinal detachment may occur. Kishi et al reported that cortical 

vitreous remnants were found on the foveal surface of the retina in 22% (26 out of 

59) of autopsy eyes that had had spontaneous PVD.37 At the posterior pole, cortical 

vitreous fibers run parallel to the retinal surface, and there is only very limited 

evidence showing that the vitreous fibrils may penetrate the inner limiting 

membrane of the retina forming adhesions with the underlying retina. Therefore, 

the proposed hypothesis is that the adhesion molecules, such as fibronectin, laminin, 

heparan sulphate proteoglycans and opticin, are responsible for the vitreoretinal 

adhesion by interacting with both type II collagens in the vitreous fibrils and type IV 

collagens in the ILM.24, 38, 39 Kohno et al reported a linear and laminar distribution of 

fibronectin and laminin in the equatorial and posterior ILM and suggested that 

fibronectin and laminin are responsible for the vitreoretinal adhesion because of 

their high affinity to bind with collagens, proteoglycans and hyaluronic acid.24 

Additionally, the newly identified collagens in the vitreoretinal interface, such as 

type VI, VII and XVIII collagen may also be involved in the molecular mechanism of 

vitreoretinal adhesion.     

Age-related changes of the vitreous and ILM ultimately result in changes in 

vitreoretinal adhesion leading to the development of PVD with or without other 

associated complications. In the normal ageing process, the vitreous body gradually 

liquefies and collapses, which can be detected clinically as a gradually enlarging pre-

macular vitreous pocket and optical clear area in the center of vitreous cavity.40 

When the vitreoretinal adhesion gradually weakens in parallel to the progression of 

vitreous liquefaction, the collapsed vitreous will be accompanied by a detachment 

of the cortical vitreous, which results in the development of PVD. PVD has been 

suggested to start as a localized shallow separation of cortical vitreous from the 
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perifoveal retina, which progresses over months or years with no clinical 

symptoms.41 The traction exerted by the collapsed vitreous can induce tissue 

dehiscence at the level of the cortical vitreous resulting in vitreoschisis; or at the 

retinal level resulting in vitreomacular traction syndrome and idiopathic macular 

hole.42, 43 Vitreoretinal traction has also been reported to induce intra-retinal cell 

damage, such as the progression of diabetic macular edema and age-related macular 

degeneration. These evidences suggested that vitreoretinal traction may have an 

impact on retinal tissue. Indeed, accumulating evidences suggest that retinal cells, 

particularly retinal Müller cells and retinal pigment epithelial cells are 

mechanosensitive, and can respond to traction by altering their gene and protein 

expression. Therefore, it is possible that mechanical traction may have a role in the 

pathogenesis of vitreomacular diseases. 

5. Epiretinal membrane at the vitreoretinal interface 

The fibrocontractive vitreoretinal diseases, including proliferative vitreo-retinopathy 

(PVR), proliferative diabetic retinopathy (PDR) and macular epiretinal membrane 

(ERM) either idiopathic or secondary to primary ocular diseases remain the major 

causes of irreversible visual function damage despite advancement in modern 

surgical techniques. The myofibroblast, a cell type that produces excessive amounts 

of extracellular matrix (mainly collagens) and induces contractile forces to 

surrounding tissues, has a crucial role in the formation and contraction of the ERM.  

In normal wound healing processes, myofibroblasts are activated during the initial 

stage and usually undergo apoptosis when the wound is healed. In fibrotic diseases, 

myofibroblasts are persistently activated resulting in excessive deposition of 

collagens and severe tissue contraction, which impedes organ function. 

Myofibroblasts have heterogeneous origins and their regulation involves a series of 

biochemical and biophysical factors. While local fibroblasts are the prominent source 
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of myofibroblasts, a large panel of cells, including epithelial cells, endothelial cells 

and bone-marrow derived cells have been shown to contribute to the myofibroblast 

population. The regulatory roles of profibrogenic cytokines have long been 

recognized. Besides these soluble factors in the microenvironment, both the 

biochemical and biophysical properties of the ECM have been shown to be actively 

involved in the regulation of fibrosis.44, 45 

Recent advances in extracellular matrix biology indicate that the ECM proteins have 

diverse cellular effects beyond providing structural support. The dynamic 

remodelling of the ECM during fibrosis results in an alteration of the biochemical and 

biophysical properties of the ECM. These alterations play an influential role in 

fibrosis. First, the newly produced ECM proteins could promote the fibrotic process. 

Type IV collagen can induce an epithelial to mesenchymal transition process in 

mammary epithelial cells.46 Type VI collagen, which is upregulated in fibrotic matrix 

remodelling, promotes myofibroblast transdifferentiation of corneal and cardiac 

fibroblasts.47, 48 Second, recent experimental findings showed that the mechanical 

tension and stiffness of the ECM regulate the formation of myofibroblasts.49-51 

Matrix stiffness  is essential in the transforming growth factor β (TGFβ) induced 

transdifferentiation of fibroblasts into myofibroblasts in lung, liver and 

conjunctiva.52-54 Furthermore, a stiff substrate allows the myofibroblasts to exert 

contractile forces to the surrounding matrix by which they trigger an integrin-

mediated activation of latent TGFβ in the ECM.55      

The ERM formed at the vitreoretinal interface has been considered as an aberrant 

wound healing process with fibrocontractive membrane formation. The formation 

of myofibroblasts and fibrotic tissue are the main causes of damage to visual 

functioning. To prevent the detrimental effects of the ERM, one of the most 

promising approaches is to prevent the formation of myofibroblasts or to promote 
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their apoptosis. By examining factors that induce myofibroblast formation more 

closely, novel treatment targets may be identified.  

In summary, the vitreoretinal interface is a highly organized extracellular matrix 

structure with a dynamic remodelling process during an entire life time. The 

compositional changes due to ageing and fibrosis result in alterations in its 

biochemical and biophysical properties. These alterations, in turn, have a crucial role 

in the pathogenesis of age-related and fibrotic vitreoretinal diseases. Identifying the 

key elements in the vitreoretinal interface and the response of the retinal cells to 

alterations therein, may eventually lead to the development of effective and non-

surgical approaches to treat and prevent vitreoretinal fibrotic diseases.  

6. Aim and outline of this thesis 

The research hypothesis is that the extracellular matrix regulates ERM formation at 

the vitreoretinal interface by both its biochemical components (type VI collagen) and 

its biophysical properties (stiffness).  

To provide evidences to support our hypothesis, we studied: 

1) The ultrastructural organization of collagens at the vitreoretinal interface. 

2) The collagens in ERMs associated with idiopathic macular hole and idiopathic 

epiretinal membrane and the involvement of epiretinal cells with a retinal Müller cell 

origin. 

3) The regulatory role of matrix elastic modulus in the myofibroblast 

transdifferentiation of retinal Müller cells. 

In Chapter 2, we summarized the recent advancements in epidemiological and 

clinical findings of idiopathic epiretinal membrane (iERM), the collagens that may 

participate in fibrosis and iERM formation, and the regulatory roles of the 
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mechanical properties of the extracellular matrix in matrix remodelling during 

fibrosis. The appreciation of the regulatory role of matrix remodelling related to 

ageing and fibrosis permits the construction of a plausible sequence of events that 

lead to the development of iERM. 

In Chapter 3, we focused on the ultrastructural features of the vitreoretinal interface 

by using immuno-transmission electron microscopy. The location and organization 

of type VI collagen and its structural relationship with type II and IV collagens were 

determined. 

In Chapters 4 and 5, we identified the collagenous components in the ERMs 

associated with idiopathic macular hole and idiopathic epiretinal membrane. One of 

the important findings is that type VI collagen was present in the ERM of idiopathic 

epiretinal membrane but absent in ERM of idiopathic macular hole. Additionally, 

with flat-mount and double immuno-labelling of cell phenotype specific makers, the 

retinal Müller cells were shown to be an important cell type participating in ERM 

formation by  proliferation and myofibroblast transdifferentiation. Therefore, an in 

vitro Müller cell culture experiment was conducted and the results suggested that 

the expression of type I, II and VI collagens in retinal Müller cells containing α-SMA 

positive stress fibers was affected.  

In Chapter 6, we focused on the regulatory role of matrix elasticity in the 

transforming growth factor beta (TGF-β) induced myofibroblast transdifferentiation 

of retinal Müller cells. The results suggested that with increasing matrix stiffness and 

in response to TGF-β, retinal Müller cells gain the ability of forming a contractile 

myofibroblast with smooth muscle actin incorporated into their cytoskeleton.  
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Abstract 

 

Background: Idiopathic epiretinal membrane (iERM) is a fibrocellular membrane 

that proliferates on the inner surface of the retina at the macular area. Membrane 

contraction is an important sight threatening event and is due to fibrotic 

remodelling.  

Methods: Analysis of current literature regarding the epidemiology, clinical 

features, and pathogenesis of iERM and fibrotic tissue contraction. 

Results: Epidemiologic studies report a relationship between iERM prevalence and 

e.g. increasing age and posterior vitreous detachment (PVD). Clinically, iERM 

progresses through different stages characterized by an increased thickness and 

wrinkling of the membrane. Pathophysiologically, iERM formation is a fibrotic 

process in which myofibroblast formation and the deposition of newly formed 

collagens play key roles. Anomalous PVD may be a key event initiating the 

formation of iERM. The age-related accumulation of advanced glycation end 

products may contribute to anomalous PVD formation and may also influence the 

mechanical properties of the iERM.  

Conclusion: Remodelling of the extracellular matrix at the vitreoretinal interface by 

ageing and fibrotic changes, plays a significant role in the pathogenesis of iERM. A 

better understanding of molecular mechanisms underlying this process may 

eventually lead to the development of effective and non-surgical approaches to 

treat and prevent vitreoretinal fibrotic diseases. 
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1. General introduction 

Idiopathic epiretinal membrane (iERM) is the most common type of fibrocellular 

proliferation found at the vitreo-retinal interface, which is significantly associated 

with aging. While patients with iERM can be completely asymptomatic when the 

membrane is thin and translucent, its progression to a semi-translucent, thick and 

contractile membrane may result in macular distortion thus inducing 

metamorphopsia and loss of central visual function. This clinical entity has also 

been termed “macular pucker”, “preretinal macular fibrosis”, “epiretinal fibrosis” 

or “gliosis”, “surface wrinkling retinopathy”, or “cellophane maculopathy”.  

At present, treatment options are limited and consist of watchful waiting or 

vitrectomy surgery. The time point when irreversible damage to the macula will 

have occurred is presently unknown. Therefore, it is not known whether surgery 

for iERMs should be aimed for at an early stage with minimal symptoms or whether 

it can safely be delayed until metamorphopsia and loss of visual acuity are present. 

Idiopathic ERM formation is a fibrotic process on the surface of the retina. Fibrosis 

is a common process throughout the body, and a lot of research in the general area 

of fibrosis has been and is currently being done. Ultimately, results from such 

studies may contribute to find new treatment options for fibrotic processes in 

general, which may also be applicable to iERM formation. Therefore, this overview 

focuses on the pathogenesis of iERM in relation to fibrosis in general and aims to 

point out directions for future research in this area.  

With regard to its pathogenesis, epidemiologic studies found a clear relationship 

between iERM formation, aging and posterior vitreous detachment. Also, they 

found some association with genetic and lifestyle factors. Histological studies of 

surgically obtained iERM specimens identified cellular and extracellular matrix 

components. A key element in iERM formation and its progression towards a 

contractile membrane is the transdifferentiation of cellular components towards 



Chapter 2 

22 

 

myofibroblasts. The latter are supposed to be responsible for excessive collagen 

production and deposition, as well as iERM contraction. Myofibroblast formation is 

probably dependent on soluble factors in the microenvironment of the membrane, 

in particular transforming growth factor beta (TGFβ), as well as on properties of the 

substrate to which the cells are attached. The stiffness of the extracellular 

membrane may be a key factor in myofibroblast formation. Membrane stiffness is 

the result of the presence and proportion of its various collagenous and non-

collagenous components. Also, modifications of membrane macromolecules, e.g. 

by the accumulation of advanced glycation end (AGEs) products, may increase the 

stiffness of the membrane and may thus contribute to the fibrotic process. 

Interestingly, AGE accumulation is an age-related phenomenon, which may also be 

involved in the pathogenesis of anomalous PVD, a factor that probably contributes 

to the early stages of iERM formation. Thus, AGEs accumulation may be an 

important link connecting epidemiologic findings to the pathogenesis of iERM.  

2. Epidemiology 

Over the last two decades, several population-based epidemiology studies were 

conducted to estimate the prevalence and risk factors of iERM (Table 1). In these 

studies, non-mydriatic retinophotography was generally used to evaluate the 

presence and extent of epiretinal membrane. The Han Dan Eye Study used both 

retinophotography and optical coherence tomography (OCT) for the detection of 

epiretinal membrane. Aging is a consistently found risk factor and therefore 

appears to be important in the pathogenesis of iERM. Increased prevalences of 

iERM were noted in the population over 60 years of age and peak prevalences were 

observed between ages 70 and 79 years (11.6%~35.7%).1 Additionally, since in 70% 

of patients the iERM was found to be associated with posterior vitreous 

detachment (PVD) at the time of the diagnosis, PVD has been considered as an 
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important pathogenic factor in iERM formation. This seems to be underlined by the 

increased prevalence of iERM after cataract surgery, since the latter is known to 

accelerate PVD formation.1-3 Epidemiologic studies reported a great discrepancy in 

the prevalence of iERM from 1.02% to 28.9% among different ethnic groups.1-13 It 

appears that the overall prevalence of iERM in studies conducted in the US and 

Australia is higher than that in China, Japan and Singapore. This may indicate the 

influence of genetic and/or lifestyle factors. However, the prevalences of preretinal 

macular fibrosis (PMR), the more severe form of iERM that usually needs surgical 

intervention, are similar in these studies. Another interesting finding is that while 

the Americans with Chinese origin was identified as a risk factor of PMR in the 

Multi-ethnic population study9, the prevalences of PMR reported in the Chinese 

studies are rather low (3.8% versus 0.39~1.8%).5, 12, 13 Whether this discrepancy is 

due to selection bias or a difference in life style and level of education is unclear. 

The increased prevalence of iERM in case of diabetes, hypercholesterolemia and 

vascular narrowing or occlusion, might point in the direction of an association with 

metabolic factors. The possible association with lifestyle and level of education may 

also point in that direction. A possible association with refractive errors has been 

described, but this is inconsistent, since some studies found a higher prevalence of 

iERM in hypermetropic and others in myopic eyes.5, 10 
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Table 1 Risk factors of idiopathic ERM 
 

 
iERM: idiopathic epiretinal membrane; PMR: preretinal macular fibrosis. 
 

 

 

Study Year 
of 
report 

Number of 
participants 

Prevalence 
of iERM 

Prevalence 
of PMR 

Risk factors 

The Beaver Dam Eye 
Study 

1994 4926 11.8% NA Age, cataract surgery, 
arteriovenous nicking 2 
 

The Blue Mountain 
Eye Study 

1997 3654 7% 2.2% Age, cataract surgery and 
retinal vein occlusion 1 
 

The Los Angeles 
Latino Eye Study 

2004 5982 18.5% 2.2% Age, proliferative 
retinopathy, retinal lesions, 
macular holes, and cataract 
surgery 3 
 

The Singapore Malay 
Eye Study 

2008 3265 7.9% 3.8% Ethnicity, age, female 
gender, hyperopic refraction 
and narrower retinal 
arteriolar diameter 10 
 

The Beijing Eye Study 2008 4378 2.2% 1.8% Age, higher education, visual 
field loss 13 
 

The Funagata Study 2009 1758 5.44% 1.49% Age and diabetes 11 
 

The Han Dan Eye 
Study 

2009 6565 3.4% 0.7% Age and myopia 5 
 

The Multi-Ethnic 
Study of 
Atherosclerosis 

2011 5960 26.1% 3.8% Chinese origin, age, presence 
of diabetes, and hyper-
cholesterolemia 9  
 

The Singapore Indian 
Eye Study 

2012 3400 10.2% 3.5% Age, myopia, and narrower 
retinal arteriolar diameter 7 
 

The Beixinjing Block 
Study 

2012 3727 1.02% 0.39% Diabetes and high level of 
education 12 
 

The Melbourne 
Collaborative Cohort 
Study 

2013 21241 8.9% 3.9% Age and ethnicity (southern 
European origin) 4 
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3. Clinical features 

Idiopathic ERM is a thin glistening membrane over the macula with or without 

retinal wrinkling. Clinically, a grading system proposed by Gass has been widely 

used to describe the different stages of the disease.14 

Grade 0 (cellophane maculopathy): A transparent membrane without distortion of 

the underlying retina is observed. Ophthalmoscopically or biomicroscopically, a 

cellophane light reflex over the retinal surface is seen. The patient is asymptomatic 

and the diagnosis is usually an incidental finding during routine ophthalmic 

examination.  

Grade 1 (Crinkled cellophane maculopathy): As the disease progresses, shrinkage 

or contraction of the iERM results in irregular wrinkling of the inner layers of the 

retina. Fine superficial radiating folds extending outward from the margins of the 

contracted iERM are often the most easily distinguished biomicroscopic feature. In 

some cases, the contraction may be sufficient to cause tortuosity of the fine 

macular capillaries. The reduction in visual acuity from these iERMs is primarily the 

result of the distortion of the inner retinal layers and not a function of the thickness 

or opaqueness of the membrane. When the fovea is affected, patients often 

complain of distorted or blurred central vision of the affected eye. Other reported 

symptoms include loss of binocularity, central photopsia and macropsia.   

Grade 2 (Preretinal macular fibrosis): The iERM is characterized by a thicker and 

more opaque membrane obscuring the underlying retinal vasculature and a 

marked full thickness retinal distortion. Increasing vascular tortuosity and size of 

involved vessels tend to signify more advanced disease. Retinal oedema, small 

retinal haemorrhages, cotton-wool spots and exudates may all be seen in 

conjunction with these more opaque membranes. The development of severe 

macular distortion can induce retinal oedema and breakdown of the underlying 
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blood-retina barrier that can be shown by fluorescence angiography. Grade 2 iERM 

is also referred to as macular pucker. Approximately 80% of patients with Grade 2 

iERM will have symptoms of blurred vision and/or metamorphopsia.15 In general, 

iERM is a chronic disease and its onset and progression are usually slow. According 

to the Blue Mountain Eye study, the 5-year cumulative progression rate from grade 

0 to grade 2 iERM was reported as 9.3%, and the overall progression, regression 

and stable rates were 28.6%, 25.7%, and 38.8%, respectively.6  

The diagnosis of iERM is primarily based on clinical findings. Moreover, it is a 

diagnosis of exclusion, which needs a comprehensive ophthalmic examination to 

rule out the possibility of primary ocular diseases, such as peripheral retinal breaks, 

retinal vascular occlusive diseases, inflammatory disorders of the retina and 

choroid, and vitreo-macular traction syndrome.16, 17 Besides the subjective ocular 

fundus examination, many objective examination techniques have been applied to 

assess the extent of morphological and functional changes of iERM.18-20 Optical 

coherence tomography (OCT) has been extensively used to obtain cross-sectional 

images of the retina with a 10-micron axial resolution initially. OCT data can be 

qualitatively and quantitatively analysed to show the morphologic features of iERM 

and associated macular changes such as macular oedema. Thickening of the 

macular retina is correlated with decreased visual function and the resolution of 

macular oedema after surgical removal of the iERM is associated with improvement 

of visual function.21, 22 The recent development of spectral-domain OCT (SD-OCT) 

offers a higher axial resolution (5~7μm) which allows more precise visualization of 

the intra-retinal morphologic features such as the integrity of the photoreceptor 

inner and outer segment (IS/OS) junction, photoreceptor outer segment length 

(PROS), central foveal thickness, and outer foveal thickness. Clinical researches 

have been carried out to assess these morphological features and their association 

with preoperative visual function and postoperative visual recovery. The results 
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indicated that preoperative disruption of the IS/OS junction, the length of PROS and 

the thickness of the inner retinal layer were correlated with visual function and thus 

might be useful in predicting surgical outcome.23-25 Fluorescein angiography (FA) 

has also been used to assess patients with iERM, especially in cases where ocular 

media opacity precludes a proper fundus examination. FA in patients with iERM 

often demonstrates intra-retinal leakage or pooling of dye indicating cystoid 

macular oedema, and retinal vessel distortion indicating membrane contraction.26 

Recently, the presence of retinal vessel printings on fundus auto-fluorescence 

imaging which indicates a displacement of distorted retinal vessels, has been 

reported to be correlated to the degree of metamorphopsia and retinal tissue 

damage27 The newly developed imaging techniques and analytic algorithms may 

provide novel quantitative measures to detect early retinal damage and to follow-

up the postoperative recovery non-invasively. Additionally, macular function 

examinations such as multifocal electro-retinography (mfERG) and preferential 

hyperacuity perimetry have also been tested in iERM patients to explore their 

diagnostic and monitoring value and their correlation with retinal architecture 

changes and recovery.18, 28 However, at present, the limited numbers of patients, 

short follow-up periods (3 to 6 months) and discrepancy in the results prevent a 

definite conclusion with regard to their clinical value.  

4. Pathology  

Idiopathic ERM is a sheet of fibrotic tissue that varies in thickness from a single layer 

of collagen with interspersed cells to a thicker, multi-layered fibrocellular 

proliferation that often bridges coarse folds on the retinal surface. Idiopathic ERMs 

are composed of two major components: cells of retinal and extra-retinal origin and 

extracellular matrix (ECM) proteins.29, 30 Most iERM contain a variety of cell types, 

including one or more of the following:  glial cells (retinal Müller cells, astrocytes 
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and microglia), hyalocytes, macrophages, retinal pigment epithelial cells, 

fibroblasts and myofibroblasts.31, 32 A precise identification of the origin of cells in 

iERM by either immunohistochemistry or electron microscopy is hindered by the 

ability of cells to transdifferentiate during the process of membrane formation. This 

makes cell marker identification and morphological assessment less specific. 

Evidence showed that retinal Müller cells, hyalocytes and retinal pigment epithelial 

(RPE) cells have the ability to differentiate into a myofibroblast-like phenotype that 

is responsible for excessive collagen production and deposition as well as the 

contractile activity of iERMs.33-35 

From the vitreous (inner) side to the retinal (outer) side, the ERM usually consists 

of : (1) an inner cellular layer, consisting of one or multiple cell layers, (2) an outer 

ECM layer containing bundles of extracellular fibrils, which usually are randomly 

oriented. The outer portion of the ECM layer contains extracellular fibrils, 

fragments of ILM and - in case of vitreoschisis or partial PVD - residual native 

vitreous fibrils. The laminar structure is clear in cellophane maculopathy and less 

prominent in preretinal macular fibrosis. The exact origin of the collagenous 

components in the ECM of ERM is still an open question. Based on their 

morphological characteristics under the transmission electron microscopy, 

Kritzenberger et al suggested that the inner cellular layer and the inner portion of 

ECM layer were newly formed during the pathogenesis of ERM.29  

4.1 Cellular components in iERM 

By light and electron microscopic analyses, the cellular and extracellular 

components of iERM have been characterized. In previous studies, various cell 

types have been identified in iERM, which are thought to be important during its 

formation. Although the phenotypic transition of the epiretinal cells causes some 
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uncertainty concerning the origin of the cells, basic morphologic features and 

specific immunohistochemical cell markers are still informative.   

4.1.1. Epiretinal cells of glial origin  

Cells of glial origin are either derived from retinal Müller cells and/or astrocytes. It 

has been suggested that retinal glial cells are one of the major cellular components 

of iERM.36 Retinal glial cells are supposed to be able to migrate through microscopic 

defects in the ILM that resulted from PVD. Subsequently, cells will then proliferate 

on the inner surface of the retina to form an ERM.37, 38 Ultrastructural features of 

cells of glial origin include: polarization with an underlying basement membrane, 

microvilli, and junctional complexes arranged in a monolayer containing masses of 

intermediate filaments 10nm in diameter. The most common 

immunohistochemical markers for retinal glial cells include glial fibrillar acidic 

protein (GFAP), vimentin and cellular retinaldehyde-binding protein (CRALBP).39-41 

GFAP and vimentin are intermediate cellular filament-forming proteins that are 

cytoskeleton components. The mature retinal Müller cells predominantly express 

vimentin whereas retinal astrocytes mainly express GFAP. A limited GFAP 

expression can be found in the end-feet of mature Müller cells. The expression of 

GFAP is significantly up-regulated during retinal Müller cell activation and is a 

hallmark of retinal Müller cell gliosis.42 However, a recent study showed co-

localization of GFAP and hyalocyte markers.32 This finding indicates that GFAP is not 

strictly expressed in cells of glial origin. CRALBP is expressed in RPE cells and Müller 

cells, which plays an important role in the visual cycle by functioning as an acceptor 

of 11-cis-retinol from the isomerohydrolase reaction.43 Therefore, the expression 

of CRALBP has been used as a marker for retinal Müller cells.42   

4.1.2. Hyalocytes 
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Hyalocytes are present in the cortical vitreous, with a larger population near the 

vitreous base and a lower number at the posterior pole. Morphologically, 

hyalocytes have been described as spindle-shaped, rounded or star shaped cells 

containing large amounts of secretory granules and a well-developed Golgi 

apparatus. Morphologic and enhanced green fluorescent protein assisted cell 

tracking studies indicated that hyalocytes are bone marrow derived cells of 

monocyte/macrophage lineage.44 Morphologically, hyalocytes and macrophages 

are similar, and both have a paucity of lysosomes. However, hyalocytes are negative 

to CD68, the classic macrophage marker.45 Hyalocyte markers include CD35, CD45, 

CD64 and CD163, which are markers of the monocyte/macrophage lineage.32, 46  

The importance of hyalocytes in the development of iERM has been emphasized 

since the recognition of the possible role of vitreous cortex remnants on the ILM in 

the pathogenesis of iERM.47 Studies on the biology of hyalocytes revealed that 

these cells have the ability to proliferate and transdifferentiate into a 

myofibroblast-like phenotype and may be responsible for the formation of fibrotic 

tissue and membrane contraction.34, 48 Therefore, proliferation and phenotypic 

transition of hyalocytes on the inner retinal surface after an anomalous PVD 

represents a plausible theory of the pathogenesis of iERM.  

4.1.3. Macrophages 

Macrophages have essential functions in wound healing, such as coordinating cell 

migration and matrix remodelling. These functions are fundamental in the process 

of iERM formation. The macrophages in the iERM are characterized by the presence 

of pleomorphic contents, especially melanin and haemosiderin in various stages of 

degradation within the secondary lysosomes. The other notable ultrastructural 

features of macrophages are an irregular shape of cell and nucleus, a paucity of 

lysosomes and the presence of membrane bound granules of varying electron 
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density.31 The most common marker for macrophages is CD68, a member of 

lysosomal/endosomal-associated membrane glycoproteins that are highly 

expressed by human monocytes and tissue macrophages. However, since retinal 

microglia are also considered as tissue macrophages, specific markers, such as 

Lectin RCA-1, CD11b and Ionized calcium binding adaptor molecule 1 (Iba1)  should 

be used to specifically identify them as microglia.49    

4.1.4. Fibroblasts 

Fibroblasts in iERM are featured by their fusiform shape and the absence of signs 

of polarity such as apical microvilli or a basement membrane, which is different 

from fibrous astrocytes of glial origin.37 They differ from hyalocytes by the presence 

of longer extensions (with a maximum length of 260 μm) and the absence of PAS-

positive granules.50 The cytoplasm of fibroblasts often contains prominent rough 

endoplasmic reticulum and Golgi complexes suggesting an active secretory state. 

In specimens of iERM, fibroblasts were often found in the vicinity of newly formed 

collagens.37  

4.1.5. Myofibroblasts  

Myofibroblasts are found at sites of wound healing and chronic inflammation, and 

are believed to play a pivotal role in the healing process and the pathogenesis of 

fibrosis. By secreting extracellular matrix proteins, and by promoting the 

contraction of granulation tissue through the expression of the contractile protein, 

α-smooth muscle actin (α-SMA), these cells are essential for wound repair. The 

formation of ERMs has been considered as an aberrant wound healing process 

driven by many growth factors and cytokines, which leads to a contractile scar 

formed on the inner surface of the retina. The myofibroblast is the key mediator of 

ECM secretion and contraction during this process.51 Ultrastructural features of 

myofibroblasts are their characteristic spindle shape and the presence of large 
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aggregates of microfilaments about 4 to 5 nm thickness and small fusiform densities. 

A specific marker for myofibroblasts is α-SMA, an isoform of actin, which has been 

proven to be important for the contractile activity in several cell types.52  

Myofibroblasts have heterogeneous origins. By double labelling iERM specimens 

with α-SMA and other cell markers, several studies have tried to pinpoint the origin 

of the myofibroblasts. These studies showed that myofibroblasts can form by 

transdifferentiation of various cell types including hyalocytes, retinal pigment 

epithelial cells (RPE) and retinal glial cells.30, 33, 34, 53-57 

4.1.6. Retinal pigment epithelial (RPE) cells 

The presence of RPE cells in iERM is still a matter of debate. Smiddy et al reported 

that RPE cells are the predominant cell type in iERM.31 However, other authors 

could not confirm this and described that cells of glial origin and/or the hyalocytes 

were more frequently found in iERM.58, 59 The RPE cells are more commonly seen in 

the ERMs secondary to a retinal break and/or prior rhegmatogenous retinal 

detachment. Kampik et al summarized the typical electron microscopic features of 

RPE cells in ERM as follows: RPE cells are characterized by their epithelium-like 

polarity with a well-developed basement membrane and the presence of free-

surface microvillus processes. Additionally, RPE cells have junctional complexes, 

numerous single membrane-limited melanosomes and cytoplasmic microfilaments 

(5 to 7 nm).58  

4.2. Extracellular matrix components of iERM 

The ECM of iERM contains native vitreoretinal collagens and/or collagens newly 

formed by epiretinal cells. By transmission electron microscopy (TEM), variable 

amounts of extracellular fibrils that form an irregular network are randomly 

oriented in the ECM layer of iERM. It has been suggested that native vitreous fibres 
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have diameters of 8 to 15 nm while newly formed collagen fibrils have diameters 

of more than 16 nm.60 Kampik et al reported that collagenous components of iERM 

mainly had a smaller diameter of 10 to 15 nm.58 Kritzenberger et al reported that 

fibrils in the ERMs of preretinal macular fibrosis were thicker than those in 

cellophane maculopathy (18 to 26 nm vs. 6 to 15 nm).29 The identities of the 

collagens in iERM were further clarified by immune-histochemical studies, which 

reported the presence of type I, II, III, IV and VI collagens.29, 61 Furthermore, flat-

mount preparations of surgically removed iERM will give an overview of the entire 

ERM specimen.62 Hereby, information on cell density, specific cell populations and 

the distribution patterns of ECM components can be obtained.32, 63, 64  

5. Management 

5.1 Surgical management of iERM 

Trans pars plana vitrectomy and epiretinal membrane peeling have been used in 

patients with symptomatic visual disturbances as a standard procedure.65 However, 

in 10 to 21% of cases, the ERMs recurred and around 3% of recurrent cases required 

a second surgical intervention.66, 67 Recurrent ERM is thought to result from 

incomplete removal. Gandorfer et al showed that ERM removal alone does not 

completely separate the fibrocellular tissue from the macula. Therefore, additional 

ILM peeling is advised to achieve a complete removal of epi- and sub- ILM 

proliferation thus eliminating the scaffold for further proliferation.63, 68 Several 

clinical series reported that ILM peeling seems to give better results than non-ILM 

peeling. In both groups, equivalent efficacy and safety profiles in terms of final 

visual outcomes were found, whereas the ERM recurrence rate was lower in the 

ILM peeling than in the non-ILM peeling group.69-71 However, Chang et al. also 

reported that the reduction in macular thickness was significantly higher in case of 

single (ERM only) peeling as compared to double (ERM plus ILM) peeling. Another 
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interesting finding was that patients in the single peeling group who had undergone 

successful ERM peeling, i.e. without residual ERM at the fovea, had a better 

postoperative visual function than those in the double peeling group.71 These 

findings indicated that ILM peeling is technically challenging and the surgical 

maneuver might induce additional damage to the underlying retina because ILM is 

a thin (a few micrometres in thickness) and nearly transparent structure. To 

improve the visualization of the ILM during the surgery, vital dyes such as trypan 

blue, indocyanine green (ICG) and brilliant blue have been used. Although some 

conflicting results have been found in in vivo and in vitro studies, vital dyes, 

especially ICG, have potential retinal toxic effects, resulting in a deeper retinal 

cleavage plane and potential retinal cell damage.72-77 These retinal changes were 

suggested to induce visual field defects and a poorer postoperative visual 

outcome.78, 79 Furthermore, the application of vital dyes did not improve the 

surgical outcome in terms of visual function, resolution of macular oedema and 

decrease in recurrence rate.80, 81 Therefore, it has been advised to only use vital 

dyes in case of necessity.67 Recently, other agents for dye-assisted ILM peeling with 

less potential adverse effects have been introduced. One possible alternative is the 

use of triamcinolone acetonide, which can be deposited on the remnants of the 

cortical vitreous and/or over the ILM.82-84 Another alternative is a lutein based-dye, 

which is theoretically safe to the retina.85 Maia et al reported on a small series of 

12 eyes that underwent ERM and/or ILM peeling using a 0.3% lutein/zeaxanthin 

and 0.025% brilliant blue based dye. The preliminary results are promising, but 

further clinical and basic research is needed.86  

5.2 Pharmaceutical management of iERM and associated ocular disorders 
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To improve the visual function of iERM patients and to prevent the progression of 

iERM, several pharmaceutical treatments, including the use of anti-inflammatory 

and vitreolytic agents  have been proposed.  

5.2.1 Macular oedema  

Macular oedema associated with iERM is one of the major anatomic abnormalities 

that result in a decreased visual acuity both during the pre- and post- operative 

period. Recent clinical data showed that preoperative cystoid macular oedema 

(CMO) is correlated to the presence of postoperative persistent intra-retinal cysts, 

whereas an increased preoperative central retinal thickness is correlated to an 

increased postoperative central retinal thickness.87 Topical anti-inflammatory 

agents, including non-steroidal anti-inflammatory drugs (NSAIDs) and Dorzolamide 

might possibly be beneficial in the resolution of macular oedema after vitrectomy 

for iERM.88, 89 Schoenberger et al reported that the administration of topical 

NSAIDs as compared to a placebo, resulted in a more rapid reduction in macular 

volume.90 Therefore, whether the resolution of retinal oedema could improve the 

visual function of iERM patients, is an interesting subject for further research. 

Furthermore, Henderson et al reported that a pre-existing ERM results in a higher 

risk of postoperative CMO after cataract surgery in non-diabetic patients. They also 

showed that a combination of topical steroids and NSAIDs shortens the resolution 

time of CMO.91 

5.2.2 Pharmacological vitreolysis for the treatment of iERM 

Based on the pathogenesis of iERM (see section 7), a “clean” PVD without any 

damage to the ILM and without the deposition of residual cortical vitreous collagen 

onto the ILM, would be beneficial in preventing the formation of iERM. Kampik 

suggested that pharmacological vitreolysis might be helpful in the treatment of 

ERMs, in case a layer of native vitreous collagen is present between the fibrocellular 
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proliferation and the ILM. He hypothesized that native vitreous collagens, mainly 

containing type II collagen, can be degraded by plasmin or other vitreolytic 

enzymes.92 However, current clinical studies on the effect of microplasmin have 

been focusing on vitreomacular traction syndrome and idiopathic macular hole, 

whereas the clinical value of pharmacological vitreolysis in the prevention of iERM 

has not yet been addressed.93, 94 Moreover, Stalmans et al reported that 

pharmacological vitreolysis was less effective in case an ERM is present.95 

The current surgical management of ERMs is not ideal, and improvement of care is 

needed. Functionally, the visual recovery after vitrectomy combined with ERM/ILM 

peeling is rarely complete.67, 96 Anatomically, ERMs can recur and in case of 

symptomatic recurrence, a second surgical procedure may be indicated.67 ILM/ERM 

peeling is a challenging technique which can lead to intra- and post- operative 

complications including iatrogenic macular damage, infectious endophthalmitis as 

well as progression of cataract.97 It has been shown that eyes with lower 

preoperative visual acuity (VA) improve more frequently and to a greater extent 

than eyes with better preoperative VA. However, eyes with lower preoperative VA 

tend to have lower final VA, while the final visual prognosis is better for eyes with 

better preoperative VA. Clinical research using SD-OCT showed that visual 

disturbances induced by iERM are associated with intra-retinal changes including 

the disruption of the photoreceptor integrity.19, 98 These findings suggest that the 

damage resulting from iERMs is at least partly irreversible despite surgical 

management. Therefore, an ideal approach for the management of iERM should be 

an intervention before permanent retinal tissue damage has occurred. As 

aforementioned, the visual function of patients with iERM is usually affected when 

the membrane progresses to grades 1 and 2. This is when the membrane 

contraction becomes prominent. Fibrocellular tissue contraction is one of the 

important features of fibrosis. In order to develop valid strategies to prevent the 
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membrane contraction, the pathophysiology of fibrosis in vitreoretinal interface 

disease should be clarified.  

6. Fibrosis 

6.1. General introduction of fibrosis 

Fibrosis has been considered as an abnormal wound healing process, characterized 

by the replacement of normal structural tissue elements by distorted, non-

functional fibrotic tissue. Fibrosis is a response to various insults to the tissue, 

including chronic infections, toxic and metabolic injuries, and idiopathic 

inflammatory diseases. In this complex process, many fibrogenic factors and cells 

are involved.99  

In the initial stage of fibrosis, an accumulation of inflammatory cells, such as 

neutrophils, monocytes, T-lymphocytes and eosinophils is seen. These cells 

produce a variety of profibrotic cytokines, adhesion molecules and growth factors. 

The released factors induce activation, migration and proliferation of fibroblastic 

cells and promote the development of myofibroblasts. The myofibroblast is the 

crucial cell type in wound healing and fibrotic processes because of its amply 

clarified function of extracellular matrix protein (mainly collagens) secretion and 

tissue contraction. In normal wound healing, myofibroblasts usually undergo 

apoptosis when the wound is healed. In fibrotic diseases, myofibroblasts - driven 

by various fibrogenic factors - are persistently activated resulting in excessive 

deposition of collagens and severe tissue contraction. This leads to fibrotic tissue 

formation and the malfunctioning of organs. The resulting fibrotic tissue contains 

excessive extracellular matrix proteins in which collagens are the major 

components. This general scheme of fibrosis applies to many organs including skin, 

kidney, lung, liver as well as retina after different types of insults as aforementioned 

(Figure 1).100  
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Figure 1. General scheme of the fibrotic process 

Myofibroblasts have generally been considered to play an important role in 

producing collagens and establishing tension during wound healing and 

pathological tissue contractions. They were first observed in granulation tissue of 

healing wounds.101 Subsequently, these smooth-muscle like cells were found in 

many fibro-contractive diseases, as well as in developing and normal contractile 

tissues leading to the conclusion that myofibroblasts have a role in producing 

contractile force.102, 103 The mature myofibroblast is characterized by the expression 

of α-SMA and the formation of organized stress fibres.104 Although the exact 
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mechanism has not yet been clarified, it has been shown that α-SMA expressing 

myofibroblasts have a two-fold stronger contractile activity than α-SMA-negative 

fibroblasts.105 All these evidences indicate that myofibroblasts are responsible for 

generating contractile forces in the fibrotic process. Therefore, developing 

treatment strategies aiming at preventing the formation of myofibroblasts has 

been the focus of ongoing research. Understanding the origins, functions and 

molecular regulations of myofibroblasts in the fibrotic process, may provide ways 

to develop effective treatment strategies in preventing fibrotic diseases. These may 

also be of potential benefit to sight threatening vitreo-retinal diseases 

characterized by fibrotic tissue formation, such as macular epiretinal membrane 

formation, proliferative diabetic retinopathy and proliferative vitreoretinopathy.   

The mechanism underlying myofibroblast genesis is complex. At least three 

essential elements are needed for the formation of α-SMA expressing 

myofibroblasts: (1) accumulation of biologically active TGFβ, (2) the presence of 

specialized ECM components such as the ED-A splice variant of fibronectin, and (3) 

high mechanical tension arising from the extracellular matrix.106-108  

Another important issue in developing effective anti-fibrotic treatment strategies 

is to clarify the origins of myofibroblasts. It has been shown that myofibroblasts 

have very heterogeneous origins in different organs.109 Hinz et al suggested that the 

term myofibroblast describes a functional status rather than a fixed cell type.110 

While debate still exists, it has been generally suggested that the precursors of 

myofibroblasts can be derived from three potential sources: (1) resident 

mesenchymal cells, such as tissue fibroblasts, can differentiate into myofibroblasts; 

(2) epithelial cells can become myofibroblasts through epithelial mesenchymal 

transition (EMT); (3) bone marrow derived cells, consisting of fibrocytes and 

circulating mesenchymal cells, can be recruited to the site of injured tissue and 
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differentiate into a myofibroblast phenotype. The myofibroblasts in lung fibrosis 

seem to be derived from resident fibroblasts (perivascular and peribronchiolar 

adventitial fibroblasts), circulating fibrocytes and bone marrow derived progenitor 

cells.107, 108, 111, 112 In liver fibrosis, hepatic stellate cells, hepatocytes and bone 

marrow derived fibrocytes all contribute.113-117 In fibro-contractive vitreoretinal 

diseases, retinal Müller cells (of neuro-epithelial origin), hyalocytes (bone marrow 

derived) and retinal pigment epithelial cells may all differentiate into a 

myofibroblast-like phenotype and may thus contribute to collagen deposition and 

membrane contraction.34, 35, 118  

6.2. The regulatory role of the extracellular matrix in fibrosis  

Recent advances in extracellular matrix biology indicate that the ECM proteins have 

diverse cellular effects beyond providing structural support. Growth factors can be 

activated by binding to specific domains (ligands) of ECM proteins. Activated 

growth factors can then execute their biological functions, such as regulation of cell 

proliferation and differentiation. The dynamic remodelling of ECM during fibrosis 

results in an alteration of the biochemical and biophysical properties of the ECM. 

These alterations play an influential role in fibrosis.   

The newly produced ECM proteins could promote the fibrotic process. In 

pulmonary fibrosis, an increase in ED-A fibronectin production induces proliferation 

and myofibroblast trans-differentiation of fibroblasts. In contrast, ED-A deficient 

mice are less susceptible to fibrosis.119-121 Additionally, there is an increase in the 

production of ED-A fibronectin in lung fibroblasts in aging mice, which suggests a 

connection between age, ED-A fibronectin and fibrosis.122 Type I and III collagens, 

the most abundant collagens produced during fibrosis, can stimulate the 

proliferation of cardiac fibroblast in vitro.123 Type IV collagen can induce an 

epithelial to mesenchymal transition process in mammary epithelial cells.124 Finally, 
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type VI collagen, which is upregulated in fibrotic matrix remodelling, promotes 

myofibroblast transdifferentiation of corneal and cardiac fibroblasts.125, 126     

The influential role of mechanical tension and stiffness of the ECM in regulating the 

formation of myofibroblasts has been emphasized by recent experimental 

findings.127-129 Myofibroblast formation may be induced by increased ECM stiffness 

through the activation of transforming growth factor beta (TGFβ) as has been 

extensively reported in fibroblasts isolated from heart, lung, liver, and gingiva.128, 

130-132 TGFβ1 is the key mediator in the induction of the de novo expression of α-

SMA, an increased expression of ED-A fibronectin, and an increased assembly of 

stress fibres and focal adhesions in myofibroblast.133 TGFβ1 is produced and 

secreted into the ECM in a latent form. By binding to the proper ligand and/or by 

being enzymatically cleaved, latent TGFβ1 is activated. Worthington et al suggested 

that the activation of latent TGFβ can be achieved by its binding to integrins. The 

biophysical force applied to the integrins by the increased ECM stiffness and 

tension can result in TGFβ activation, thereby amplifying the fibrotic process in an 

autocrine manner.134  

It is now accepted that both ECM proteins and the mechanical properties of the 

ECM have an influential role in the formation of myofibroblasts as well as the 

production of collagens. However, the exact mechanisms by which cells sense these 

outside-in signals and the cell signalling pathways involved have not yet been 

clarified and are the focus of ongoing research. Advances in this field will extend 

our knowledge of the pathophysiology of fibrosis and may help to find novel 

therapeutic targets to prevent the detrimental effects of this pathological event.  

7. Pathogenesis of iERM 

The most important risk factors of iERM are aging and the development of PVD. 

Age-related changes in the ECM of the vitreoretinal interface are thought to induce 
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PVD. The progression of iERM from cellophane maculopathy to macular pucker can 

be regarded as a fibrotic process because the pathological findings are an increased 

ECM protein deposition and the membrane contraction in which myofibroblasts 

play a crucial role. In order to develop therapeutic strategies to prevent the 

detrimental effect of iERM on central macular function, two main questions need 

to be addressed. First, what is the stimulus of iERM formation and second, what is 

the cause of iERM progression? Recent clinical imaging studies and laboratory 

researches have begun to explain the pathogenesis of the disease and the way the 

risk factors, such as aging and PVD are involved.    

7.1. Theories on the pathogenesis of iERM  

The classic explanation of the initiation of iERM formation was proposed by Foos in 

his seminary researches. He hypothesized that a detachment of the posterior 

vitreous could result in minor defects in the ILM allowing the migration of retinal 

glial cells (Müller cells and astrocytes) to the retinal surface.38, 135 By demonstrating 

the glial features of retinal Müller cells and their migration to the inner retinal 

surface through a defect in the ILM, Foos proposed that the retinal Müller cells are 

the predominant cells in iERM formation. Subsequently, McLeod et al also reported 

their findings of cellular proliferation clusters in the vicinity of ILM defects to 

support this hypothesis.136 However, subsequent immunohistochemical studies 

suggested that defects in the ILM occur only rarely. Therefore, this theory could not 

be accepted as a general explanation for iERM formation and an alternative theory 

was formulated.137      

The alternative theory - which has become widely accepted - proposed that an 

anomalous PVD has an important role in the formation of iERM.138 The hyalocytes 

residing in cortical vitreous remnants that remain on the ILM can be activated by 

various growth factors. This may result in cellular proliferation and myofibroblast 
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differentiation thus leading to iERM formation and contraction.92 Vagaja et al 

studied murine hyalocytes in the normal wild type and transgenic Kimba mice 

(excessive vascular endothelial growth factor produced in RPE cells). They found 

that the number of hyalocytes increases in response to aging and the local 

production of VEGF.139 Sommer et al reported that basic fibroblast growth factor 

(bFGF) can induce proliferation of hyalocytes and that TGFβ1 promotes ECM 

production in cultured hyalocytes.140  

In light of the second theory, we speculate that the mechanical traction induced by 

PVD could stimulate the retina to produce the growth factors that regulate the 

hyalocytes. Growing evidence indicates that PVD is a chronic process which starts 

at the perifoveal region and slowly expands itself to the posterior pole.141 During 

this process, the cortical vitreous can exert antero-posterior and tangential traction 

on the retinal cells. This mechanical traction can induce the expression of bFGF in 

retinal Müller cells and VEGF in RPE cells.142, 143 These locally produced growth 

factors may promote the proliferation and ECM production of hyalocytes in a 

paracrine fashion. Therefore, factors that result in increased vitreoretinal traction 

may be involved in the pathogenesis of iERM. 

7.2. Advanced glycation end products promote the formation of anomalous PVD 

Anomalous PVD is supposed to be the result of extensive vitreous structure collapse 

and insufficient vitreoretinal dehiscence, which manifests itself as either a partial 

posterior vitreous detachment or a split of the cortical vitreous (vitreoschisis). This 

has been accepted as a unifying pathogenic concept of various vitreoretinal 

diseases.138 Recently, clinical evidences suggested that increased vitreoretinal 

traction induced by an anomalous PVD is an important predisposing factor in many 

vitreomacular diseases, such as idiopathic macular hole, idiopathic epiretinal 

membrane, vitreomacular traction syndrome, age-related macular degeneration 
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and diabetic macular oedema.92, 144 By optical coherence tomography/scanning 

laser ophthalmoscopy examination, Gupta et al found that vitreoschisis was 

frequently associated with iERM.145  

Advanced glycation end products (AGEs) accumulation represents an important 

molecular mechanism of the formation of anomalous PVD. In diabetic patients, in 

particular in those with clinically significant diabetic retinopathy, vitreous AGEs  

accumulation has been found. Also, in diabetic patients, a higher prevalence of 

incomplete PVD and vitreoschisis has been observed.146, 147 In line with this, data 

from our laboratory indicated that an increased pentosidine accumulation in the 

vitreous  is associated with a lower rate of complete PVD.148 

Ageing is commonly associated with an increased modification of proteins, lipids 

and DNA. Non-enzymatic glycation of aldehyde groups in sugars and dicarbonyls 

(Maillard reaction) is an important modification, which results in the formation of 

AGEs. This process was first described in the early 1900’s, when it was noticed that 

amino acids heated in the presence of reducing sugars resulted in a characteristic 

yellow-brownish coloration.149 During aging (and especially in diabetes mellitus) the 

rate of AGEs formation increases resulting in a significant accumulation of AGEs. 

One of the well-known AGEs is glycosylated haemoglobin A1c (HbA1c), which is 

widely used as an indicator of prolonged exposure to increased blood glucose in 

the screening and management of diabetes mellitus. In the normal physiological 

situation, AGEs can only be removed by degradation of the protein on which they 

are formed. Thus, the accumulation of AGEs will occur in tissues with long-lived 

macromolecules such as the collagens at the vitreoretinal interface. AGEs and their 

receptors (RAGEs) represent important pathophysiological mediators in age and 

diabetes related diseases. They have been recognized as mediators of inflammation 

in atherosclerosis, Alzheimer’s disease and diabetic complications.150, 151 The role of 
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AGEs and their receptors in the pathogenesis of age related macular degeneration 

and diabetic retinopathy has been comprehensively reviewed previously.152-154  

AGEs accumulation has been reported in the aging cortical vitreous fibrils, ILM and 

the Müller cells.155-157 This can affect the structure and mechanical properties of the 

extracellular matrix network, and thus induce liquefaction of vitreous body and 

promote mechanical vitreous fibrils breakdown. Several studies suggested that 

AGEs can promote the degenerative changes of vitreous by inducing hyaluronan 

degradation and its dissociation from the vitreous fibrils.155, 158-160  

AGEs accumulation is also associated with an increased tissue stiffness and 

brittleness in collagen rich tissues.161, 162 For instance, the stiffness of human 

articular cartilage collagens (mainly composed of type II collagen) increased with 

age and their digestibility decreased proportionally to the extent of AGEs 

accumulation.163, 164 The increased stiffness and brittleness may contribute to the 

age-related failure of collagen fibrils to resist mechanical stress and represents a 

potential molecular mechanism whereby ageing is a predisposing factor for 

collagen network damage. Recent research on the pathogenesis of vitreous 

liquefaction found evidence of enzymatic collagen degradation within the vitreous 

but also at the vitreo-retinal interface.157, 165 AGE accumulation may alter the 

mechanical properties of vitreous fibrils as mentioned above, and it may interfere 

with enzymatic vitreolysis and PVD. Thus, mechanical failure of vitreous fibrils and 

the formation of an anomalous PVD may result.  

Furthermore, AGEs accumulation may also induce the up-regulation of certain 

growth factors, which were found to be upregulated in iERM and suggested being 

involved in promoting epiretinal cell proliferation and transdifferentiation. The 

production of VEGF and bFGF in retinal Müller cells induced by AGEs was reported 

in a mouse model and cell culture studies.166, 167  
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7.3. Collagens that promote iERM formation and contraction 

While the origins of myofibroblasts may vary according to the aforementioned 

theories, the subsequent formation of myofibroblasts and fibrotic tissue are the 

main cause of visual disturbance in all iERM patients regardless of an association 

with complete or anomalous PVD. To prevent the detrimental effects of the iERM, 

one of the most promising approaches is to prevent the formation of 

myofibroblasts or to promote their apoptosis. By examining factors that induce 

myofibroblast formation more closely, novel treatment targets may be identified. 

7.3.1. Fibrillar collagen: Type I and III collagens 

Type I and III collagens belong to the fibrillar collagen family and are the most 

abundant ECM proteins in the human body. They are expressed in every major 

organ and tissue. During the fibrotic process, the production of type I and III 

collagens by fibroblasts and myofibroblasts is enhanced. These collagens form the 

main structural network of the fibrotic scaffold. At the vitreoretinal interface, the 

possible fibrillar collagen producing cells are the retinal Müller cells and hyalocytes. 

The retinal Müller cells have been shown to express the gene of type I collagen and 

this expression can be upregulated by many fibrogenic growth factors under the 

influence of substrate stiffness.168, 169 Hyalocytes can produce glycoproteins, 

proteoglycans and collagens as we discussed in the previous section.      

Upon the formation of ERM, type I collagen along with other fibrosis related 

collagens are expressed forming the major structural framework of ERM.29, 170 This 

framework facilitates cellular adhesion and migration and also stimulates cellular 

proliferation by up-regulation of DNA synthesis through binding to integrin 

receptors. Several in vitro studies showed that immobilized and soluble forms of 

type I collagen potentially simulate the adhesion, migration and proliferation of 

fibroblasts.171 Schlie-Wolter et al suggested that the cellular behaviour in response 
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to extracellular matrix substrates is cell type specific. For example, type I collagen 

has a stronger effect on chondrocytes compared to that of fibroblasts and 

osteoblasts.172 Type III collagen is known to be expressed in the early stage of 

fibrosis and has been suggested to modify the existing fibrillar network by covalent 

cross-linking.173 Fibrotic collagens have been found to contain higher amounts of 

hydroxyallysine derived cross-links compared to those of normal tissue.174 The 

elevation of hydroxyallysine cross-links in collagen fibres leads to an increase in 

mechanical strength and reduction of collagen digestibility.175  

7.3.2. Non-fibrillar collagens: Type IV and VI collagens 

Type IV collagen 

Type IV collagen belongs to the basement membrane associated collagen group, 

which is ubiquitously found in the majority of the tissue boundaries near epithelial, 

endothelial, fat, muscular and nerve cells. There are six different type IV collagen α 

chains numbered α1(IV) through α6(IV) and encoded by COLα1(IV) through 

COLα6(IV) genes. This results in only three types of heterotrimers: α1α1α2(IV), 

α3α4α5(IV) and α5α5α6(IV).176 The COL4A1 and COL4A2 genes are highly 

conserved through all species and their protein products are present in almost all 

basement membranes, whereas COL4A3 to COL4A6 are more spatially and 

temporally restricted.177 Mutations in COL4A1 and COL4A2 are associated with 

congenital cataract, anterior segment dysgenesis including Axenfeld–Rieger 

anomaly, juvenile-onset glaucoma, optic nerve hypoplasia and retinal 

degeneration.178 Mutations in COL4A3, COL4A5 and COL4A6 result in Alport’s 

syndrome, which can affect the retina, cochlea and kidney. Type IV collagen 

heterotrimers are assembled intracellularly in the rough endoplasmic reticulum 

and secreted into the extracellular matrix. After secretion, the heterotrimers form 
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a mesh-like network and integrate with other basement membrane components, 

such as laminin, nidogen/entactin and perlecan, to form basement membranes.  

Type IV collagen is the predominant extracellular protein in the human retinal inner 

limiting membrane (ILM) and its abundance increases with age. Candiello et al using 

western blot analysis, estimated that type IV collagen accounts for 57% of the total 

proteins in human ILM and the proportion of type IV collagen increases with age.179 

In patients with Alport’s syndrome where the production of type IV collagen is 

compromised, a thinned ILM/nerve fibre layer was revealed.180 The distribution of 

type IV collagen α chains in the ILM changes during the embryonic and postnatal 

periods. Recent research on the developmental distribution of type IV collagen 

isoforms in mouse eyes showed that the ILM contains α1(IV), α2(IV), α5(IV) and 

α6(IV). The signal intensity of  α1(IV)α1(IV)α2(IV) in ILM decreased with age and 

α5(IV)α5(IV)α6(IV) appeared to be the predominant heterotrimer after birth.181 

These findings suggest that the α1(IV)α1(IV)α2(IV) heterotrimer is essential during 

the embryonic period and α5(IV)α5(IV)α6(IV) is important in the mature ILM.  

Type IV collagen is critical for neuron survival and angiogenesis and may be a 

regulator of matrix remodelling. Native type IV collagen is present in the ILM and 

may act as a substrate for cell growth and migration. Furthermore, the native form 

of type IV collagen can induce an epithelial to mesenchymal transition, an increase 

in N-cadherin and vimentin expression, an increase of matrix metalloproteinase-2 

(MMP-2) secretion and activation of focal adhesion kinase (FAK) and nuclear factor 

κ-light chain-enhancer of activated B cells (NFκB) in mammary epithelial cells.124 

During wound healing in the central nervous system, the expression of type IV 

collagen was upregulated and found to induce astrocytic expression of 

thrombospondin-1, a potent transforming growth factor beta activator. Also, type 

IV collagen expression is upregulated during ERM formation.182 The COLa1(IV) 
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mRNA was found to be significantly increased in epiretinal membranes of patients 

with iERM or proliferative diabetic retinopathy.170   

Type VI collagen 

Type VI collagen (Col VI) is an anchoring collagen which forms a distinct 

microfibrillar network in most connective tissues and basement membranes. It was 

originally discovered in pepsin extracts of aortic intima in 1983.183 Mutations in 

COL6A1, COL6A2, and COL6A3 genes cause a group of inherited muscular 

dystrophies, namely Myosclerosis myopathy, Bethlem myopathy (autosomal 

dominantly inherited) and Ullrich congenital muscular dystrophy (autosomal 

recessively inherited). In these diseases, the deficiency and malfunction of Col VI 

leads to muscle weakness caused by a faulty attachment of muscle fibre cells to 

their adjacent extracellular matrix. 

Col VI consists of three genetically distinct polypeptide α-chains: α1(VI), α2(VI) and 

α3(VI), which are encoded by COL6A1, COL6A2 and COL6A3, respectively. The α1(VI) 

and α2(VI) chains contain one N-terminal (N1) and two C-terminal von Willebrand 

factor type A (vWF-A) modules. The α3(VI) chain is larger than the other two and is 

characterized by a short triple helix flanked by large N- and C-terminal globular 

domains containing 12 vWF-A modules. Recent studies identified three novel Col VI 

chains, namely, α4(VI), α5(VI) and α6(VI). These chains structurally resemble the 

α3(VI) chain containing one N-terminal domain made of seven vWF-A modules.184, 

185 Col VI α-chains are synthesized and assembled into heterotrimeric monomers in 

the cytoplasm. Intracellularly, the heterotrimeric Col VI monomers assemble in a 

staggered and antiparallel fashion to form dimers, which then align to form 

tetramers, which are secreted into the extracellular space. Both dimers and 

tetramers are stabilized by disulphide bonds. The secreted Col VI tetramers align 

end-to-end in the extracellular space to form beaded microfibrils.186  
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Col VI was proposed to act primarily as an anchoring fibre connecting collagens to 

the surrounding matrix.187 Recently, evidence for additional functions of Col VI has 

been found. For instance, Col VI plays an influential role in many pathophysiological 

processes, such as angiogenesis, tumour resistance to chemotherapy, neuron 

protection in Alzheimer’s disease, and induction of fibroblast proliferation and 

myofibroblast differentiation in fibrosis.188-190 

Col VI has a critical role in maintaining connective tissue integrity and anchoring the 

interstitial matrix to the basement membrane.191 The characteristic beaded and 

highly branched microfibrillar network is associated with the basement membrane 

of most tissues, such as foetal membranes, large vessels, skin, liver, kidney and 

skeletal muscle.192, 193 As an anchoring collagen, Col VI has been found to interact 

with many ECM components such as type I, II, IV, and XIV collagens, fibronectin, 

perlecan, biglycan, decorin and hyaluronan.191, 194-200  

Col VI has been identified in vitreous, at the ILM and in the basement membranes 

of retinal blood vessels.201, 202 At these sites, it may interact with other described 

components such as type II and IV collagens, hyaluronan, and fibronectin. This may 

imply that Col VI is one of the important molecules involved in vitreoretinal and 

vitreovascular adhesion.203 Vitreous collagen fibres, containing mainly type II 

collagen and hyaluronan may penetrate the ILM and thus mediate vitreoretinal 

adhesion itself.204 In addition, vitreous fibres may penetrate deeper and adhere to 

basement membranes surrounding the retinal blood vessels.202 Thus, Col VI may be 

involved in vitreoretinal disease processes, such as tearing of the retina and retinal 

blood vessels during posterior vitreous detachment.  

Furthermore, Col VI may also have an influential role in the pathogenesis of iERM 

formation. A growing body of evidence suggests that Col VI plays an important role 

in the fibrotic process by regulating myofibroblast behaviour and ECM remodelling. 
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An over expression of Col VI was found in liver and lung fibrosis. Shamhart et al 

demonstrated that Col VI can induce myofibroblast differentiation of cardiac 

fibroblasts.189 Col VI can induce proliferation of fibroblasts and other mesenchymal 

cell lines in vitro and these effects are independent of growth factors such as 

platelet derived growth factor, basic fibroblast growth factor and transforming 

growth factor beta-2.205 The way Col VI affects cellular function involves its binding 

to integrins resulting in cytoskeletal changes.206 This may cause a structural 

alteration of the integrins leading to activation of the focal adhesion complex that 

initiates the cell signalling cascade.207, 208 Ruhl et al reported that Col VI can induce 

tyrosine phosphorylation and activate mitogen-activated protein kinase ERK-2 in 

fibroblasts, which is partially mediated by integrin β1 171. Bryant et al reported that 

integrin α3 interacts with Col VI to promote myofibroblast differentiation of cardiac 

fibroblasts in post cardiac infarction remodelling.206  

The proposed regulatory role of Col VI in the fibrotic process promoted us to 

investigate Col VI in relation to the formation of ERM in vitreoretinal diseases. We 

observed that Col VI is present in idiopathic epiretinal membrane (unpublished 

observation) but not in the ERM associated with idiopathic macular hole.64 Clinically, 

the former is associated with more pronounced tissue contraction than the 

latter.209 Furthermore, Col VI can induce α-SMA up regulation in retinal Müller cells 

in vitro, which suggests that Col VI promotes myofibroblast transdifferentiation of 

retinal Müller cells (unpublished observation). Since the retinal Müller cell is one of 

the important cell types involved in ERM formation and contraction, the expression 

of Col VI in this pathophysiological process may not only contribute to the 

mechanical property of the ERM as Kritzenberger et al suggested, but may also 

promote the activity of myofibroblasts in a paracrine fashion.29  
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The accumulation of Col VI has also been found in several other ocular pathologies.  

Gottanka et al reported an increase of Col VI around the optic nerve bundle and the 

basement membrane of the central retinal vessels in primary open angle 

glaucoma.210 Astrocytes in the optic nerve may be responsible for Col VI 

production.211 Knupp et al found Col VI deposition in the posterior cortical vitreous 

in patients with age related macular degeneration.212 The exact role of Col VI in 

these pathological conditions is unknown. However, given the potential active role 

of Col VI in the pathophysiological process, an understanding of the underlying 

mechanisms may provide new targets for clinical therapy.  

8. Summary and perspective 

Remodelling of the ECM at the vitreoretinal interface, both resulting from ageing 

and fibrotic changes, plays a significant role in the pathogenesis of iERM. The age-

related modification of ECM, such as AGEs accumulation, increases the rigidity and 

brittleness of the vitreoretinal collagens, thus creating an aged vitreoretinal 

interface prone to the formation of anomalous PVD and ERM. Collagens newly 

produced during iERM formation, including type I, III, IV and VI collagens, promote 

the fibrotic process by: (1) inducing fibroblast proliferation and myofibroblast 

transdifferentiation and (2) forming a rigid collagen scaffold on which the 

myofibroblast precursor cells are more susceptible to fibrogenic factors. Recent 

advances in understanding the biochemical and biomechanical roles of aged ECM 

in fibrosis permit the construction of a plausible sequence of events that lead to 

the development of iERM.  

However, several questions remain regarding the pathogenesis of iERM. First, how 

does PVD trigger the migration, proliferation and transdifferentiation of retinal 

Müller cells and hyalocytes? Although the evidence suggests that antero-posterior 

traction can induce the activation of retinal Müller cells and the formation of 
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cystoid oedema at the foveal retina, the exact molecular mechanisms have not yet 

been clarified. Second, the origin of the myofibroblasts in the ERM that are 

responsible for its contractile activity has not yet been fully specified. The current 

understanding is that retinal Müller cells, hyalocytes and RPE cells are all possible 

precursor cells of myofibroblasts. Third, molecular mechanisms underlying the pro-

fibrotic effect of collagens, and the role of cellular receptors and cell signalling 

pathways should be clarified. An understanding of these factors may eventually 

lead to the development of effective and non-surgical approaches to treat and 

prevent vitreoretinal fibrotic diseases. 
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Abstract 

 

The ultrastructural localization of type II, IV and VI collagens in the adult human 

vitreoretinal interface of five donor eyes was evaluated by transmission electron 

microscopy using immunogold labeling. In the pre-equatorial region, we observed 

densely packed vitreous lamellae with a partly intraretinal course containing type 

II and VI collagens, reticular structures containing type IV and VI collagens and a 

thin inner limiting membrane (ILM) containing type IV and VI collagens in a linear 

distribution pattern. From the anterior to the posterior retina, the linear pattern of 

type IV and VI collagen labeling gradually became more diffusely present 

throughout the entire thickness of the ILM. The presence of type VI collagen in 

vitreous lamellae penetrating the ILM into the superficial retina suggests that type 

VI collagen may be involved in the organization of vitreous fibers into lamellae and 

in the adhesion of the vitreous fibers to the retina. The close relation of type VI to 

type IV collagen in the ILM suggests that type VI collagen is an important collagen 

type in the ILM. The topographic variations of type IV and VI collagens in the 

different regions of the ILM suggest a regional heterogeneity of the ILM. The 

reticular labeling pattern of type IV and VI collagens observed in the anterior 

vitreous are highly similar to labeling patterns of blood vessel walls. In the anterior 

vitreous, they may represent remnants of the regressed embryonic hyaloid blood 

vessel system. Their presence is in support of the theory on interactive remodeling 

of the developing vitreous as opposed to the main stream theory of displacement 

and compression of the primary by the secondary vitreous.
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1. Introduction 

The vitreoretinal interface is the border of the cortical vitreous and the inner 

surface of the retina. It is a complex extracellular matrix (ECM) structure containing 

cortical vitreous, retinal inner limiting membrane (ILM) and Müller cell endfeet. The 

major ECM components of the vitreoretinal interface are collagens, 

glycosaminoglycans (GAGs) and glycoproteins (GPs). Cortical vitreous consists of 

densely packed heterotypic fibrils containing type II, V/XI and IX collagens. While 

type II collagen forms the main scaffold of the vitreous body, the other ECM 

proteins, including type IX collagen, GAGs and GPs, are responsible for stabilizing 

the collagen network. The chondroitin sulphate chains of type IX collagen and 

opticin on the surface of the type II collagen fibrils probably maintain the space 

between the collagen fibrils and prevent their self-aggregation. Hyaluronan is 

highly hydrated and fills the spaces between the collagen fibrils [1].  

The ILM is essentially the basement membrane of retinal Müller cells and it consists 

of basement membrane associated ECM proteins of which type IV collagen, laminin, 

fibronectin and others have been identified [2, 3]. The assembly of the basement 

membrane is initiated by deposition of laminins on the cell surface and interactions 

between laminins and cell surface receptors (such as the integrin family and 

dystroglycan) [4, 5]. Type IV collagen forms a network as the main scaffold of the 

basement membrane which interacts with the laminin network through specific 

molecular mediators, such as nidogen/entactin and type VI collagen [6-8]. The 

scaffold formed by the interdependent laminin and type IV collagen networks thus 

provides sites for other basement membrane associated molecules to bind and to 

interact with the adjacent stromal tissue.   

The adhesion of the cortical vitreous to the ILM, or vitreoretinal adhesion, involves 

a series of complex molecular adhesion mechanisms and has been considered as 

an important pathogenic factor in virtually all common vitreoretinal diseases [9, 10]. 
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Previous research indicated that regional differences in vitreoretinal attachment 

mechanisms may exist. At the vitreous base, the cortical vitreous fibrils run 

perpendicularly to the retina and penetrate through the ILM of the retina forming 

a sub-ILM network structure and thus mediating a strong adhesion with the 

underlying tissue [11, 12]. With age, the width of the vitreous base increases and 

its posterior edge gradually extends more posteriorly [13]. At the pre-equatorial 

and equatorial regions, areas were found where vitreous fibrils focally penetrate 

the ILM and where ILM-associated type IV collagen was seen to be focally 

interrupted at sites where it extends itself into the vitreous cortex [12]. Based on 

previous clinical and histological studies, the presence of focal attachments is also 

probable at the posterior pole, and specifically in areas overlying retinal blood 

vessels, the macula and optic disc. Kishi et al reported that cortical vitreous 

remnants were found on the foveal surface of the retina in 22% (26 out of 59) of 

autopsy eyes that had had spontaneous posterior vitreous detachment (PVD) [14]. 

At the posterior pole, cortical vitreous fibers run parallel to the retinal surface, and 

there is only very limited evidence showing that the vitreous fibrils may penetrate 

the ILM forming adhesions with the underlying retina. Gandorfer et al found a 

direct insertion of native type II vitreous collagen fibrils into the collagenous 

network of the ILM at the rim of idiopathic macular holes [15]. Focal vitreoretinal 

attachments may explain why - in case of a spontaneous PVD - retinal tissue may 

be damaged. Thereby, intravitreal hemorrhage, retinal tear formation, and 

ultimately rhegmatogenous retinal detachment may occur.  

Overall and focal vitreoretinal attachment have been studied previously, but only 

limited information on the specific collagens involved is available. Previous research 

has indicated that non-collagenous molecules, such as fibronectin, laminin, and 

opticin are involved in the vitreoretinal adhesion at the posterior pole. These 

molecules may interact with both type II collagen in the vitreous and type IV 
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collagen in the ILM and help to connect the vitreous to the ILM [3, 16, 17]. Kohno 

et al reported a linear and laminar distribution of fibronectin and laminin in the 

equatorial and posterior ILM and suggested that fibronectin and laminin are 

responsible for the vitreoretinal adhesion because of their ability to interact with 

various extracellular components in the vitreous fibrils and the ILM [3]. A possible 

involvement of opticin in vitreoretinal adhesion was proposed because of its 

presence on the surface of vitreous collagen fibrils and its capacity to bind to 

heparan sulphate proteoglycans at the inner portion of the ILM. This could not be 

confirmed in an opticin knockout mouse model, because of the absence of a 

spontaneous PVD [17]. These findings indicate that other adhesion mechanisms 

contribute to vitreoretinal attachment.  

The incomplete knowledge concerning the molecules involved in vitreoretinal 

adhesion, contributes to making current treatment options for vitreoretinal 

adhesion related diseases limited and inefficient. Techniques to create a PVD 

should ensure that a complete PVD is achieved, in order to avoid increased focal 

vitreoretinal traction, which may exacerbate pre-existing conditions. This can be 

done surgically, but also pharmacologically. Non-collagenous adhesion molecules 

have been specifically targeted by injecting enzymes such as chondroitinase, 

dispase, hyaluronidase and recombinant plasmin into the vitreous [18-21]. Pre-

clinical studies suggested that such enzymes can release vitreoretinal adhesion to 

a certain extent. However, clinical studies found limited effectiveness and serious 

side effects in some cases [22]. At present, Ocriplasmin, the truncated form of 

plasmin containing a specific proteolytic activity against fibronectin and laminin, is 

commercially available for clinical use. It may induce complete posterior vitreous 

detachment in human and rabbit eyes. However, a randomized clinical trial for the 

treatment of vitreomacular traction syndrome reported only limited effectiveness. 

It reported vitreoretinal separation 28 days after Ocriplasmin injection in 26.5% of 
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cases versus 10% in placebo treated eyes [23]. In another case series, the release 

of vitreomacular adhesion occurred in 47.1% of the treated eyes (8/17 eyes) [21]. 

This limited effectiveness of Ocriplasmin indicates that additional adhesion 

molecules may be involved in vitreoretinal adhesion.     

In previous studies, a number of collagens including type II, V, VI, IX and XI in the 

vitreous and type IV, VI, VII and XVIII in the ILM have been identified [24, 25]. Type 

VI collagen is an anchoring fibril which can interact with various ECM components 

such as  type I, II, IV and XIV collagens, fibronectin, perlecan, biglycan, decorin and 

hyaluronan [8, 26-32]. The presence of type VI collagen at the vitreoretinal 

interface and its possible interaction with type II and IV collagen, hyaluronan and 

fibronectin indicates that type VI collagen may contribute to the vitreoretinal 

adhesion. However, there are conflicting results concerning the exact location and 

distribution of type VI collagen in the vitreoretinal interface. Bishop et al identified 

type VI collagen fibrils in bovine and human vitreous by their morphological 

features using rotary shadowing electron microscopy and immunoblotting results 

confirmed the presence of type VI collagen in bovine vitreous [25]. However, 

morphological evaluation alone might be considered incomplete evidence and 

immunoblotting did not confirm the presence of type VI collagen in human vitreous 

[25]. Ponsioen et al reported the presence of type VI collagen in human ILM but did 

not find type VI collagen in the cortical vitreous by using immunohistochemical 

staining and light microscopic (LM) evaluation [24]. 

In the present study, by using immuno-transmission electron microscopy (TEM), we 

compared the distribution patterns of type II, IV and VI collagens in the anterior 

(pre-equatorial), equatorial and posterior regions of the vitreoretinal interface. 

Hereby, we hope to contribute to the understanding of vitreoretinal adhesion at 

different anatomic locations.  

2. Materials and methods 
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2.1 Technovit 8100 embedding  

Four human eyes of 4 donors (35, 56, and 77 years old male, and 78 years old female) 

without any known ophthalmic disorders were obtained from the Euro Cornea Bank 

(Beverwijk, the Netherlands) after removal of the cornea for corneal 

transplantation. The tissue processing and the immuno-TEM procedures were 

adopted from the protocols of Ponsioen et. al. with some modifications [12]. Briefly, 

the donor eyes (without cornea) were fixed by immersion in 2% paraformaldehyde 

(PF) for 1 hour. Two penetrating sclerotomies about 5 mm in diameter were made 

at the equatorial region to facilitate the infiltration of the fixatives and the 

embedding reagents. Then, the eyes were fixed in 2% PF for another 4 hours and 

washed in 6.8% sucrose in phosphate buffered saline (PBS) for 16 hours. After brief 

washing in distilled water, the eyes were dehydrated in gradient acetones (30 to 

100%) and embedded in Technovit 8100 (T8100; Heraeus Kulzer, Wehrheim, 

Germany). After infiltration with T8100A (without accelerator) at 4°C, the eyes were 

transferred to −20°C for infiltra^on with T8100A+B (with accelerator), and again to 

4°C for polymerisation. 

The embedded eyes were cut and sections of 3 μm thickness were stained with 

toluidin blue (TB) for evaluation by LM. The pre-equatorial area, the equator and 

the posterior pole were selected for morphological and immunohistochemical 

evaluation by TEM. Sections with a thickness of approximately 200 nm were 

mounted on formvar-coated nickel grids, subjected to the immuno-TEM 

procedures described below, and evaluated by a Philips 201 TEM (Amsterdam, the 

Netherlands) operated at 80 kV.  

2.2 Immunogold labeling for type II, IV and VI collagens 

The 200 nm sections were pretreated with 0.1% trypsin in Tris-HCL (pH 7.8 

containing 0.1% CaCl2) for 15 minutes at 37°C. Then, the sections were washed in 

PBS and incubated in 0.1 M citric acid (pH 3.0) for 30 minutes at 37°C. After washing 
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with PBS, the sections were incubated in PBS with 0.15% glycine, 5% bovine serum 

albumin (BSA), 2% rabbit serum (for anti-type VI collagen antibody) or 2% goat 

serum (for anti-type II and IV collagen antibodies) for 30 minutes at room 

temperature to block the non-specific binding of the primary antibodies. 

Afterwards, the sections were incubated in the primary antibodies diluted in PBS 

(1/100) with 1% BSA-c (Aurion, Wageningen, the Netherlands) first for 2 hours at 

37°C, and then overnight at room temperature. The primary antibodies included: 

goat anti-type II collagen (polyclonal, Southern Biotechnology Associates (SBA), 

Birmingham, USA), goat anti-type IV collagen (polyclonal, SBA) and rabbit anti-type 

VI collagen (polyclonal, Abcam, Cambridge, UK). The next day, the sections were 

washed in PBS and incubated in 6 nm gold particles conjugated to secondary 

antibodies (Rabbit anti Goat IgG or Goat anti-Rabbit IgG; Aurion) diluted in PBS 

(1/150) for 60 minutes at room temperature. Then, the sections were washed with 

PBS, incubated in 2% glutaraldehyde in PBS for 2 minutes, and briefly washed in 

double distilled water. A silver enhancement solution (Aurion R-gent enhancer, 

Aurion) was then applied for 10 minutes at room temperature. After washing in 

double distilled water, the sections were counterstained with uranyl acetate in 25 

cP Methyl cellulose (MC-UAc , Sigma-Aldrich, St. Louis, USA). The negative controls 

underwent the entire procedure, except that the primary antibodies were omitted.   

2.3 Double-labeling of type IV and VI collagens using sequential immunogold 

labeling with silver enhancement.  

To obtain differently sized  immunogold labeling to type IV and VI collagens, a three-

step immunohistochemical procedure was used which resulted in the attachment 

of 15 nm gold particles to type IV collagen, and a two-step procedure with silver 

enhancement was used to label the type VI collagen with larger particles. Briefly, 

the 200 nm sections went through the same antigen retrieval processes as 

aforementioned.  The sections were incubated in a mixture of diluted goat anti-
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type IV collagen and rabbit anti-type VI collagen antibodies (1/100) in PBS with 1% 

BSA-c (Aurion) at 4°C overnight. On the second day, the sections were washed in 

PBS and incubated in mouse anti-goat IgG antibody diluted in PBS containing 1% 

BSA-c (Aurion) for 30 minutes. After washing with PBS, the sections were incubated 

in 6 nm gold particles conjugated to goat anti-rabbit IgG antibody (Aurion) diluted 

in PBS containing 1% BSA-c (Aurion) at room temperature for 45 minutes. 

Afterwards, the sections were washed with double distilled water and incubated in 

silver enhancement kit (Aurion) for 10 minutes at room temperature. This 

procedure resulted in the immunogold labeling of type VI collagen with silver 

enhancement, thus creating relatively large electron dense particles. Subsequently, 

the sections were washed in double distilled water and incubated in 15 nm gold 

particles conjugated to goat anti-mouse IgG antibody diluted in PBS containing 1% 

BSA-c (Aurion) at room temperature for 45 minutes. Thus, type IV collagen was 

labeled by the 15 nm gold particles. After washing in double distilled water, the 

sections were counterstained with uranyl acetate in 25 cP MC-UAc at 4°C for 15 

minutes.  

3. Results 

3.1 General observations 

The ILM contains densely packed filaments and fibers forming an interwoven 

network. The filamentous network configuration of the ILM was most prominent at 

the pre-equatorial and equatorial areas. At the posterior region, the ILM is 

thickened and indented at its retinal surface. The vitreous surface of the ILM does 

not have an entirely smooth aspect, but it has numerous branching filaments 

extending themselves towards the vitreous body.  

1) Pre-equatorial area: The majority of vitreous fibers are condensed into 

lamellae. Vitreous fibers attach themselves to the ILM but they also 

penetrate the ILM and attach themselves to the superficial retina. (Figs. 1, 
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2A, 3A and 3B). At the pre-equatorial area, the ILM is thin and it has an 

electron density that is comparable to that of the retina, which makes it 

difficult to clearly delineate the two tissues.  

2) Equatorial area: At the equatorial ILM, vitreous fibers were observed  in 

the 35 and 56 years old donors (Figs. 1B and 3E), but not in the older donor 

eyes (Figs. 2B, 3C and 3D). In all evaluated eyes, the ILM gradually thickened 

(from the anterior to the posterior part of the eye) and indentations at its 

retinal side were observed (Figs. 2B and 3C-E). 

3) Posterior pole: The ILM was thicker in this area compared to the pre-

equatorial and equatorial regions. Furthermore, retinal indentations of the 

ILM became more prominent both in number and extent (Figs. 2C and 3E). 

At the equator and posterior pole, the electron density of the ILM is higher 

than that of the subjacent retina, thus making it possible to delineate the 

two tissues. 

3.2 Type II collagen  

Immunogold labeling directed at type II collagen was identified on the vitreous 

fibers. At the pre-equatorial region of all four donor eyes, the vitreous was attached 

to the retina and vitreous lamellae and individual vitreous fibers were found to 

penetrate the ILM and to attach themselves to the underlying retina. Gold labeling 

was observed in a substantial part of the superficial retina (Fig. 1). In the 35 and 56 

years old donors, individual vitreous fibers were seen to penetrate the ILM at the 

equator and posterior pole and to attach themselves to the ILM or the superficial 

retina. 

3.3 Type IV collagen  

At the pre-equatorial and equatorial areas, immunogold labeling directed at type 

IV collagen displayed a linear configuration (Fig. 2A). From the equatorial area 
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towards the posterior pole, labeling was seen to gradually become more diffusely 

spread throughout the entire thickness of the ILM (Figs. 2B and 2C).  

3.4 Type VI collagen 

At the pre-equatorial area, immunogold labeling directed at type VI collagen was 

diffusely distributed throughout the cortical vitreous and was frequently identified 

to be concentrated in a linear pattern alongside the densely packed vitreous 

lamellae which attached themselves to the basal retina (Fig. 3A). The linear labeling 

continued intraretinally and was seen to be oriented parallel to the surface of the 

ILM, at variable depths in relation to the retina (Fig. 3A). This would be consistent 

with a penetration of vitreous lamellae into and their attachment to large parts of 

the superficial retina. Further towards the posterior pole, the linear labeling pattern 

was lost and the labeling was seen to be diffusely distributed over the entire 

thickness of the ILM (Figs. 3B-E). 

3.5 Network-like labeling patterns  

Network-like structures containing both type IV and VI collagens were identified at 

the pre-equatorial region of the vitreoretinal interface. These network-like 

structures were located intra-vitreally, were attached to the ILM and extended 

themselves into the superficial retina. The labeling pattern was highly similar to that 

found in basement membranes of retinal and choroidal blood vessels (Figs. 4 and 

5). 
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Figure 1. Transmission electron microscopic images of the pre-equatorial, equatorial and 
posterior vitreoretinal interface stained with an antibody against type II collagen. A. Eye of 
a 56 year-old donor. Immunogold labeling directed at type II collagen was located on 
individual vitreous fibers in the basal vitreous and superficial retina. Type II collagen 
positive fibers in the basal vitreous were often seen to condense and form lamellar 
structures (arrow). Vitreous fibers penetrated the ILM, which is indicative of attachment 
of these fibers to the superficial retina (arrow head). B. Eye of a 35 year-old donor. 
Vitreous fibers containing immunogold labeling to type II collagen at the equator. Note 
that gold labelled fibers penetrate the ILM and attach themselves to the superficial retina. 
C. Eye of a 66 year-old donor. At the posterior vitreoretinal interface, immunogold labeling 
directed at type II collagen was located on the cortical vitreous fibers (arrows) and the 
vitreal side of the inner limiting membrane (arrow heads). Bar=2µm. 
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Figure 2. Transmission electron microscopic images of the (pre-)equatorial and posterior 
ILM stained with an antibody against type IV collagen. A. Pre-equatorial ILM of the eye of 
the 56 year-old donor. Note the linear distribution pattern of the labeling. B. Equatorial 
ILM of the eye of the 77 year-old donor. Note the more diffuse staining pattern. C. 
Posterior vitreoretinal interface of the 56 year-old donor eye. Type IV collagen appears to 
be distributed throughout the entire thickness of the ILM. A and B, bar=1 µm; C, bar=5 
µm. V=vitreous; R=retina. 
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Figure 3. Transmission electron microscopic images of the vitreoretinal interface stained 
with an antibody against type VI collagen.A. In the eye of the 56 year-old donor, type VI 
collagen labeling was found on the vitreous lamellae that run perpendicular to the pre-
equatorial retina (black arrow heads), on fine cortical vitreous fibers (asterisks) and in the 
superficial retina (white arrows). B. In the eye of the 56 year-old donor, type VI collagen was 
found to be diffusely located in the vitreous (asterisks) in the pre-equatorial area. Note the 
linear distribution pattern at the ILM (white arrows) and the intense staining at the vitreous 
lamellae (black arrows). C and D. In the eye of the 77 year-old donor, type VI collagen was 
observed at the equatorial ILM in a thicker than just linear band (C. black arrows; D. black 
arrow heads.). E. In the eye of the 56 year-old donor, type VI collagen was distributed 
throughout the entire thickness of the posterior ILM (black arrows). V=vitreous; R=retina. 
A, bar = 1 µm; B, bar=5 µm; C-E, bar=2 µm. 
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Figure 4. Transmission electron microscopic images of diffuse networks which were stained 
with type IV collagen antibody at the pre-equatorial vitreo-retinal interface of the eye of 
the 56 year-old donor.  A. Immunogold labeling of type IV collagen displayed a network-like 
pattern at the pre-equatorial vitreoretinal interface (square). B. Detail of A: Type IV collagen 
positive structures in the vitreous extending themselves to the adjacent retina (black 
arrows). C: Linear distribution of type IV collagen indicating the location of the ILM (white 
arrow) and type IV collagen positive structures in the vitreous attaching themselves to the 
ILM and superficial retina (black arrow heads). D. Distribution of type IV collagen in the 
basement membrane of a choroidal blood vessel displaying a similar network-like pattern 
as that found in the pre-equatorial intravitreal network-like structures (black arrow heads). 
A, bar=10 µm; B, bar=2 µm; C-D, bar=1 µm. V=vitreous; R=retina. 
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Figure 5. Transmission electron microscopic images of the pre-equatorial vitreoretinal 
interface of the eye of the 56 year-old donor. A. Overview of the pre-equatorial vitreoretinal 
interface stained for type VI collagen. B. Detail of A: Type VI collagen forms network-like 
structures in the vitreous (arrows) that extend themselves towards the superficial retina 
(arrow heads). C: Type VI collagen forms a network-like pattern in the superficial retina at 
the pre-equatorial area (arrow heads). D. Type VI collagen in the basement membrane of a 
retinal blood vessel displayed a pattern similar to that found in the pre-equatorial network-
like intravitreal structure (arrow heads). A, bar=10 µm; B-D, bar=1 µm. V=vitreous; R=retina. 

 

3.6 Double labeling of type IV and VI collagens 

The double labeling of type IV and VI collagens displayed a similar distribution 

pattern: a linear labeling pattern at the pre-equatorial ILM, and a gradually more 

diffuse distribution of labeling in the direction of the posterior ILM. Also, an intense 

staining in the basement membranes of retinal and choroidal blood vessels was 

observed. In addition, the 6 nm gold label with silver enhancement directed to type 

VI collagen could be detected on the vitreous fibrils (Fig. 6).  
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Figure 6. Transmission electron microscopic images of the vitreoretinal interface double 
labeled with antibodies against type IV and VI collagens. The large labels are gold particles 
with silver enhancement representing type VI collagen (arrows). The small labels are 15 nm 
gold particles representing type IV collagen (arrow heads).  A. In the eye of the 56 year-old 
donor, the equatorial area exhibits a linear distribution pattern of both type IV and VI 
collagens. Note that type VI collagen can also be seen on the vitreous fibrils. B. In the eye of 
the 35 year-old donor, towards the posterior pole, both type IV and VI collagens become 
diffusely distributed over the entire thickness of the ILM. bar=1 µm. V=vitreous; R=retina. 

 

4. Discussion 

The current immuno-TEM study expands on previous studies by providing detailed 

information on the site-specific ultrastructural distribution of type II, IV and VI 

collagens at the vitreoretinal interface. These types of collagen are not restricted 

to either the vitreous or the retina, but encompass a wider area at the vitreoretinal 

interface. Thus, they are likely involved in vitreoretinal attachment. Type IV and VI 

collagens have  similar distribution patterns at the ILM, whereas type VI collagens 

can also be found diffusely in the vitreous cortex and located to intravitreal lamellae. 

Type IV and VI collagens stain reticular-like structures at the vitreous base. These 

labeling patterns are highly similar to those found in retinal and choroidal blood 

vessel walls, which indicates a vascular origin of these structures.  

4.1 Pre-equatorial region 

At the pre-equatorial vitreoretinal interface, we observed densely packed vitreous 

lamellae with an intraretinal course containing type II and VI collagens, reticular-
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like structures containing type IV and VI collagens that span a wide vitreoretinal 

area and a thin ILM containing type IV and VI collagens in a linear distribution 

pattern.  

In previous studies, type VI collagen was mainly found in the connective tissue 

closely associated with basement membranes and it was proposed to function as 

an anchoring fiber [33]. Because of its presence in vitreous lamellae and superficial 

retina, it may thus be involved in organizing vitreous fibers into lamellae and in 

anchoring the intraretinal vitreous fibers to the surrounding matrix and superficial 

retinal cells. The basal vitreoretinal adhesion has been well documented by LM and 

TEM studies. The adhesion mechanism includes the interruption of the thin ILM 

that allows the vitreous collagen fibers to attach themselves to the underlying fibrils 

in the superficial retina and crypts between the Müller cells [11, 34]. The direct 

binding ability of type VI collagen to various ECM components could promote the 

anchoring of vitreous fibers to the retina. Furthermore, by interacting with integrin 

α1β1 and α2β1, type II and VI collagens may form attachments with the ILM and 

retinal Müller cells, which could be one of the adhesion mechanisms of the vitreous 

fibers and superficial retina [35-37]. The ultrastructural location and staining 

pattern of type VI collagen in the pre-equatorial vitreous indicates an anchoring 

function of type VI collagen by a direct interaction with type II and IV collagens in 

the vitreoretinal interface. In skin, type VI collagen forms a flexible network that 

intertwines with collagen fibers and anchors them to the surrounding connective 

tissue [38]. Furthermore, previous studies using immunogold-TEM co-localized type 

VI and IV collagens on the endothelial side of the glomerular basement membrane 

and in the basement membrane of the placenta [39, 40]. The specific direct 

interaction of type IV and VI collagens demonstrated by Kuo et al indicates that type 

VI collagens anchor the basement membrane to the surrounding matrix through 

non-covalent bindings [8]. Therefore, the presence of type VI collagen in the cortical 
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vitreous lamellae adjacent to the ILM supports our hypothesis that type VI collagen 

is involved in vitreoretinal adhesion by mediating the interactions of vitreous fibers 

to the surrounding ECM fibrils and cells.  

Type IV and VI collagens are known components of the basement membrane of 

blood vessels [41-43]. In the present study, we confirmed their presence in retinal 

and choroidal blood vessels. Strikingly, the labeling pattern of these collagens in the 

blood vessel wall closely resembled that of the reticular labeling pattern observed 

at the pre-equatorial vitreoretinal interface. Since the adult vitreous body is 

avascular, we hypothesize that the stained intravitreal structures may represent 

remnants of the hyaloid vascular system. This would be in line with previous studies 

in the rabbit vitreous, where type IV collagen containing vascular remnants of the 

hyaloid system were found to be present throughout the adult rabbit vitreous and 

to be associated with intravitreal lamellae [44, 45].  

The residual vascular remnants found at the pre-equatorial vitreoretinal interface 

support the theory that the secondary vitreous is formed by a process of interactive 

remodeling of the primary vitreous [46, 47]. The vascular remnants in the pre-

equatorial vitreous indicate that the secondary vitreous is interwoven with the 

primary vitreous which contains the hyaloid vascular system.  

This hypothesis on the development of the secondary vitreous, is in conflict with 

the main stream theory. The main stream theory proposed that the avascular – 

secondary – vitreous body starts to form between the primary vitreous and retina, 

and surrounds and compresses the primary vitreous. While the secondary vitreous 

gradually increases its volume, the primary vitreous ceases to grow and regresses. 

Based on this theory, the vascular remnants would be located exclusively in the 

center of the vitreous. This theory is supported by the observation of large vessel 

remnants in the center of the vitreous sometimes found by slit lamp microscopy 
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and optical coherence tomography [48, 49]. The rest of the hyaloid vascular system, 

except for the central arteries, is assumed to disappear without leaving a trace. The 

alternative theory of the development of secondary vitreous was originally 

proposed by Jokl and Pau [50, 51]. They suggested that the retracting hyaloid 

vascular system acts as a scaffold for the secondary vitreous to organize itself, and 

that the formation of the secondary vitreous is the result of continuous remodeling 

of the primary vitreous. This theory was later supported by the finding of vascular 

remnants associated with intravitreal lamellae of the secondary vitreous in adult 

rabbit vitreous [45, 52]. Our immuno-TEM observations further expand on these 

previous findings by showing possible residual vascular remnants at the adult 

human vitreoretinal interface. 

4.2 Regional variations in the ILM 

Previous studies already found a regional variability in morphological aspects of the 

ILM. These observations were confirmed in the present study and consisted of a 

thin ILM anteriorly without indentations, and thickening of the ILM towards the 

posterior pole with the development of indentations at its retinal side. Also, 

anteriorly, the electron density of the ILM was comparable to that of the subjacent 

retina, whereas the ILM towards the posterior part of the eye has a higher electron 

density than the subjacent retina. The present study expands on existing knowledge 

by clarifying the site-specific arrangement of type IV and VI collagens at the retinal 

ILM. The linear labeling pattern of type IV and VI collagens at the pre-equatorial 

ILM changes into a more diffuse labeling of the entire thickness of the ILM towards 

the posterior pole. This suggests a regional heterogeneity of this basement 

membrane.  Such heterogeneity would be consistent with previous publications on 

regional differences in collagenous composition of basement membranes in organs 

such as kidney and lung [39, 53]. Desjardins and Bendayan proposed that the 
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heterogeneity in the composition of the renal basement membranes may be 

related to regional differences in function [54].  

Type IV collagen is the predominant ECM protein in human ILM which accounts for 

about 57% of the total proteins [55]. Several studies indicated that type IV collagen 

is critical not only for the structural integrity of the basement membrane but also 

for neuron survival and angiogenesis [56, 57]. The type IV collagen isoform 

α5(IV)α5(IV)α6(IV) is the predominant heterotrimer in adult human ILM [58, 59]. 

Mutations in the COL4A5 and COL4A6 genes which compromise the production of 

α5(IV)α5(IV)α6(IV) heterotrimers, result in thinning of the ILM and nerve fiber layer 

in Alport’s syndrome [59, 60]. Our study showed a diffuse distribution of type IV 

collagen throughout the entire thickness of the posterior ILM, which might explain 

that the posterior retina is most susceptible to alterations in the composition of 

type IV collagen, and thus is seen to display significant pathological alterations in 

this genetic disease [59].  

Previous studies showed that type VI collagen forms a fine beaded filament 

network in the vicinity of basement membranes, whereas the expression of type VI 

collagen in the basement membrane was only reported in the renal glomerular 

basement membrane and intestinal epithelial basement membrane [39, 61]. Our 

study also shows the presence of type VI collagen in the retinal ILM. Furthermore, 

the double-labeling of type IV and VI collagens in the ILM demonstrated a similar 

distribution pattern, which indicates that type VI collagen may interact with the 

type IV collagen network at this site. The proposed function of type VI collagen in 

these basement membranes is to regulate the synthesis and organization of 

fibronectin. Sabatelli et al reported an alteration of fibronectin organization in the 

ECM of type VI collagen-deficient fibroblasts [29]. Groulx et al reported that 

depletion of type VI collagen induced an upregulation of fibronectin expression and 
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deposition resulting in a significant increase in cell spreading and fibrillar adhesion 

formation of intestinal epithelial cells [61].  

The presence of type IV and VI collagens throughout the entire thickness of the 

posterior ILM, suggests that these collagens are synthesized during the aging 

process. In our series as well as in previous studies, the ILM has been shown to 

gradually thicken towards the posterior pole with increased numbers of ILM 

indentations at its retinal side. These extensions of the ILM, as suggested by 

previous authors, are considered to be  age-related depositions of ECM onto the 

retinal aspect of the ILM [55]. Additionally, an age-related thickening of the ILM has 

been described by several reports [2, 11, 55]. Therefore, type IV and VI collagens 

located in these structures, are likely produced during the postnatal period. As for 

the origin of these collagens, we speculate that retinal Müller cells are candidate 

producers.  

It has been suggested that the majority of the ILM proteins such as type IV collagen 

and laminin, are produced by lens and ciliary body epithelium and are then 

transported through the vitreous during the embryonic period [2]. After birth, the 

production of ECM proteins in these tissues is dramatically decreased. Previous 

work of our group showed that retinal Müller cells, the predominant glia in the 

retina, are possibly involved in the dynamic ECM turnover at the vitreoretinal 

interface [62]. In vitro, Müller cells can produce a broad spectrum of collagens 

including type IV and VI collagens and in vivo their endfeet are attached to the 

retinal side of the ILM [63]. Hyalocytes, the resident cells in the cortical vitreous, 

can also produce ECM proteins in vitro. However, it is not known whether these 

cells can produce type IV and VI collagens. Also, in contrast to Müller cells, 

hyalocytes are very scarce, and their presence is restricted to limited areas within 

the vitreous cortex [64]. Therefore, we suggest that type IV and VI collagens in the 

extensions of the ILM likely originate from retinal Müller cells.  
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The immuno-TEM technique allows the target protein to be localized with high 

precision. This technique has found wide application in studying the ultrastructure 

of the basement membrane and its adjacent ECM. However, the procedure has 

certain limitations which should be taken into account. One of the important issues 

is the specificity of the antibodies. In this study, we used commercially available 

antibodies and applied a double labeling technique to  type IV and VI collagens to 

reduce the chance of false interpretations due to antibody cross-reaction. We 

observed type IV and VI collagen labeling at different sites within the ILM and the 

vascular basement membrane. In addition, type VI collagen labeling was observed 

on vitreous fibers and lamellae, whereas type IV collagen labeling on these 

structures was absent. Combined with the results of the negative controls that ran 

parallel with each immuno-TEM procedure, it is likely that the immunogold labeling 

directed at type II, IV and VI collagens is specific.  

Conclusions 

In conclusion, our findings concerning the ultrastructural distribution of type II, IV 

and VI collagens indicate that the distribution of collagens in the ILM is 

heterogeneous. Type IV and VI collagens may form a single layer network in the 

pre-equatorial ILM and encompass the entire thickness of the ILM towards the 

posterior pole. Immunogold labeling for type IV collagen was exclusively found in 

the basement membrane and on the reticular structures in the anterior vitreous, 

whereas type VI collagen was additionally observed on vitreous lamellae and fibrils 

closely associated with the ILM. These findings indicate that type VI collagen could 

function as an anchoring fibril to organize vitreous fibers into lamellae and to attach 

them to the ILM and the underlying retina. The reticular labeling patterns of type 

IV and VI collagens support the hypothesis of interactive remodeling of the vitreous 

during its embryonic development. 
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Abstract 

Purpose: To investigate the identity of collagens and cellular components in the 

epiretinal membrane (ERM) associated with full thickness idiopathic macular hole 

(FTMH) and their clinical relevance.  

Methods: Pars plana vitrectomy with peeling of the internal limiting membrane 

(ILM) and ERM was performed by two surgeons in 40 eyes with idiopathic macular 

holes. The clinical data were reviewed and the surgical specimens were processed 

for flat-mount and immuno-histochemical analysis.  

Results: ERM is a GFAP-positive gliotic and fibrotic scar which contains newly 

formed collagen type I, III and V. Type VI collagen was not observed. Co-localization 

studies found cells co-expressing GFAP/CRALBP, GFAP/α-SMA, and α-SMA/CRALBP, 

which are consistent with transdifferentiation of Müller cells into fibroblasts and 

myofibroblasts. The clinically significant ERMs can be divided into two groups 

according to the amount of cells in the ERM: sparse cellular proliferation and dense 

cellular proliferation. The latter group is associated with a higher chance of surgical 

difficulty during ILM peeling (p=0.006). Pre and post-operative visual function were 

not affected by the density of the cellular proliferation.  

Conclusion: Retinal glial cells, probably transdifferentiated Müller cells, are 

involved in the formation of FTMH-associated ERMs by a gliotic and fibrotic process.  

Such ERMs contain newly formed type I, III and V collagens depositions. The cell 

density of the ERM affects its biomechanical properties and determines the 

difficulty of ERM peeling.  

 

 



Glial Cells and Collagens in Idiopathic Macular Hole 

 103

Introduction 

During the development of an idiopathic full thickness macular hole (FTMH), a 

fibrocellular epiretinal membrane (ERM) on the inner surface of the inner limiting 

membrane (ILM) may occur as a secondary event.1-3 The contraction exerted by the 

ERM contributes to the enlargement of the hole, increasing the rigidity of the retina 

and preventing tissue approximation. The surgical technique for FTMH involves 

creating a complete posterior vitreous detachment (PVD) to release the antero-

posterior traction and peeling of the ILM. In case of ERM formation, the latter 

maneuver will ensure the removal of the ILM and a complete removal of the 

associated ERM. This is beneficial in further improving the anatomical success rate 

by releasing tangential traction forces and restoring the flexibility of the retina for 

reattachment.4 Moreover, the clinical data shows that ILM peeling carries a better 

primary anatomical outcome in later stages of FTMH, where the presence of ERM 

is more common.5, 6  

ERM associated with FTMH is an avascular fibrocellular proliferation which contains 

various types of cells and extracellular matrix (ECM) proteins. The cellular 

components include glial cells, fibroastrocytes, fibroblasts, myofibroblasts, 

hyalocytes, RPE cells and macrophages, which have been identified by electron 

microscopy and immunohistochemistry.3, 7-11 While much attention has been paid 

to the cellular components, the origin and relationship of the epiretinal cells has 

not yet been clarified and the ECM components of the ERM such as collagens have 

not been fully identified. To date, only collagen types II and IV have been reported, 

and they are mainly native collagens of the vitreoretinal interface .3, 8, 12-14 Other 

collagens described in vitreous include type V/XI, IX and VI collagens.15, 16 

Recent advancements in matrix biology revealed that collagens not only provide a 

scaffold for cellular proliferation and migration, but they also bind to the cellular 

membrane receptors and play essential roles in fibrosis development, matrix 
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remodeling and cell signaling.17 Type I, III, and V collagens belong to the fibrillar 

collagen subfamily that mainly provides mechanical functions. These types of 

collagen are the major constituents of skin, blood vessels, muscles and fibrotic scar 

tissues, which depend on a collagen-rich matrix around the contractile cells for 

proper functioning, but they are not commonly present in the normal vitreoretinal 

interface.16, 18 Type I, III and V collagens can regulate cell migration and proliferation 

through their interaction with integrin expressed on nerve and glial cell 

membranes.17, 19 Type VI collagen belongs to the anchoring collagen subfamily and 

is present in vitreous and ILM.16, 20 Besides its property to maintain the ECM 

structure in other tissues, type VI collagen is also involved in the 

transdifferentiation of fibroblasts to myofibroblasts, which is important in fibrosis, 

scar contraction and matrix remodeling.21, 22  

We hypothesize that the collagens present at the vitreo-retinal interface and ERM 

affect the mechanical properties of these membranes and alter the adhesion of 

both tissues to each other and to their surrounding tissues, which may have an 

impact on visual function and on technical aspects of vitreo-macular surgery.  

To gain more insight in the pathogenesis of FTMH and ERM-formation in this 

disease process, we studied the identity of the collagens in FTMH-associated ERM 

and their relation to activated glial cells. We used immunohistochemistry on flat 

mounted specimens. We performed combined glial cell and myofibroblast marker 

labeling studies to pinpoint a link between part of the identified cells. This 

knowledge may be beneficial in developing pharmacological approaches to vitreo-

macular interface diseases and in fine-tuning existing surgical therapies for FTMH. 

Material and Methods 

Tissue samples were collected from (1) human donor eyes and (2) patients during 

FTMH surgery. The human donor tissue was used to compare the intensity of the 

GFAP staining.  
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1. Donor eyes  

Three human donor eyes from 2 donors (male, 38 and 65 years old) without a 

known history of ocular disease were obtained from the Cornea Bank in Beverwijk, 

the Netherlands. The eyes (without cornea) were dissected frontally through the 

equator into two halves. The vitreous was removed by scissors to gain access to the 

posterior pole. With the aid of Brilliant Blue G 250 (DORC, Zuidland, The 

Netherlands) and end-gripping forceps, the ILMs were peeled from the posterior 

pole from an area of about 2 disc diameters in size and processed for flat mount 

analysis and immuno-histochemistry. 

 2. Patients  

Forty patients (26 females, 14 males) who were referred to the Ophthalmology 

Department of the University Medical Center Groningen for FTMH operation were 

involved in the study between October 2007 and October 2010. All included 

patients had been properly informed and had signed an informed consent form 

agreeing to the use of the ILM for research purposes. This procedure was approved 

by the Medical Ethical Committee of the University of Groningen and is in 

accordance with the tenets of the declaration of Helsinki. The mean age of the 

patients was 69.5 years (range 55 to 84). Macular holes were classified according 

to Gass as stage II (n=8), stage III (n=29), and stage IV (n=2).23 One patient was 

classified as stage II/III, since no preoperative optical coherence tomography (OCT) 

record was available and this patient had no complete PVD. At each patient’s first 

visit, a full ophthalmic examination was carried out. In addition, in most patients 

(39/40) an OCT was performed. We checked for the presence of a total PVD and/or 

an ERM by evaluating the preoperative OCT and the intra-operative findings as 

documented in the surgical report. Clinical data of the patients including the status 

of the lens, history of previous ocular disease, trauma, operations, pre- and post-

operative best corrected visual acuity (BCVA) and the difficulty of ILM/ERM peeling 
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were documented. Criteria of difficult ILM/ERM peeling were subjectively 

documented by the surgeons as: ①The presence of a strong adhesion between 

the ILM/ERM complex and the underlying retina or ②Fragility of the ILM/ERM 

complex.24  

3. General Procedures 

The surgical technique involved a standard three ports trans pars plana vitrectomy, 

creation of a PVD if necessary and ILM/ERM peeling with the aid of indocyanine 

green. Peeling was performed with an end-gripping forceps, intending to remove 

the ILM or ERM plus ILM over an area of more than 1.5 disc diameters surrounding 

the macula. After fluid–air exchange, the vitreous cavity was perfused with a sulfur 

hexafluoride (SF6) / oxygen mixture to achieve 20% SF6 gas tamponade. 

Postoperatively, patients were recommended to maintain a face-down position for 

three days. All vitrectomy procedures were performed by two experienced vitreo-

retinal surgeons (V. W. Renardel de Lavalette and E.A. Huiskamp). The ILM samples 

were either immediately processed for flat mount analysis or stored in balanced 

saline solution at  

-80˚C until further use. The laboratory investigator was masked from the clinical 

records during the period of tissue processing and image analysis.  

4. ILM/ERM flat mount and immunofluorescence  

The ILM specimens were placed on a silicone elastomer (SYLGARD® 184, Dow 

Corning, USA) coated petri dish in 200µl of 1% phosphate buffered saline containing 

2% Tween 20 (Bio-Rad, Veenendaal, the Netherlands) (PBST). Under a 

stereomicroscope, the ILMs were flattened using fine glass sticks and pinned to the 

dish with stainless steel pins (Austerlitz Insect Pins®, Fine Science Tools Inc, 

California, USA). Subsequently, the flattened ILMs were fixed in 2% 

paraformaldehyde for 30 minutes, washed three times with PBST for 15 minutes, 

blocked with PBST containing 5% bovine serum albumin (BSA, Sigma, St. Louis, USA) 
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for 60 minutes and incubated overnight at 4°C with a mixture of two primary 

antibodies (both diluted to 1:200). Primary antibodies used include rabbit 

(polyclonal, Abcam, Cambridge, UK) or mouse (monoclonal, Sigma, St. Louis, USA) 

anti-glial fibrillary acidic protein antibody (GFAP, glial cell marker); rabbit anti-

cellular retinaldehyde-binding protein antibody (CRALBP, Müller cell marker, UW55, 

a kind gift from J.C. Saari, University of Washington, Seattle, Wash. USA), mouse 

anti-α-smooth muscle actin (α-SMA, myofibroblast marker, monoclonal, Sigma, St. 

Louis, USA) and rabbit anti type I, III, V and VI collagen antibody (polyclonal, Abcam). 

Different combinations of antibodies were made, and only primary antibodies 

obtained from different hosts were combined in the same procedure.   

Then, the samples were rinsed three times with PBST for 15 minutes and incubated 

for four hours at 4˚C with two fluorescent labelled secondary antibodies (diluted 

1:200) combined with 4',6-diamidino-2-phenylindole (DAPI, Sigma) (diluted 1:200). 

Secondary antibodies used include donkey anti-rabbit antibody conjugated with 

RedX, donkey anti-goat antibody with FITC and donkey anti-mouse with FITC 

conjugation (Jackson ImmunoResearch Laboratories, Inc. Pennsylvania, USA).  

After incubation, the ILMs were washed three times with PBST for 15 minutes and 

removed from the petri dish. Using a stereomicroscope, the ILMs were flattened on 

a glass slide in a drop of antifadent (AF1, Citifluor Ltd, London, UK) and sealed with 

a cover-slip. Negative control samples underwent the entire procedure, except for 

the application of the primary antibodies.  

5. Photodocumentation and Statistical Analysis 

A fluorescent microscope (Leica DMR, Wetzlar, Germany) and confocal laser 

scanning microscope (CLSM, Leica TCS-SP2, Wetzlar,) were used to document the 

samples. Image-J software was used to measure the cell counts and the area of the 

specimens. The data was analysed by PASW Statistics 18 (SPSS Inc., Chicago, IL). 

P<0.05 was considered statistically significant. 
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Table 2: Summary of the surgical samples and antibodies used in the study. 
 

 

Results 

1. General findings 

Thirty-six patients had a clear visualization of the fundus, which allowed the 

vitrectomy to be performed without lens extraction. Four patients had combined 

procedures consisting of vitrectomy and cataract extraction. The latter were 

excluded from the visual outcome analysis because their preoperative visual loss 

was caused by macular hole and cataract. The mean preoperative BCVA was 0.78 ± 

0.33 logMAR units (Snellen VA=20/120). The mean postoperative BCVA at 3 months 

was 0.48 ± 0.30 logMAR units (Snellen VA=20/60) and 0.30 ± 0.28 logMAR units 

(Snellen VA=20/40) at final follow-up (range: 3 to 52 months). The primary closure 

rate was 97.5% (38/40). Two cases (1 stage II, 1 stage III) had a second surgery with 

intravitreal gas tamponade for persistent macular hole. There were no severe intra- 

or post- operative complications such as subchoroidal hemorrhage, infectious 

endophthalmitis or retinal detachment. Thirteen of the 36 sole vitrectomy patients 

had uneventful phacoemulsification and intraocular lens implantation because of 

cataract progression during the follow-up period.  

Antibodies 
Number of 

Samples  
Positive expression / number of cases 

With ERM Without ERM 

GFAP 40 30/30 0/10 

CRALBP 6 3/3 0/3 

α-SMA 4 4/4 0/0 

Type I Collagen 4 2/2 0/2 

Type III Collagen 8 6/6 0/2 

Type V Collagen 5 2/2 0/3 

Type VI Collagen 10 0/9 0/1 
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According to the baseline clinical findings and the cellular density of the membrane, 

the cases could be divided into three groups. Group 1: no clinically significant ERM 

(10 cases), which had no evidence of ERM by preoperative binocular indirect 

ophthalmoscopy, OCT and intraoperative findings. In these cases, microscopic 

evaluation showed that the surgical samples only contained ILM with a mean cell 

density of 5 cells/mm2 (range 3~7, SD 2 cells/mm2). Groups 2 and 3 both had 

clinically detectable ERMs based on OCT and/or intraoperative findings. Of these 

30 cases, 15 showed few GFAP positive cells, which is referred to as sparse cellular 

proliferation (Fig 1 A & C) and the other 15 contained a higher cellular density and 

a significant GFAP positive membrane, which is referred to as dense cellular 

proliferation (Fig 1 B & D). In twelve cases in groups two and three each, 

photographic quality was such that a cell density calculation could be performed. 

Mean cell density in sparse cellular proliferation was 37 cells/mm2 (range 9~83, SD 

32 cells/mm2) compared with 389 cells/mm2 (range 114~1244, SD 340 cells/mm2) 

in dense cellular proliferation.  

Between the three groups, no statistically significant difference was observed 

regarding preoperative and postoperative BCVA, rate of cataract surgery during the 

follow-up period and rate of macular hole reopening. Difficulties during ILM/ERM 

peeling were documented by the surgeons in 9 cases which all belonged to the 

dense cellular proliferation group. No peeling difficulties were reported in the rest 

of the surgeries (Table 1). With Fisher’s exact test, the presence of dense cellular 

proliferation was statistically significantly related to the occurrence of surgical 

difficulties (p=0.006), whereas a clinically detectable ERM as such was not 

significantly related to surgical difficulties (p=0.081).  
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Figure 1: ERM specimens of sparse and dense proliferation. Fluorescent microscopic 
images of ERMs with sparse (A & C) versus dense (B & D) cellular proliferation. DAPI stains 
nuclei (blue) and anti-GFAP stains glial cells (green).  

 

Table 1: The classification of ERMs and clinical data  

 

Thirty surgical FTMH cases were associated with a clinically detectable ERM, 15 of these 
showed massive cellular proliferation on IHC. Nine of these 15 cases caused difficulties in 
ILM peeling. There were no reports of surgical difficulties in the non-ERM or sparse 
cellular proliferation cases. a: Dense cellular proliferation is highly related to difficulties 
during ILM peeling (p=0.006), whereas the sparse cellular proliferation is not (p=0.081).  
 

2. Immunohistochemical analysis of the surgical samples  

 

 
No ERM 

Clinically significant ERM 

Sparse proliferation Dense proliferation 

Number of cases 10 15 15 

Stage of MH Stage II Stage III Stage II Stage III Stage II Stage III Stage IV 

Number of cases 3 7 2 13 4 9 2 

Difficult ILM peeling 0 0 9a 

BCVA (logMAR) 0.84±0.29 0.76±0.27 0.87±0.42 

Final VA (logMAR) 0.28±0.38 0.35±0.26 0.26±0.18 
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Donor ILMs 

The ILMs appeared as transparent sheets under the microscope and showed only a 

few nuclei by DAPI-staining in the perimacular area (Fig. 2A). Two samples (donor 

1 and 2) showed positive GFAP staining outside the central macular area, which 

represents the Müller cell end-feet (Fig. 2B). 

 
 

Figure 2: Overview of a donor ILM sample by merging individual images of donor 2 (female, 
65 years).  
A: DAPI staining shows a few nuclei in the perimacular  ILM (arrowhead) but not at the 
centre of the macula. The central dark area corresponds to the macular ILM (arrow). B: GFAP 
positive filaments (green) representing Müller cell end-feet are arranged in the perimacular 
area (arrows). Bar=1000µm 
 
All tested ERMs were positive for GFAP with varying intensity compared with the 

donor ILM (Fig. 2 and 3). In 12 cases, the mean ratio of GFAP-positive glial cells to 

total cell count could be determined and was estimated as 81% (range 48% to 

100%).   

Glial cells in the fibrocellular membrane 

The cell type specific antibody combinations used for double labelling were: 

GFAP/CRALBP for activated Müller cells (n=4), GFAP/α-SMA for glia originated 

myofibroblasts (n=4) and CRALBP/α-SMA for Müller cell originated myofibroblasts. 

In ERM specimens, CRALBP positive cells, GFAP positive cells and cells co-expressing 
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GFAP and CRALBP were revealed. This indicates the presence of Müller cells, glial 

cells and activated Müller cells, respectively (Fig. 4A). Co-expression of CRALBP and 

GFAP was found in the direct vicinity of CRALBP positive cells. This finding suggests 

a dynamic process of Müller cell activation in the formation of ERM. Furthermore, 

some GFAP and CRALBP positive cells were found to be co-localized with α-SMA 

(Fig. 4 B & C), which suggests a transdifferentiation of glial cells and Müller cells to 

a myofibroblast phenotype. To confirm true co-localization (as opposed to false co-

localization due to overlapping cells in different cell layers) some specimens (n= 2 

for GFAP/CRALBP, n= 2 for GFAP/α-SMA and n= 2 for CRALBP/ α-SMA colocalization, 

respectively) were checked by using confocal laser scanning microscopy and true 

co-localisation was confirmed (Fig. 4). 

 

 

Figure 3: Glial proliferation on the ERM associated with the ILM.  
DAPI for staining of nuclei (blue), and anti-GFAP staining for glial cells (green). A & C: GFAP 
positive cells  at the rim of the macular hole (stage 3 macular hole, 100x, bar=100µm). B: 
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Overview of a sample (stage 3) with extensive GFAP positive staining of the membrane on 
the vitreal side of the ILM, bar=50 µm). D: confocal laser scanning microscopy  image 
shows GFAP positive filaments (bar=50µm). 
 

 
 

Figure 4: Double labeling of flat-mounted ILM/ERM samples with GFAP, CRALBP and α-SMA. 
A: confocal laser scanning microscopy (CLSM)image of GFAP/CRALBP double labeling. Some 
cells only express CRALBP (red), some only GFAP (green) and some express both GFAP and 
CRALBP (yellow), indicating that a portion of the retinal Müller cells in the gliotic scar are 
activated. Bar=50 µm. B: Colocalization of α-SMA (green) and GFAP (red). Bar= 25 µm. C: 
CLSM study confirmed the co-localization (yellow) of α-SMA (green) and GFAP (red). Bar= 
50 µm. 
 
Collagens in the fibrocellular membrane  

The ERMs were positive for type I, III and V collagens (Table 2). With the advantage 

of the flat-mount technique, the organization of the collagen fibres could be 

visualized. Type I collagen showed a typical fibrillar appearance with few branches, 

forming a network structure (Fig. 5A). Type III collagen was present as fine and 

solitary filaments which were only visible under 1000x magnification (Fig. 5B). Type 

V collagen had the appearance of a delicate meshwork (Fig. 5C). We did not find 

positive staining for type VI collagen in the ERMs.  

Association of collagens and activated glial cells 
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With the double labelling technique, we found that the newly formed type I, III and 

V collagens are frequently present in the vicinity of GFAP positive glial cells (Fig 5A 

& 6), suggesting that these cells are producing the collagens, digesting them or 

doing both. 

 
 

Figure 5: Type I, III and V collagen in ERM. 
A: confocal laser scanning microscopy image of ILM with fibrocellular membrane labeled 
with antibodies to type I collagen (red) and GFAP (green, glial cells), DAPI for nuclear staining 
(blue). Type I collagen positive fibers form a network (arrow) which is associated with the 
glial cells (arrow head). Bar=50µm. B & C: Fluorescent microscopy images of ERM stained 
for type III and V collagens (red). Left: Type III collagen is present as fine filaments (arrows). 
Bar=10µm Right: Type V collagen forms a network. Bar=25µm. 

 

 

 
 

Figure 6: Colocalization of glial cells and collagens. Association of the newly formed 
collagens with GFAP positive cells (green). A: Type III collagen (red) bar = 25µm. B: Type V 
collagen (red) bar = 50µm. DAPI for staining of nuclei (blue). 
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Discussion 

In this clinico-pathological study, our main findings are: 1. Dense cellular 

proliferation of ERMs associated with FTMH is associated with a higher chance of 

ILM peeling difficulty. 2. ERM-associated cell proliferation consists mainly of GFAP- 

positive cells, which probably represent activated Müller cells. 3. Müller cells can 

transdifferentiate into myofibroblasts, thus adding to membrane contractility.  4. 

Activated Müller cells are closely associated with the newly formed  types I, III and 

V collagens in the ERMs, suggesting they are producing and/or digesting them. 

In the present study, we found no evidence of a difference in baseline visual 

function, visual prognosis and rate of cataract surgeries among the groups with 

different severity of cellular proliferation in their ERMs. Seventy percent of the 

patients achieved a functional visual acuity of more than 20/40 with appropriate 

follow-up management. A growing body of evidence suggests that a vitrectomy 

combined with ILM peeling has an important clinical benefit regarding the 

anatomical closure rates in FTMH.25 Our results also indicate that the severity of 

the ERM formation does not affect the overall visual outcome of patients who 

underwent ILM/ERM peeling for FTMH.  

In case of a clinically detectable ERM with a histologically dense cellular 

proliferation, significantly more cases were reported to be difficult during ILM 

peeling. The relationship between the denser cellular membranes and the observed 

increased surgical difficulty may be explained in two different ways. One hypothesis 

would be that cells from the ERM are responsible for a stronger adhesion between 

the ERM/ILM complex and the underlying inner retinal tissue. Alternatively, 

increased surgical difficulty itself could result in a deeper cleavage plane with 

significantly more damage to the superficial retina. The latter would be reflected in 
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a higher cellular density of the removed ERM/ILM/retina complex. Because of the 

large amount of cells and cell nuclei observed in dense cellular proliferation, one 

would expect the latter situation to result in a lower postoperative visual acuity. 

Since we did not observe a significant difference in postoperative visual acuity 

between the dense and the sparse cellular proliferation groups, this would argue 

against the second hypothesis.  

We identified the presence of type I, III and V collagens in FTMH associated ERMs. 

These fibrotic collagens are able to form adhesions with the underlying retinal 

Müller cells via integrins on the cell surface.26, 27 Adhesions will be facilitated in case 

of local thinning and/or local absence of the ILM because Müller cell extensions can 

then more easily penetrate the ILM.27-31 Kenawy et al32 suggested that  the epi- and 

intra- retinal gliosis and the upregulation of GFAP might cause the increased 

adhesion by strengthening the cell-collagen matrix interactions.  

Besides an increased adhesion to surrounding tissues, newly formed collagens can 

alter the rigidity and digestibility of the ERM as well. Stalmans et al33 reported that 

the overall resolution rate of vitreo-macular adhesion following an intravitreal 

microplasmin injection was 8.7% in case of ERM formation and 37.4% in patients 

without an ERM. This report suggests that the efficacy of microplasmin could be 

decreased in the presence of an ERM. Fibrotic collagens have been found to contain 

higher amounts of hydroxyallysine derived cross-links compared to those of normal 

tissue.34 The elevation of hydroxyallysine cross-links in collagen fibers leads to an 

increase in mechanical strength and a reduction of collagen digestibility.35 

Moreover, the upregulation of the intermediate filament, GFAP, has been found to 

increase the stiffness of reactive glial cells, which can further influence the 

mechanical properties of the ERM.36 Therefore, the presence of the resilient fibrotic 

collagens and rigid intermediate filaments at the vitreo-macular interface could 

form rigid and degradation-resistant fibrotic tissue and thereby compromise the 
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effect of proteolytic enzymes released during the matrix remodeling process or 

introduced into the vitreous cavity as an adjunctive during pharmacological 

vitreolysis. A more complete understanding of the molecular mechanisms of vitreo-

retinal adhesion in healthy and diseased vitreo-retinal interfaces will be beneficial 

for the further advancement of surgical and non-surgical approaches to vitreo-

macular interface diseases.  

Cells found in these ERM specimens may have originated from the posterior 

vitreous cortex, the ERM and the inner retinal layer.37, 38 The GFAP positive cells 

could be of Müller cell and hyalocyte origin.39, 40 Our study found supportive 

evidence for the active and dynamic involvement of Müller cells in the pathogenesis 

of FTMH and subsequent ERM formation. As the predominant cell type at the fovea 

centralis,41, 42 Müller cells can be activated by various pathogenic factors, such as 

mechanical traction, retinal trauma, hyperglycemia and the release of cytokines 

and growth factors due to blood-retinal barrier breakdown.39, 43, 44 We found that 

GFAP positive cells are consistently expressed in all FTMH-associated ERMs and we 

observed their co-localization with CRALBP and α-SMA. CRALBP is a well-accepted 

marker for normal adult human Müller cells, while GFAP is a hallmark of Müller cell 

activation.45 The presence of GFAP positive, CRALBP positive and GFAP-CRALBP 

positive cell clusters indicates that the formation of an ERM is a dynamic process 

involving the activation and transdifferentiation of Müller cells. Previously, 

Schumann et al38 reported that GFAP positive cells were the predominant cell type 

in the ERM of FTMH. They found that the GFAP positive cells were positive for 

CRALBP and hyalocyte markers and therefore suggested a possible Müller cell and 

hyalocyte origin of these cells.  Both Müller cells and hyalocytes can 

transdifferentiate into a myofibroblast phenotype, thus playing an important role 

in matrix production and contraction.46, 47 However, these authors did not find a co-

localization of GFAP and α-SMA in their ERM specimens. Reasons for these slightly 
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different observations can be: (1) although the co-localization of GFAP and α-SMA 

was present in all four tested samples in our series, the number of cells that 

simultaneously express both antigens was small and (2) transdifferentiation is a 

dynamic process, therefore cells co-expressing both markers may be absent at the 

time the ERM is peeled.  

A possible limitation of our study might be that markers such as GFAP and CRALBP 

stain the entire cell body. Therefore, cells from different cell layers overlying each 

other could mimic co-localization. To avoid a misinterpretation, we checked a 

number of samples by using confocal scanning laser microscopy and confirmed true 

co-localization for α-SMA/GFAP, α-SMA/CRALBP and GFAP/CRALBP. 

Conclusions 

We found that FTMH-associated ERMs are mainly formed by gliotic tissue and 

contain newly formed type I, III and V collagens depositions. The formation of such 

ERMs is due to a gliotic and fibrotic process, where retinal glial cells, probably the 

Müller cells, play an active role by migration, proliferation and transdifferentiation. 

The biomechanical properties of the newly formed collagens in the ERM and the 

density of the associated cells can induce an enhancement of the vitreo-retinal 

adhesion. This may affect the ease of ERM peeling and it will probably also affect 

the potential success of pharmacological vitreolysis. A better understanding of the 

underlying mechanisms of vitreo-retinal adhesion in pathological conditions can 

help to optimize therapeutic strategies.  
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Abstract 

Purpose: To investigate the presence of type VI collagen and glial cells in 

idiopathic epiretinal membrane (iERM) and the regulatory role of transforming 

growth factor-β (TGF- β) in the expression of collagens in retinal Müller cells. 

Methods: Idiopathic ERM samples from vitrectomy were analyzed using flat-

mount immunohistochemistry for cell specific markers and type VI collagen. To 

study the collagen synthesis of the myofibroblast-like phenotype of retinal Müller 

cells, a spontaneous immortalized human retinal Müller cells (MIO-M1) were 

treated with TGF-β1 for 48 hours and the expression of α-smooth muscle actin (α-

SMA) and its co-localization with type I, II, IV and VI collagen were studied using 

immunocytology. 

Results: The co-localization of glial acidic fibrillary protein (GFAP)/cellular 

retinaldehyde-binding protein (CRALBP) and GFAP/ α-SMA was found in iERM 

indicating a dynamic process of activation and transdifferentiation of retinal 

Müller cells. TGF-β1 induced upregulation of α-SMA in retinal Müller cells. 

However, the intracellular expression of type I, II and VI was downregulated in 

retinal Müller cells containing α-SMA positive stress fibers.  

Conclusion: TGF-β1 may be one of the growth factors inducing retinal Müller cells 

to differentiate into a myofibroblast-like phenotype that promotes the 

contraction of the epiretinal membrane. Unlike the fibroblasts, the expression of 

type I, II and VI collagens in these myofibroblast-like retinal Müller cells are not 

responsible for the collagen deposition in the presence of TGF-β1 during the 

process of iERM. 
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1. Introduction 

Epiretinal membrane (ERM) contraction induced macular distortion is the major 

cause of visual disturbance in idiopathic epiretinal membrane (iERM). During the 

disease process, a cell-matrix mediated contraction of the ERM composes of 

excessive collagen deposition causes a significant macular dysfunction, which may 

result in symptoms like metamorphopsia, reduction in visual acuity and, on 

occasion, central unilateral diplopia.1, 2 Despite the advancement of vitreo-retinal 

surgery, iERM can result in a certain level of irreversible visual disturbance even 

after an uneventful iERM removal surgery due to the fact that the prior membrane 

contraction has resulted in permanent functional damage of the retina.3, 4 Research 

has been focused on the pathogenesis of iERM with the intention to develop novel 

non-invasive treatment strategies to prevent ERM formation and contraction.5   

The development of iERM is a fibrotic process in which myofibroblasts are 

responsible for the excessive production of collagenous extracellular matrix and the 

contractile force.6 Myofibroblasts have very heterogeneous origins in different 

organs.7 In fibro-contractive vitreoretinal diseases, retinal Müller cells, hyalocytes 

and retinal pigment epithelial cells may all differentiate into a myofibroblast-like 

phenotype and may thus contribute to collagen deposition and membrane 

contraction.8-10 Of importance in iERM are recent studies showing that retinal 

Müller cells can produce α-smooth muscle actin (α-SMA) and induce tissue 

contraction in the presence of certain pro-fibrotic cytokines.11, 12 

Transforming growth factor-beta (TGF-β) is a group of potent fibrogenic cytokines 

that play a crucial role in normal tissue repair and development of fibrosis by 

mediating inflammatory response, upregulating extracellular matrix production, 

decreasing protease synthesis and inducing myofibroblast differentiation.13 Two of 

the isoforms of TGF-β, namely TGF-β1 and β2, have been suggested to  be involved 

in the pathogenesis of iERM based on their upregulation in the vitreous humor and 
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epiretinal membranes.14-16 However, the exact function of TGF-β in the 

pathogenesis of iERM has not yet been clarified. Several reports indicated that TGF-

β regulates the proliferation , migration and transdifferentiation of retinal Müller 

cell.11, 17 However, the role of TGF-β in collagen synthesis of retinal Müller cells has 

not yet been clarified. Previous study of our group showed that retinal Müller cells 

produce a series of collagens which could be involved in the dynamic turnover of 

vitreoretinal matrix in physiological situation.18 The aim of the current study is to 

explore the effect of TGF-β on the myofibroblast transdifferentiation and collagen 

production profile of the retinal Müller cells.  

2. Materials and methods 

2.1. ILM/ERM flat mount and immunofluorescence  

2.1.1. General Procedures  

Twenty-two patients (16 females, 6 males) who were referred to the 

Ophthalmology Department of the University Medical Center Groningen for 

idiopathic epiretinal membrane surgery were involved in the study between June 

2010 and June 2012. The mean age of the patients was 69.6 years (range 53 to 84 

years). Prior to their scheduled surgery, a complete ophthalmic examination was 

performed and written informed consent was obtained. This study was conducted 

in accord with  the Declaration of Helsinki and was approved by the Institutional 

Review Board of the University Medical Center Groningen.  

The surgical technique involved a standard three ports trans pars plana vitrectomy, 

creation of a posterior vitreous detachment if necessary and ILM/ERM peeling with 

the aid of Membrane-blue (DORC, Zuidland, The Netherlands). Peeling was 

performed with an end-gripping forceps, intending to remove the ERM and ILM 

over an area of more than 1.5 disc diameters surrounding the macula. All 

vitrectomy procedures were performed by two experienced vitreo-retinal surgeons 
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(V.W.R.L. and G.P.). The ERM/ILM samples were immediately processed for flat 

mount immuno-histochemical analysis.  

2.1.2. Flat-mount and immunohistochemistry of ILM/ERM specimens 

The flat-mount and immunohistochemistry of ILM/ERM specimens was the same 

as we reported previously.19 Briefly, the ILM/ERM specimens were placed on a 

silicone elastomer (SYLGARD® 184, Dow Corning, USA) coated petri dish in 200µl of 

1% phosphate buffered saline (PBS) containing 2% Tween 20 (BIO-RAD, PBST). 

Using a stereomicroscope, the specimens were flattened with fine glass sticks and 

pinned to the dish with stainless steel pins (Austerlitz Insect Pins®, Fine Science 

Tools Inc, California, USA). Subsequently, the flattened specimens were fixed in 2% 

paraformaldehyde for 30 minutes, washed three times with PBST for 15 minutes, 

blocked with PBST containing 5% bovine serum albumin (BSA, Sigma-Aldrich) for 60 

minutes and incubated overnight at 4°C with a mixture of two primary antibodies 

(both diluted to 1:200). Primary antibodies used included rabbit (polyclonal, Abcam, 

Cambridge, UK) or mouse (monoclonal, Sigma-Aldrich,) anti-glial fibrillary acidic 

protein antibody (GFAP, glial cell marker, marker of Müller cell activation); rabbit 

anti-cellular retinaldehyde-binding protein antibody (CRALBP, Müller cell marker, 

UW55, a kind gift from J.C. Saari, University of Washington, Seattle, Wash), mouse 

anti-α-smooth muscle actin (monoclonal, Sigma-Aldrich) and rabbit anti type VI 

collagen antibody (polyclonal, Abcam). The combinations of the primary antibodies 

used in the study included: CRALBP/GFAP (2 cases), CRALBP/α-SMA (2 cases), 

GFAP/α-SMA (4 cases), type VI collagen/GFAP (10 cases) and type VI collagen/α-

SMA (2 cases). Two samples were used as negative controls for the primary 

antibodies.   

The samples were rinsed three times with PBST for 15 minutes and incubated for 

four hours at 4˚C with two fluorescent-labelled secondary antibodies (diluted 1:200) 

combined with DAPI (diluted 1:200). Secondary antibodies used include donkey 
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anti-rabbit antibody conjugated with RedX, donkey anti-goat antibody with FITC 

and donkey anti-mouse with FITC (Jackson ImmunoResearch Laboratories, Inc. 

West Grove, PA).  

After incubation, the specimens were washed three times with PBST for 15 minutes 

and removed from the petri dish. Using a stereomicroscope, the specimens were 

flattened on a glass slide in a drop of antifadent (AF1, Citifluor Ltd, London, UK) and 

sealed with a cover-slip. Negative control samples underwent the entire procedure, 

except for the application of the primary antibodies. 

2.2. Effect of transforming growth factor β1 (TGF-β1) on intracellular collagen 

expression in α-SMA positive cells.  

2.2.1. Cell culture 

The spontaneously immortalized human Müller cell line MIO-MI (a kind gift of G.A. 

Limb, UCL Institute of Ophthalmology, London, UK) has been confirmed to contain 

all the characteristics of human Müller cells.20 Dulbecco’s modification of Eagle’s 

medium (DMEM) with high glucose containing L-glutamax I (Life Technologies Inc., 

Rockville, MD) supplemented with 1% penicillin/streptomycin  and 10% fetal bovine 

serum (FBS; Life Technologies Inc.) was the stock medium. The stock culture of MIO-

MI (passage between 61 to 70)  was maintained in stock medium at 37°C with 5% 

CO2 for the experiments.  

The fetal lung fibroblasts (FLF) were incubated in DMEM with high glucose 

containing L-glutamax I (Life Technologies Inc.) supplemented with  

gentamicin/glutamin  and 10% FBS at 37°C with 5% CO2. 

The skin fibroblasts (SF, CCD-1112Sk, American Type Culture Collection, Manassas, 

VA) were incubated in DMEM with high glucose containing L-glutamax I (Life 

Technologies Inc.) supplemented with 10% FBS at 37°C with 5% CO2. 
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2.2.2. The effect of TGF-β1 on retinal Müller cells  

The cells were seeded on glass cover slips in  6-well plates in their stock culture 

medium with the addition of 0.2 mM of ascorbic acid. After 24 hours of incubation, 

10 ng/ml of recombinant TGF-β1 was added to the medium for another 48 hours 

of culture. Subsequently, the cells were processed for immuno-double labeling to 

identify the co-localization of α-SMA and collagens including type I, II, IV and VI 

collagens. The primary and secondary antibodies used are listed in Table 1. Briefly, 

the cells were washed three times with phosphate buffered saline (PBS) and fixed 

with 1:1 acetone/methanol at -20°C for 10 minutes. Then, the fixative was 

discarded and the slides were air-dried and stored at -20°C until further usage. After 

blocking with 5% bovine serum album (BSA, Sigma-Aldrich, St. Louis, MO) in PBS, 

the cells were incubated with a mixture of primary antibodies including a mouse 

anti- α-SMA antibody and one of the anti-collagen antibodies for 2 hours at room 

temperature. Afterwards, they were rinsed with PBS 3 times for 5 minutes and 

incubated in a combination of two secondary antibodies according to the host of 

the primary antibodies and 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 

1:200) for 2 hours in dark room. After washing in PBS, a drop of anti-fadent (AF1, 

Citifluor Ltd, London, UK) was applied to each cover slip and the cover slips were 

placed on a slide and sealed. For negative controls, the samples underwent the 

entire procedure but the primary antibody was omitted.  

3. Results 

3.1. Immunocytochemical analysis of flat-mount surgical samples 

3.1.1. General observations 

Positive immuno-staining of anti-GFAP, anti-α-SMA, and anti-CRALBP was found in 

all tested samples (Table 1). Among the 15 samples positive to anti-GFAP antibody 
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staining, 10 showed a diffuse positivity throughout the entire membrane whereas 

5 contained small clusters of GFAP-positive cells (Figure 1).  

Table 1 Antibodies used in immuno-double labelling procedure 

Combinations of the primary antibodies Combinations of the secondary antibodies 

Mouse anti-α-
SMA antibody 
(1:100, Sigma-
Aldrich) 

Rabbit anti type I 
collagen (1:100, 
Abcam, Cambridge, 
UK) 

Donkey anti mouse 
with RedX 
conjugation (1:200, 
Jackson 
ImmunoResearch 
Laboratories) 

Donkey anti rabbit 
with FITC conjugation 
(1:200, Jackson 
ImmunoResearch 
Laboratories) 

Rabbit anti type II 
collagen (1:100, 

Rabbit anti type VI 
collagen (1:100, 
Abcam, Cambridge, 
UK) 

Goat anti type IV 
collagen (1:100, 
Southern 
Biotechnology 
Associates (SBA), 
Birmingham, AL)  

Donkey anti goat 
with FITC conjugation 
(1:200, Jackson 
ImmunoResearch 
Laboratories) 

 

 

Table 2 Summary of protein expression in idiopathic epiretinal membrane 

samples 

Antibodies Numbers of samples Numbers of positive expression 

GFAP  15 15 

α-SMA 7 7 

CRALBP 3 3 

Type VI collagen 10 9 

GFAP: glial fibrillar acidic protein; α-SMA: α-smooth muscle actin; CRALBP: cellular 
retinaldehyde-binding protein.   
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Fig 1. Glial fibrillary acidic protein (GFAP) positive cells in idiopathic epiretinal membrane. 
A. A surgical sample containing diffuse GFAP-positivity (red) throughout the entire 
membrane. B. GFAP staining of another surgical sample, showing a cluster of GFAP-positive 
(green) cells. 4',6-diamidino-2-phenylindole (DAPI, blue) was used for counter staining of 
nuclei. Bar=200 µm. 
 

3.1.2. Colocalization of GFAP/CRALBP and GFAP/α-SMA in iERM 

In iERM samples stained for GFAP/CRALBP, a co-expression of GFAP and CRALBP 

was observed in some of the epiretinal cells, whereas other cells were CRALBP 

positive only (Fig 2). These different staining patterns were in adjacent areas. Three 

out of four iERM specimens stained for GFAP/α-SMA showed a co-expression of 

GFAP and α-SMA.  

3.1.3. Presence of Type VI collagen in iERM 

Nine out of ten (90%) iERM showed a positive type VI collagen staining. In six of the 
immuno-positive epiretinal membranes, type VI collagen formed a diffuse fine 
fibrillary network (Fig 4). At the edge of the ERM, a direct attachment of the 
network to the underlying ILM could be visualized (Fig 4B). 
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Fig 2. The expression of glial fibrillary acidic protein (GFAP, green) and cellular 
retinaldehyde-binding protein (CRALBP, red) in iERM. Epiretinal cells are sometimes 
only CRALBP positive, indicating a Müller cell origin (arrow heads), whereas co-
expression of GFAP and CRALBP is seen in others, indicating Müller cell activation 
(arrows). Bar=25µm 
 

 
 
Fig 3. Representative epiretinal cell cluster in idiopathic epiretinal membrane that 
expressed both glial fibrillary acidic protein (GFAP, red) and α-smooth muscle actin 
(α-SMA, green). A. Variability in α-SMA positivity within one sample. Some cells 
have only weak and patchy α-SMA reactivity (arrow), while others are stained 
intensely (arrow head). Bar=100µm. B. Co-localization of GFAP (red) and α-SMA 
(green) positive iERM cells. Bar=10µm 
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Fig. 4. Expression of type VI collagen (red) in a flat-mounted idiopathic epiretinal 
membrane. A. Type VI collagen forms a well-arranged fibrillary network (arrow, 
bar=100µm). B. Diffuse attachment of a type VI collagen network to the 
underlying inner limiting membrane (arrow head) at the edge of the epiretinal 
membrane (arrow, bar=50µm). 
 

3.2. TGF-β1 induced collagen expression in MIO-M1 cells, fetal lung fibroblasts 

and skin fibroblasts 

TGF-β1 treatment induced significant changes in MIO-M1 cells (Fig 5. E to H) 

including: 1) upregulation of α-SMA expression and formation of α-SMA positive 

stress fibers. 2) down-regulation of type VI collagens in MIO-M1 cells which contain 

prominent stress fibers.   

The quiescent MIO-M1 cells exhibited intracellular positivity to type I, II, IV and VI 

collagens (Fig 4. A to D, green). Extracellular deposition of type I, II and VI collagens 

could be observed as irregular fibrillar structures. Also, a faint and diffuse 

cytoplasmic α-SMA positivity could be observed (Fig 4. A to D, red), but the α-SMA 

positive stress fibers were very rare. After 48-hours of incubation in 10 ng/ml of 

TGF-β1, a significant upregulation of α-SMA and α-SMA positive stress fibers was 

observed (Fig 4. E to H, red). Furthermore, the expression of type I, II and VI 
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collagens was significantly decreased in MIO-M1 cells containing α-SMA positive 

stress fibers while the cells that did not show α-SMA positivity maintained their 

expression of type I, II and VI collagen. The expression of type IV collagens in α-SMA 

stress fiber positive cells was the least affected. The staining of type IV collagen in 

α-SMA stress fiber positive cells was less diffusely present than in the α-SMA 

negative cells and seemed to be more concentrated around the nucleus. 

TGF-β1 treatment induced significant upregulation of α-SMA expression and 

formation of α-SMA positive stress fibers in FLF and SF as well. However, the 

intracellular staining of type I and VI collagens in both fibroblast cell lines containing 

α-SMA positive stress fibers remain to be the same with that of the α-SMA negative 

cells (Fig. 6). 

Discussion 

The primary goal of the current study is to provide evidences to show the direct 

involvement of retinal Müller cells in the formation of iERM. Of particular interest 

was to explore the collagens production profile in retinal Müller cells in the 

presence of pro-fibrotic growth factor - TGF-β1. 

Consistent with previous studies of human Müller cells, MIO-M1 cells are capable 

of becoming an α-SMA expressing phenotype in response to TGF-β1 thus promote 

the contraction of iERM.12 The progression of iERM can be considered as a fibrotic 

process because the pathological finding are an increased collagen deposition and 

membrane contraction. Although some debates exist concerning the initial event 

of iERM, the general consent is that retinal Müller cells are one of the important 

cell types that play a central role in this process by producing various collagens and 

express α-SMA that involved in the membrane contraction.8, 21-23 By being 

incorporated in the stress fibers, α-SMA is involved in the contractile activity of 

various cell types, such as fibroblasts, chondrocytes and mesenchymal stem cells, 
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etc.24-26 The de novo expression of α-SMA alone has been reported to increase the 

contractile activity in the fibroblasts.24  

 

 

Fig 5. Expression of α-smooth muscle actin and collagens in MIO-M1 cells in relation to 
transforming growth factor β1 (TGF-β1) treatment. Immuno-double labelling was 
performed to co-localize the expression of α-smooth muscle actin (red) and various 
collagens (green). The nuclei were counter stained with 4',6-diamidino-2-phenylindole 
(DAPI, blue). A to D: MIO-M1 cells without TGF-β1; E to L: MIO-M1 cells treated with TGF-
β1 for 48 hours. A, E and I: Type I collagen (green),  B, F and J: Type II collagen (green), C, G 
and K: Type IV collagen (green), and D, H and K: Type VI collagen (green). Bar = 10 µm. 
 
In our clinicopathological study, the co-expression of CRALBP/GFAP and α-

SMA/GFAP indicated that retinal Müller cell is actively involved in the formation of 

iERM. CRALBP is known to be expressed in retinal Müller cells containing 11-cis-

retinol and 11-cis-retinaldehyde, while the upregulation of GFAP is a hallmark of 

retinal Müller cell activation.27, 28 The simultaneous expression of CRALBP and GFAP 

can be used to differentiate hyalocytes that have also been shown to be responsible 

for the fibrotic tissue formation and expression of GFAP.29 Furthermore, we 

frequently observed cells that only expressed CRALBP and not GFAP in the vicinity 



Chapter 5 

 136 

of these activated Müller cells, which indicates a dynamic activation process of 

Müller cells. 

 

 
 

Fig 6. Expression of α-smooth muscle actin (α-SMA) and type I and VI collagens in MIO-M1 
cells, fetal lung fibroblasts (FLF) and skin fibroblasts (SF) treated with transforming growth 
factor β1 (TGF-β1) for 48 hours. Immuno-double labelling was performed to co-localize the 
expression of α-SMA (red) and type I and VI collagen (green). The nuclei were counter 
stained with 4',6-diamidino-2-phenylindole (DAPI, blue). A to D, MIO-M1 cells; E to H, FLF; I 
to L, SF. A, E and I, double labelling of α-SMA and type VI collagen; each image on their right: 
B, F and J, is the staining of type VI collagen; C, G and K, double labelling of α-SMA and type 
I collagen, the image to their right: D, H and L, is the staining of type I collagen. Bar = 10 µm. 

 

In addition, the observed variable expression of α-SMA in GFAP positive glial cells 

indicates that some of the retinal Müller cells can produce α-SMA and acquire the 

contractile activity. This is consistent with our in vitro results and with previous in 

vitro and animal studies which showed that Müller cells are actively involved in the 

formation and contraction of iERM.8, 30-32 

However, the effect of TGF-β retinal Müller cells was not exactly the same as 

reported in fibroblasts. Our observation suggested that when the retinal Müller 

cells become a α-SMA expressing phenotype in response to TGF-β1, the expression 
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of type I, II and VI collagens in these cells will decreased. These findings indicate 

that the collagen synthesis of these three types of collagens are either down-

regulated or they were secreted to the extracellular matrix efficiently. We favor the 

former hypothesis because the intracellular positivity of type I and VI collagens are 

not affected regardless the presence or absence of α-SMA positive stress fibers in 

the two types of fibroblasts we studied. In fibroblasts, it has been shown that TGF-

β1 induces the concomitant upregulation of both α-SMA and type I and VI collagen 

production.33, 34 Furthermore, the intracellular expression of type IV collagen was 

not affected in retinal Müller cells containing α-SMA positive fibers, which indicated 

that the secretion of collagens into the extracellular matrix were not enhanced. In 

addition, the synthesis of these collagens are completely intracellular, a significant 

immuno-positivity is expected if the cells are producing these collagens. Therefore, 

it is conceivable that the synthesis of type I, II and VI collagens in the retinal Müller 

cells containing α-SMA positive fibers are down-regulated. The suppression of type 

I, II and VI collagens may indicate a negative feedback mechanism that finely 

regulates the pro-fibrogenic effect of TGF-β in α-SMA positive retinal Müller cells. 

High dose of TGF-β has been shown to suppress the expression of type I collagen 

via the induction of a negative regulator of collagen transcription in renal 

fibroblasts.35 In addition, Smad7, a key inhibitor of TGF-β/Smad signaling pathway, 

may also participate in the suppression of the TGF-β induced collagen production.36 

Further research focusing on the exact mechanism of the down-regulation of 

collagen synthesis in retinal Müller cells that contain α-SMA positive stress fibers 

could provide a new approach to prevent fibrotic diseases.   

Idiopathic ERM contains a complex ECM protein network containing many types of 

collagens, including type I, II, III, IV and VI collagens. Our observations suggested 

that type VI collagens form a fine fibrillar network in iERM, which is consistent with 

previous reports.37, 38 Kritzenberger et al reported the expression of type VI collagen 
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predominantly in cellophane maculopathy as opposed to pre-retinal macular 

fibrosis.39 In previous research, type VI collagen expression was not detected in 

normal human ILM at the macular region nor in ERMs from idiopathic macular hole 

patients with the same immunohistochemical technique.19 We concluded that the 

positive staining of type VI collagen in the iERM was specific.  

In summary, our ex-vivo and in vitro studies shed some new light in the 

pathogenesis of iERM regarding the involvement of retinal Müller cells and the 

production of type I, II and VI collagens in response to TGF-β1. Although certain 

debate exists concerning the initial events of iERM formation, retinal Müller cells 

are one of the important cell types that actively are involved by migration, 

proliferation and transdifferentiation. During the process of iERM formation, TGF-

β can be produced and activated by both retinal Müller cells and hyalocytes.40-42 

Through an autocrine or paracrine fashion, TGF-β upregulates the expression of α-

SMA in these epi-retinal cells resulting in the contraction of epiretinal membrane. 

The production of collagens in α-SMA expressing Müller cells may be down-

regulated by certain negative feedback mechanisms, while the retinal Müller cells 

that have not become the α-SMA expressing phenotype could continue their 

production of collagen to form the ECM network of the iERM. Further research to 

understand the mechanism of down-regulation of collagen production in retinal 

Müller cells containing α-SMA positive stress fibers may provide novel therapeutic 

approach to prevent the formation of iERM.    
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Abstract 

Purpose The stiffness of the extracellular matrix has been shown to regulate cell 

adhesion, migration and transdifferentiation in fibrotic processes. Retinal Müller 

cells have been shown to be mechanosensitive and they are involved in fibrotic 

vitreoretinal diseases. Since fibrosis increases the rigidity of the extracellular matrix, 

we aimed to develop an in vitro model for studying Müller cell morphology in 

relation to matrix stiffness.  

Methods A spontaneously immortalized human Müller cell line (MIO-M1) was 

cultured on type I collagen coated polyacrylamide gels with Young’s moduli ranging 

from 2 to 92 kPa. Cell surface area, focal adhesion and the expression and 

morphology of α-smooth muscle actin induced by transforming growth factors β 

were analyzed by immunocytology. The images were documented by using 

fluorescent microscopy and confocal scanning laser microscopy.  

Results MIO-M1 cells cultured on stiff substrates exhibit a significantly increased 

cell surface area, and stress fiber and mature focal adhesion formation. 

Furthermore, Müller cells treated with transforming growth factor β1 and β2 and 

cultured on stiff substrates showed an increased incorporation of α-smooth muscle 

actin into stress fibers when compared to those grown on soft surfaces.  

Conclusions Our findings suggest that the compliance of the surrounding matrix 

influences the morphology, and contraction of retinal Müller cells in fibrotic 

conditions. The development of an in vitro model to simulate both the normal 

compliant retinal tissue and the rigid retinal fibrotic tissue provides additional 

knowledge to fill the gap between the results of cell culture performed in traditional 

petri dishes with rigid surfaces and in vivo findings. 
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Introduction 

Despite advancements in modern surgical techniques, the fibrocontractive 

vitreoretinal diseases, including proliferative vitreoretinopathy (PVR), proliferative 

diabetic retinopathy (PDR) and macular epiretinal membrane (ERM) either 

idiopathic or secondary to primary ocular diseases remain the major causes of 

irreversible damage to visual functioning.1 The resultant preretinal fibrocellular 

membranes consist of rigid and contractile scar tissue containing excessive fibrotic 

collagen deposition and contractile myofibroblasts.2 The formation of the 

fibrocontractive membrane is considered to represent a fibrotic process in which 

myofibroblasts are actively involved.3 This membrane will distort retinal anatomy, 

lead to disruption of the photoreceptor cells, formation of rigid retinal folds and 

recurrent tractional retinal detachment.  

The myofibroblast is a crucial cell type in wound healing and fibrotic processes 

because of its amply clarified function of extracellular matrix protein (mainly 

collagens) secretion and tissue contraction. In normal wound healing, 

myofibroblasts usually undergo apoptosis when the wound is healed. In fibrotic 

diseases, myofibroblasts are persistently activated resulting in excessive deposition 

of collagens and severe tissue contraction.4 The formation and persistence of 

myofibroblasts are driven by many profibrotic cytokines and growth factors of 

which transforming growth factor β (TGF-β) remains the most potent inducer of 

myofibroblast formation.5 Recent studies suggest that matrix stiffness, a measure 

of matrix resistance to mechanical deformation, regulates TGF-β induced 

myofibroblast formation in a wide range of fibrotic processes in heart, lung, liver 

and ocular tissue.6-9 These findings indicate that the increased matrix stiffness 

caused by the fibrotic process itself will promote myofibroblast formation and thus 

will further stimulate the fibrotic process.  
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The fibrocontractive vitreoretinal diseases are associated with TGF-β induced 

myofibroblast formation and tissue stiffening, which indicates that the increase in 

tissue elastic modulus may play a role in the formation of retinal fibrosis.10-14 

Quiescent cells, normally present in vitreous and retina, including hyalocytes, 

retinal pigment epithelial cells (RPE) and retinal glial cells, have been shown to be 

able to transdifferentiate into a myofibroblast-like cell type characterized by the 

expression of α-smooth muscle actin (α-SMA).15-18 Among these cells, the retinal 

Müller cell is one of the major cell types involved in the formation of an ERM and it 

can transdifferentiate into an α-SMA expressing phenotype resulting in ERM 

contraction.2, 19, 20 The primary location of the retinal Müller cell is in the retina with 

a very compliant surrounding extracellular matrix. However, when retinal Müller 

cells migrate to the site of ERM formation, they will encounter a stiffer matrix.21 

Evidence suggests that retinal Müller cells can sense the stiffness of the matrix and 

alter their cytoskeleton and gene expression profile accordingly.22 However, the 

molecular mechanisms and effects of substrate elastic modulus on TGF-β 

responsiveness in retinal Müller cells remain unclear.      

We hypothesized that retinal Müller cells are mechanosensitive and that their 

responsiveness to TGF-β is regulated by the substrate elastic modulus of the 

supporting matrix. Therefore, we studied the effects of TGF-β and substrate 

stiffness in a spontaneously immortalized retinal Müller cell line.   

Materials and methods 

Culture of Müller cells 

The MIO-M1 cell line is a spontaneously immortalized human retinal Müller cell line 

which was kindly provided by Prof. G. A. Limb (Moorfields/Institute of 

Ophthalmology, London, UK). The MIO-M1 cells have been confirmed to contain all 

the characteristics of human Müller cells.23 Dulbecco’s modification of Eagle’s 



Regulatory Role of Substrate Elastic Moduli on Retinal Müller Cells 

 147

medium (DMEM) with high glucose containing glutaMAX™-I (Life Technologies Inc., 

Rockville, MD) supplemented with 1% penicillin/streptomycin was the stock 

medium. The stock culture of MIO-MI (passage between 60 to 70) was maintained 

in this medium plus 10% fetal bovine serum (FBS; Life Technologies Inc.) at 37°C 

with 5% CO2 for the experiments. 

Tunable polyacrylamide gels (PAGs) preparation and characterization 

PAGs with tunable elasticity were prepared on German glass coverslips (15mm) as 

described previously according to the protocol of Pelham and Wang with some 

modifications.24, 25 The coverslips were soaked in 99% pure ethanol containing 0.5% 

3-(trimethoxysilyl) propyl methacrylate and 0.3% acetic acid for 3 minutes. Then 

the coverslips were rinsed with 99% pure ethanol and stored in 99% ethanol for 

later use. A 20 cm x 30 cm size glass plate coated with dichlorodimethylsilane was 

used as the polymerization surface. The gel mixtures were composed of 7.5% 

acrylamide, 0.01 – 0.3% bisacrylamide (bis, Bio-Rad Laboratories, Hercules, CA), 0.1% 

ammoniumpersulfate, and 0.2% N, N, N’,N’-tetramethylmethylendiamine (TEMED, 

Sigma-Aldrich, St. Louis, MO), which were diluted in 10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, Life technologies, Carlsbad, CA) buffered 

solution (pH 8). Afterwards, a 100 µl of aliquot was placed on the glass plate and a 

coverslip was placed on top of the droplet. The desired elasticity of the PAGs was 

achieved by varying the percentage of acrylamide and bis. Elastic moduli ranged 

from 2 to 92 kPa to model the elastic modulus range that the Müller cells may 

encounter at the vitreoretinal interface (neural retina: 1 to 20 kPa13, 26; retinal inner 

limiting membrane: 100-200 kPa27). PAGs were polymerized on a coverslip for 30 

minutes and removed from the glass plate. Then they were incubated with a 

crosslinker to ligate collagens to the PAGs. After 3 times of washing with sterile 

phosphate buffered saline (PBS), the PAGs were functionalized by incubation with 

30µg/ml of type I collagen (PureCol, San Diego, CA) diluted in PBS at 37°C for 2 
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hours and rinsed with PBS afterwards. The final thickness of the PAGs was around 

100 µm. The PAGs on the coverslips were placed in 6-well culture plates filled with 

2 ml of PBS and stored at 4°C. The validation of the elastic modulus of each resultant 

PAG was confirmed by an indentation test using an atomic force microscope 

(BioScope Catalyst™ BioAFM, Billerica, MA).    

Cell seeding and morphology 

MIO-M1 cells were seeded onto the PAGs (5x104/cm2) in the 6-well plates and 

allowed to grow for 24 hours at 37°C with 5% CO2 in the cell incubator. Afterwards, 

the cells were assessed by indirect fluorescent immunocytology (see below). 

Although the numbers of cells that cannot attach to the soft PAGs are greater than 

those of the cells grown on stiffer surfaces (12 kPa and onwards) after 24 hours of 

incubation, the cells that attached to the PAGs grew normally and reached 90% 

confluence after 72 hours of incubation. 

The responsiveness of MIO-M1 cells grown on different elastic moduli to TGF-β1 

and β2  

The effects of TGF-β1 and β2 administration on the expression of α-SMA in MIO-

M1 cells seeded onto PAGs of varying elastic moduli (2, 4, 12, 26, and 92 kPa) were 

studied. The coverslips without PAGs that underwent the entire crosslinking and 

type I collagen coating procedure were used as a control group. MIO-M1 cells were 

seeded onto the PAGs (5x104/cm2) in 6-well plates and allowed to adhere for 24 

hours at 37°C with 5% CO2 in stock medium containing 10% FBS. Afterwards, MIO-

M1 cells were treated with recombinant TGF-β1 and β2 (10ng/ml, R&D Systems, 

Minneapolis, MN) or, PBS which was used as a negative control. After 48 hours of 

incubation in a cell culture incubator, the MIO-M1 cells were collected for 

immunocytologic analysis.     

Indirect fluorescent immunocytology  
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The MIO-M1 cells were briefly rinsed in PBS and fixed with 1:1 acetone/methanol 

at -20°C for 10 minutes. Then, the cells were rinsed with PBS and pre-incubated in 

5% bovine serum albumin (BSA, Sanquin, Amsterdam, the Netherlands) in PBS to 

block unspecific binding, followed by incubation with primary antibodies diluted 

1:100 in PBS.  

For the analysis of focal adhesions and the actin cytoskeleton, the cells were first 

incubated in mouse anti-vinculin antibody (Sigma-Aldrich, diluted to 1:100 in PBS) 

for an hour, followed by incubation in FITC conjugated donkey anti-mouse antibody 

(green, to stain focal adhesions), RedX conjugated phalloidin (red, to stain the actin 

filaments) and 4',6-diamidino-2-phenylindole (DAPI, blue, for nuclear counter 

staining, Sigma-Aldrich, 1:200) for another one hour. The entire staining procedure 

was performed in a dark chamber at room temperature. The phalloidin-stained cell 

surface area was measured on images obtained by confocal laser scanning 

microscopy (CLSM, Leica TCS-SP2, Wetzlar, Germany) using Image-J software; the 

average cell surface areas were calculated from at least 50 cells from 9 images of 

three independent experiments. 

For protein expression analysis, primary antibodies of different producers (usually 

mouse and rabbit) were combined. The primary antibodies used included mouse 

anti-glial fibrillary acidic protein antibody (GFAP, marker of Müller cell activation, 

Sigma-Aldrich); rabbit anti-cellular retinaldehyde-binding protein antibody 

(CRALBP, UW55, a kind gift from J.C. Saari, University of Washington, Seattle, Wash), 

and mouse anti-α-SMA (Sigma-Aldrich). The cells were  fixed with 1:1 

acetone/methanol and then incubated in 5% BSA as aforementioned. Then, the 

cells were incubated in a mixture of two primary antibodies (both were diluted to 

1:100 in PBS) for one hour at room temperature. Afterwards, the cells were rinsed 

with PBS and incubated in secondary antibodies with fluorescent conjugations for 

one hour in a dark chamber at room temperature.. Depending on the producer of 
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the primary antibodies, the following secondary antibodies were included: FITC 

conjugated donkey anti-mouse antibody, and RedX conjugated donkey anti-rabbit 

antibody (1:200, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). 

Nucleus counter staining was performed by using DAPI (Sigma-Aldrich, 1:200). After 

staining, the cells on the PAG-coated coverslips were placed on slides with a drop 

of antifadent (AF1, Citifluor Ltd, London, UK) and sealed. The entire 

immunocytologic procedures were performed at room temperature under dark 

conditions.  

5. Photodocumentation and Statistical Analysis 

A fluorescent microscope (Leica DMR, Leica, Wetzlar, Germany) and CLSM (Leica) 

were used to document the samples. Image-J software was used to measure the 

cell numbers and surface areas. The data was analyzed by SigmaPlot 12.1 (Systat 

Software Inc, San Jose, CA). Because the cell surface area value was not normally 

distributed, Kruskal-Wallis One Way Analysis of Variance on Ranks and Dunn’s post-

hoc method was used to compare the difference between the groups. The Mann-

Whitney U Statistic test was used to calculate the P value between each group. 

P<0.05 was considered statistically significant. 

Results 

1. Substrate elasticity modulates the cell surface area of MIO-M1 cells 

The MIO-M1 cells plated on PAGs with different elastic moduli displayed different 

morphological features, including cell surface area, organization of intracellular 

actin fibers and expression of vinculin in focal adhesions and cytoplasm.  

A gradual increase in surface area of the MIO-M1 cells was observed with increasing 

elastic modulus of the PAGs between 2 and 26 kPa. At values higher than 26 kPa, 

the average cell surface area of MIO-M1 cells remained stable. (Table 1, Figure 1). 

Statistical analysis showed that cells grown on 2 kPa PAGs had a smaller surface 
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area than those grown on 4, 12, 26 and 92 kPa PAGs and on control cover slips, 

respectively (P < 0.001). Cells grown on 4 kPa PAGs had a smaller surface area than 

those grown on 26 and 92 kPa PAGs and on control cover slips, respectively (P < 

0.001, P < 0.001, and P = 0.003). Cells grown on 12 kPa PAGs had a smaller surface 

area than those grown on 26 and 92 kPa PAGs (P = 0.015 and P = 0.012). The 

difference between 4 and 12 kPa (P = 0.056) and the differences between 26, 92 

kPa and cover slip, were not statistically significant (P = 0.598 and P = 0.431).  

2. Substrate elasticity modulates cytoskeleton organization and focal adhesions 

of MIO-M1 cells 

We observed a clear relationship between increasing elastic modulus of the PAGs 

and cell morphology. Phalloidin staining showed that actin was present in all cells, 

mostly in the form of filaments. Filaments were not observed in a few single cells 

grown on 2 kPa PAGs. However, single cells were scarce, since cells usually formed 

clusters with cell-cell contact after 24 hours of adhesion. Cells organized in clusters 

were often elongated and contained prominent actin filaments. Actin filaments in 

MIO-M1 cells grown on 2 and 4 kPa PAGs were relatively thin and less organized 

than those in cells grown on the stiffer substrates. MIO-M1 cells grown on 12, 26 

and 92 kPa PAGs formed prominent stress fibers (Figure 2A). Vinculin staining also 

showed clear differences in cell morphology in relation to substrate stiffness. Focal 

adhesions in MIO-M1 on softer PAGs (2 and 4 kPa) were visible as small dot-like 

structures around 1 µm in length which would correspond to focal 
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Figure 1. Box plots showing cell surface area (µm2) of MIO-M1 cells on polyacrylamide gels 
with different elastic moduli  
MIO-M1 cells were seeded on PAG-coated or control cover slips for 24 hours. With 
increasing stiffness of the PAGs, a trend of gradual increase in cell surface area was 
observed, which reached its maximum at 26 kPa. The average cell surface areas on 2kPa 
PAGs were significantly smaller than those on 12, 26 and 92 kPa PAGs and cover slip (P = 
0.010, P = 0.001, P = 0.002 and P= 0.002). Error bars: minimal and maximal value of the 
cell surface area; square bar: first and third quartile; line in the bar: median; circle: mean. 
 

complexes. These small dot-like structures were randomly distributed over the 

cell-surface contact area. In addition, prominent intracytoplasmic vinculin 

immuno-positivity in MIO-M1 cells on soft PAGs (2 and 4 kPa) was seen, indicating 

vinculin that was not incorporated into focal adhesions (Figure 2B). In contrast, 

focal adhesions on stiffer PAGs (12, 26 and 92 kPa) had the typical morphological 
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features of mature focal adhesions as described by Riveline et al.28 They formed 2 

to 5 µm long structures, that were intensely stained by anti-vinculin antibodies 

and colocalized with the distal endings of the stress fibers at sites of cell-matrix 

adhesions. 

3. Substrate elasticity modulates the intracellular organization of α-SMA positive 

stress fibers in TGF-β treated MIO-M1 cells.  

We investigated the effect of substrate elasticity on both TGF-β1 and -β2 induced 

α-SMA expression in MIO-M1 cells. By immunocytology, all MIO-M1 cells showed 

an up-regulation of α-SMA expression in response to TGF-β1 and β2 treatment 

regardless of the elasticity of the PAGs on which they were grown (Figure 3). 

However, the morphology of the α-SMA structures differed in relation to the 

substrate elasticity. MIO-M1 cells grown on the soft PAGs (2 and 4 kPa) had a similar 

α-SMA distribution pattern that differed from that of cells grown on more rigid 

PAGs (12, 26, 92 kPa and control cover slips).  In cells grown on softer PAGs, diffuse 

intra-cytoplasmic α-SMA positivity was observed, whereas  α-SMA positive stress 

fibers were not prominent. In cells grown on more rigid surfaces, TGF-β induced 

prominent α-SMA positive stress fibers. These stress fibers were seen as straight 

fibers aligned with the long axis of the cells (Figure 3).  
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Figure 2 Confocal scanning laser microscopy images of cytoskeleton and focal adhesions 
(FAs) of MIO-M1 cells on PAGs with different elastic moduli. 
MIO-M1 cells were seeded on PAGs with different elastic moduli (ranging from 2 to 92 kPa 
and cover slips with the same surface coating) and cultured for 24 hours. The cells were 
stained with vinculin antibodies (indicating FAs, green) and phalloidin to stain actin 
filaments (red). Nuclei were counter-stained with 4',6-diamidino-2-phenylindole (DAPI, 
blue). Panel A. Single cells without and cell clusters with thin actin filaments in cells grown 
on soft PAGs (2 and 4 kPa). Prominent stress fibers spanning the entire cell in cells grown 
on stiffer PAGs (12 to 92 kPa and cover slip). Vinculin staining displayed small dot-like 
structures in cells grown on soft PAGs (2 and 4 kPa), corresponding to focal complexes. On 
stiffer PAGs, larger and elongated focal adhesions were present. Furthermore, cells on soft 
PAGs contained intra-cytoplasmic vinculin indicating a dynamic vinculin assembly or 
dissociation from the focal adhesion. On 92 kPa and cover slip the DAPI staining was 
omitted. Panel B. Upon higher magnification, the vinculin containing focal adhesions on 
rigid PAGs (12 to 92 kPa and control cover slips) had the classical aspect of mature focal 
adhesions, whereas focal adhesions on soft PAGs were small dot-like focal complexes. On 
2, 12, 92 kPa and cover slip, the DAPI staining was omitted. (Panel A: bar = 50 µm; panel B: 
bar = 20 µm) 
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Figure 3 TGF-β induced α-smooth muscle actin (α-SMA) positive stress fibers in MIO-M1 
cells grown on polyacrylamide gels (PAGs) with different elastic moduli. 
MIO-M1 cells were seeded on PAGs with different elastic moduli ranging from 2 to 26 kPa, 
and stimulated with TGF-β1 (panel A) or β2 (panel B) for 48 hours, and stained for α-SMA 
(green). The nuclei were counter stained with 4',6-diamidino-2-phenylindole (DAPI, blue). 
Stress fibers can be seen in cells grown on 12 and 26 kPa PAGs.   
 

4. Discussion 

To explore the role of substrate stiffness in regulating the morphology and function 

of retinal Müller cells, we studied the cytoskeletal morphology and formation of 

focal adhesion in retinal Müller cells grown on PAGs with different elastic moduli. 

In addition, our experiments showed that the elastic modulus affects the TGF-β1 

and β2 induced expression and incorporation of α-SMA into stress fibers. 

Our experiments indicate that retinal Müller cells are mechanosensitive by showing 

that the elastic modulus of the substrate influences their actin cytoskeletal 

morphology and focal adhesions. Cytoskeletal organization and the formation of 

mature focal adhesions are prominent in cells grown on PAGs of 12 kPa and more, 

whereas cell surface areas reach their maximum on 26 kPa PAGs. Furthermore, the 

elastic modulus also affects the TGF-β1 and β2 induced incorporation of α-SMA into 

stress fibers.  

Most cells not only respond to mechanical forces but actively probe substrate 

flexibility by applying contractile forces through focal adhesions and responding to 

the feedback of counterforce.29, 30 An increasing number of cellular processes, such 

as cell spreading, cytoskeletal remodeling and adhesion, are found to depend on 

mechanical cues originating from the extracellular microenvironment.30 Epithelial 

cells and fibroblasts were the first cell types reported to respond differently to soft 

versus rigid substrates.24 Since then, various cell types have been shown to exhibit 

different sensitivities in response to the elastic modulus of the surrounding 
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matrix.31, 32 For example, neurons were reported to prefer soft substrates with an 

elastic modulus of less than 1 kPa.33, 34 Previous studies already suggested that 

retinal Müller cells are mechanosensitive22, since they can respond to external 

forces (outside-in) such as cyclic traction by changing their protein expression 

profile and function.35, 36 The morphological aspects of Müller cells in relation to 

substrate stiffness as observed in our study, including smaller cell surface areas and 

less organized cytoskeletons and stress fibers on soft as compared to stiff 

substrates, are consistent with prior experiments by others on fibroblasts, epithelial 

cells, astrocytes and Müller cells. Since different cell types respond to the substrate 

stiffness and adapt their morphological and functional activities differently, 

substrate elasticity should be taken into consideration when cellular behavior of 

Müller cells is studied.22, 31  

We observed significant differences in cellular morphology and functionality 

between the Müller cells grown on soft PAGs (2 kPa) and stiffer substrates (12 to 

92 kPa PAGs, and control cover slip). Similar morphological differences have been 

reported in a mouse Müller cell culture study using PAGs.22 We furthered the 

previous observation in the present human cell model by defining the threshold of 

elasticity over which the stress fibers containing actin filaments and focal adhesions 

containing vinculin in the Müller cells start to be prominently expressed. The 

threshold for Müller cells is between 2 to 4 kPa, and is lower than that found in 

fibroblasts. In case of substrate stiffnesses of more than 3 to 9 kPa, fibroblasts 

switched from being round and having a lack of stress fibers to the typical fibroblast 

seen in conventional tissue cultures with abundant stress fibers and elongated focal 

adhesions.31 The proposed mechanism is that the substrate stiffness should be 

higher than the elastic modulus of the fibroblast itself, which allows the internal 

contractile forces to result in a deformation not only of the external matrix but also 

of the cytoskeleton.   
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We observed that the increase in incorporation of actin filaments into the 

cytoskeleton, the maturation of focal adhesions and the vinculin recruitment are 

coincident with an increase in substrate stiffness. These findings indicate that the 

substrate elasticity has an impact on focal adhesion and actin cytoskeleton 

formation which result in changes in Müller cell dynamics and morphology. The 

focal adhesion, which links the ECM and actin cytoskeleton, has been shown to be 

one of the important surface-sensing “organelles”.37 The initiation and growth of 

focal adhesions are strongly dependent on the tension of the actin filaments they 

are tethered to.38 Vinculin is one of the important intracellular, mechanical sensing 

molecules among the complex protein components of focal adhesion.39 The 

observed increase in vinculin staining in the focal adhesion on stiff substrates is 

consistent with previous observations in other cell types, which suggests that the 

recruitment and maintenance of vinculin in focal adhesions are both regulated by 

tension.24 Lee and co-workers demonstrated that the local tensile force can induce 

the exposure of the major vinculin binding site on talin, which is the core protein 

that interacts with vinculin in the focal adhesion.40 Carisey et al showed that 

vinculin was dissociated from the focal adhesions when the local actomyosin-

mediated tension is disrupted by ROCK inhibitor.41 It was previously shown that the 

compliance of the soft substrate interferes with the feedback loop that 

interconnects the formation of focal adhesions and polymerization of the actin 

cytoskeleton resulting in the dissociation of vinculin from the focal adhesion and 

the disruption of the actin cytoskeleton. Our observation of diffuse intracellular 

vinculin staining in cells grown on soft PAGs is in line with this. Previous studies 

showed that vinculin stabilizes the focal adhesion and promotes focal adhesion 

growth with increasing tension.42, 43 Therefore, our observation indicates that 

vinculin is actively involved in the mechano-sensitivity of Müller cells.   
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The link between mechanical strain and fibrosis is clinically well established.44 Our 

observations demonstrate a clear influence of the mechanical environment on the 

organization of α-SMA in stress fibers in retinal Müller cells which is consistent with 

previous reports in fibroblasts.9, 45 The administration of TGF-β for 48 hours induced 

a significant up-regulation of α-SMA and prominent α-SMA positive stress fiber 

formation in retinal Müller cells on stiff PAGs while the expression of α-SMA was 

less significant and the α-SMA positive stress fibers were disorganized in the Müller 

cells on soft PAGs. These findings suggest that, as retinal fibrotic diseases progress, 

the stiffening of the fibrotic tissue further promotes the transdifferentiation of 

retinal Müller cells to a myofibroblast-like phenotype in the presence of TGF-β. An 

experimental animal model of epiretinal membrane formation showed that 

vinculin and α-SMA expression were significantly increased in Müller cells that 

resided in the epiretinal membrane compared to that of  Müller cells in the retina.46 

It is conceivable that the increased stiffness of retinal fibrotic tissue could provide 

an extracellular microenvironment that promotes the upregulation of α-SMA in 

retinal Müller cells resulting in further fibrosis and contraction.    

The tunable PAGs culture system provides a reliable model to mimic the differences 

in tissue stiffness that Müller cells may encounter in their in vivo environments 

during physiological and pathological processes. Since substrate elasticity has been 

recognized as one of the crucial biomechanical factors that regulate the 

morphology, migration, proliferation and transdifferentiation of mammalian cells 

31, 47, several types of hydrogels, including collagen matrix, matrigel, agarose etc., 

have been applied as environmental models.48, 49 The major drawbacks of these 

biological polymers is that their different elastic moduli are controlled by varying 

the concentration of collagen, which also results in significant differences in the 

mesh sizes of the gels.50 The PAGs system has been developed to overcome some 

of the aforementioned problems. The elastic moduli of the PAGs can be 
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manipulated by varying the ratio of acrylamide and bis-acrylamide without 

changing the surface texture.51 Furthermore, the PAGs are biochemically stable 

materials which provides the opportunity to study the effect of elastic modulus on 

cell behavior without the influence of other biological properties.51  

Summary and perspective 

Cells constantly exert tractional forces on their extracellular matrix through their 

actin filaments and focal adhesions. The elasticity of the extracellular matrix will 

determine the feedback force, which can be sensed by the cells through their focal 

adhesions which can trigger certain general intracellular processes resulting in 

changes in cellular functions. Understanding the underlying molecular mechanisms 

of mechanotransduction in the retinal Müller cell may provide new treatment 

strategies in the prevention of retinal fibrocontractive diseases. The development 

of an in vitro model to simulate both the normal compliant retinal tissue and the 

rigid retinal fibrotic tissue may provide additional knowledge to fill the gap between 

the results of cell cultures performed in traditional petri dishes with rigid surfaces 

and in vivo findings.  
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Mechano-activation of Müller cells induced by vitreo-macular traction may be a 

common pathogenic factor in vitreo-macular diseases 

The vitreoretinal interface is a dynamic extracellular matrix (ECM) structure which 

undergoes constant remodelling throughout a lifetime. Remodelling of the ECM at 

the vitreoretinal interface, both resulting from ageing and fibrotic changes, plays a 

significant role in the pathogenesis of many vitreoretinal disorders. Understanding 

the biochemical and biomechanical roles of aged ECM in fibrosis will permit the 

construction of a plausible sequence of events leading to the development of these 

sight-threatening conditions.  

Based on current clinical and laboratory observations, we hypothesize that the age-

related ECM remodelling of the vitreoretinal interface could result in an increased 

tissue stiffness and a prolonged vitreoretinal traction, which could trigger the 

proliferation, migration and transdifferentiation of Müller cells by mechanical 

traction. The mechanically activated Müller cells could further release and activate 

certain cytokines that eventually lead to the formation of an epiretinal membrane. 

Furthermore, increased tissue stiffness resulting from age-related ECM remodelling 

provides a profibrotic environment by activating profibrotic cytokines, such as 

transforming growth factor-β (TGF-β), which maintain the functional activity of 

myofibroblasts (Fig. 1).   

Mechanosensitivity of Müller cells and its role in the pathogenesis of vitreoretinal 

diseases 

With aging, a posterior vitreous detachment (PVD) develops progressively, which 

usually starts as a partial PVD at the perifoveal area. This may induce antero- 

posterior traction to the foveal area during eye movements, because of a strong 

persistent vitreo-macular adhesion.1, 2 The cortical vitreous remnants left on the 

macula after spontaneous PVD strongly suggest the presence of strong vitreo- 
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Figure 1 Schematic diagram of the proposed theory on the pathogenesis of epiretinal 

membrane associated with vitreo-macular traction. AGEs: advanced glycation end products; 

PVD: posterior vitreous detachment; TGF-β: transforming growth factor-β. 

macular adhesion. It has been proposed that adhesion molecules, such as 

fibronectin, laminin, heparan sulphate proteoglycans and opticin, are responsible 

for the vitreoretinal adhesion by interacting with both type II collagens in the 

vitreous fibril and type IV collagens in the ILM.3-5 Additionally, the collagens 

identified by our group in the vitreoretinal interface, such as type VI, VII and XVIII 

collagens may be involved in the molecular mechanism of vitreoretinal adhesion.6 

Furthermore, the age-related accumulation of advanced glycation end products 

(AGEs) and deposition of newly formed collagen may contribute to an increase in 

tractional forces by increasing the elastic modulus of the vitreoretinal ECM.  
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Dynamic antero-posterior vitreo-macular traction has been well accepted as an 

important pathogenic factor in various macular diseases.7, 8 The direct pulling force 

exerted by shrinking vitreous has been suggested to physically damage the retina 

and cause a defect in retinal tissue including the inner limiting membrane (ILM). 

Such an event can lead to the formation of an idiopathic macular hole or an 

idiopathic epiretinal membrane.9, 10 Besides a direct mechanical impact, the 

traction force may also exert a biomechanical effect on  the retina during the 

process of PVD. Müller cells are highly concentrated at the central foveal area and 

are suggested to be responsible for the foveal architecture and its structural 

integrity.11 Mechanical traction forces onto the fovea may activate these Müller 

cells, since they have been shown to be mechanically sensitive as aforementioned 

in Chapter 6.12, 13 

The mechanical sensitivity of Müller cells may play an important role at the initial 

stages of certain vitreo-macular diseases. As the principle retinal glial cells, Müller 

cells are responsible for the normal retinal functions and they are actively involved 

in retinal pathology.14 The gliotic response and proliferation of Müller cells can be 

triggered by retinal injury, vitreous hemorrhage, inflammatory factors, cytokines 

and growth factors released during blood-retinal barrier breakdown and 

mechanical traction from an anomalous posterior vitreous detachment.15 However, 

retinal tissue damage and blood-retinal barrier breakdown are not common in the 

early stages of certain vitreo-macular diseases, i.e. idiopathic macular hole, 

idiopathic epiretinal membrane and vitreo-macular traction syndrome. It is 

conceivable that the activation of Müller cells by mechanical traction may be the 

initial pathological change in these diseases. Furthermore, the subsequent gliotic 

scar formation may also partially be due to persistent vitreo-retinal adhesion and 

tangential traction because the increased tension could promote the formation of 

myofibroblasts. 
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Mechanical stimuli can regulate the proliferation, migration and 

transdifferentiation of many types of cells.16, 17 The signal transduction pathways 

which can be triggered by mechanical stimuli include mitogen-activated protein 

kinase pathway (MAP kinase), purinergic G protein-coupled receptors (P2Y 

receptors)  and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) pathway.18 These signaling pathways have been shown to induce the expression 

of glial fibrillary acidic protein (GFAP), the hallmark of Müller cell activation.19, 20 

Lindqvist et al demonstrated that mechanical stretching can induce an immediate 

increase in intracellular Ca2+ concentration and upregulation of basic fibroblast 

growth factor (bFGF), c-Fos and extracellular-signal-regulated kinases (ERK) in the 

Müller cells.13 Bringmann and Wiedemann suggested that the mechanical stress 

onto the Müller cells may trigger the activation of Ca2+-dependent potassium 

channels which can stimulate Müller cell proliferation.15 Nonetheless, the 

molecules involved in the mechanical sensing process of Müller cells have not yet 

been clarified.  

Integrins can mechanically stimulate MAP kinase and NF-κB pathways and are thus 

important candidates in mediating the mechanical cell to matrix signaling 

transduction at the vitreo-macular interface. Brem et al report that integrin 

subunits α2, α3 and β1 are present in the retinal inner limiting membrane.21 As the 

principle mechanotransducer, integrin α2 and β1 subunit have been shown to 

induce an enhanced tyrosine phosphorylation under mechanical stretching, which 

leads to activation of MAP kinase. 22 As the aforementioned suggests, it is 

conceivable that Müller cells can be activated by mechanical stretching and start to 

proliferate.   
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Nature and origin of the glial cells in epiretinal membrane (ERM) associated with 

idiopathic macular hole (MH) and vitreo-macular traction syndrome (VMS) 

The mechanosensitivity of Müller cells may have a significant role in the 

pathogenesis of idiopathic MH and VMS. During the process of ERM formation, 

activation of Müller cells could be triggered by an incomplete PVD at the fovea as 

is seen in the early stages of macular hole formation. It has generally been accepted 

that anteroposterior and dynamic vitreo-macular traction in the presence of a 

perifoveal PVD is the primary cause of idiopathic macular hole formation.7, 8, 23 

Bringmann et al suggested that the antero-posterior vitreo-foveal traction could 

activate Müller cells and result in their subsequent migration and proliferation.14 

Mechanical traction forces exerted onto the Müller cells may increase influx of Ca2+ 

into the cells through stretch-activated channels, which in its turn may result in the 

activation of Ca2+-dependent potassium channels.24, 25 Such activation may lead to 

hypertrophic changes including  swelling of the cellular processes and enlargement 

of the cell body. These morphological changes can be seen in clinical optical 

coherence tomography as intra-retinal cystoid changes and are highly correlated to 

a partial PVD with vitreo-macular adhesion at the beginning of macular hole 

formation.26 The swelling and hypertrophy of Müller cells may induce tissue 

weakening at the macular area. With persistent traction, a macular tear can occur.  

Subsequently, persistent vitreo-retinal traction and the injured retina may proceed 

to stimulate the proliferation, migration and differentiation of Müller cells and the 

formation of a gliotic scar in stage II macular holes. Schumann et al. in a recent 

immuno-cytochemical study, identified cells in the MH-associated ERM co-

expressing GFAP and CRALBP. From this they concluded that cell migration and 

proliferation occur early in the course of the disease and that Müller cells are an 

important component of MH-associated epiretinal cell proliferation.27 In a clinical 

observation on the natural history of MH-associated ERM, Cheng et al found an 
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increased prevalence of ERM in late stage macular hole cases compared to that in 

early stage MH. In the course of time, MH associated ERMs mature and stabilize.28 

The self-limiting nature of these ERMs could be partially due to the formation of a 

complete PVD and thus a relief of the vitreo-macular traction, thereby removing 

traction stimuli on Müller cells. 

 

The influence of transforming growth factor-β during the formation of epiretinal 

membrane associated with vitreoretinal diseases 

Activation of latent TGF-β residing in the ECM, is probably an important initial factor 

in ERM formation associated with prolonged vitreo-macular traction. Possible 

triggers of TGF-β activation are known in some diseases, such as, tissue damage (in 

idiopathic macular hole, peripheral retinal break and rhegmatogenous retinal 

detachment), breakdown of the blood-retinal barrier (retinal vein occlusion and 

diabetic retinopathy). However, it has not been clarified in certain diseases such as 

idiopathic epiretinal membrane (iERM) and vitreo-macular traction syndrome. 

Therefore, we hypothesize that the traction exerted by a prolonged partial PVD can 

be sensed by Müller cells at the macula and can trigger the activation of latent TGF-

β present in the ECM and the production of TGF-β and other cytokines by the 

activated Müller cells. This will result in the proliferation of the epiretinal cells and 

an up-regulation of α-SMA stress fibers in Müller cells (Chapters 5 and 6 of this 

thesis), which will increase the contractile activity of these cells. The ensuing tissue 

contraction may further contribute to TGF-β activation, thus further promoting the 

fibrotic process.   

 

In summary, remodelling of ECM components at the vitreoretinal interface is 

important during the pathogenesis of vitreoretinal diseases. An understanding of 
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these factors may eventually lead to the development of effective and non-surgical 

approaches to treat and prevent vitreoretinal diseases.   
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Summary 

Chapter 1. General introduction The vitreoretinal interface encompasses the 

cortical vitreous, inner limiting membrane (ILM) and the endfeet of retinal Müller 

cells. It is a highly organized and complex extracellular matrix structure composed 

of collagens, proteoglycans (PGs) and glycoproteins (GPs). With age, the 

vitreoretinal interface undergoes a dynamic remodelling process which is related 

to certain ageing phenomena (e.g. synchysis, syneresis, and posterior vitreous 

detachment). Furthermore, the remodelling of the ECM at the vitreoretinal 

interface during ageing and fibrotic processes may regulate the pathogenesis of 

certain vitreoretinal diseases.  

Chapter 2. A review of the literature on idiopathic epiretinal membrane (iERM) is 

given. Epidemiologic studies report on a relationship between iERM prevalence and 

increasing age, posterior vitreous detachment (PVD), ethnic groups etc. Clinically, 

iERM progresses through different stages characterized by an increased thickness 

and wrinkling of the membrane. Diagnostic optical coherent tomography (OCT) 

procedures have been refined over the last decades and OCT aspects may be 

informative in predicting visual outcomes after surgical removal of the iERM. 

Pathophysiologically, iERM formation is a fibrotic process in which myofibroblast 

formation and the deposition of newly formed collagens (type I, III, IV and VI 

collagens) play key roles. Myofibroblasts may have multiple origins, and their 

formation is stimulated by cytokines in the micro environment, as well as by cues 

obtained from structural macromolecules in the ECM. Anomalous PVD may be a 

key event initiating the formation of iERM. The age-related accumulation of 

advanced glycation end products may contribute to anomalous PVD formation and 

may also influence the mechanical properties of the iERM. The understanding of 

molecular mechanisms underlying the pro-fibrotic effects of ECM components and 
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the mechanical cues permit the construction of a plausible sequence of events that 

lead to the development of iERM. 

Chapter 3. The ultrastructural localization of type II, IV and VI collagens in the adult 

human vitreoretinal interface of five human donor eyes was evaluated by 

transmission electron microscopy using immunogold labeling. In the pre-equatorial 

region, we observed densely packed vitreous lamellae with a partly intraretinal 

course containing type II and VI collagens, reticular structures containing type IV 

and VI collagens and a thin inner limiting membrane (ILM) containing type IV and 

VI collagens in a linear distribution pattern. The presence of type VI collagen in 

vitreous lamellae penetrating the ILM into the superficial retina suggests that type 

VI collagen is a critical component involved in the organization of vitreous lamellae 

and the adhesion of the vitreous fibers to the surjacent retinal matrix and retinal 

cells. From the anterior to the posterior retina, the linear labeling pattern of type 

IV and VI collagens gradually became more diffuse, and labeling could be observed 

throughout the entire thickness of the ILM. The close co-distribution of type IV and 

VI collagens in the ILM suggests that both types of collagen important structural 

components of the ILM. The reticular labeling patterns observed in the anterior 

vitreous are highly similar to labeling patterns of blood vessel walls. In the anterior 

vitreous, they may represent remnants of the regressed embryonic hyaloid blood 

vessel system. 

Chapter 4. Epiretinal membranes (ERMs) from idiopathic macular hole patients 

were processed for flat-mount and immuno-histochemistry. ERM is a glail fibrillary 

acidic protein (GFAP)-positive gliotic and fibrotic scar which contains newly formed 

type I, III and V collagens. Type VI collagen was not observed. Co-localization studies 

found cells co-expressing GFAP/ cellular retinaldehyde-binding protein (CRALBP), 

GFAP/ α-smooth muscle actin (α-SMA), and α-SMA/CRALBP, which is consistent 

with transdifferentiation of Müller cells into a fibroblast- and myofibroblast-like 



 

 180 

phenotype. The clinically significant ERMs can be divided into two groups according 

to the amount of cells in the ERM: sparse cellular proliferation and dense cellular 

proliferation. The latter group is associated with a higher chance of surgical 

difficulty during ILM peeling. The retinal Müller cell is one of the important cell 

types that are involved in ERM formation in idiopathic macular hole. 

Chapter 5. Epiretinal membranes from idiopathic epiretinal membrane (iERM) 

patients were assessed by flat-mount immunohistochemistry. The presence of type 

VI collagen was found in these ERMs. The co-localization of GFAP/CRALBP and 

GFAP/α-SMA in the epiretinal cells indicated a dynamic process of Müller cell 

activation and transformation. Furthermore, in vitro studies showed that TGF-β1 

induces an up-regulation of α-SMA in retinal Müller cells while the expression of 

type I, II and VI collagens in the cells containing α-SMA positive stress fibers was 

significantly down-regulated.  

Chapter 6. Retinal Müller cells were cultured on tunable polyacrylamide gels with 

various elastic moduli. The results showed that an increase in substrate stiffness 

promotes the myofibroblast transdifferentiation of retinal Müller cells in response 

to stimulation with transforming growth factor-beta (TGF-β). This evidence 

suggests that retinal Müller cells that come into contact with a stiffer extracellular 

matrix such as that resulting from ageing or fibrotic processes, may be more 

susceptible to TGF-β stimulation. The latter may then result in an up-regulation of 

α-SMA and thus promote membrane contraction.   
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Samenvatting 

Hoofdstuk 1. Algemene inleiding De vitreoretinale grenslaag omvat het corticale 

glasvocht, de membrana limitans interna en de eindvoetjes van de retinale Müller 

cellen. De grenslaag is een goed georganiseerde en complexe extracellulaire matrix 

(ECM), die bestaat uit collagenen, proteoglycanen (PGs) en glycoproteinen (GPs). 

Met het ouder worden, treedt in de grenslaag een dynamisch proces van 

verandering op, dat samengaat met bepaalde leeftijdsgebonden fenomenen in het 

glasvocht (zoals synchisis, syneresis en achterste glasvochtmembraan loslating). 

Bovendien kan de remodellering van de vitreoretinale grenslaag ten gevolge van 

veroudering of optredend bij fibrotische processen, de pathogenese van bepaalde 

vitreoretinale aandoeningen reguleren.  

Hoofdstuk 2. Hier wordt een overzicht over de literatuur van idiopathische 

epiretinale membranen (iERM) gegeven. Epidemiologische studies laten een relatie 

tussen de prevalentie van iERM en toenemende leeftijd, achterste 

glasvochtmembraan loslating (PVD), etniciteit, etc zien. Klinisch doorloopt iERM 

verschillende stadia, die gekenmerkt worden door toenemende verdikking en 

rimpeling van de membraan. Diagnostische optische coherentie tomografie (OCT) 

technieken zijn in de afgelopen decennia verfijnd, en OCT kenmerken zouden  

mogelijk kunnen helpen om visuele uitkomsten na het chirurgisch verwijderen van 

een iERM te voorspellen. Pathofysiologisch is de vorming van een iERM te 

beschouwen als een fibrotisch proces, waarin het ontstaan van myofibroblasten en 

de afzetting van nieuw gevormd collageen (type I, IIII, IV en VI collageen) een 

sleutelrol kunnen spelen. Myofibroblasten kunnen uit veel celtypen ontstaan en 

hun ontstaan wordt gestimuleerd door cytokinen in het micro-milieu en door 

structurele macromoleculen in de ECM. Een abnormaal verlopende PVD zou een 

belangrijke trigger kunnen zijn voor de vorming van een iERM. De 
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leeftijdsafhankelijke stapeling van “advanced glycation end products” zou kunnen 

bijdragen aan het optreden van een abnormale PVD en zou ook de mechanische 

eigenschappen van de iERM kunnen beïnvloeden. Inzicht in de moleculaire 

mechanismen en mechanische signalen die ten grondslag liggen aan de pro-

fibrotische effecten van ECM componenten, is belangrijk voor het opstellen van een 

model dat een plausibele verklaring geeft voor het ontstaan van een iERM.  

Hoofdstuk 3. Met behulp van immuno transmissie electronen microscopie met 

goudgelabelde antilichamen, werd gekeken naar de ultrastructurele localisatie van 

collageen type II, IV en VI in de vitreoretinale grenslaag van volwassen humane 

donorogen. We vonden dicht opeengepakte glasvochtlamellen in het pre-

equatoriale gebied. Deze bevatten collageen type II en VI en liepen deels 

intraretinaal. In dit gebied vonden we ook reticulaire structuren die collageen type 

IV en VI bevatten en een dunne membrana limitans interna (ILM) met collageen 

type IV en VI in een lineair labelingspatroon. De aanwezigheid van collageen type 

VI in glasvochtlamellen die door de ILM heen dringen en oppervlakkig in de retina 

aanhechten, suggereert dat type VI collageen een belangrijke component is, die 

een rol speelt bij de organisatie van de glasvochtlamellen en bij de aanhechting van 

glasvochtfibrillen aan de onderliggende retinacellen en matrix. Van anterior naar 

posterior verandert de lineaire collageen type IV en VI labelling van de ILM 

geleidelijk in een meer diffuse labeling die over de volledige dikte van de ILM gezien 

wordt. De duidelijke co-localisatie van type IV en VI collageen in de ILM suggereert 

dat beide collageentypen belangrijke structurele componenten van de ILM zijn. De 

reticulaire labelingspatronen in het anterieure glasvocht lijken sterk op 

labelingspatronen van bloedvatwanden. In het anterieure glasvocht zouden ze 

overblijfselen van het embryonale hyaloidale vaatsysteem kunnen 

vertegenwoordigen. 
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Hoofdstuk 4. Epiretinale membranen (ERMs) verkregen van patiënten met een 

maculagat, werden als vlak preparaat bekeken met immuno-histochemie. ERM is 

een GFAP (glial fibrillary acidic protein)-positief gliotisch en fibrotisch 

littekenweefsel dat nieuw gevormd collageen type I, III en V bevat. Type VI 

collageen werd niet gevonden. Met co-localisatie studies werden cellen gezien, die 

GFAP/CRALBP (cellular retinaldehyde-binding protein), GFAP/α-SMA (α smooth 

muscle actin), en α-SMA/CRALBP tot expressie brachten. Dit is consistent met 

transdifferentiatie van Müller cellen naar een fibroblast- en myofibroblast-achtig 

fenotype. De klinisch significante ERMs kunnen op basis van hun celrijkdom 

onderverdeeld worden in een groep met geringe en een groep met dichte 

celproliferatie.  In de laatste groep werd vaker gerapporteerd dat de ILM chirurgisch 

lastig te verwijderen was dan in de eerste. De retinale Müller cel is één van de 

celtypen die belangrijk zijn voor de vorming van een ERM bij maculagat. 

Hoofdstuk 5. Epiretinale membranen van patiënten met een idiopathisch 

epiretinaal membraan (iERM) werden als vlak preparaat bekeken met immuno-

histochemie. In deze iERMs werd collageen type VI gevonden. De co-localisatie van 

GFAP/CRALBP en GFAP/α-SMA in de epiretinale cellen wijst op een dynamisch 

proces van Müller cel activatie en transformatie. Daarnaast toonden in vitro studies 

aan, dat TGF-β1 (transforming growth factor β1) een toename van de expressie van 

α-SMA stress vezels in retinale Müller cellen induceert, terwijl in Müller cellen met  

α-SMA stress vezels een afname van de intracellulaire expressie van collageen type 

I, II en VI werd gezien.  

Hoofdstuk 6. Retinale Müller cellen werden gekweekt op polyacrylamide gels 

waarvan de elastische modulus aangepast kon worden. Onder stimulatie met 

transforming growth factor-beta (TGF-β), zagen we dat een toename in stijfheid 

van het substraat de transdifferentiatie van retinale Müller cellen naar een 

myofibroblast fenotype stimuleert. Deze bevinding suggereert dat retinale Müller 
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cellen die in contact komen met een stijvere extracellulaire matrix, zoals gezien 

wordt bij veroudering of tijdens fibrotische processen, gevoeliger zijn voor 

stimulatie met TGF-β. Dit laatste kan dan resulteren in een toename van α-SMA 

stress vezels en daarmee membraan contractie stimuleren.  
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