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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 
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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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