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Introduction

Idiopathic epiretinal membranes (IEM) are caused by the migration of cells to the vitreoretinal junction and the formation of epimacular membranous tissue in the absence of any known underlying retinal disease. The processes that characterize IEM formation such as cell migration, and deposition and contraction of extracellular matrix show marked similarities to those which characterize wound healing at other sites in the body. [START_REF] Midwood | Tissue repair and the dynamics of the extracellular matrix[END_REF] Accordingly, IEM formation can be interpreted as an aberrant wound healing process at the vitreoretinal junction. The prevalence of the entity is high in the elderly population. [START_REF] Mitchell | Prevalence and associations of epiretinal membranes. The Blue Mountains Eye Study, Australia[END_REF][START_REF] Klein | The epidemiology of epiretinal membranes[END_REF][START_REF] Fraser-Bell | Prevalence and associations of epiretinal membranes in latinos: the Los Angeles Latino Eye Study[END_REF] IEM are associated with a dysfunction of the macula, the area of high acuity vision, which is probably related to an impairment of the inner retinal layers. [START_REF] Tanikawa | Abnormal focal macular electroretinograms in eyes with idiopathic epimacular membrane[END_REF] For quite some time, no generally accepted nomenclature or classification existed, and IEM were termed macular pucker, [START_REF] Tanenbaum | Macular pucker following retinal detachment surgery[END_REF][START_REF] Trese | Macular pucker. II. Ultrastructure[END_REF] preretinal macular fibrosis, [START_REF] Wise | Relationship of idiopathic preretinal macular fibrosis to posterior vitreous detachment[END_REF] epiretinal fibrosis, [START_REF] Ciulla | Epiretinal fibrosis[END_REF] premacular gliosis, [START_REF] Appiah | A review of 324 cases of idiopathic premacular gliosis[END_REF] surface wrinkling retinopathy, [START_REF] Roth | Surface wrinkling retinopathy in eyes enucleated at autopsy[END_REF] cellophane maculopathy, [START_REF] Pournaras | Macular epiretinal membranes[END_REF] or fibrocellular epiretinal membranes. [START_REF] Hiscott | Natural history of fibrocellular epiretinal membranes: a quantitative, autoradiographic, and immunohistochemical study[END_REF] More recently, several epidemiological studies such the Beaver Dam Eye Study, [START_REF] Klein | The epidemiology of epiretinal membranes[END_REF] the Blue Mountains Eye Study [START_REF] Mitchell | Prevalence and associations of epiretinal membranes. The Blue Mountains Eye Study, Australia[END_REF][START_REF] Fraser-Bell | Five-year cumulative incidence and progression of epiretinal membranes: the Blue Mountains Eye Study[END_REF] and the Los Angeles Latino Eye Study 4 defined two major types of IEM distinguishing a less severe form termed "cellophane macular reflex" from a more severe form termed "preretinal macular fibrosis". The distinction is based on the funduscopic appearance where membranes of the cellophane macular reflex type (CMRM) present as transparent patch or patches of irregular increased reflection from the inner surface of the retina, while membranes of the preretinal macular fibrosis type (PMFM) have a more opaque, grayish or whitish appearance on the retinal surface. [START_REF] Wise | Clinical features of idiopathic preretinal macular fibrosis. Schoenberg Lecture[END_REF][START_REF] Jacobsen | Epiretinal membranes[END_REF] The reasons for the different funduscopic appearances are not entirely clear, as some histopathological analyses reported on a correlation between the biomicroscopic opacification of IEM and their collagen content, [START_REF] Trese | Macular pucker. II. Ultrastructure[END_REF] while others found essentially no correlation between membrane opacification and cellularity or collagen content of the membranes. [START_REF] Hiscott | Natural history of fibrocellular epiretinal membranes: a quantitative, autoradiographic, and immunohistochemical study[END_REF] Besides their variation in funduscopic appearance, IEM show quite a substantial variation in their biomechanical properties which, in our hands, becomes evident during the delicate surgical peeling maneuver that is required for their removal from the retinal surface. [START_REF] Hillenkamp | Surgical removal of idiopathic epiretinal membrane with or without the assistance of indocyanine green: a randomised controlled clinical trial[END_REF] CMRM that appear rather transparent and cellophane-like by funduscopy, are usually rather "easy to peel" and can be removed in one stable piece once an edge of the membrane has been successfully delaminated from the retinal surface. By contrast, PMFM that are rather opaque and whitish are usually relatively "difficult to peel". These membranes are comparatively unstable, can only be removed by repeatedly grasping of small fragments that consist of a rather soft material, and provide a greater risk of retinal damage during surgery. In the present study, we wanted to identify distinct molecular differences that could account for the different funduscopic and biomechanical properties of CMRM or PMFM. In a combined ultrastructural, immunocytochemical and biochemical approach, we could identify clear qualitative differences between CMRM and PMFM regarding the nature of their collagen fibrils. The qualitative differences provide an explanation for the different biomechanical properties, and indicate that different pathogenetic mechanisms contribute to the formation of CMRM and PMFM.

Material and methods

IEM were obtained during standard three port vitrectomy performed by experienced vitreo-retinal surgeons (CF, HH, VPG, JH). IEM were classified by the operating surgeon as either CMRM or PMFM according to the following criteria: CMRM appeared thin, transparent and cellophane-like upon funduscopy. During surgery, CMRM were "easy to peel", mechanically stable, and were removed in one piece. PMFM appeared thick, opaque, grayish or whitish upon funduscopy.

During surgery, PMFM were "difficult to peel", mechanically unstable, removed in several fragments, and required repeated grasping during removal. For each IEM, the funduscopic criteria were assessed and documented before surgery. Only IEM which clearly fulfilled both the funduscopic and surgical criteria were included. Membranes were completely removed and processed for light and electron microscopy. A total number of 60 IEM were processed. 32 IEM (53 %) were classified as CMRM and 28 as PMFM (47 %). Light and electron microscopy 18 membranes (9 PMFM and 9 CMRM) were processed for light and transmission electron microscopy. Membranes were fixed for several hours in one half strength Karnovsky´s fixative (2% paraformaldehyde/2.5% glutaraldehyde). [START_REF] Karnovsky | A formaldehyde-glutaraldehyde fixative of high osmolality for use in electron-microscopy[END_REF] After rinsing in 0.1 M cacodylate buffer, postfixation was accomplished in a mixture of 1% OsO 4 and 0.8% potassium ferrocyanide in 0.1 M cacodylate buffer for 2 h at 4°C. Specimens were then dehydrated in a graded series of ethanol and embedded in Epon (Serva, Heidelberg, Germany). Semithin sections (1 µm) were collected on uncoated glass slides and stained with methylene blue/azure II after Richardson et al. [START_REF] Richardson | Embedding in epoxy resins for ultrathin sectioning in electron microscopy[END_REF] for light microscopy. Ultrathin sections were mounted on uncoated copper grids, stained with uranyl acetate and lead citrate [START_REF] Reynolds | The use of lead citrate at high pH as an electron-opaque stain in electron microscopy[END_REF] in the appropriate secondary antibody [1:100 goat anti-mouse alexa 546 or goat anti-rabbit biotinylated IgG followed by streptavidin coupled with alexa 555 (all from Invitrogen, Karlsruhe, Germany)] in blocking buffer; (5) rinsing as in step 3 and mounting in fluorescent mounting medium (DAKO Cytomation, Hamburg, Germany) supplemented with 10% Vector shield mounting medium containing DAPI (Vector via Linaris, Wertheim-Bettingen, Germany). Sections were analyzed on a Zeiss Axio Imager light microscope. Control sections were incubated with PBS instead of the primary antibody. Ultraimmunohistochemistry 8 membranes (4 PMFM and 4 CMRM) were fixed in 4% paraformaldehyde overnight and thoroughly rinsed in cacodylate buffer. After a graded series of ethanol, specimens were embedded in LR-White (Science Service, Munich, Germany). Ultrathin sections were mounted on nickel grids. Immunocytochemistry was performed in a moist chamber according to the following protocol: (1) preincubation with blocking buffer containing 10% normal goat serum and 0.005% fresh water fish gelatin (Biotrend, Cologne, Germany) in 0.1 M TBS, pH 7.6; (2) Overnight incubation with primary antibodies (collagen IV: 1:50, collagen VI: 1:25, both from Rockland); (3) carefully rinsing with washing buffer (TBS supplemented with 0.2% acetylated bovine serum albumin (BSA-c; Biotrend) and 0.8% NaCl); (4) incubation with 10 nm gold conjugated goat-anti-rabbit antibody (Aurion via Biotrend); (5) rinsing with washing buffer followed by TBS; (6) postfixation with 2.5% glutaraldehyde in TBS for 5 min; (7) homogenization with a Power Gen 125 (Fisher Scientific, Schwerte, Germany). Proteins were isolated according to the manufacturer's instructions and protein content was measured by comparing a dot blot stained with Sypro Ruby (BioRad, München, Germany) to a bovine serum albumin standard. Protein yield in four CMRM was too low to allow further processing. Proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore; Billerica, MA, USA) by semi-dry blotting. Western Blot analyses were performed with specific antibodies as described previously. [START_REF] Fuchshofer | Bone morphogenetic protein-7 is an antagonist of transforming growth factor-beta2 in human trabecular meshwork cells[END_REF] Antibodies were used as follows: rabbit anti-collagen type VI (1:500; Rockland), rabbit anti-collagen type III (1:500; Santa Cruz, California, USA) and chicken antirabbit IgG, coupled to horseradish peroxidase (1:2000; Santa Cruz). Collagen type VI western blotting was done first followed by stripping each membrane with Roti®-free stripping buffer (Carl Roth, Karlsruhe, Germany) according to the manufacturer's instructions. Stripped membranes were blocked again and collagen type III labeling was performed.

Chemiluminescence was detected with the help of Immobilon™ Western HRP substrate (Millipore) on a LAS 3000 imaging workstation. The molecular mass of the detected bands was determined using appropriate software (AIDA Image analyzer; Raytest, Straubenhardt, Germany).

Results

While PMFM were separated from the retina in several fragments during surgery, CMRM were removed in one piece which formed numerous folds after histological processing (Fig. 1A). By light microscopy, CMRM consisted largely of three ordered layers: An incomplete inner cellular layer which was attached to an intermediate extracellular layer that stained only faintly with methylene blue/azur II (Fig. 1B), and an outer extracellular layer that stained more intense. By electron microscopy, the outer extracellular layer consisted of both fine filamentous and amorphous material with the typical ultrastructural characteristics of a basal lamina. The intermediate extracellular layer contained bundles of extracellular fibrils (Fig. 1C,D). We concluded that the outer extracellular layer is comprised of parts of the inner limiting membrane (ILM), while the intermediate extracellular layer and the inner cellular layer had been formed during pathogenesis of the CMRM. The structural elements which formed the three ordered layers in CMRM were also found in specimens clinically classified as PMFM (Fig. 1E,F).

However, in contrast to CMRM, cells and the two kinds of extracellular matrices did not form distinct ordered layers in PMFM. Fragments containing ILM material were usually found to be separated from fragments containing larger amounts of extracellular fibrils and associated cells (Fig. 1E,F).

Diameters of extracellular fibers differ between membranes of cellophane macular reflex or preretinal macular fibrosis type

In order to find structural differences that could account for the different biomechanical properties of both CMRM and PMFM, we investigated in more detail the ultrastructure of the extracellular matrix in the intermediate extracellular layer of both kinds of IEM. The intermediate extracellular layer of CMRM consisted of fibrils that formed a dense irregular network without any preferential spatial orientation (Fig. 2A). Upon higher magnification, the fibrils showed no obvious periodicity (Fig. 2B). Quantitative evaluation showed that the extracellular fibrils of the CMRM intermediate layer had diameters between 6-15 nm, with a mean diameter of 9.2 ± 1.9 nm (Fig. 3). In some samples, aggregates of fibrous long-spacing "zebra" collagen were observed among the 6-15 nm fibrils (Fig. 2F). Long-spacing collagen consisted of broad bands of electron-dense material, which were interrupted by electron-lucent areas containing fine fibrillar material at a periodicity of 80-100 nm (Fig. 2H). The intermediate layer of PMFM did also contain numerous extracellular fibrils which appeared to be oriented at random. Quantitative measurements showed that the fibrils in PMFM were thicker than those observed in CMRM with a mean diameter of 30.8 ± 10.2 nm (Fig. 3). In five of the seven samples, the fibrils showed 2E,C). In the remaining two specimen of PMFM, the extracellular fibrils in the intermediate layer were considerably thicker with diameters between 36-56 nm (Fig. 2G). Upon higher magnification, the 36-56 nm fibers showed the typical periodicity of collagen fibers (Fig. 2D).

High amounts of collagen type VI characterize cellophane macular reflex type membranes

Since electron microscopy had shown a distinct difference in diameters of extracellular fibrils between CMRM and PMFM, we hypothesized that different size fibrils might consist of different types of collagen. Since in multiple tissues in-and outside the eye, aggregates of long-spacing collagen surrounded by small diameter extracellular microfibrils have been observed in extracellular matrices that are rich in collagen type VI, [START_REF] Bruns | Beaded filaments and long spacing fibrils: Relation to type VI collagen[END_REF][START_REF] Tamm | Increase in types IV and VI collagen in cherry haemangiomas[END_REF][START_REF] Bruns | Type VI collagen in extracellular, 100nm periodic filaments and fibrils: identification by immunoelectron microscopy[END_REF][START_REF] Knupp | Structural correlation between collagen VI microfibrils and collagen VI banded aggregates[END_REF][START_REF] Knupp | Collagen VI assemblies in agerelated macular degeneration[END_REF][START_REF] Knupp | Analysis of the collagen VI assemblies associated with Sorsby's fundus dystrophy[END_REF][START_REF] Oda | Immunohistochemical studies on the tissue localization of collagen types I, III, IV, V and VI in schwannomas. Correlation with ultrastructural features of the extracellular matrix[END_REF][START_REF] Rittig | Immunohistochemical study of extracellular material in the aged human synovial membrane[END_REF][START_REF] Schlumberger | Deposition and ultrastructural organization of collagen and proteoglycans in the extracellular matrix of gelcultured fibroblasts[END_REF] we hypothesized that the intermediate layer of CMRM might contain high amounts of collagen type VI. To clarify this hypothesis, we performed immunohistochemistry for collagen type VI both in CMRM and PMFM samples. Indeed, a strong homogenous immunoreactivity for collagen type VI was observed in all 11 samples of CMRM that were investigated (Fig. 4A). In contrast, immunoreactivity for collagen type VI was weak, patchy and barely detectable in all 10 samples of PMFM that were investigated by immunohistochemistry (Fig. 4B). The results obtained by immunohistochemistry correlated with those obtained by Western blotting. A strong signal for collagen type VI was observed in all four CMRM that were investigated, while the signal was absent or barely detectable in the six PMFM that were processed for Western blotting (Fig. 4C). In contrast, a signal for collagen type III was obtained in both types of membranes with equal intensity (Fig. 4C). Differences between CMRM and PMFM were also observed regarding the distribution of collagen types I and II which form striated collagen fibrils in situ. Out of eleven CMRM samples that were investigated, only three showed faint immunoreactivity for collagen type I or type II, respectively (Table I), while the rest remained unstained. In contrast, staining for collagen types I, and II was more common in PMFM. Six out of ten samples showed moderate to intense I). Those samples that did not react with antibodies against collagen type I stained with antibodies against collagen type II (Fig. 5B) and vice versa (Table I). Only one sample showed intense immunoreactivity for both collagen type I and II. Extracellular molecules that are distinct components of the ILM such as collagen type IV and laminin could be detected in all samples of CMRM and PMFM that were investigated (Fig. 5E,F,Table I). The same was true for fibronectin (Fig. 5G,Table I) which is supposed to connect the ILM with the collagen fibrils of the vitreous. [START_REF] Kohno | Immunofluorescent studies of fibronectin and laminin in the human eye[END_REF] Control sections in which the primary antibody had been omitted did not show immunoreactivity (Fig. 5C,D), and the same was true when the sections were labeled with an unrelated rabbit antibody (against Ki67) at the same concentration (not shown). In summary, the data obtained by immunohistochemistry and Western blotting correlated markedly with those obtained by transmission electron microscopy. CMRM that contained small diameter fibrils and long-spacing collagen showed strong immunoreactivity for collagen type VI that was weak or absent in PMFM. In contrast, PMFM that contained thicker size fibrils with typical periodicity stained for collagens types I and II while immunoreactivity for these collagen types was almost absent in CMRM. Labeling for collagen IV, laminin and fibronectin in both CMRM and PMFM correlated with the finding of fine filamentous basal lamina material presumably of ILM origin. In order to confirm that the 6-15 nm extracellular fibrils in the intermediate layer of CMRM are composed of collagen type VI, ultraimmunohistochemisty with immunogold-labeling was performed. In CMRM, the fibrils of the intermediate layer were distinctly labeled with antibodies directed against collagen type VI (Fig. 6A,B). Gold particles were aligned along and in the vicinity of 6-15 nm extracellular fibrils, but were essentially absent intracellularly (Fig. 6A), or in the adjacent parts of the ILM (Fig. 6C). In contrast, immunogoldlabeling for collagen type VI was considerably weaker in the intermediate layer of PMFM, and only very few gold particles were observed in this area (Fig. 6D). Immunogold-labeling for collagen type IV, which was used as a positive control, was observed in the ILM areas of both ,F). Negative controls in which the primary antibody had been omitted remained unstained (Fig. 6G).

Cells present in membranes of cellophane macular reflex or preretinal macular fibrosis type are not obviously different

As the different types of collagens that were observed in the intermediate layers of CMRM and PMFM might derive from different types of cells in the adjacent cellular layers, we investigated their ultrastructural details. In both types of membranes, cells were either arranged as a single layer or multilayers consisting of two to three cellular sheets. Two types of cells predominated: Oval-shaped cells which contained dense bundles of 8-10 nm intermediate filaments, showed numerous cellular processes and resembled fibrous astrocytes (Fig. 7A,B), and flat myofibroblast-like cells (Fig. 7C) with bundles of 6 nm actin filaments and dense bodies in their cytoplasm (Fig. 7D). In CMRM, seven out of nine membranes contained fibrous astrocytes, while PMFM showed this cell type in five out of seven. Myofibroblast-like cells were found in 6 out of the nine CMRM, and in four out the seven PMFM. In places, the myofibroblast-like cells were separated from the intermediate extracellular layer by an incomplete basal lamina (Fig. 7E). In two cases (one PMFM and one CMRM) macrophage-like cells with an indented nucleus and secondary lysosomes in the cytoplasm were observed (Fig. 7F). None of the samples contained pigmented cells or cells with an epithelial phenotype. Overall, no distinct differences regarding the phenotype of cells in the cellular layer was found between CMRM and PMFM. 

Discussion

Based on the results of our study, we conclude that the two major types of IEM substantially differ regarding their collagenous fibrillar extracellular matrix. The presence of high amounts of 6-15 nm fibrils consisting of collagen type VI characterizes CMRM. In contrast, fibers of collagen types I and II are rare or absent in CMRM, but common in PMFM. This conclusion is based on data obtained by electron microscopy in conjunction with morphometry, by immunohistochemistry at the light-and electronmicroscopical level, and by Western blotting.

Collagen type VI is an ubiquitous extracellular matrix protein which typically forms networks of 6-15 nm microfibrils. [START_REF] Tamm | Increase in types IV and VI collagen in cherry haemangiomas[END_REF][START_REF] Rittig | Immunohistochemical study of extracellular material in the aged human synovial membrane[END_REF][START_REF] Der Mark | Immunochemistry, genuine size and tissue localization of collagen VI[END_REF][START_REF] Tamm | Synthesis of extracellular matrix components by human ciliary muscle cells in culture[END_REF] Consistent with the presence of collagen type VI in CMRM is the observation of aggregates of fibrous long-spacing collagen between the 6-15 nm microfibrils. Aggregates of fibrous long-spacing collagen have been found in various tissues in and outside the eye and have been shown to consist of collagen type VI fibrils. [START_REF] Tamm | Increase in types IV and VI collagen in cherry haemangiomas[END_REF][START_REF] Reale | In the mammalian eye type VI collagen tetramers form three morphologically different aggregates[END_REF] Collagen type VI fibrils form cross-banded fibrillar aggregates through end-to-end longitudinal assembly and overlapping. [START_REF] Kuo | Orientation of type VI collagen monomeres in molecular aggregates[END_REF] Alignment of the aggregates generates fibrous long-spacing collagen. [START_REF] Knupp | Structural correlation between collagen VI microfibrils and collagen VI banded aggregates[END_REF][START_REF] Reale | In the mammalian eye type VI collagen tetramers form three morphologically different aggregates[END_REF] It is of interest to note that already in early studies on the ultrastructure of eyes with subtle IEM, aggregates of long-spacing collagen were observed in the ECM of the membranes. [START_REF] Foos | Vitreoretinal juncture; epiretinal membranes and vitreous[END_REF] In the absence of tools to identify the true nature of collagen fibrils, the surrounding fibrils were regarded at that time as "vitreous fibrils".

In addition to collagen type VI, CMRM showed strong immunoreactivity for collagen type IV, laminin, and fibronectin, three proteins that are constitutively found in the ILM [START_REF] Ponsioen | Collagen distribution in the human vitreoretinal interface[END_REF] which had been invariably removed together with the membranous tissue in all CMRM that were investigated. Collagen fibrils that were considerably thicker than the 6-15 nm collagen type VI microfibrils were not observed in CMRM, but were commonly seen in PMFM. The thicker collagen fibrils in PMFM consisted of two groups of fibrils with diameters ranging from 19-28 nm to 37-55 nm. It is reasonable to assume that both groups of fibrils were identical with those that strongly labelled for collagen types I or II in the PMFM samples that were investigated by immunohistochemistry, although we did not perform immunogold labelling to confirm this. Only three out of 11 CMRM samples that were investigated showed weak immunoreactivity for collagen types I and II, while the others were essentially unlabeled strongly indicating that the relative amounts of collagen types I and II are very low in CMRM as compared to PMFM. In addition to collagen types I, and III, PMFM did also label with antibodies against collagen type IV, laminin and fibronectin corroborating findings of previous studies. [START_REF] Scheiffarth | Proteins of the extracellular matrix in vitreoretinal membranes[END_REF][START_REF] Okada | Histological and immunohistochemical study of idiopathic epiretinal membrane[END_REF][START_REF] Ioachim | Immunohistochemical study of extracellular matrix components in epiretinal membranes of vitreoproliferative retinopathy and proliferative diabetic retinopathy[END_REF][START_REF] Immonen | Immunohistochemical demonstration of cellular fibronectin and tenascin in human epiretinal membranes[END_REF][START_REF] Jerdan | Proliferative vitreoretinopathy membranes. An immunohistochemical study[END_REF][START_REF] Morino | Variation in epiretinal membrane components with clinical duration of the proliferative tissue[END_REF][START_REF] Grisanti | Origin of fibronectin in epiretinal membranes of proliferative vitreoretinopathy and proliferative diabetic retinopathy[END_REF][START_REF] Marano | The role of fibronectin, laminin, vitronectin and their receptors on cellular adhesion in proliferative vitreoretinopathy[END_REF] PMFM did also contain some collagen type VI microfibrils that were labelled with immunogold between the thicker collagen fibrils of different nature. Still, the combined results of immunohistochemistry, immunogold labelling and Western blotting clearly indicate that collagen type VI microfibrils are less numerous in PMFM than in CMRM.

Networks of type VI collagen fibrils are present in basically all connective tissues and are typically found in close association with basement membranes. There is considerable evidence that type VI collagen functions to anchor basement membranes through strong interaction with type IV collagen. [START_REF] Bruns | Type VI collagen in extracellular, 100nm periodic filaments and fibrils: identification by immunoelectron microscopy[END_REF][START_REF] Kuo | Type VI collagen anchors endothelial basement membranes by interacting with type IV collagen[END_REF][START_REF] Keene | Ultrastructure of type VI collagen in human skin and cartilage suggests an anchoring function for this filamentous network[END_REF][START_REF] Senga | Type VI collagen in mouse masseter tendon, from osseous attachment to myotendinous junction[END_REF] Collagen type VI also interacts with several other extracellular matrix constituents in vitro, including the fibrillar collagens type I and II. [START_REF] Bonaldo | Structural and functional features of the alpha 3 chain indicate a bridging role for chicken collagen VI in connective tissues[END_REF][START_REF] Bidanset | Binding of the proteoglycan decorin to collagen type VI[END_REF] By light microscopy, immunostaining for collagen type VI has been observed at the vitreoretinal junction of normal eyes, [START_REF] Ponsioen | Collagen distribution in the human vitreoretinal interface[END_REF] and it appears to be reasonable to assume that collagen type VI contributes to anchor vitreous collagen type II fibrils to the ILM. [START_REF] Ponsioen | Collagen distribution in the human vitreoretinal interface[END_REF][START_REF] Scheiffarth | Proteins of the extracellular matrix in vitreoretinal membranes[END_REF] To our knowledge, an age-related increase in the amounts of collagen type VI in the vitreoretinal junction of normal eyes has not been studied so far; neither by transmission electron microscopy nor by biochemical methods. Still, data from studies which compared the ultrastructure of the extracellular matrix at the vitreoretinal junction between normal eyes and those with IEM strongly indicate that the increase in collagen in the intermediate layer of CMRM is not an age-related phenomenon, but part of the pathological It seems reasonable to assume that the ECM in the intermediate layer of both CMRM and PMFM is secreted and synthesized by cells in the immediate adjacent cellular layer. In our material, cells with a glia-or astrocyte-like, or a myofibroblast-like ultrastructure were predominant in both types of membranes, a finding that correlates with those of previous investigations on the ultrastructure of epiretinal membranes. [START_REF] Trese | Macular pucker. II. Ultrastructure[END_REF][START_REF] Kampik | Ultrastructural features of progressive idiopathic epiretinal membrane removed by vitreous surgery[END_REF][START_REF] Kampik | Epiretinal and vitreous membranes. Comparative study of 56 cases[END_REF][START_REF] Messmer | Ultrastructure of epiretinal membranes associated with macular holes[END_REF][START_REF] Rodrigues | Further characterization of epiretinal membranes in human massive periretinal proliferation[END_REF][START_REF] Hiscott | Retinal and epiretinal glia--an immunohistochemical study[END_REF][START_REF] Vinores | Ultrastructural and electronimmunocytochemical characterization of cells in epiretinal membranes[END_REF] Based on ultrastructural criteria alone, we did not find evidence for the presence of retinal pigmented epithelial cells in our material. Myofibroblast-like cells comprise most likely the cell type in epiretinal membranes which is responsible for their contraction. [START_REF] Bochaton-Piallat | TGF-beta1, TGF-beta receptor II and ED-A fibronectin expression in myofibroblast of vitreoretinopathy[END_REF] Both astrocytes and Müller cells have been shown to be capable of dedifferentiation to a mesenchymal myofibroblast-like phenotype under certain in vivo and vitro conditions, [START_REF] Guidry | Tractional force generation by human muller cells: growth factor responsiveness and integrin receptor involvement[END_REF][START_REF] Guidry | The role of Muller cells in fibrocontractive retinal disorders[END_REF][START_REF] Guidry | Fibrocontractive Muller cell phenotypes in proliferative diabetic retinopathy[END_REF][START_REF] Moreels | Alpha-smooth muscle actin (alpha-SMA) and nestin expression in reactive astrocytes in multiple sclerosis lesions: potential regulatory role of transforming growth factor-beta 1 (TGF-beta1)[END_REF][START_REF] Abd-El-Basset | Immunolocalization of the alpha isoform of smooth muscle actin in mouse astroglia in cultures[END_REF][START_REF] Lecain | Alpha isoform of smooth muscle actin is expressed in astrocytes in vitro and in vivo[END_REF][START_REF] Buniatian | Common myofibroblastic features of newborn rat astrocytes and cirrhotic liver stellate cells in early cultures and in vivo[END_REF] and may well do so in epiretinal membranes as cells with a mixed astrocyte/myofibroblast-like phenotype have been observed in vitreous membranes. [START_REF] Vinores | Ultrastructural and electronimmunocytochemical characterization of cells in epiretinal membranes[END_REF][START_REF] Hara | Myoastrocytes in vitreous membrane in nontraumatic giant retinal tear[END_REF][START_REF] Smiddy | Ultrastructural studies of vitreomacular traction syndrome[END_REF] Both astrocytes and Müller cells are capable of secreting collagen type VI, and the other ECM molecules that were observed in both CMRM and PMFM. [START_REF] Ponsioen | Human retinal Muller cells synthesize collagens of the vitreous and vitreoretinal interface in vitro[END_REF][START_REF] Fuchshofer | Transforming growth factor-beta 2 modulated extracellular matrix component expression in cultured human optic nerve head astrocytes[END_REF][START_REF] Neumann | The effect of TGF-beta2 on elastin, type VI collagen, and components of the proteolytic degradation system in human optic nerve astrocytes[END_REF] During a five-year period, 9.3 % of patients enrolled in the Blue Mountains Eye Study progressed from CMRM to PMFM. [START_REF] Fraser-Bell | Five-year cumulative incidence and progression of epiretinal membranes: the Blue Mountains Eye Study[END_REF] In CMRM, IEM cells appear to primarily secrete collagen type VI, a molecule that is also normally secreted by retinal glial cells. In contrast, in PMFM, IEM cells appear to primarily secrete collagen types I, II, III, which are normally not produced by to PMFM, IEM cells may change their differentiation, and this change may account for the secretion of different types of collagens. TGF-β signalling might be involved in this process, since TGF-β is potent to induce myofibroblast-like phenotypes in glial cells, [START_REF] Bochaton-Piallat | TGF-beta1, TGF-beta receptor II and ED-A fibronectin expression in myofibroblast of vitreoretinopathy[END_REF][START_REF] Moreels | Alpha-smooth muscle actin (alpha-SMA) and nestin expression in reactive astrocytes in multiple sclerosis lesions: potential regulatory role of transforming growth factor-beta 1 (TGF-beta1)[END_REF] but also in a broad variety of other cell types. [START_REF] Tamm | Transforming growth factor-β1 induces α-smooth muscle-actin expression in cultured human and monkey trabecular meshwork[END_REF][START_REF] Flügel-Koch | Disruption of anterior segment development by TGF-beta1 overexpression in the eyes of transgenic mice[END_REF][START_REF] Hales | TGF-β1 induces lens cells to accumulate α-smooth muscle actin, a marker for subcapsular cataracts[END_REF][START_REF] Gamulescu | Transforming growth factor beta2-induced myofibroblastic differentiation of human retinal pigment epithelial cells: regulation by extracellular matrix proteins and hepatocyte growth factor[END_REF][START_REF] Kurosaka | Transforming growth factorbeta 1 promotes contraction of collagen gel by bovine corneal fibroblasts through differentiation of myofibroblasts[END_REF][START_REF] Kurosaka | TGF-beta 2 increases alpha-smooth muscle actin expression in bovine retinal pigment epithelial cells[END_REF] While such a change in differentiation is a possible scenario, it needs to occur without major changes in the ultrastructural phenotypes of IEM cells, as we observed essentially the same types of cells in both CMRM and PMFM by transmission electron microscopy. A quantitative immunohistochemical characterization of the different types of IEM cells appears to be a requirement to support the concept of a change in differentiation of those cells that secrete the different collagen types in CMRM or PMFM. 

  and examined on a Zeiss EM 10 A electron microscope. Immunohistochemistry 20 (10 PMFM and 10 CMRM) membranes were fixed in 4% paraformaldehyde for several hours and then carefully rinsed in 0.1 M phosphate buffered saline (PBS), pH 7.4. After processing through a graded series of ethanol, specimens were immersed in xylene and embedded in Paraplast (Sherwood, St. Louis, Missouri, USA). Sections were mounted on uncoated glass slides and dewaxed in a graded series of ethanol and xylene. Immunohistochemistry was carried out in a moist chamber on sections surrounded by water repellent PAP-PEN (Science Service, Munich, Germany) according to the following protocol: (1) preincubation (45 min) with blocking buffer containing 10% fetal calf serum (Seromed, Munich, Germany), 10% normal goat serum (Sigma-Aldrich, Munich, Germany), 0.8% TritonX-100, 0.8% NaCl, 0.15% Timerosal in 0.08 M Tris-buffer, pH 7.4; (2) overnight incubation at 4°C with 1:100 diluted primary antibody [collagen I (Calbiochem, Merck, Darmstadt, Germany), collagen II (Chemicon via Millipore, Schwalbach, Germany), collagen III (BioGenex, San Ramon, California, USA), collagen IV (Rockland via Biomol, Hamburg, Germany), collagen VI (Rockland), fibronectin (Chemicon), laminin (Chemicon)] in blocking buffer; (3) rinsing with Tris-buffered saline (TBS); (4) incubation(60 min) 

  between 18-26 nm, with the majority of the fibers having a diameter of 21 nm (Figs.

  type I (Fig.5A, Table

  formation. We hypothesize that excess collagen type VI in the intermediate layer of CMRM is the molecular reason for the high biomechanical stability of the membranes during surgical removal. Collagen type VI fibrils in the intermediate layer of CMRM should firmly attach to collagen type IV in the ILM (Fig.7) which is peeled from the retinal surface along with the CMRM during surgery. In contrast, the ECM in the intermediate layer of PMFM which contains less collagen type VI should be less firmly attached to the ILM and may easily break during surgery.

  glial cells, but by cells of a myofibroblast-like phenotype. During the progress from CMRM

Fig. 1 .

 1 Fig. 1. Light microscopy (A, B, E) and low power electron microscopy (C, D, F) of CMRM (A-D), and PMFM (E, F). Light micrographs of semithin sections stained with methylene blue/ azur II. A, B: CMRM largely consist of three layers: A cellular layer (arrow), and two layers of extracellular matrix (asterisk and arrowheads). B is magnification of A. Scale bars: A. 10 µm, B. 5 µm. C, D: By electron microscopy, the intermediate extracellular layer contains bundles of extracellular fibrils (asterisks, higher magnification in 2A and B), while the outer extracellular layer (arrowheads) consists of fine filamentous material which the structural characteristics of the inner limiting membrane (ILM). D is magnification of C. Scale bars: C. 2 µm, D. 1 µm. E. In PMFM, fragments of ILM (arrowheads) are typically separated from cells (arrow) and intermediate extracellular layer (asterisk). Scale bar: 10 µm. F. By electron microscopy, dense bundles of collagen fibrils (asterisks) are found in the intermediate layer. Scale bar: 2 µm.

Fig. 2 .

 2 Fig. 2. Electron microscopy of 6-15 nm extracellular fibrils in CMRM (A, B), and of 18-26 nm fibrils (E, C) and 36-56 nm fibrils (G, D) in samples of PMFM. A, E, G, or B, C, D show the same magnification, respectively. Scale bars: 0.5 µm (A, E, G) and 100 nm (B, C, D). 36-56 nm fibrils show the typical periodicity of collagen fibrils (arrowheads in D). F, H. Aggregates of fibrous long spacing collagen are found between the 6-15 nm fibrils of the intermediate extracellular layer in CMRM. Scale bars: 1 µm (C), 250 nm (D).

Fig. 3 .

 3 Fig. 3. Morphometric analysis of intermediate layer fibril diameter. A. mean ± SD of diameter of fibrils in CMRM (n=5) and PMFM (n=7). B. distribution of fibril diameter. Measurements were taken from high (x75 000) magnification TEM micrographs and a total of 150 fibrils were randomly selected and measured in each specimen.

Fig. 4 .

 4 Fig. 4. Immunohistochemistry for collagen type VI (A,B) and Western blotting (C) in proteins from CMRM and PMFM. Collagen type VI shows intense immunoreactivity in CMRM (A), but only moderate staining in PMFM (B).

Fig. 5 .

 5 Fig. 5. Immunohistochemistry in CMRM and PMFM. A. collagen I, B. collagen II, E. collagen IV, F. laminin, G. fibronectin (all in PMFM). C, D. Negative controls of secondary antibodies (C. goat anti-mouse, D. goat anti-rabbit) with omission of primary antibodies show only DAPI-staining of nuclei. Scale bar: 100 µm.

Fig. 6 .

 6 Fig. 6. Immunogold electron microscopy. A-D. Collagen VI. A. Strong expression for collagen VI is seen in the intermediate layer of CMRM, while cells remain unstained (right margin). B. Immungold particles specific for collagen type VI are associated with the 6-15 nm microfibrils in the CMRM. C. Immunoreactivity for collagen type VI is absent in the ILM of CMRM. D. In the intermediate layer of PMFM, only few immungold particles specific for collagen type VI are observed. E,F. Immunogold labeling for collagen type IV in the ILM of PMFM. G. Negative control of secondary antibody with omission of primary antibody. Scale bars 0.5 µm (A, E), 1 µm (e), 200 nm (B, C, D, F, G).

Fig. 7 .

 7 Fig. 7. Electron micrographs of cells in the cellular layer of IEM. A, B. Fibrous astrocytes (A, scale bar: 2 µm; B. scale bar 0.5 µm) with numerous cellular processes (asterisks in B), and tightly packed intermediate filaments (arrowheads in B). C-E. Myofibroblast-like cells with elongated cells body and oval-shaped nucleus (C, scale bar: 2 µm), and 5-6 nm actin filaments (arrows) with dense bodies (arrowheads, scale bar 0.5µm). Myofibroblast-like cells are surrounded by basal lamina (E, arrowheads, scale bar 1 µm). F. Macrophage-like cells in the intermediate layer with indented nuclei and secondary lysosomes, scale bar: 2 µm.

Fig. 8 .

 8 Fig. 8. Schematic drawing of the three-layered structure in CMRM. Collagen type VI fibrils in the intermediate layer (ILM) connect with collagen type IV in the inner limiting membrane (ILM) and with cells and their basal lamina in the cellular layer (CL).
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 1234 Fig. 1. Light microscopy (A, B, E) and low power electron microscopy (C, D, F) of CMRM (A-D), and PMFM (E, F). Light micrographs are stained with methylene blue/ azur II. A, B: CMRM largely consist of three layers: A cellular layer (arrow), and two layers of extracellular matrix (asterisk and arrowheads). B is magnification of A. Scale bars: A. 10 µm, B. 5 µm. C, D: By electron microscopy, the intermediate extracellular layer contains bundles of extracellular fibrils (asterisks), while the outer extracellular layer (arrowheads) consists of fine filamentous material which the structural characteristics of the inner limiting membrane (ILM). D is magnification of C. Scale bars: C. 2 µm, D. 1 µm. E. In PMFM, fragments of ILM (arrowheads) are typically separated from cells (arrow) and intermediate extracellular layer (asterisk). Scale bar: 10 µm. F. By electron microscopy, dense bundles of collagen fibrils (asterisks) are found in the intermediate layer. Scale bar: 2 µm. 180x244mm (600 x 600 DPI)
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 5678 Fig. 5. Immunohistochemistry in CMRM and PMFM. A. collagen I, B. collagen II, E. collagen IV, F. laminin, G. fibronectin (all in PMFM). C, D. Negative controls of secondary antibodies (C. goat antimouse, D. goat anti-rabbit) with omission of primary antibodies show only DAPI-staining of nuclei. Scale bar: 100 µm. 155x77mm (600 x 600 DPI)

  

  

Table I .

 I Immunohistochemistry, semiquantitative evaluation

		Collagen I Collagen II Collagen IV Fibronectin Laminin
	CMRM	(+)		++	+	++
		(+)		++	++	++
		(+)	(+)	+	+	+
				++	++	+
				+	+	++
				++	+	++
				++	+	++
				++	+	++
				+	+	++
				+	+	+
	PMFM	++	++	+	++	++
		++		+	++	+
		+		+	+	++
		+		+	+	++
		(+)		+	++	(+)
		(+)		+	+	+
			+	+	++	++
			+	++	++	++
			+	++	+	+
			+	+	+	+
	(+) patchy staining in some areas of the sample; + homogenous staining throughout the entire
	sample; ++ intense staining.			
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