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Abstract

The effects of a triple combination of siRNAs targeting key scarring genes was assessed using an 

ex vivo organ culture model of excimer ablated rabbit corneas. The central 6 mm diameter region 

of fresh rabbit globes was ablated to a depth of 155 microns with an excimer laser. Corneas were 

excised, cultured at the air-liquid interface in defined culture medium supplemented with 

transforming growth factor beta 1 (TGFB1), and treated with either 1% prednisolone acetate or 

with 22.5 μM cationic nanoparticles complexed with a triple combination of siRNAs (NP-siRNA) 

targeting TGFB1, TGFB Receptor (TGFBR2) and connective tissue growth factor (CTGF). Scar 

formation was measured using image analysis of digital images and levels of smooth muscle actin 

(SMA) were assessed in ablated region of corneas using qRT-PCR and immunostaining. Ex vivo 

cultured corneas developed intense haze-like scar in the wounded areas and levels of mRNAs for 

pro-fibrotic genes were significantly elevated 3 to 8 fold in wounded tissue compared to unablated 

corneas. Treatment with NP-siRNA or steroid significantly reduced quantitative haze levels by 

55% and 68%, respectively, and reduced SMA mRNA and immunohistostaining. This ex vivo 

corneal culture system reproduced key molecular patterns of corneal scarring and haze formation 

generated in rabbits. Treatment with NP-siRNAs targeting key scarring genes or an anti-

inflammatory steroid reduced corneal haze and SMA mRNA and protein.

1. INTRODUCTION

Corneal haze is a common complication that occurs in patients after excimer laser 

photorefractive keratectomy (PRK).(Sakimoto et al., 2006) Mechanical, chemical and/or 
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surgical injury to the cornea triggers a complex wound healing response causing changes in 

extracellular matrix organization, cellular phenotype and density.(Jester et al., 1999) There 

is no fibrotic response in case of superficial epithelial lesions, as stem cells from either the 

surrounding limbus or other parts of the epithelium migrate into the wounded region and 

rapidly resolve the wound.(Liang et al., 2009; Pellegrini et al., 2009) However, deeper 

wounds disturbing the basal epithelium and stromal layers stimulate the pathological 

evolution of the wounding process mainly due to the involvement of fibrogenic growth 

factors like transforming growth factor beta 1 (TGFB1), TGFB Receptor (TGFBR2) and 

connective tissue growth factor (CTGF).(Blalock et al., 2003; Tandon et al., 2010) When the 

quiescent keratocytes come in contact with these growth factors, they decrease expression of 

corneal crystallins and become activated fibroblasts that begin to repopulate the stroma, 

replacing the resident cells that had undergone apoptosis following the injury. These 

activated keratocytes proliferate and rapidly synthesize extracellular matrix (ECM) 

including collagen molecules lack the highly structured orthogonal array pattern that is 

present in clear cornea. Many activated fibroblasts undergo further phenotypic changes 

typical of myofibroblasts.(Jester et al., 1996; Møller-Pedersen, 2004) These myofibroblasts 

are characterized by their high concentration of alpha smooth muscle actin (SMA) that 

forms intracellular scaffolding that effectively scatters light, and by elevated expression of 

cadherins and TGFβ1receptors.(Jester et al., 1999) Also, unlike the activated fibroblasts, the 

myofibroblasts typically can persist for extended periods do not apoptose as the stromal 

injury undergoes remodeling. The combination of loss of corneal crystallin proteins, 

synthesis of new ECM with irregularly arrayed collagen fibers, and the presence of larger 

numbers of myofibroblasts leads to the generation of corneal haze.(Eraslan and Toker, 2009)

Several ex vivo corneal models have reported tests for re-epithelialization after physical 

(Tanelian and Bisla, 1992; Carrington et al., 2006), chemical (Chuck et al., 2001a; 

Saghizadeh et al., 2013) and laser wounds (Janin-Manificat et al., 2012). However, most of 

the models are mainly concerned with the process of re-epithelialization, and only limited 

studies have evaluated corneal scarring by analyzing pro-fibrotic markers. In particular, 

none of the previous ex vivo models has evaluated the therapeutic potential of gene therapy 

in these culture models.

RNA interference (RNAi) is the process of sequence-specific post-transcriptional gene 

silencing triggered by double-stranded RNAs. Recent studies have suggested that long 

siRNAs (27–29 nucleotides) that enter the RNA interference (RNAi) pathway in a Dicer-

dependent fashion provide more efficient gene silencing than shorter, Dicer-independent 

substrates. (Kim et al., 2005; Siolas et al., 2005) However, siRNAs of 21 nucleotides (nt) or 

more have been shown to induce an innate immune response stimulating many of the 

published effects of the siRNAs. (Reynolds et al., 2006; Kleinman et al., 2008; Grimm, 

2009) Short siRNAs (19–21nt) can lower the risk of such off-target effects whilst being just 

as effective in knocking down the target mRNA expression. (Grimm, 2009) The siRNA 

sequences used in this study are 19 nt in length and have been shown to be effective in 

knocking down the expressions of TGFB1, TGFBR2 and CTGF mRNA expression. (sriram 

et al., 2013c)
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It is often difficult to achieve a significant therapeutic effect by employing a one- target, 

one-drug paradigm for a complex, multi-factorial, amplifying, signaling pathway.(Chou and 

Talalay, 1983) Hence, a multi-target approach can interrupt or act on complex signaling 

networks at multiple points, and affect the cell in ways that an individual component cannot. 

It is also less vulnerable to acquired resistance as the system is less able to compensate for 

the action of two or more drugs simultaneously.(Borisy et al., 2003; Keith et al., 2005) In 

this study, we used a triple siRNA combination targeting three key scarring genes – TGFB1, 

TGFBR2 and CTGF. In addition to knocking down the target mRNA expressons, the triple 

siRNA combination was also effective in knocking down the expressions of SMA and 

Collagen-I in in vitro experiments. (sriram et al., 2013c)

The principal properties governing absorption of a drug by the cornea are the lipophilicity, 

partition coefficient and molecular size of that compound.(Lee and Robinson, 1986; Sasaki 

et al., 1996) The multi-layered corneal epithelium, which possesses extensive tight junction 

complexes, is generally the rate-limiting physical barrier to penetration of drugs through the 

cornea.(Hämäläinen et al., 1997) Similarly, endothelial cell layer also provides a substantial 

barrier to drug penetration. The stroma is primarily composed of large collagen fibers 

embedded in a proteoglycan matrix forming the bulk of the cornea. Due to its high water 

content (~78%), it provides minimal resistance to small hydrophilic molecules. (Edwards 

and Prausnitz, 2001) Other mechanisms that hinder delivery of drugs into the eye also 

include lacrimation and tear drainage. Hence, for an effective therapy, a delivery method to 

target the corneal layer with the maximum post-wounding growth factor localization has to 

be developed.

Nanoparticle carriers provide a potential solution for targeted ocular drug delivery, as they 

have been shown to be non-immunogenic, have relatively low toxicity, resistant to protein/

serum absorption and stable in an enzymatic environment. Cationic nanoparticles have also 

been shown to adhere to the ocular surface and transfect corneal epithelial cells, after topical 

administration.(Tong et al., 2007; la Fuente et al., 2008) Therefore, in this study, we are 

tested the efficacy of a nanoparticle carrier system to deliver siRNAs to the different layers 

of the cornea.

Overall, these experiments characterized scar formation in an ex vivo rabbit corneal organ 

culture model following a laser ablation and compared it to that of scar formation in the 

rabbit animal model. We also evaluated the therapeutic potential of the model by delivering 

a previously optimized triple siRNA combination to the cornea and assessed its effect on 

scar formation.

2. METHODS

2.1 Nanoparticles

A commercially available nanoparticle kit, Invivoplex® was purchased from Aparnabio 

(Rockville, MD) and used according to manufacturer’s instructions. Briefly, the siRNA 

triple combination solution was made at a concentration of 0.9 mg/ml and 600 μL of this 

solution was added with 300 μL of the provided cargo buffer. This solution was added drop 

wise to 900 μL of the nanoparticles while stirring with a magnetic stirrer. This preparation 
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formed siRNA containing particles of less than 50 nm that were stable for a week at 4°C 

with low levels of in vivo cytotoxicity.(Chou et al., 2011)

2.2 RNA interference

In a previous paper, we generated an effective triple siRNA combination targeting TGFB1, 

TGFBR2 and CTGF with high synergy among its individual siRNA sequences. (sriram et 

al., 2013a; 2013c) The effective triple siRNA, in in vitro knockdown experiments, 

significantly reduced mRNA levels of target genes (>80%) and downstream scarring genes 

(>85%), SMA protein (>95%), and significantly reduced cell migration without reducing 

cell viability. This previously optimized, effective, triple combination of siRNAs was tested 

for its efficacy in knocking down key scarring genes in this ex vivo corneal scarring model. 

In this study, siSTABLE® siRNAs, which are chemically modified to persist in in vivo 

conditions, were ordered Dharmacon (Dharmacon Products, Thermo Fisher Scientific, 

Lafayette, CO).

2.3 Ex vivo organ culture of rabbit corneas

Corneas were cultured as previously described with some important modifications.(Chuck et 

al., 2001b; Castro-Combs et al., 2008; Richard et al.) The ends of 50 ml laboratory test tubes 

were cut off at the indicator lines nearest to the bottom using a thin saw blade. The cut rim 

of tubes were then coated with methyl cyanoacrylate based “super glue” and aseptically 

pressed onto the center of each well of a 12-well tissue culture plate, creating a dome shaped 

support surface for corneas. Plates were then sanitized by placing them under ultraviolet 

light overnight. The central 6 mm diameter area of corneas of fresh rabbit globes (Pelfreeze) 

was ablated to a total depth of 155 microns using a Nidek excimer laser in phototherapeutic 

keratectomy mode, Ablated corneas were then surgically dissected from the rabbit globes 

using sterile scalpel and forceps, grasping only the scleral rims and not the clear cornea. Test 

agents were added to the media, immediately after placing the corneas on the domes. The 

corneas were incubated at 37° C in humidified atmosphere containing 5% CO2 for the 

duration of the experiment. The level of the culture medium was adjusted so the anterior 

surface of corneas was at the air-liquid interface. as described below.

2.3.1 Experiment 1—Experiment 1 was designed to assess if the excimer laser ablated 

corneas developed patterns of gene expression that was consistent with scar formation after 

two weeks of organ culture. Two groups of corneas were analyzed: ablated, and unablated 

corneas. Four corneas were cultured in each of the two groups in DMEM supplemented with 

10% fetal bovine serum containing 1% antibiotic solution (penicillin and streptomycin) and 

the media was changed every 2 days. After 14 days of culture, mRNA from the four corneas 

in each treatment group were pooled together and processed for q-RT-PCR measurement of 

levels of mRNAs for five genes as described below: TGFB1, TGFBR2, CTGF, SMA and 

Col-I.

2.3.2 Experiment 2—Experiment 2 was designed to assess the delivery of a fluorescently 

labeled scrambled siRNA sequence using NP (NP-FL-siRNA). The experiment included 

three groups of corneas: unablated & treated with NP-FL-siRNA, ablated & treated with 

NP-FL-siRNA and ablated & treated FL-siRNA without NP. Three corneas were cultured in 
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each of the three groups in DMEM supplemented with 10% fetal bovine serum containing 

1% antibiotic solution (penicillin and streptomycin) and the media was changed every 2 

days. The corneas in the NP-FL-siRNA group (three ablated and three unablated corneas) 

were topically treated with 50 μL of fluorescently labeled siRNA complexed with 

nanoparticles for 1 minute using a vacuum trephine while the corneas in FL-siRNA group 

(three ablated corneas) received an equivalent dose of FL-siRNA without NP. The corneas 

were cultured for 6 hours and then collected for histology. A mosaic was created from 

several consecutive confocal images to give an overall perspective of the wounding region 

of the cornea.

2.3.3 Experiment 3—Experiment 3 was designed to assess the relative levels of corneal 

haze that developed in excimer-ablated corneas, and to determine if the level of corneal haze 

could be reduced by treatment with a steroid (prednisolone acetate) that is commonly used 

to reduce corneal inflammation or by treatment with a NP-siRNA formulation that targeted 

three key scar-stimulating genes (TGFB1, TGFBR2 and CTGF). The experiment included 

four groups of corneas: unablated, ablated & untreated, ablated & treated with NP-siRNA, 

and ablated & treated with prednisolone acetate. Six corneas were cultured in each of the 

four groups. After excimer laser ablation, all the corneas were cultured in DMEM 

supplemented with 1 ng/ml of TGFB1 and 1% antibiotic solution and the media was 

changed every 2 days. Furthermore, one group of four corneas were treated with 2 drops of 

1%prednisolone acetate ophthalmic suspension (Pacific Pharma) and another set of four 

corneas were treated with the triple siRNA combination delivered using NP for the first 

three days after ablation. After 14 days of culture, corneas were photographed then returned 

to culture, until on day 21, three corneas of each test group were independently processed 

for qRT-PCR for measurement of SMA mRNA. The remaining three corneas in each group 

were processed for immunohistostaining of SMA protein.

2.4 Reverse Transcription–Polymerase Chain Reaction

Total RNA was extracted using the Qiagen RNeasy mini isolation kit (Qiagen, Inc., 

Valencia, CA) and used according to the manufacturer’s directions. cDNA was synthesized 

using the High Capacity cDNA Reverse Transcription Kit (Applied Biosytems, Carlsbad, 

CA) according to manufacturer’s procedure. The level of mRNA for TGFB1, CTGF, 

TGFBR2, SMA, collagen II, and 18S ribosomal RNA were determined using the Real-Time 

PCR TaqMan assay. The primers and probes for each gene are defined in Table A1. The 

endogenous control, ribosoma18S RNA, was used normalize target genes. Primers, probes 

and cDNA were combined with TaqMan Universal PCR Master Mix (Applied Biosytems, 

Carlsbad, CA) and amplification was performed by the Applied Biosystems 7300HT Fast 

Real Time PCR System (Carlsbad, CA). The thermal cycling conditions were as follows: 2 

min at 50°C, 10 min at 95°C, 40 cycles of 15 sec at 95°C, and 1 min at 60°C. The relative 

gene expression of the growth factors was calculated using the 2-ΔΔCt method.

2.5 Immunohistochemistry

Corneas from the experiment assessing delivery of the fluorescein-labeled siRNA-

nanoparticle formulation were collected 6 hours after transfection. Corneas from the 

therapeutic experiment were cultured for 21 days before collection and fixing. To stain for 
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SMA, the rabbit corneas from the both the experiments were fixed overnight in 4 % 

paraformaldehyde. They were then bisected, embedded in Optimal Cutting Temperature 

medium (OCT) (Sakura Finetek) then 10 μm thick sections were cut and collected on glass 

slides. The slides were then washed with PBS and blocked in horse serum for 1 hour. 

Finally, sections were incubated with SMA antibody-Cy3 (Sigma) for 1hour at room 

temperature. The slides were mounted with DAPI and imaged using confocal and 

fluorescence microscopes.

2.6 Scar Imaging

A Nikon D7000 digital camera was outfitted with a macro lens capable of native 1:1 

reproduction (60mm Nikkor) and the Nikon R1C1 Creative Lighting System (CLS) flash 

system. The D7000 was set to the “Standard” program, ISO 100, manual exposure with a 

shutter speed of 1/250 second and f/57. Shutter speed is the amount of time the shutter in the 

camera remains open. A high shutter speed would greatly reduce the amount of ambient 

light entering the camera. The aperture of the camera is given by the f-stop value (f/57). 

Smaller the aperture, lesser would be the amount of light entering the camera. To visualize 

and measure haze, the lens was outfitted with a circular ring flash whose flash power was set 

manually (1/6th D7000) and neither the flash nor lens had a filter. For all images, the lens 

was set to manual focus and pre-focused to a 1:1 reproduction ratio, and the camera was 

fixed to a tripod and focused by moving the camera closer or further from the subject. Guide 

lights on the flash heads were used to facilitate haze visualization and focusing.

Hence, with this current set up the object is exclusively illuminated by the circular ring flash 

outfitted to the camera. Increasing the shutter speed won't affect the flash exposure because 

it is of much shorter duration than that of the shutter speed. In other words, the image of the 

cornea obtained in this study is illuminated only by the flash and would be the same if 

imaged in a dark or a well-lit room.

2.7 Image Analysis

To improve the contrast of scar formation in the ablated regions of the cornea, the native full 

color images were converted to grey scale. This was followed by reducing the background 

light scattering observed in unablated regions of the cornea to a minimum. The background 

from the unablated regions of the cornea was not set to any user-derived value. Instead, the 

‘set black point’ option from Adobe Photoshop was used for background correction. In this 

method, an area outside the ablated region without any visual signs of haze was set to be 

black using the ‘set black point’ option. This sample area is used a reference point and set as 

black. The grey values of all other areas are also accordingly reduced based on this reference 

point. All processing steps were done globally on the entire image and not locally on any 

specific area of the image. These steps help in effectively blocking the noise associated with 

the light scattering of unablated regions, which enables the finer details of the scar to be 

discerned. Hence, instead of having a specific set of brightness and contrast values for each 

picture, the scarring regions in the corneas were normalized to their respective unablated and 

unscarred regions. The ablation regions in these processed images were then selected with 

the lasso tool and percent haze was calculated by measuring the pixel intensity in these 

selected regions.
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2.8 Statistical Analysis

All experiments were performed in triplicate and all statistical analyses were conducted 

using GraphPad prism (San Diego, CA). Student’s t-test or Analyses of Variances 

(ANOVA) with Tukey’s post-hoc assessments were used accordingly to test for significance 

between the groups. Results were considered statistically significant where p<0.05.

3. RESULTS

Using rabbit corneas cultured at the air-liquid interface, we analysed the ability of the laser 

ablation to produce a scar-like response in corneas cultured ex vivo. Scarring was evaluated 

in terms of specific markers of wound healing (expression of pro-fibrotic genes) and 

transparency (pixel intensity of scarring regions in the ablated region). Further, to evaluate 

the efficacy of this system as a therapeutic testing model, we evaluated the ability of 

prednisolone and nanoparticle (NP) complexed with three siRNAs directed at three key 

scarring genes, TGFB1, TGFBR2, and CTGF, in reducing the formation of these scar-like 

features.

3.1 Ex vivo cultured corneas that were ablated develop scar-like features

Corneas of freshly obtained rabbit globes were ablated with an excimer laser to a depth of 

155 μm to create a 6 mm diameter central wound then cultured at the air-liquid interface for 

21 days in serum free media that was supplemented with 1ng/ml of TGF-B1. After 14 days, 

the unablated corneas were transparent and showed no signs of any scar-like features while 

the ablated corneas without any treatment had the most visible scar-like formations in the 

wounding region (Figure 1- a, b).

3.2 Visual comparison of corneas treated with therapeutic agents

Figure 2 shows processed digital images of the corneas from all the treatment groups in 

Figure 1. Ablated corneas without any treatment (positive scarring control) developed the 

most robust scar-like features, while corneas treated with NP-siRNA or treated with steroid 

developed markedly less scar-like features that were readily apparent by simple visual 

examination. Unablated cornea did not develop any haze-like features and was used as a 

negative control.

3.3 Comparison of RNA level expression of pro-fibrotic genes in ablated and unablated 
corneas

Levels of expression of pro-fibrotic genes in unablated and ablated corneas cultured in full 

serum conditions without any treatment were assessed by qRT-PCR. RNA from the central 

scar-like tissue was collected using an 8 mm punch biopsy, and the expression levels of 5 

pro-fibrotic genes were analyzed using qRT-PCR. The levels of RNA for all five pro-

fibrotic genes were higher in the ablated corneas when compared to the unablated corneas 

(Figure 3). In particular, the expression of TGFB1 and SMA were 8 and 4 fold higher, 

respectively, in injured corneas.
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3.4 Delivery of siRNA by nanoparticles

The efficacy of the delivery of nanoparticles complexed with siRNA to different layers of 

the cornea was assessed by detecting the presence of a fluorescently labelled scrambled 

siRNA sequence in histology sections of treated corneas. In ablated corneas treated with 

nanoparticle complexed fluorescently labelled siRNA (NP-FL-siRNA), a fluorescence 

gradient was observed. The anterior stromal layers directly beneath the area where the NP-

FL-siRNA was applied using a vacuum trephine had a high fluorescence intensity. The 

intensity of fluorescence progressively decreased with increasing distance from the anterior 

surface. Higher magnification images of the sections show uptake of siRNA by the cells 

(Figure 4 a–c). No fluorescence was observed in the stroma of excimer-ablated corneas 

when FL-siRNAs alone were applied (Figure 4c). Also, only a few superficial epithelial 

cells were fluorescent when FL-NP- siRNAs were applied to the intact unablated cornea 

(Figure 4b). Neither the stroma layers nor the endothelial cell layer were fluorescent.

3.5 Treatment with NP-siRNA or steroid reduce haze formation

The contrast-enhanced images of three replicate corneas from each of the four treatment 

groups were used to measure the percentage of haze formed (Supplemental Figures 1 – 4). 

The ablated regions in these processed images were selected with the lasso tool and percent 

haze was calculated by measuring the pixel intensity in these selected regions (Image 5, 

panels a &, b). The pixel intensity in this selected region should be lower in the unablated 

corneas due to their relatively high transparency, while the intensity of these regions in 

ablated corneas should be higher in corneas with ”scar” depending on the severity of the 

haze. The percentage of haze developed in ablated corneas without any siRNA/steroid 

treatment was 22% (calculated with respect to the unablated corneas which developed no 

haze). In contrast, treatment of ablated corneas with NP-siRNA improved the transparency 

of the corneas, resulting in a haze percentage of 9.6% when compared to the unablated 

corneas. Similarly, treatment of ablated corneas with steroid also improved the transparency 

of the corneas, resulting in a haze percentage of 7% when compared to the unablated 

corneas. Therefore, treatment of the ablated corneas with NP-siRNA reduced haze formation 

by 55%, while treatment with steroids reduced haze formation by 68% compared to the 

ablated corneas that received no treatment (p=0.05).

3.6 Treatment with NP-siRNA or steroid reduce mRNAs for scarring genes

RNA from the scar-like tissue was collected using a 8mm punch biopsy, and the expression 

levels of SMA were analyzed with qRT-PCR. The SMA expression in the treated corneas 

(NP-siRNA and steroids) was significantly (p<0.05) lower than that of the ablated and 

untreated corneas (Figure 6a). Specifically, the NP-siRNA treatment was able to reduce the 

SMA expression by 77%, while the steroid treatment reduced the SMA expression by 85%.

3.7 Immunohistostaining of corneal tissues shows reduction in SMA after treatment with 
NP-siRNA or steroid

Immunocytochemistry was performed on three corneas from each of the experimental 

groups to visualize the presence of SMA in the ablated untreated corneas and assess 

knockdown of SMA protein. Rabbit corneas that were ablated and untreated show intense 
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SMA staining in the basal epithelium and anterior stroma (Figure 6b). A similar pattern of 

myofibroblasts containing SMA was observed in both mice and rabbits after a PTK injury. 

Corneas that were treated with NP-siRNA and steroids showed reduction in staining for 

SMA when compared to untreated controls (Figure 6c, d).

4. DISCUSSION

Using excimer laser ablated rabbit corneas cultured in an ex vivo organ system for up to 21 

days, we were able to reproduce the reduction of transparency observed in living rabbits 

when corneas are subjected to laser injury (Figure 1a, b). Since this model utilizes freshly 

obtained intact rabbit globes, it is closer to the in vivo situation than the three-dimensional 

cell culture systems reported by other investigators.(Karamichos et al., 2010; Janin-

Manificat et al., 2012)

Several in vitro organ culture methods have been proposed to study the corneal wound 

healing processes.(Møller-Pedersen and Møller, 1996; Richard et al.) Air/liquid interface 

organ cultures have been shown to improve epithelial cell morphology and preserve stromal 

keratocytes for at least 4 weeks.(Castro-Combs et al., 2008) In addition, our ex vivo model 

system was able to reproduce key aspects of corneal scarring reported in vivo for rabbits. 

Specifically, there was a marked increase in the levels of mRNA expression of five pro-

fibrotic genes in the wound tissue. In particular, levels of SMA mRNA and protein, a key 

marker of corneal scarring, significantly increased when compared to the unablated corneas 

(Figure 3).

In this culture system, corneal scar formation develops in the absence of an intact immune 

system, tear secretion, and corneal innervation, which are all known to play important roles 

in corneal wound healing. This enables this ex vivo organ culture model to isolate and study 

the effects of various molecular pathways that regulate haze formation in the absence of 

these other processes that influence corneal scarring. This also makes this ex vivo system an 

ideal model to screen large numbers of potential therapeutic agents that target different 

molecular pathways for reduction of corneal haze formation. In this study, we used a triple 

siRNA combination targeting TGFB1, TGFBR2 and CTGF all of which have been shown to 

play an important role in corneal scarring.(Jester et al., 1999; Chen et al., 2000; Blalock et 

al., 2003) This effective triple siRNA, in in vitro knockdown experiments, significantly 

reduced mRNA levels of target genes (>80%) and downstream scarring genes (>85%), SMA 

protein (>95%), and significantly reduced cell migration without reducing cell viability.

(sriram et al., 2013c)

In the cornea it has been shown that fundamental behaviors of epithelial and stromal cells, 

including proliferation, adhesion, and migration, are modulated by substratum topography.

(Pot et al., 2010) A previous study by Netto et al.(Netto et al., 2006) indicated that larger-

scale topographic irregularities caused by corneal surgical intervention contribute to 

myofibroblast generation and haze formation in vivo. It has also been shown that nanoscale 

topographic features modulate TGFB1-induced myofibroblast differentiation and αSMA 

expression, possibly through upregulation of Smad7. It is therefore possible that in the 

wound environment, native nanotopographic cues assist in stabilizing the keratocyte/
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fibroblast phenotype while pathologic microenvironmental alterations may be permissive for 

increased myofibroblast differentiation and the development of fibrosis and corneal haze.

(Myrna et al., 2012) Hence, studying anti-fibrotic therapies in excimer laser ablated ex vivo 

corneas is a better system than in cell culture experiments as they provide pathologic 

microenvironmental alterations similar to in vivo conditions that may stimulate the 

fibroblasts to change to the myofibroblast phenotype.

One of the main challenges in the therapeutic use of siRNA has been the delivery of siRNAs 

to cells in complex tissues. In this study, we used a histidine and lysine based commercially 

available nanoparticle kit. In ablated corneas treated with these polycationic nanoparticles 

complexed with fluorescently labelled siRNA (NP-FL-siRNA), a fluorescence gradient was 

observed. The anterior stromal layers directly beneath the area where NP-FL-siRNA was 

applied using a vacuum trephine had a high fluorescence intensity. The intensity of 

fluorescence progressively decreased with increasing distance from the anterior surface. 

However, there was an increase in the fluorescence intensity in the endothelial cell layers. 

These results suggest that, in the absence of an epithelium, the endothelium poses maximum 

resistance to the penetration of FL-NP-siRNA complex, leading to an increased 

concentration of the FL-NP-siRNA nanoparticles in this layer. This was also reported by 

Hämäläinen et al.(Hämäläinen et al., 1997) in which they found the permeability of the 

central stroma to be higher than that of the endothelium. Importantly, no fluorescence was 

observed in the stroma of excimer-ablated corneas when FL-siRNAs alone were applied 

(Figure 4c). Also, only a few superficial epithelial cells were fluorescent when FL-NP- 

siRNAs were applied to the intact unablated cornea (Figure 4b). Neither the stromal layers 

nor the endothelial cell layer were fluorescent. These results suggest that the fluorescence 

pattern observed in corneas when FL-NP-siRNA nanoparticles were applied topically to 

corneas in the area of epithelial ablation was due to penetration of the FL-NP-siRNA 

nanoparticles into the stroma and not due to absorption from the media. Overall, these 

results demonstrated the importance of the polycationic nanoparticle carrier system to 

enhance deep penetration of the FL-siRNAs into the cornea and uptake by stroma 

keratocytes and endothelial cells. However, the intact epithelium is still an effective barrier 

to even the FL-NP-siRNA nanoparticles.

There is currently no standard imaging methodology for quantitatively measuring the extent 

of corneal haze. The accepted clinical method to evaluate corneal haze is visual grading by 

an experienced ophthalmologist. However, this method fails to give a definitive quantifiable 

measurement and also suffers from subjective bias of the observer. Ultrasound 

biomicroscope (UBM) uses back-scattered signals reflected from different layers of tissues 

and then reconstructs structural images.(Zhou et al., 2013) In general, the resolution of this 

technique is not very sensitive to quantify mild haze. It has been reported that haze scores of 

less than 2 and mild subepithelial haze formation cannot be visualized by Ultrasound 

biomicroscopy.(Nagy et al., 1996) (Foster et al., 2000) Confocal microscopy allows in vivo 

presentation of corneal structure changes on the cellular level.(Cavanagh et al., 1993) In the 

field of cornea scarring, it has been predominantly used to visualize light scattering in the 

cornea and not for quantifying the reduction of haze because of its fair resolution (white 

light source) and local perspective of the wounding region. These techniques also require 
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expensive instruments and skilled technicians to image the cornea. The digital camera 

imaging system to measure corneal haze over the entire ablated region of the cornea 

described in this study is convenient, accurate, affordable, and can be performed by 

essentially any vision researcher. In this study, we were able to show that treatment of the 

ablated corneas with NP-siRNA reduced haze formation by 55%, while treatment with 

steroids reduced haze formation by 68% when compared to the ablated corneas that received 

no treatment (Figure 5c). The visual results were confirmed by a high RNA level 

knockdown of SMA as observed by qRT-PCR (78% by NP-siRNA and 85% by steroids) 

(Figure 6a).

SMA immunohistostaining of rabbit corneas that were ablated and untreated shows SMA 

staining in the basal epithelium and anterior stroma (Figure 6). A similar pattern of 

myofibroblasts formation was observed in both mice and rabbits after a PTK injury.

(Nakamura et al., 2001; Netto et al., 2006; Mohan et al., 2008; 2011) In addition, when 

severe haze develops in human corneas after PRK, it is nearly always localized immediately 

beneath the epithelium and in the anterior stroma,(Shah et al., 1998; Siganos et al., 1999) 

which is in the same location that myofibroblasts are noted in the ablated corneas cultured in 

this ex vivo system. Hence, the focus of the data in this study was primarily on these regions 

and not on the endothelium. However, the endothelia of the corneas used in this model were 

also viable and undamaged as observed in the clear unablated control corneas, which would 

have developed haze if the endothelial layer was extensively damaged. Corneas that were 

treated with NP-siRNA and steroids show reduced staining for SMA without any damage to 

the different layers, showing protein level knockdown of both the treatments.

There currently are no FDA approved drugs that selectively reduce the expression of genes 

causing corneal scarring and haze. Mitomycin C is used during some ocular surgeries, but it 

may have very damaging side effects, including death of endothelial cells, (Sihota et al., 

1998) stromal melting, and conjunctival thinning. (Morales et al., 2006). Corticosteroids like 

prednisolone acetate used in this experiment, have also been used as potential anti-fibrotic 

agents. Studies have shown that although corticosteroids have been demonstrated to reduce 

corneal haze in some cases, there are a number of severe side effects to this treatment 

including cataract and risk of glaucoma after prolonged use. (Carnahan and Goldstein, 2000) 

Thus, there is a need for an effective anti-scarring drug that can be given topically and 

specifically targets fibrotic genes while also avoiding non-specific serious side effects that 

threaten vision. In addition, using a combination of siRNAs that target three key genes in a 

dominant scarring pathway created an enhanced knockdown effect compared to a single 

siRNA targeting only one gene product (sriram et al., 2013b).

Animal models have been used for corneal scarring studies post excimer laser surgery.(Netto 

et al., 2006; Mohan et al., 2008; 2011) However, their use in large scale is limited for 

practical reasons. Results from this study show that the development of corneal haze in the 

ex vivo cultured corneas in terms of markers of corneal scarring is very similar to that 

observed in animals. Studies have also shown enucleated rabbit eyes sustained in culture 

retain wound healing dynamics and are comparable to live rabbit eye model in terms of laser 

radiation exposure.(McCally et al., 1992; McCally and Bargeron, 2000; Kabosova et al., 

2003; Fyffe, 2005) The use of this ex vivo organ culture can help reduce the need for 
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animals in experiments.(Toropainen, 2007). The ex vivo scarring model can be an important 

aid for screening and optimization of new anti-scarring drugs in addition to it being an 

important tool to study and understand the molecular pathways of the corneal wound healing 

process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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6. Appendix

Table A1

TAQMAN™ RT PCR Primers and probe sequences

Growth Factor Type Sequences

CTGF Forward AGGAGTGGGTGTGTGATGAG

Reverse CCAAATGTGTCTTCCAGTCG

Probe ACCACACCGTGGTTGGCCCT

TGFβR2 Forward CGTCGAGACTCCATCTCAAA

Reverse AAACAGCCCACAAATGTCAA

Probe TCAGCTTTGCACAAGGGCCCT

TGFβ1 Forward CCTGTACAACCAGCACAACC

Reverse CGTAGTACACGATGGGCAGT

Probe CTCCAGCGCCTGTGGCACAC

Collagen-I Forward TTCTGCAGGGCTCCAATGAT

Reverse TCGACAAGAACAGTGTAAGTGAACCT

Probe TTGAACTTGTTGCCGAGGGCAACAG

SMA Forward AGAGCGCAAATACTCCGTCT

Reverse CCTGTTTGCTGATCCACATC

Probe CGGCTCCATCCTGGCCTCTC

18S rRNA Forward GCCGCTAGAGGTGAAATTCTTG

Reverse CATTCTTGGCAAATGCTTTCG

Probe ACCGGCGCAAGACGGACCAG
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Figure 1. Visual comparison of ablated, unablated and treated corneas
Freshly obtained rabbit globes were ablated to a depth of 155μm and cultured at the air-

liquid interface for 14 days in serum free media supplemented with 1ng/ml of TGFB1. Four 

groups with six corneas each were tested experimentally – a) Unablated corneas, b) Laser 

ablated with no treatment, c) Laser ablated and treated with Steroids, d) Laser ablated and 

treated with triple siRNA complexed with nanoparticles.
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Figure 2. Image analysis of ablated, unablated and treated corneas
The images of corneas from the four groups of the above experiment – a) Unablated 

corneas, b) Laser ablated with no treatment, c) Laser ablated and treated with Steroids, d) 

Laser ablated and treated with triple siRNA complexed with nanoparticles were processed 

with Adobe photoshop to increase the visual contrast of haze. All the images were initially 

converted to grey scale, which was then followed by background correction to reduce the 

noise associated with the light scattering of unablated regions.
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Figure 3. Comparison of RNA level expression of Five pro-fibrotic genes in ablated and 
unablated corneas
Freshly obtained rabbit globes were ablated to a depth of 155μm and cultured at the air-

liquid interface for 14 days in full serum media. RNA from the scar-like tissue was collected 

using a 8 mm punch biopsy and the expression levels of 5 profibrotic genes were analyzed 

using qRT PCR. 18S rRNA was used as the housekeeping gene. All RNA expressions were 

normalized to their respective levels in unablated corneas (n=3 for each group). Asterisks 

indicate significant differences (p<0.05).
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Figure 4. Nanoparticles deliver siRNA to all layers of ablated corneas in organ-culture
Whole rabbit globes were ablated to 125 microns using an excimer laser and treated with 

fluorescently labeled scrambled siRNA complexed with a nanoparticle for 1 minute. 6 hours 

after transfection, the corneas were fixed overnight in 4 % paraformaldehyde. They were 

then bisected, embedded in OCT and then sectioned in 10μm slides. The blue color shows 

the cell nuclei, which were stained with DAPI, and the green shows the fluorescence of the 

delivered scrambled siRNA. Image a shows the delivery of siRNA by nanoparticles after 

ablation. No fluorescence is observed when - b) globes were treated with nanoparticles 

complexed with siRNAs without ablating the epithelium, c) globes were treated with 

siRNAs alone without nanoparticles after ablation.
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Figure 5. Evaluating the reduction in haze formation
The processed images from Figure 2 were analyzed using Adobe Photoshop to quantify the 

amount of haze formation. The lasso tool in Photoshop was used to trace the area of the 

scarring region as shown in images a) and b). Percent haze is calculated by measuring the 

pixel intensity in these selected regions and normalizing it to area of the selected regions. 

Image c shows the percentage of haze expressed in the ablated corneas in terms of the 

unablated corneas. Asterisks indicate significant differences (p<0.05) of the experimental 

group compared to untreated corneas, calculated using ANOVA with Tukey’s HSD with 

n=3 in each experimental group.
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Figure 6. RNA analysis and Immunohistostaining of corneal tissues show reduction in SMA after 
treatment with steroids and NP-siRNA
RNA from the scar-like tissue was collected using a 8mm punch biopsy and the expression 

levels of SMA were analyzed with qRT PCR. 18S rRNA was used as the housekeeping gene 

and all expression levels were normalized to their respective levels in unablated corneas. 

Image a shows the reduction in SMA expression in treated corneas when compared to the 

ablated corneas. For immunohistostaining, corneas from the experimental groups were fixed 

overnight in 4 % paraformaldehyde. They were then bisected, embedded in OCT and then 

sectioned in 10μm slides. To stain for SMA, slides were blocked in horse serum and then 

incubated with cy3 labeled SMA antibody. Rabbit globes that were ablated and untreated 

show SMA staining in the basal epithelium and stroma (Figure a). Figure b) and c) show 

higher magnification of areas with myofibroblasts. Globes that were ablated and treated with 

NP-siRNA and steroids show no SMA staining (Figures d and e).
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