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ABSTRACT 

 

Purpose: The aims were to (1) investigate the molecular mechanisms mediating the anti-

fibrotic effect of SAHA in the canine cornea using an in vitro model and (2) to develop a 

novel in vivo model of corneal fibrosis in dogs utilizing alkali burn and assess the ability 

of SAHA to inhibit fibrosis using this canine model. 

Methods: In study 1, canine corneal fibroblasts were incubated for 24hrs +/- 

Transforming Growth Factor- β1 (TGF-β1) and SAHA.  Western blot was used to 

quantify isoforms of intracellular signaling proteins.  Real-time PCR and zymography 

quantified matrix metalloproteinases (MMP) mRNA and protein expression, respectively.  

In study 2, a corneal alkali burn was created in Beagles using 1 N NaOH topically. Dogs 

were randomly and equally assigned into 2 groups: A) vehicle (DMSO); B) anti-fibrotic 

treatment (SAHA).  Degree of corneal opacity and efficacy of SAHA were determined 

utilizing the Fantes grading scale, optical coherence tomography, corneal histopathology, 

immunohistochemistry and transmission electron microscopy. 

Results: In study 1, SAHA treatment reduced phosphorylation of Smad2/3, ERK1/2 and 

altered MMP protein and gene expression.  In study 2, α-smooth muscle staining and 

minimum and maximum interfibrillar distances were significantly greater in burned 

corneas.  

Conclusion: Corneal anti-fibrotic effects of SAHA involve modulation of canonical and 

non-canonical components of TGF-β1 intracellular signaling and MMP activity.  The 

alkali burn generates corneal opacity without damaging the limbus, and induces reliable 

fibrosis.  Additional in vivo SAHA dosing studies with larger sample size are warranted.
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CHAPTER 1 

 
INTRODUCTION 

 

 

Significance of Corneal Fibrosis  

 

Ocular injury threatens short and long-term corneal clarity and vision.  Both 

human and veterinary patients are commonly subject to corneal injury, the cause of which 

may be pathologic (e.g. trauma, infection, other) or surgical (e.g. status post corneal 

transplant or photorefractive keratectomy (PRK), conjunctival grafting procedures, 

other).1-4  Regardless of the exact etiology the resulting sequela is often loss of corneal 

transparency due to dysregulated healing and subsequent fibrosis.5  Corneal fibrosis can 

result in blindness, rendering a person unable to read, write, operate a vehicle and 

perform other required daily tasks.  Similarly, corneal fibrosis is debilitating to veterinary 

patients.  The loss of corneal transparency impairs the animal’s visual field and depth 

perception resulting in decreased performance.  For example, an affected German 

Shepherd dog is unable to execute search and rescue operations, a Golden Retriever 

working as a guide dog for the blind is no longer able to assist its owner, or a horse 

cannot compete in flat races, polo sports, or show jumping.  As a consequence of this 

inability to perform, an animal may be immediately and prematurely retired or potentially 

even euthanized, especially when the blind animal is deemed a danger to people.  The 

loss of animals suffering from corneal fibrosis is emotional (e.g. to trainers and owners) 

and financially devastating (e.g. service dogs are significant investments for government 

and not-for profit programs; equine athletes are an integral part of the equestrian sports 

industry which accrues approximately a billion dollars annually).  Corneal fibrosis 

remains one of the leading causes of blindness in animals and people worldwide.6,7  Thus, 
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the development of novel, successful strategies to treat corneal fibrosis remains an 

important goal among both physician and veterinary ophthalmologists. 

The Myofibroblast: Corneal Wound’s Friend and Corneal Transparency’s Foe  

 Corneal wound healing is a complex process that involves the signaling of 

numerous cytokines, up-regulation of matrix metalloproteinases (MMPs), increased 

deposition of extracellular matrix (ECM), activation of keratocytes, and subsequent 

formation of both fibroblasts and myofibroblasts (i.e. epithelial to mesenchymal 

transdifferentiation).8-13  Myofibroblasts are contractile, metabolically active, opaque 

cells containing intracellular microfilament bundles of F-actin, desmin, vimentin and α-

smooth muscle actin (α-SMA), and so myofibroblasts are able to cause wound 

contracture, restore the ECM and create intercellular adhesions.  Consequently 

myofibroblasts are the ideal cell type for corneal wound repair.  However, this process 

also results in a loss of corneal transparency as the ECM deposited by the myofibroblasts 

and the myofibroblasts themselves are opaque.14  Typically, the corneal opacification 

resolves with disappearance of the myofibroblasts and reabsorption of the opaque ECM.  

Disappearance of myofibroblast likely occurs either (1) through reversion of the 

myofibroblast back to keratocytes, which has been demonstrated in vitro15 or (2) by 

apoptosis.  It is believed that apoptosis of myofibroblasts is mediated by restoration of 

corneal epithelial basement membrane as with the return of the basement membrane, the 

epithelial-derived cytokine, Transforming Growth Factor- β (TGF-β), can no longer 

penetrate the anterior stroma and perpetuate the myofibroblast phenotype.14,16  It is this 

particular cytokine which drives the transformation of fibroblast to myofibroblast and 

thus TGF-β has earned the title: “master of fibrosis”.17   
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Molecular Mechanisms of Corneal Fibrosis: The Role of TGF-β1 

Many different cytokines are produced in response to corneal wounding and of these 

various cytokines TGF-β has been shown to play a major role in the formation of corneal 

fibrosis.9,18,19  

Three isoforms of TGF-β have been detected in the mammalian cornea, specifically 

TGF-β1, TGF-β2 and TGF-β3.20  These members of the TGF-β family are homologous 

proteins.  Structurally, the active forms of each isoforms are homodimer proteins with a 

molecular weight of 25 kDa.  Genetically, TGF-β1 and TGF-β2 share approximately 70% 

of their amino acid sequences while TGF-β1 and TGF-β3 share 76% of their amino acid 

sequences, and amino acid sequences of TGF-β2 and TGF-β3 are 80% compliant.21 

However, despite their structural and genetic similarities, each isoform is encoded by 

genes which are located in different regions of different chromosomes. 22-24  Thus, each 

isoform is allowed to possess individual and distinct functions.21,25  For instance, it has 

been made evident that both TGF-β1 and TGF-β2 play critical roles in the development 

of corneal fibrosis5,26-30  while TGF-β3 appears to inhibit fibrosis as corneal wounds 

treated with TGF-β3 not only lack markers of fibrosis such as α-SMA and have a low 

type III: type I collagen ratio but also generate an ECM that mimics normal cornea.31   

  The effects of TGF-β are known to be mediated by various intracellular signaling 

pathways such as the Smad-dependent intracellular signaling pathways.32,33  The Smad 

protein family is classified based on function and is composed of three categories 

including receptor-regulated Smads (R-Smads), common mediator Smads (co-Smads), 

and inhibitor Smads (I-Smads).  R-Smads possess ligand specificity and become 

phosphorylated after directly binding to the TGF-β Receptor.  Co-Smads are needed for 
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nuclear entry and consequently allow for signal transduction from the cell membrane to 

the nucleus.  Finally, I-Smads interfere with the activation of R-Smads by inhibiting their 

phosphorylation.  Interactions among these Smad proteins ultimately results in the 

transformation of quiescent corneal keratocytes into corneal fibroblasts and subsequently 

myofibroblasts.18,33,34   

Although Smad proteins seem to play a primary role in TGF-β signal transduction, 

literature suggest that several other signaling pathways also allow for TGF-β to modulate 

gene expression and cell function.  For example, TGF-β1 can activate several mitogen-

activated protein kinases (MAPKs) such as ERK, JNK and p38 MAPK.33  These MAPK 

pathways appear to play to a role in epithelial and endothelial cell migration in the 

corneas of mice, rabbits and humans.  They also alter the expression of ECM genes.35-37  

TGF-β is known to induce fibrosis not only through cellular transdifferentiation but 

also through the modulation of the activity of MMPs.33  MMPs are proteolytic enzymes, 

which play a major role in extracellular matrix degradation.  Physiologically, MMPs 

allow for remodeling of the extracellular matrix which is a necessary component of the 

wound repair process.  However, excessive and uninhibited activity of MMPs in the 

cornea such as MMP2 and MMP9 can result in keratomalacia and potentially 

fibrinogenesis.38   Overactivity of MMP1 has been implicated in ophthalmic disease as 

well, such as superior limbic keratoconjunctivitis and viral keratitis in people.39,40 

Various studies have demonstrated TGF-β1 can cause the up-regulation of the gene and 

protein expression of MMP1, MMP2 and MMP9.12,13,41-44  

It has been demonstrated that Smad and MAPK mediated gene expression is 

influenced by histone acetylation.45-48  Histone acetylation is controlled by the 
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interactions of two enzymes, histone deacetylase (HDAC) and histone acetyltransferase 

(HAT).49  The activities of these two enzymes regulate gene expression and cellular 

function by modifying core histones or non-histone proteins.49  HDACs have been shown 

to participate in the development of fibrosis within various organs, including the 

cornea.50,51  Thus, inhibition of HDAC activity represents a means by which TGF-β 

mediated corneal fibrosis can be reduced or prevented.52-55  

Use of Histone Deacetylase Inhibitors to Prevent Corneal Fibrosis 

The therapeutic potential of histone deacetylase inhibitors (HDACi) as anti-

fibrotic agents has demonstrated extreme promise in different models of corneal fibrosis.    

For instance, trichostatin A, an inhibitor of class I and II HDACs, was shown to 

effectively decrease corneal fibrosis in rabbits, following PRK.56  However, trichostatin 

A is not commercially available.  A derivative of trichostatin A, suberanilohydroxamic 

acid (SAHA), is approved by the FDA, and recent studies by our laboratory have 

demonstrated its ability to not only prevent TGF-β1-mediated fibrosis in canine and 

equine cornea in vitro but also reduce corneal haze in rabbits in vivo.57-59  The precise 

mechanism by which SAHA decreases corneal fibrosis remains undefined and clinical 

use of SAHA as an anti-fibrotic agent demands translational research utilizing an in vivo 

model comparable to the human cornea.  

Need for Novel Model of Canine Corneal Fibrosis  

Small laboratory animal species such as rodents and rabbits are commonly used in 

current corneal fibrosis research.60,61  While these in vivo studies overcome the 

limitations of in vitro experiments by representing native corneal wound healing, the 

cornea of rats, rabbits and mice differ significantly from those of people in terms of 
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thickness and diameter.62  An animal model possessing corneal anatomy and physiology 

similar to people is important for determining bench-to-bedside translational potential of 

anti-fibrotic treatments to clinical application in human and veterinary clinics.  The dog 

represents a more optimal model than rodents or rabbits for studying molecular 

mechanisms mediating corneal fibrosis and testing the efficacy and safety of therapies for 

corneal scarring and restoring vision. Not only are the dog’s corneal dimensions 

comparable to people,62 they are common veterinary patients presenting with ocular 

injuries that result in corneal fibrosis.63  Therefore, developing a model of corneal fibrosis 

and discovering a successful anti-fibrotic agent in dogs would impact both physician and 

veterinary ophthalmology. 

At this time, there is only one established in vivo model of canine corneal fibrosis 

of which the author is aware.64  This model created by Bentley et. al. requires repeated 

epithelial debridements and therefore takes significant time to produce fibrosis.  

Additionally corneal haze generated with this model is not grossly appreciable.  Other 

current in vivo models of corneal fibrosis used to investigate anti-fibrotic agents in small 

laboratory species utilize various methodologies such as sulfur mustard exposure, 

laceration and suture, and alkali burn.65-67  The alkali burn is easy to perform, does not 

require specialized equipment and presents minimal risk to those performing the 

procedure.  It also results in significant fibrosis and neovascularization.  To our 

knowledge, the current literature lacks a study describing the use of the alkali burn to 

create corneal fibrosis in dogs.    
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CHAPTER 2 

EXPERIMENTAL PURPOSE AND HYPOTHESIS 

 HDACi such as SAHA have been shown to be an effective anti-fibrotic agent in 

equine and canine cornea in vitro and rabbit cornea in vivo, respectively.57-59  Despite 

these positive results, the molecular mechanisms by which SAHA prevents corneal 

fibrosis remain undetermined.  Additionally, as the transition is made from bench top 

research to bedside medicine, the efficacy of SAHA needs to be evaluated in a large 

animal with corneal anatomy and structure that resembles that of humans, such as the 

dog.62  In study 1, we investigated the molecular mechanisms mediating the anti-fibrotic 

effect of SAHA in the canine cornea using an in vitro model.  Cultured canine corneal 

fibroblasts (CCF) were incubated in the presence/absence of TGF-β1 (5ng/ml) and 

SAHA (2.5µM) for 24hrs.  Western blot analysis was used to quantify non-

phosphorylated and phosphorylated isoforms of Smad2/3, p38 MAPK, ERK1/2 and 

JNK1.  Real-time PCR and zymography were utilized to quantify MMP1, MMP2, MMP8 

and MMP9 mRNA expression and MMP2 and MMP9 protein activity, respectively. We 

hypothesized that SAHA attenuates corneal fibrosis by modulating Smad-dependent and, 

to a lesser extent, Smad-independent signaling pathways activated by TGF-β1, as well as 

MMP activity. 

In study 2, we sought to develop a novel in vivo corneal model of fibrosis in dogs 

utilizing alkali burn and assess the ability of SAHA to inhibit corneal fibrosis using this 

large animal model.  Seven research Beagle dogs were used to establish corneal opacity.  

An axial corneal alkali burn was created using 1 N NaOH topically.  Six dogs were 

randomly and equally assigned into 2 groups: A) vehicle (Dimethyl sulfoxide (DMSO), 2 
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μL/mL); B) anti-fibrotic treatment (50 μM SAHA).  Degree of corneal opacity, ocular 

health, and efficacy of SAHA were determined utilizing the Fantes grading scale, 

modified McDonald-Shadduck (mMS) scoring system, optical coherence tomography 

(OCT), corneal histopathology, immunohistochemistry (IHC), and transmission electron 

microscopy (TEM).  We hypothesized that the corneal alkali burn would create 

significant focal corneal fibrosis and that SAHA would reduce the severity of the corneal 

fibrosis in the canine cornea.  
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CHAPTER 3 

 
STUDY 1: MOLECULAR MECHANISMS OF SUBEROYLANILIDE 

HYDROXAMIC ACID (SAHA) IN THE INHIBITION OF TGF-Β1 MEDIATED 

CANINE CORNEAL FIBROSIS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 Gronkiewicz, K. M., Giuliano, E. A., Sharma, A. and Mohan, R. R. (2015), Molecular 

mechanisms of suberoylanilide hydroxamic acid in the inhibition of TGF-β1-mediated 

canine corneal fibrosis. Veterinary Ophthalmology. doi: 10.1111/vop.12331 
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Materials and methods 

Canine corneal fibroblast (CCF) cultures 

Primary canine corneal fibroblast cultures were established following the protocol 

previously described.58,68  Briefly, full-thickness 6 mm axial corneal buttons were 

aseptically harvested from 3 dogs euthanized for reasons unrelated to the study.  These 

purpose-bred, university owned, research dogs were being sacrificed for an orthopedic 

study in which they were enrolled.  Eyes were examined by slit-lamp biomicroscopy 

prior to euthanasia and determined to be free of anterior segment disease. The corneal 

biopsies were washed with sterile minimal essential medium (MEM, Gibco, Grand 

Island, NY, USA), and the epithelium and endothelium were removed with careful 

dissection using a number 10 blade (BD, Franklin Lakes, NJ, USA). The remaining 

corneal stroma was sub-sectioned and placed in 100x20 mm tissue culture dishes (BD, 

BioSciences, Durham, NC, USA) containing MEM supplemented with 10% fetal bovine 

serum. These stromal explants were then incubated in a humidified 5% CO2 incubator at 

37°C to obtain CCF cultures.  The primary CCF harvested from the corneal stromal sub-

sections were seeded into 100x20 mm tissue culture plates in MEM supplemented with 

10% fetal bovine serum and allowed to reach 80% confluence. 

TGF-β1 and SAHA treatment 

A 10 mM stock solution of SAHA (Cayman Chemical Company, Ann Arbor, MI) 

was made using dimethylsulfoxide (DMSO) and diluted 4000 times with MEM to 

achieve a final concentration of 2.5 µM. Upon reaching 80% confluence CCF were 

exposed to either TGF-β1 (5 ng/ml) or SAHA (2.5 µM) alone or both for 24 hours. 

Immunoblotting 
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Protein lysates were harvested from CCF using a radioimmunoprecipitation assay 

(RIPA) lysis buffer containing a protease inhibitor cocktail (Santa Cruz Biotechnology, 

Santa Cruz, CA). The samples were then centrifuged at 10,000 g for 10 min. Following 

centrifugation, samples were suspended in NuPAGE LDS buffer containing a reducing 

agent (Life Technologies Corporation, Grand Island, NY, USA) and heated at 70°C for 

10 min. Proteins were resolved by NuPAGE Novex Bis-Tris mini gels (Life 

Technologies, Invitrogen, Grand Island, NY, USA) and were transferred onto the 

polyvinylidene difluoride membranes utilizing overnight wet transfer technique at 25 

volts. To detect transferred proteins, the membranes were then incubated with the 

following primary antibodies: p38 MAPK, phospho-p38 MAPK, JNK1, phospho-JNK1, 

ERK1/2, phospho-ERK1/2 (Cell Signaling, Beverly, MA, USA), Smad2/3 and phospho-

Smad2/3 (Santa Cruz biotechnology Inc., Dallas, TX, USA). Membranes were then 

washed and incubated with alkaline phosphatase conjugated anti-mouse, anti-goat, or 

anti-rabbit secondary antibody. After washing three times in Tris-buffered saline for 5 

minutes, membranes were developed using the nitroblue tetrazolium/5-bromo-4-chloro-3-

indolylphosphate method. All western blots for each protein were repeated at least two 

times. Digital quantification of western blots was performed using Image J software 

(NIH, Bethesda, MD, USA). 

RNA extraction, cDNA synthesis and PCR 

Total RNA was extracted from CCF with RNeasy kit (Qiagen, Valencia, CA).  

The RNA was then reverse transcribed to cDNA following vendor’s instructions 

(Promega, Madison, WI).  Real-time PCR was performed to detect and quantify MMP1, 

MMP2, MMP8 and MMP9 mRNA using the Step One Plus real-time PCR system (Life 
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Technologies, Grand Island, NY, USA).  A 20 µl reaction mixture containing 2 µl of 

cDNA, 2 µl of forward primer (200 nM), 2 µl of reverse primer (200 nM), and 10 µl of 

2X SYBR green super mix (Bio-Rad Laboratories, Hercules, CA) was run at a universal 

cycle (95 °C for 10 min, 40 cycles at 95 °C for 15 s, and 60 °C for 60 s) in accordance 

with the manufacturer’s instructions as reported earlier.58  β-Actin was used as the 

housekeeping gene. Each PCR reaction was run in triplicate and repeated at least 2 times. 

The primer sequences used in PCR analysis are listed in Table 1. 

Zymography 

Gelatin zymography was used to quantify pro and active isoforms of MMP2 and 

MMP9 proteins. The 10% Novex pre-cast SDS polyacrylamide gels (Life Technologies, 

Novex, Carlsbad, CA, USA) in the presence of 0.1% gelatin were used under non-

reducing conditions.  A 20 μL zymography sample was prepared by mixing total protein 

lysates (30 μg), Tris-Glycine SDS sample buffer (10 μL) and deionized water (0-6 μL). 

Protein standards were run concurrently to identify molecular weight. Samples were 

loaded for SDS-PAGE with 1X Tris-Glycine SDS Running Buffer and were run at a 

constant voltage (125 Volt) for 120 minutes without heating. Following completion of 

electrophoresis, the gel was washed once in 1X Zymogram Renaturing Buffer, which was 

then decanted, and the gel was next washed twice with 1X Zymogram Developing 

Buffer. For the second washing, the gel was incubated at 37 °C overnight. For staining, 

the gel was washed with Simply Blue Safe stain diluted with deionized water (1:2) for 60 

minutes. The stain was then decanted and the gel was washed in deionized water for 24 

hours. Three separate zymograms were performed for each treatment group.  Digital 

quantification of zymograms was performed using NIH Image J software.   
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Statistical analyses 

Results were expressed as a mean ± standard error.  One-way analysis of variance 

(ANOVA) and Tukey’s test post-hoc were used to statistically analyze results, and 

p<0.05 was considered significant. 

Results 

Effects of SAHA on TGF-ß1-induced Smad phosphorylation 

As presented in Fig. 1, TGF-β1 treatment of CCF caused a 2.8 ± 0.28 fold 

(p<0.01) increase in Smad2/3 phosphorylation. Conversely, expression of phospho-

Smad2/3 in CCF exposed to both SAHA and TGF-β1 was unchanged and comparable to 

untreated controls. These results suggested that SAHA significantly (p<0.01) attenuated 

TGF-β1-induced Smad2/3 phosphorylation. 

Effects of SAHA on TGF-ß1-induced MAPK 

In Fig. 2, the effect SAHA and/or TGF-β1 on the phosphorylation of p38 MAPK 

are displayed. TGF-β1 caused a 3.5 ± 0.66 fold (p<0.05) increase in p38 MAPK 

phosphorylation. SAHA treatment partially attenuated TGF-β1-induced p38 MAPK 

phosphorylation down to 2.4 ± 0.4 fold; however, SAHA treatment did not significantly 

attenuate TGF-β1-induced p38 MAPK phosphorylation, suggesting that modulation of 

p38 MAPK signaling may not be primarily involved in the mechanism of action of 

SAHA. 

Next, the effect of TGF-β1 and SAHA on ERK1/2 and JNK1 signaling were 

investigated. As demonstrated by Fig. 3, TGF-β1 treatment alone did not alter the 

phosphorylation of ERK1/2.  On the other hand, CCF exposed to SAHA alone or in 

combination with TGF-β1 showed significantly reduced expression of phospho-ERK1 
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(2.7 ± 0.6 fold decrease p<0.01) and phospho-ERK2 (8.0 ± 3.0 fold decrease p<0.05). 

These results suggested that SAHA treatment inhibited ERK1/2 phosphorylation, 

regardless of concurrent-treatment with TGF-β1. 

Thereafter, we tested the effects of SAHA on JNK1 signaling. Phospho-JNK1 

expression was not detected in the untreated control CCF. Similarly, neither TGF-β1 nor 

SAHA alone or in combination with TGF-β1 showed any change on phospho-JNK1 

expression. These results are displayed in Fig. 4. 

Effects of SAHA on MMP mRNA and protein expression  

Real time PCR was used to quantify the effect of SAHA and/or TGF-β1on MMP 

gene expression in CCF. As shown in Fig. 5, TGF-β1 caused a 6.0 fold (p<0.01) increase 

in MMP1 mRNA and 10.0 fold (p<0.01) increase in MMP9 mRNA expression, but did 

not have a significant effect on MMP2 mRNA expression. SAHA treatment alone did not 

alter MMP1, MMP2 or MMP9 expression. However, concurrent SAHA and TGF-β1 

treatment caused a significant increase in MMP1 mRNA (p<0.05) and a significant 

decrease in the MMP9 mRNA (p<0.05) expression. Real time PCR performed to quantify 

MMP8 mRNA did not detect any change in MMP8 mRNA in untreated control CCF or 

SAHA or TGF-β1 treated CCF. 

Gelatin zymography was performed to detect the protein isoforms of MMP2 and 

MMP9; and results are presented in Fig. 6.  MMP2 and MMP9 proteins were detected in 

untreated control CCF and this expression remained unaltered after TGF-β1 treatment. 

Treatment of SAHA alone or in combination with TGF-β1 caused a significant increase 

in both MMP2 (1.5 ± 0.01 fold increase p<0.05) and MMP9 (3.0 ± 0.77 fold increase 

p<0.05) protein expression.   
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Discussion 

 Our group has demonstrated the anti-fibrotic potential of HDACi, specifically 

trichostatin A (TSA) and SAHA, in various models of corneal fibrosis.56,58,59  Sharma et 

al. found that TSA not only inhibited TGF-β1-induced α-SMA, fibronectin and 

myofibroblast formation in human corneal fibroblasts in vitro but also significantly 

decreased corneal haze in rabbits in vivo following photorefractive keratectomy.56  

Recently, Bosiack et al. determined that SAHA inhibited canine corneal fibrosis in 

vitro,58 and Tandon et al. demonstrated the anti-fibrotic properties of SAHA in vivo, also 

utilizing rabbits which had undergone photorefractive keratectomy.59  However, these 

studies did not detail the mechanism(s) of action of HDACi as corneal anti-fibrotic 

agents.  To the best of our knowledge, the molecular mechanisms of the anti-fibrotic 

effects of SAHA in the cornea is largely unknown.69   

 The results of this study suggest that SAHA prevents canine corneal fibrosis 

through many different mechanisms including the modulation of TGF-β1-induced pro-

fibrotic intracellular signaling pathways.  Smad proteins largely mediate the intracellular 

signaling triggered by TGF-β1.  R-Smads, such as Smad2 and Smad3, are considered 

pro-fibrotic intracellular signaling molecules.  Consequently, these Smad proteins 

represent intracellular therapeutic targets for the manipulation of TGF-β1 mediated 

fibrosis.  The inhibition of TGF-β1-induced phosphorylation of Smad2 and Smad3 has 

been demonstrated in models of renal, hepatic, cardiac and pulmonary fibrosis.70-73  

Previous studies from our laboratory utilizing RNAi-mediated knock down models have 

shown that TGF-β1-mediated Smad2/3 phosphorylation is an essential step for fibroblast 

transdifferentiation to myofibroblasts.74  Therefore, it was hypothesized that SAHA may 
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inhibit corneal fibrosis by attenuating TGF-β1-induced phosphorylation of Smad2/3.  In 

the present study, SAHA significantly attenuated TGF-β1-induced phosphorylation of 

Smad2/3, thereby confirming our initial hypothesis that the inhibition of TGF-β1-induced 

phosphorylation of these R-Smads plays an important role in the anti-fibrotic effects of 

SAHA in the canine cornea.   

Although Smad intracellular signaling serves as the canonical pro-fibrotic 

pathway of TGF-β1, it has been demonstrated that TGF-β1 also induces fibrosis through 

other intracellular signaling molecules.  Previous in vitro and in vivo models of cardiac, 

renal and corneal fibrosis demonstrated TGF-β1 induces the phosphorylation of p38 

MAPK,75-77 thereby supporting the results of this study, wherein treatment of CCF with 

TGF-β1 caused a marked increase in the phosphorylation of p38 MAPK.  In contrast, 

treatment of CCF with TGF-β1 for 24 hours did not significantly modulate the 

phosphorylation of ERK1/2 or JNK1.  These results are in accordance with previous 

studies which demonstrated that TGF-β1 caused only a transient increase in ERK and 

JNK phosphorylation, the expression of which returned to baseline after 1 hour of 

treatment.77,78   

In this study, the effects of SAHA on TGF-β1-induced phosphorylation of the 

various MAPKs appeared to be subtype-specific.  For example, SAHA caused a 

significant reduction in the phosphorylation of ERK1/2.  As previously stated, TGF- β1 

causes a transient increase in ERK1/2 phosphorylation, and so the observed attenuation 

of ERK1/2 phosphorylation by SAHA appears to be a means by which SAHA inhibits 

corneal fibrosis.  However, SAHA did not affect the phosphorylation of p38 MAPK or 

JNK1, suggesting that these two MAPKs are not involved in the anti-fibrotic mechanisms 
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of SAHA in the cornea.  These results conflict with those of previous studies which 

demonstrated the ability of HDACi, including SAHA, to inhibit phosphorylation of p38 

MAPK in neoplastic cells, rheumatoid arthritis synovial fibroblast and lens epithelial 

cells.79-81  It is important to note that these studies utilized cytokines different than TGF-

β1 to induce cellular transformation and fibrosis.  Therefore, it may be possible that TGF-

β1 induces the phosphorylation of p38 MAPK through means which are inaccessible to 

SAHA, or SAHA may be able to prevent the phosphorylation of p38 MAPK in canine 

corneal fibroblasts in the presence of a different corneal cytokine, such as interleukin 1β 

(IL-1β), Platelet Derived Growth Factor (PDGF) or Connective Tissue Growth Factor 

(CTGF).  Future studies would investigate these potential effects of SAHA in an in vitro 

model of canine corneal fibrosis utilizing different inflammatory cytokines.  

It has been well established that MMPs play a critical role in the degradation and 

subsequent remodeling of the extracellular matrix.  Past studies have consistently shown 

that TGF-β1 causes increased expression of MMP1 and MMP9 mRNA in corneal cells in 

vitro.12,13,82  Our study’s data support previous findings, as TGF-β1 treatment resulted in 

the increased expression of MMP1 and MMP9 mRNA.  While TGF-β1 treatment for 24 

hours did not affect MMP2 mRNA in the present study, Donnelly et. al. demonstrated 

that TGF-β1 treatment for 5 days caused a significant increase in MMP2 mRNA.57  When 

analyzing the effects of TGF-β1 on MMP protein expression, no significant changes were 

noted in the expression of MMP2 or MMP9 proteins.  These results suggest that 

prolonged exposure to TGF-β1 may be necessary to alter MMP protein expression in 

CCF.  Alternatively, it may be possible that TGF-β1 may not be involved in the 
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expression of MMP protein, as previously demonstrated by a study in which both normal 

and keratoconic human corneal keratocytes were treated with TGF-β1 for 7 days.83   

Several studies have investigated the effects of different HDACi on MMPs in 

various cell types and the results appear to be drug-, dose- and tissue-specific.84-87  

Treatment with SAHA alone did not significantly affect MMP1, MMP2 or MMP9 

mRNA in our investigation of CCF.  However, treatment with both SAHA and TGF-β1 

significantly increased MMP1 mRNA, decreased MMP9 mRNA and had no effect on 

MMP2 mRNA.  Unexpectedly, CCF treated with either SAHA alone or SAHA and TGF-

β1 expressed significantly increased expression of MMP9 protein, despite the 

aforementioned decreased MMP9 mRNA expression within the same treatment group.  

We speculate that SAHA may affect cellular proteins involved in MMP9 degradation, 

thus increasing the half-life of this particular MMP.  Overall, our data suggest that 

modulations of MMP expression by HDACi is not only isoform specific but also may be 

affected by other inducible inflammatory cytokines and growth factors. 

Conclusion 

In summary, this study is the first report to the authors’ knowledge investigating 

both the pro-fibrotic intracellular signaling cascade in canine corneal fibroblast induced 

by TGF-β1 and the molecular mechanisms of action of SAHA as a corneal anti-fibrotic 

agent.  Results indicate that SAHA affects both canonical and non-canonical components 

of the TGF-β1 intracellular signaling pathways and pathways independent of TGF-β1.  

Finally, SAHA alters both gene and protein expression of MMP2 and MMP9.  However, 

the mechanisms of these modulations and their clinical significance need further 

investigation.   
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CHAPTER 4 

STUDY 2: EFFICACY OF SUBEROYLANILIDE HYDROXAMIC ACID (SAHA) 

IN NOVEL IN VIVO MODEL OF CANINE CORNEAL FIBROSIS2 
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Material and methods 

 Animals 

Seven healthy female Beagle dogs (9-12 months, 10-15 kg) were purchased from 

Covance Laboratory (Cumberland, VA) and housed in a research facility at the 

University of Missouri.  Prior to the onset of the study all dogs underwent a complete 

ophthalmic examination by a board certified veterinary ophthalmologist (EAG) which 

included slit lamp biomicroscopy (SL-15 Kowa Company, Ltd, Tokyo, Japan), indirect 

ophthalmoscopy (Wireless indirect ophthalmoscope, Keeler Instruments Inc., Broomall, 

PA, USA and pan retinal 2.2 indirect lens, Volk Optical Inc., Mentor, OH, USA), 

Schirmer tear test I (Schering-Plough Animal Health, Union, NJ, USA), tonometry 

(Tono-Pen Vet, Dan Scott and Associates, Westerville, OH, USA) and fluorescein 

staining (Flu-Glo, Akorn, Inc., Buffalo Grove, IL, USA).  All dogs were determined to be 

free of ocular disease.  The dogs received daily socialization and all other husbandry 

needs including a diurnal 12 hour light cycle.  All studies were performed in accordance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research 

and were approved by the University of Missouri Institutional Animal Care and Use 

Committee. 

Baseline Anterior Segment OCT 

Imaging was performed with a Heidelberg Spectralis® OCT 

(Heidelberg Engineering, Heidelberg, Germany) which was equipped with an Anterior 

Segment Module attachment to shift the focal plane from the retina to the cornea.  The 

Heidelberg system functions at 815 nm and can perform 40,000 A-scans per second.  The 
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imaging unit has a working distance of 11-14 mm, depending on the axial length of the 

eye and the type of pathology being imaged. 

To obtain baseline OCT images, animals were sedated with dexmedetomidine 

(Zoetis Inc., Kalamazoo, MI, USA, 7 mcg/kg, IM).  They were then placed and 

maintained in sternal recumbancy with gentle manual restraint.  A 6 mm corneal 

pachymetry protocol was performed by a single operator (CWH).  After bringing the 

objective lens close to the cornea, the image was aligned to the axial cornea, and only 

scans that were free of motion artifact were accepted for data analysis.  Upon completion 

of OCT imaging, atipamazole hydrochloride (Zoetis Inc., Kalamazoo, MI, USA, volume 

equivalent to that of dexmedetomidine, IM) was administered to reverse the effects of 

dexmedetomidine.   

Image analysis of normal corneas included measurements of both epithelial and 

total corneal thickness.  For each image, single measurements of these parameters were 

made using the measurement calipers provided by the AS-OCT software.   

Development of Corneal Alkali Burn in a Sentinel Dog 

To effectively develop the novel model of canine corneal fibrosis in vivo, a 

sentinel dog underwent focal corneal alkali burn of each eye at separate time points.  The 

corneal wounding was performed by a board certified veterinary ophthalmologist (EAG).  

The animal was sedated with dexmedetomidine (7mcg/kg, IM) and hydromorphone (0.1 

mg/kg, IM).  Following sterile placement of an intravenous catheter, propofol (Abbott 

Animal Health, Abbott Park, IL, USA, 2-4 mg/kg, IV) was administered until the animal 

was at an appropriate level of anesthesia for intubation.  However, intubation was only 

considered necessary if apnea occurred, and anesthesia was maintained with IV 
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administration of propofol to effect.  The right eye was then aseptically prepared, using a 

1:20 dilution of betadine solution, and then local anesthetic medication (proparacaine 

hydrochloride 1%, Bausch & Lomb Inc., Tampa, FL, USA) was applied to this eye 3 

times to numb the corneal surface.  Topical mydriatic and cycloplegic agent (atropine 

sulfate 1%, Bausch & Lomb Inc., Tampa, FL, USA) was then applied once.   

To perform the alkali burn, a 6 mm diameter filter paper disc was soaked in 1 N 

NaOH.  The disc was then promptly applied to the axial cornea of the right eye for 15 

seconds.  Following removal of the filter paper disc the cornea was rinsed with sterile 

phosphate buffered saline for 60 seconds.  After the cornea was thoroughly rinsed, 

fluorescein stain was applied topically to verify the corneal burn and resulting ulceration.  

Atipamazole hydrochloride (volume equivalent to that of dexmedetomidine, IM) was 

administered to reverse the effects of dexmedetomidine and the dog was then routinely 

recovered from the short anesthetic episode.  

The dog received standard treatment for corneal ulceration including topical 

antibiotic (Bactracin, polymyxin B, gramicidin ophthalmic solution, Paddock 

Laboratories Inc., Minneapolis, MN, USA 1 drop OD q 8 hr), topical mydriatic and 

cycloplegic (atropine sulfate 1.0%, ophthalmic solution, Akorn Inc., Lake Forest, IL, 

USA, 1 drop to effect), systemic anti-inflammatory medication (carprofen, Zoetis Inc., 

Kalamazoo, MI, USA, 2.2 mg/kg PO q 12 hr) and systemic analgesic medication 

(tramadol, Amneal Pharmaceuticals, Bridgewater, NJ, USA, 4 mg/kg, PO q 12 hr).  To 

prevent ocular self-trauma the dog also wore an Elizabethan collar until the study’s 

endpoint.   
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Daily examinations and minimally invasive ophthalmic diagnostic testing 

(fluorescein stain application) were performed for 14 days.  Using slit-lamp 

biomicroscopy, ocular health was graded according to the modified McDonald-Shadduck 

(mMS) scoring system.  Corneal haze was assigned a numerical grade according to the 

Fantes grading scale (range from 0-4).  Photography of the right eye was performed daily 

both prior to and after fluorescein stain application, using a Nikon D300S camera and 

AF-S DX NIKKOR 18-200mm f/3.5-5.6G ED VR II lens (Nikon Inc., Melville, NY, 

USA).  

 Once the corneal ulcer of the right eye had completely healed, the left eye 

underwent an alkali burn.  The dog was anesthetized and the eye was surgically prepared 

as previously described.  A 6 mm diameter filter paper disc soaked in 1 N NaOH was 

applied to the axial cornea of the left eye for 30 seconds and the cornea was then 

immediately flushed with phosphate buffered saline for 60 seconds.  Fluorescein stain 

was topically applied confirming the presence of an ulcer.  The dog then underwent 

identical treatment, examination, diagnostic testing and imaging as previously described 

for 14 days.  At this end point, OCT imaging was repeated as previously described.  Due 

to the variable thickness of the corneal epithelium following the alkali-burned, four 

different areas of the epithelium were measured in each image and values were averaged.  

A single measurement of total axial corneal thickness was obtained.  Any abnormal 

lesions were noted and described with regards to their size and degree of reflectivity.  The 

dog was then humanely euthanized with pentobarbital (100 mg/kg, IV) under sedation.  

Corneas were excised and samples were stored in appropriate media for histopathology, 

IHC, and TEM respectively.  
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Preparation of Vehicle and SAHA  

 Topical SAHA or vehicle were administered to the 6 additional study dogs 

following the corneal alkali burn.  These topical agents were prepared by an individual 

masked to the study design.  To prepare topical vehicle, 10 µL of dimethylsulfoxide 

(DMSO, Sigma-Aldrich Corp., St. Louis, MO, USA) was added to 2 mL of phosphate 

buffered saline in a sterile eye dropper bottle, labeled “A”, to achieve a final 

concentration of 2 μL/mL.  For the preparation of topical SAHA, a 10 mM stock solution 

of SAHA (Caymam Chemical Company, Ann Arbor, MI, USA) was made by dissolving 

1.3 grams of SAHA in 500µL of dimethylsulfoxide (DMSO).  Then, to achieve a final 

concentration of 50 µM, 10 µL of the 10 mM stock solution of SAHA was added to 2 mL 

of phosphate buffered saline in a sterile eye dropper bottle, and labeled “B”.  

Corneal Alkali Burn in 6 Additional Dogs 

Prior to performing the alkali burn, 6 dogs were randomly assigned to one of 2 

treatment groups (3 dogs/group).  Group A served as control, receiving topical vehicle in 

addition to the previously described standard treatment for corneal ulceration.  Group B, 

the experimental group, received topical SAHA (50 μM) and standard treatment for 

corneal ulceration.  

Corneal wounding was performed by a board certified veterinary ophthalmologist 

(EAG).  To perform the alkali burn, the dogs were anesthetized, and the right eye was 

surgically prepared as previously described for the sentinel dog.  Based on the results of 

the sentinel dog’s alkali burn of 15 and 30 seconds respectively, a 6 mm diameter filter 

paper disc soaked in 1 N NaOH was applied to the axial cornea of the right eye for 20 

seconds.  After the affected cornea was rinsed with phosphate buffered saline for 60 
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seconds fluorescein stain was topically applied.  The dogs then received the standard of 

care for corneal ulceration and topical vehicle (Group A) or SAHA (Group B).  Both 

vehicle and SAHA were administered q 8 hr.  Elizabethan collars were worn by all dogs.  

The dogs underwent daily examinations by a veterinary ophthalmologist (EAG) 

masked to treatment group and were scored using the mMS and Fantes grading systems.  

Diagnostic testing and imaging as previously described for the initial dog was performed 

at each examination until the study’s endpoint (day 14).  At study endpoint OCT imaging 

was repeated as previously described: four different areas of epithelium and a single total 

axial corneal thickness measurements were taken and any abnormal lesions were 

described with regards to their size and degree of reflectivity.  Dogs were humanely 

euthanized with pentobarbital (100 mg/kg, IV) under sedation, and corneas were excised, 

subsectioned, and stored appropriately for histopathology, IHC and TEM.  Normal 

corneas from 3 dogs of different breeds (Miniature Poodle, American Pit bull terrier and 

mixed breed dog) that were being euthanized for reasons unrelated to the study were used 

as negative controls for histopathology, IHC, and TEM.  

Histopathological Analysis of H&E, Masson’s Trichrome, Elastica van Gieson and 

Periodic acid-Schiff Stained Corneal Sections 

Corneas were halved using sharp dissection with one section being placed in 10% 

buffered formalin for histopathological analysis and the other stored for TEM (see TEM 

methodology).  After routine histologic processing, 5 μm sections were mounted on glass 

slides for staining with hematoxylin and eosin (H&E), Masson’s trichrome, picrosirius 

red, elastica-van Gieson (EVG) and periodic acid-Schiff (PAS).  H&E, Masson’s 

trichrome, EVG and PAS stained slides were examined using light microscopy by a 
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masked, board-certified veterinary pathologist (KK).  Picrosirius red slides were 

evaluated by a masked, board-certified veterinary pathologist (LBCT) (see next section).  

Corneal tissue sections were described and evaluated for any histopathological 

abnormalities, specifically neovascularization and edema.  The severity of the 

neovascularization and edema on H&E and staining intensity in the anterior stroma of the 

Masson’s trichrome, EVG and PAS stained corneas were subjectively assigned a grade 

from 0-3.  The component of stain scored and grading scale are described in Tables 1 and 

2 respectively.   

Histopathological Analysis of Picrosirius Red Stained Corneal Sections 

The picrosirius red stained slides were analyzed using a bright field microscope 

(Olympus BX43, Melville, NY).  Images were captured by a mounted digital camera 

(Olympus DP72, Melville, NY) and analyzed using an image analysis software 

(CellSence Dimension 1.6, Olympus, Melville, NY).  The collagen type composition of 

the corneal stroma was measured using picrosirius red stained sections under polarized 

light following previously published protocols.88,89  Briefly, the superficial corneal stroma 

of the treated areas was photographed under 400X magnification and using image 

analysis software the total collagen area and proportion of red-yellow-orange fibers (type 

I collagen) and green fibers (type III collagen) were quantified.  

Immunohistochemistry 

Unstained, paraffin embedded tissue sections (5 μm) underwent 

immunohistochemical staining to further characterize the pathologic changes subsequent 

to the alkali burn by one author (KK).  Antibodies used included α-SMA which is a 

hallmark of fibrosis (Dako, #M0851, diluted 1:300) and CD18 which is expressed by all 
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leukocytes (UC-Davis, #CA16.3C10, diluted 1:80).  Staining intensity was assigned a 

grade from 0-3, with 0 representing no staining, 1 -3 representing mild, moderate, marked 

staining, respectively. 

TEM Sample Preparation and Image Capture 

All reagents for this study’s TEM were purchased from Electron Microscopy 

Sciences and all specimen preparation was performed at the Electron Microscopy Core 

Facility, University of Missouri, Columbia, MO, USA.  Tissues were fixed in 2% 

paraformaldehyde, 2% glutaraldehyde in 100 mM sodium cacodylate buffer pH=7.35.  

Next, fixed tissues were rinsed with 100 mM sodium cacodylate buffer, pH 7.35 

containing 10 mM 2-mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA) and 130 mM 

sucrose (further referred to as 2-ME buffer).  Secondary fixation was performed using 

1 % osmium tetroxide (Ted Pella, Inc. Redding, California, USA) in 2-ME buffer using a 

Pelco Biowave (Ted Pella, Inc. Redding, California, USA) operated at 100 Watts for 1 

minute.  Specimens were next incubated at 4 oC for 1 hour and then rinsed with 2-ME 

buffer, which was followed by distilled water.  Using the Pelco Biowave, a graded 

dehydration series (per exchange, 100 Watts for 40 s) was performed using ethanol, 

transitioned into acetone, and dehydrated tissues were then infiltrated with Epon/Spurr’s 

resin (250 Watt for 3 min) and polymerized at 60 C overnight.  Sections were cut to a 

thickness of 85 nm using an ultramicrotome (Ultracut UCT, Leica Microsystems, 

Germany) and a diamond knife (Diatome, Hatfield, PA, USA).  These sections were post-

stained using Sato’s triple lead solution stain90 and 5% aqueous uranyl acetate.  Images 

were acquired with a JEOL JEM 1400 transmission electron microscope (JEOL, 

Peabody, MA, USA) at 80 kV on a Gatan Ultrascan 1000 CCD (Gatan, Inc, Pleasanton, 
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CA, USA).  For each cornea, four images were acquired from different areas of the 

anterior stroma at a magnification of 25,0000X with collagen fibrils cut in cross section 

for subsequent analysis. 

TEM Image Analysis and Quantification 

For automated quantification of corneal collagen fibrils in TEM images, an in-

house image processing and analysis software was developed.  This image analysis 

pipeline consisted of three main modules, (i) fibril detection, (ii) shape analysis and 

cluster decomposition, and (iii) size and interfibrillar distance analysis. 

Multi-scale Hessian matrix was used to detect collagen fibrils.  Hessian matrix 

(Equation 1) described the second order structure of local intensity variations around each 

point of the image L(x,y), and eigenvalues 1,2 (Equation 2) of Hessian matrix was used 

to detect blob-like, or ridge-like structures.  Table 3 shows possible local orientation 

patterns based on the eigenvalues of the Hessian matrix.  
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Hessian matrix was computed by convolving the image with derivatives of the 
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Quantification of morphology and spatial organization of fibrils required accurate 

identification and localization of individual fibrils.  Hessian-based detection efficiently 

segmented regions occupied by fibrils from the background but failed to separate some of 

the neighboring fibrils and merged them into clusters. To identify individual fibrils a 

shape analysis and cluster decomposition module is developed as based on previously 

reported modules.91,92  Specifically, first connected component labeling was applied to 

the detection mask and disconnected blobs were identified.  Then, to each detected blob 

Bi, an ellipse Ei was fitted. Blob and ellipse areas area(Bi), area(Ei), and ratio 

r=(area(Ei)-area(Bi))/area(Bi) were then computed.  Using these size and shape indices, 

and their means and variances over the image, each detected blob Bi was classified into 

one of the three classes (spurious detection, single fibril, or fibril cluster).  Blobs 

classified as spurious detection were removed; blobs classified as single fibril were kept 

intact.  Marker-controlled watershed transformation was used to decompose fibril clusters 

into individual fibrils.93  Regional maxima of distance transform were used as markers.  

To suppress spurious regional maxima and to prevent over-segmentation, H-maxima 

transform was applied to the distance transform prior to the detection of regional 

maxima.94  

The module then computed parameters related to fibril morphology and spacing, 

such as fibril radius, fibril area fraction, and interfibrillar distance.  From the refined 

segmentation (Figure 1B), fibril centroids were computed.  Delaunay triangulation & 

vertex coloring were applied to the located centroids, and a colored neighborhood graph 

was generated, as previously described.92,95  In the neighborhood graph (Figure 1C), 

nodes corresponded to individual fibrils, and edges linked immediate neighbors.  For 
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each node in this neighborhood graph, two specific neighbors were identified, 

specifically the nearest immediate neighbor (Figure 1D red edges) and farthest immediate 

neighbor (Figure 1D blue edges).  A second graph (nearest/farthest neighborhood graph) 

was constructed, using only these specific links.  Fibril-to-fibril interactions were 

assessed, and spatial organization of collagen fibrils were described using these two 

neighborhood graphs.  Various descriptors from these graphs such as mean and standard-

deviation were then calculated. 

Statistical Analysis 

Statistical analysis was performed by a biostatistician (RWM).  The results of the 

initial corneal wounds in the pilot dog and the corneal haze scores of all dogs are 

summarized using descriptive statistics.  Clinical scoring, OCT measurements, 

histopathology scores, picrosirius red measurements and TEM measurements from the 

other study dogs were analyzed statistically.  The mMS scores were analyzed with a two 

factor ANOVA with treatment being a between-subjects factor and time (day) being a 

within-subjects (or repeated measures) factor.  When evaluating histopathological, 

immunohistochemistry scores, and picrosirius red measurements between negative 

controls and alkali-burned corneas, without regards to treatment group, and also between 

treatment groups, a Wilcoxon rank sum test was utilized.  Any difference in the epithelial 

thickness and total corneal thickness measured in the OCT images between the treatment 

groups at baseline was detected with a two-sample t-test, while the difference in these 

measurements between the baseline images and those of alkali-burned corneas was 

analyzed with a one-sample paired t-test.  TEM results were analyzed with a weighted t-

test.  Weights were used to account for different subsample sizes for the different dogs.  



 31 

All statistical analyses were performed using standard statistical software SAS v9 (SAS 

Institute Inc., Cary, NC, USA).  All p-values <0.05 were considered statistically 

significant. 

Results 

Baseline OCT of Normal Corneas 

Prior to performing corneal alkali burn, OCT was performed of both eyes of all 

dogs to obtain particular measurements.  In each OCT image of normal cornea three 

distinct layers of varying thickness and reflectivity were noted which included (i) the pre-

corneal tear film and epithelium, (ii) the stroma and (iii) Descemet’s membrane and 

endothelium.  However, for the purposes of this study, only the epithelium and anterior 

stroma were qualitatively described.  The corneal epithelium was poorly reflective and 

located between the highly reflective pre-corneal tear film and the corneal stroma which 

demonstrated intermediate reflectivity.  The reflectivity of both the epithelium and 

anterior stroma was primarily homogenous, in part due to the fact that dogs do not have a 

Bowman’s membrane.   

The mean epithelial thickness of the right eye and left eye was 77.429 ± 2.878 μm 

and 78.571 ± 3.599 μm, respectively.  There was no statistically significant difference in 

epithelial thickness of the right eyes between treatment groups at baseline (p=0.82).  The 

mean total corneal thickness of the right eye and left eye was 545.714 ± 42.074 μm and 

555.571 ± 26.937 μm, respectively, and there was no statistically significant difference in 

total corneal thickness of the right eye between treatment groups at baseline (p= 0.33). 

Corneal Alkali Burn in the Sentinel Dog Supports Development of Fibrosis 
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 The initial mMS scores recorded from the sentinel dog the first day (i.e. day 1) 

following the alkali burn were 9.5 for the right eye and 10 for the left eye.  Ocular health 

continued to improve throughout the study.  Fourteen days after each respective alkali 

burn, the clinical score of the right eye was 2, which was due to some loss of corneal 

transparency which occupied 1-25% of the cornea and the clinical score of the left eye 

was 5.5, which was due to moderate loss of corneal transparency affecting 1-25% of the 

cornea, mild conjunctival congestion, and a superficial axial corneal ulcer.  The corneal 

haze grade at 14 days post alkali burn was 1 for the right eye and 2 for the left eye.   

 At the study’s endpoint, which was 5 weeks post alkali burn for the right eye and 

2 weeks post alkali burn for the left eye, the epithelial thickness of both eyes was variable 

and the average of four different measurements was 116.75 ± 28.076 μm in the right eye 

while that of the left eye was 114.25 ± 22.187 μm.  Total corneal thickness of the right 

eye was 499 μm.  The left eye’s total corneal thickness had increased to 973 μm.  The 

changes in epithelial thickness and total corneal thickness are highlighted in Table 4.  In 

the anterior corneal stroma of both eyes, an area of increased reflectivity were noted.  The 

foci extended to a depth of 317 μm in the right eye and 302 μm in the left eye.  

Additionally, OCT images of the left eye revealed subepithelial foci which were non-

reflective, suggestive of corneal edema or bulla formation.  

 Histopathology of the cornea of the right eye revealed a mildly increased number 

of stromal nucleated cells in superficial stroma and very small number of inflammatory 

cells, suggestive of only mild superficial fibrosis.  No corneal neovascularization or 

edema was noted.  The scores assigned to the different stains were as followed: Masson’s 

trichrome; 1, EVG: 0, and PAS; 1.  Analysis of picrosirius red stain revealed a total 
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collagen area in the wound bed of 34,533 µm2.  The total area of type I collagen in the 

wound bed was 31,895 µm2 (49% of the area corneal tissue measured).  The total area of 

type III collagen in the wound bed was 2,638 µm2 (4.1% of the area corneal tissue 

measured).  IHC demonstrated mild staining for α-SMA and no staining for CD18.   

Histopathological analysis of the left eye’s cornea revealed corneal epithelial 

hyperplasia and fibrosis extending to mid-stroma.  Mild corneal neovascularization and 

marked corneal edema were also noted.  The scores assigned to the different stains were 

as follows:  Masson’s trichrome; 2, EVG: 2, and PAS: 2.  Analysis of picrosirius red stain 

revealed a total collagen area in the wound bed of 38,663 µm2.  The total area of type I 

collagen in the wound bed was 37,430 µm2 (57% of the area corneal tissue measured).  

The total area of type III collagen in the wound bed was 1,233 µm2 (1.9% of the area 

corneal tissue measured).  The section also demonstrated marked staining for α-SMA and 

no staining for CD18.   

Analysis of the TEM images of the burned corneas revealed that the mean area of 

the collagen fibrils of the right eye was 846.960 ± 0.0001 nm2, while that of the left eye 

was 990.818 ± 0.0001 nm2.  The mean minimum distance between neighboring collagen 

fibrils in the right and left eyes was 43.772 ± 0.000005 nm and 46.178 ± 0.000003 nm 

respectively.  The mean maximum distance between neighboring collagen fibrils was 

71.348 ± 0.000006 nm for the right eye and 72.5 ± 4.264 nm for the left eye.  The 

representative TEM images of the dog corneas are shown in Figure 1.  

Alkali Burn is Well Tolerated and Results in Corneal Opacity in 6 additional dogs: 

Clinical and Haze Scores 
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The mMS scores of the dogs were not statistically different between treatment 

groups at any time point (p=0.89), with the highest score (17.5) being recorded for one 

dog in each treatment group on day 1 (Figure 2A).  The mMS scores continued to 

decrease until the study’s endpoint, with an 8 being recorded as the highest score on day 

14, while the majority of dogs received a score of 6.5 (Figure 2D).  The progression in 

clinical scores of a representative dog are shown in Figure 2.  The exception was a single 

dog in group A.  Over a period of 24 hours, the corneal wound of this dog acutely 

worsened and was noted to be malacic on day 11.  Samples of the cornea were aseptically 

collected for cytology and culture and sensitivity.  The cytology revealed suppurative 

inflammation with mild epithelial cell atypia.  No infectious organisms were appreciated 

on cytology.  Microbes were not detected with culture.  All scores from day 11 to day 14 

and OCT, histopathological and TEM findings for this particular dog were excluded from 

analysis. 

Significant corneal opacity secondary to alkali burn was appreciated in all dogs at 

every time point.  At the study’s endpoint, the mean corneal haze grade was 1.8 ± 0.447.  

The formation of corneal haze is demonstrated in Figure 2D. 

OCT Findings Support Development of Corneal Fibrosis 

 The OCT images at the study’s endpoint demonstrated several pathologic changes 

all dogs’ right corneas.  The reflectivity of the epithelium had increased and the thickness 

was variable.  Images revealed foci of a hyper-intense signal in the anterior stroma.  

Additionally, some images contained foci within the epithelium that were non-reflective, 

suggestive of bulla formation.  These changes were confined to the axial cornea and did 

not differ between treatment groups. 
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Following the alkali burn, the mean epithelial thickness of the six dogs’ right eyes 

was 83.9 ± 23.213 μm, and the mean total corneal thickness was 906.8 ± 148.417 μm.  

The mean epithelial thickness following the alkali burn did not differ significantly from 

the baseline epithelial thickness, irrespective of treatment (p=0.5334), indicating that 

alkali-burned corneas re-epithelized, typical of normal corneal wound healing.  The mean 

epithelial thickness of group A was 86.75 ± 20.860 μm, while that of group B was 82.0 ± 

25.158 μm.  The mean total corneal thickness of all dogs, regardless of treatment group, 

was statistically greater than that of the baseline images (p=0.004).  The mean total 

corneal thickness of group A was 793.50 ± 212.839 μm, while that of group B was 

982.333 ± 3.215 μm.  The measurements for individual dogs are provided in Table 4.  

There was no statistical difference between treatment groups regarding epithelial 

thickness or total corneal thickness (p=0.837, p=0.302, respectively).  These changes 

detected with OCT are highlighted in Figure 3 as representative OCT images of alkali-

burned corneas (Figure 3B and 3C) demonstrated notable increased epithelial and total 

corneal thickness compared to normal cornea at baseline (Figure 3A).   

Fibrotic Changes Appreciated on Histopathology  

Various histopathological corneal changes were noted on H&E slides of the 

alkali-burned corneas and included: mild corneal epithelial hyperplasia, presence of 

fibrin, a few lymphocytes and neutrophils and many fibrocytic cells in stroma, mild 

erosion of epithelium and focal absence, thickening, disorganization and destruction of 

epithelial basement membrane (Figure 4E).  Varying degrees of edema and 

neovascularization formation were noted in all alkali-burned corneas, except for one dog 

receiving Treatment A who did not appear to develop corneal neovascularization.  There 
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was no significant difference between alkali-burned corneas and negative controls when 

comparing severity of corneal neovascularization or edema (p=0.107), and a significant 

difference in corneal neovascularization or edema formation was not detected between 

treatment groups (p=0.3).  The grades for corneal edema and neovascularization are 

shown in Table 5. 

It was grossly apparent that the staining pattern for Masson’s trichrome, EVG and 

PAS stains differed between the negative control and alkali-burned corneas and scores for 

each stain are displayed in Table 5.  The epithelium and anterior stroma of the negative 

control corneas stained in a homogenously.  The epithelium following Masson’s 

trichrome staining appeared red while the stromal collagen fibers stained blue (Figure 

4B).  Following EVG staining, the epithelium was a dark purple-black color while the 

stroma stained fuchsia (Figure 4C).  Finally, the PAS stained negative control corneas 

included a light purple epithelium and light pink stroma (Figure 4D).  Following the 

alkali burn, an increased number of spindle fibrocytic cells were noted in the anterior 

stroma of the Masson’s trichrome stained corneas as evidenced by the increased red stain 

in this area (Figure 4F).  The EVG stained alkali-burned corneas showed increased dark 

purple-black staining in the anterior stoma, suggestive of elastic fiber deposition (Figure 

4G).  Finally, PAS stained alkali-burned corneas had an increase in dark pink-purple 

staining in the anterior stroma, suggestive of increased fibrin deposits and/or increased 

basement membrane formation (Figure 4H).  Despite these visually obvious differences 

between negative control and alkali-burned corneas, no significant difference was 

detected in this small sample size (Masson’s trichrome, p=0.125, EVG, p=0.143; PAS, 
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p=0.143).  Similarly, there was no significant difference between treatment groups with 

regards to the degree of staining (Masson’s trichrome, p=0.6; EVG, p=0.4; PAS, p=0.5). 

There was a marked, visible contrast between negative control and alkali-burned 

corneas with picrosirius red staining, as shown in Figure 5.  Negative control corneas 

were primarily comprised of red-yellow-orange fibers with very few green fibers noted, 

demonstrating the predominance of type I collagen in normal cornea and these fibers 

were also arranged in a precise, parallel manner (Figure 5A).  Alkali burned-corneas 

demonstrated an increased amount of green fibers, indicating an upregulation of type III 

collagen compared to negative controls.  The collagen fibers in the alkali-burned corneas 

were notably disorganized (Figure 5B).  The areas of type I collagen, type III collagen, 

and total collagen of the control dogs and study dogs were also quantified and these 

values are displayed in Table 6.  Although grossly obvious, the marked increase in type 

III collagen in the alkali-burned corneas only approached significance (p=0.071).  There 

was no statistical difference in area of type I collagen or total collagen between negative 

control and alkali-burned corneas (p=0.25, p=0.25, respectively).  A significant 

difference was not detected between treatment groups in regards to type I collagen area 

(p=0.8), type III collagen area (p=0.2) or total collagen area (p=1.0) 

Presence of α-SMA Indicates Cellular Transdifferentiation  

To determine the cell types present in the anterior stroma, immunohistochemistry 

was performed, specifically antibodies against α-SMA were used to identify fibroblasts, 

while leukocytes were stained with antibodies against CD18.  Grades for these IHC stains 

are provided in Table 5.  Negative control corneas did not stain positively for α-SMA or 

CD18, while alkali-burned corneas demonstrated marked α-SMA staining and no-
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moderate staining for CD18 (Figure 6B).  The increase in α-SMA staining in the alkali-

burned corneas was significant when compared to negative control corneas (p=0.018).  

The faint staining for CD18 in the alkali-burned corneas was not significant (p=0.143).  A 

significant difference between treatment groups was not detected with regards to the 

degree of α-SMA or CD18 staining (p=0.4 for both IHC). 

Transmission Electron Microscopy Reveals Disorganization of Collagen Fibrils  

 Ultrastructural analysis of the corneas was utilized for analysis of stromal 

collagen fibril arrangement (Figure 7).  Marked stromal collagen fibril disorganization, 

characteristic of fibrosis, was detected.  Mean values of these parameters measured in 

control and experimental corneas are shown in Table 7.  No statistical difference was 

noted in the area of (p= 0.108), and minimum (p= 0.26) and maximum (p=0.205) 

distances between collagen fibrils between left eyes of study dogs and control dogs, 

demonstrating that there was no breed related differences in these parameters.  When 

comparing the study dogs, regardless of treatment group to control dogs, both the 

minimum and maximum distances between collagen fibrils was significantly greater for 

the dogs that underwent the alkali burn (p=0.026, p=0.018, respectively) as demonstrated 

in Figure 7B.  When comparing the two treatment groups to each other, there was no 

statistical difference in the mean area of collagen fibrils (p=0.822), the mean minimum 

distance between collagen fibrils (p=0.445) or the maximum distance between collagen 

fibrils (p=0.404). 

Discussion 

Current in vivo models of corneal fibrosis possess several limitations.  The 

corneal anatomy of the animals commonly utilized in ophthalmic research differs 
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significantly from that of people.  For example, the mouse central corneal thickness 

ranges from 0.089-0.123 mm, the rat is 0.16 mm, and a rabbit has a central corneal 

thickness of 0.36 mm.  By contrast, the central corneal thickness in people has been 

reported as 0.54 mm.  The dog’s central corneal thickness of 0.5-0.66 mm is more similar 

to people.62  Using the dog as an animal model, the responses to corneal injury and to 

experimental therapies are likely to be more representative of the possible responses seen 

in people and is therefore deemed more appropriate.   

In addition to thin corneas, mice and rats have corneas that are quite small in 

diameter compared to people (approximately 2 mm versus 11 mm respectively).96,97  Due 

to their small diameter it can be difficult to isolate the axial cornea when performing an 

alkali burn.  Induced chemical injury typically extends to the limbus resulting in a 

depletion of corneal limbal stem-cells.  In fact, the alkali burn is commonly used to 

induce limbal stem-cell deficiency (LSCD) in an experimental setting98 to study LSCD in 

people, a common sequela to chemical injury.99-101  As a consequence of LSCD, corneal 

repair mechanisms are significantly altered, resulting in persistent ulceration, 

neovascularization and loss of transparency.102,103  Consequently, if a corneal alkali burn 

model is used to assess therapies for corneal fibrosis that do not involve LSCD, the 

assessment of the wound healing response and the efficacy of investigative therapies may 

be inaccurate if rats or mice are used due to the high likelihood of limbal damage in these 

small species. 

To better address these concerns in currently utilized animal models of corneal 

disease, our group has developed a new animal model of corneal fibrosis.  In previous 

studies corneal fibrosis has been generated in vivo with photorefractive keratectomy 
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(PRK), repeated epithelial abrasions, penetrating keratectomy, laceration and suture 

placement, sulfur mustard exposure and an alkali burn. Photorefractive keratectomy 

requires specialized equipment, specifically an excimer laser.  Those performing the PRK 

must undergo extensive training to successfully create corneal fibrosis and the resulting 

corneal scars can be subtle.56  Similarly, the corneal haze caused by repeated debridement 

of the canine cornea by Bentley group was indistinct.104  Previous studies have 

demonstrated that rodents and rabbits can tolerate a small (1 mm or less) penetrating 

keratectomy.105  In contrast, full thickness corneal wounds in dogs can result in 

significant anterior uveitis and iris prolapse.106  Thus, this technique was inappropriate for 

this translation study.  Additionally, the use of a linear laceration and suture placement 66 

was excluded as the presence of suture in the cornea was considered a possible 

confounding factor to the corneal wound healing process and an additional irritant to the 

dogs.  Exposure to sulfur mustard can generate notable corneal fibrosis. However, this 

chemical is a select agent and is known to cause serious injuries to other organ systems 

and cannot be used in normal laboratory setting due to the risk to those performing the 

procedure.107  Thus, the alkali burn represented the ideal method to produce corneal 

fibrosis as it does not require specialized training or expensive equipment, is safe to those 

carefully handling the NaOH solution, does not require special laboratory setting and 

creates a visible corneal scar.   

The present study demonstrated that the corneal alkali burn was well-tolerated by 

dogs, as their mMS scores continued to improve throughout the study.  Only one dog was 

excluded from the study as the right eye developed keratomalacia.  Thorough diagnostic 

testing, including cytology and culture, did not reveal any infectious agents.  Due to the 
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acute presentation and rapid progression of keratomalacia coupled with failure to detect 

any pathogens, it was suspected that the cornea of this dog experienced a traumatic event.  

Each dog was caged with one other dog for socialization purposes, and although the dogs 

tolerated their cage mate throughout the study, it is possible that this particular dog’s cage 

mate scratched or excessively licked her affected eye.  The progression of the corneal 

wound was deemed unrelated to the initial alkali burn, and it was appropriate to exclude 

this dog’s clinical scores from day 11 to day 14 and also all OCT, histopathological, and 

TEM findings from final analysis.   

The alkali burn generated significant fibrotic changes in the dog cornea.  The 

degree of fibrotic change appeared to depend on the duration of alkali burn, as the cornea 

haze grade, histopathology and IHC scores were lower in the sentinel dog’s right eye (15 

second burn) than the left (30 second burn).  The sentinel dog’s corneal findings 

consisted of a small amount of corneal haze in the right eye and bulla formation in the 

left, and so we determined that optimal alkali burn time in this pilot project to be 20 

seconds and this duration of alkali burn was used for all remaining study dogs.   

A 20 second alkali burn was able to generate marked corneal haze and resulted in 

abnormalities on histopathology and IHC suggestive of fibrosis.  H&E sections of the 

affected corneas revealed that the cellularity of the superficial stroma was markedly 

increased.  Although a minority of these stromal cells stained positively for CD18, 

suggesting an inflammatory lineage, it appeared that the majority of cells stained 

positively for α-SMA, a known hallmark of fibrosis.58,108  This staining for α-SMA was 

significantly increased in the alkali-burned corneas when compared to control corneas, 

thereby suggesting that the alkali burn induced the transdifferentiation of corneal 
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fibroblasts to myofibroblasts.  Importantly, histopathology of affected corneas in this 

study did not reveal changes secondary to LSCD.101,109,110  The alkali burn protocol 

developed in the current study reliably created axial corneal fibrosis while preserving the 

limbal stem-cells. 

The results of special stains, specifically Masson’s trichrome and picrosirius red, 

confirmed development of corneal fibrosis following the alkali burn.  The corneal stroma 

contains collagen types I, III, IV, V and VI.111-114  The different collagens are assembled 

into banded fibrils, arranged in an orthogonal manner within the corneal stroma.  This 

precise organization of corneal fibrils, in addition to the fixed quantity of each collagen 

type, allows for minimal light scattering and subsequent transparency.115  With the 

disruption of this arrangement or deposition of excess collagen of any type, corneal 

transparency is lost, replaced by fibrosis.  Masson’s trichrome stain and picrosirius red 

stain have been utilized to detect collagen fibers in other organ systems including the 

heart, kidneys and live, and increased quantity of these stains signifies fibrosis. 116-119  

However, unlike the cornea, these other organs do not contain significant collagen.  

Therefore, in the current study, the Masson’s trichrome and pircosirius red stains had to 

be evaluated and scored to accommodate the cornea’s native collagen content.  For 

Masson’s trichrome stained corneas the increased red staining in the anterior stroma 

represented mesenchymal cells, either fibroblast or vascular endothelial cells.120  Cell 

type was verified with α-SMA, confirming that the predominant cell population was 

composed of fibroblasts.  The picrosirius red stain not only demonstrated transitions in 

collagen type but also in collagen fibril arrangement.  It has been well established that the 

proportion of different corneal collagen types changes significantly during the process of 
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fibrosis, as type I collagen which predominates in normal cornea is replaced by type III 

collagen in a corneal scar.26,121  Analysis of the picrosirius red stain in our study showed a 

significant increase in type III collagen in the alkali-burned corneas compared to negative 

controls corneas.  Finally, collagen fibrils appeared extremely disorganized with the 

picrosirius red stain between negative control and alkali-burned corneas supportive of 

collagen remodeling typical of fibrosis.    

The results of the EVG stain further supported the development of corneal fibrosis 

following the alkali burn.  EVG is used to identify elastic fibers.122  Reports of elastic 

fibers in the mammalian cornea are sparse and conflicting,123-125 and to our knowledge 

elastic fibers have not been detected in the axial cornea of dogs.  In other organ systems, 

which contain some elastic fibers normally, such as the lung, the presence and proportion 

of elastic fibers can determine the degree of fibrosis.126  Consequently, the increased 

quantity of this stain in the anterior stroma of the alkali-burned corneas further supports 

fibrotic change in this novel model.  

Structural analysis of the corneas with OCT complemented histopathology 

findings.  The corneal epithelium was variably thickened, consistent with epithelial 

hyperplasia, and the foci of hyper-intense signal in the anterior stroma likely represented 

the increased cellularity noted on histopathology.  OCT is routinely used in physician 

ophthalmology and allows for non-contact, non-invasive imaging that assists in the 

diagnosis and management of several corneal diseases, including ocular surface 

squamous neoplasia, corneal epithelial basement membrane dystrophy, keratoconus and 

bullous keratopathy.127-130  People with corneal scarring associated with an irregular 

Bowman’s membrane undergo OCT imaging prior to phototherapeutic keratectomy 



 44 

(PTK) to measure the depth of their corneal scars and allow for surgical planning.  A 

corneal scar on these OCT images is defined as (1) an area of cornea that demonstrates a 

hyper-intense signal that corresponds with scarring noted on clinical examination and (2) 

an area of cornea with variable epithelial thickness by a minimum of 33% from the 

baseline epithelial thickness.131  In the current study, the maximum increase in corneal 

epithelial thickness was 75.3%.  Study dogs demonstrated hyper-intense signals within 

the anterior stroma of the burned area.  Our OCT findings, coupled with our clinical 

examination findings, support the conclusion that this study protocol effectively creates 

corneal fibrosis in dogs similar to that described in physician ophthalmology. 

Transmission electron microscopy allows for ultrastructural analysis of both 

normal and pathologic tissue architecture.  The size of and distance between collagen 

fibrils in normal human cornea has been reported, and these measurements appear to be 

dependent on the methods of fixation and embedding resin used during processing.132  

Documented collagen fibril diameter and interfibrillar spacing ranges from 25-35 nm and 

38.0-52.5 nm, respectively.132-134  To our knowledge, the distance between collagen 

fibrils in the normal canine cornea has not yet been established, while the collagen fibril 

diameter for normal corneas of the Beagle has been previously reported as 28.3±3.49 

nm.135  Investigations of these parameters in normal corneas of other dogs breeds remains 

non-existent.  Here, it was found that the average size and spacing of the collagen fibrils 

did not differ from that of normal Beagle stroma in the dog breeds which served as 

controls (Poodle, American Pit bull terrier and mixed breed dog).  Although the sample 

population for this analysis was small, this ultrastructual analysis represents the first 

comparison of corneal collagen fibril organization among different breeds.  Differences 
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in other anatomical aspects of the cornea such as nerve fiber density have been detected 

among different dog breeds, dependent on skull type;136 it may, therefore, be of interest to 

pursue additional studies aimed at comparing collagen fibril size and spacing among 

different cat and dog breeds utilizing a larger sample population.  Despite the lack of 

published normal values for collagen fibril size and organization in dog cornea, a 

significant difference in the minimum and maximum interfibrillar distance was detected 

between normal and wounded corneas in this study.  This increase in spacing and 

subsequent disorganization of corneal collagen fibrils has been previously documented in 

other studies evaluating corneal scars in people and laboratory animals thereby indicating 

that the alkali burn is able to generate corneal fibrosis.133,137,138  As previously mentioned, 

the use of TEM is sparse in studies evaluating dog corneas, regardless of pathology.  We 

quantified corneal fibril changes noted on TEM using advanced computer modeling via a 

multi-scale Hessian matrix system.  This current study represents pioneering research, 

demonstrating the value of computer analysis of TEM images as an objective, yet highly 

specific means by which corneal fibrosis in dogs can be quantified in the research setting.   

 Interestingly, there did not appear to be difference in the degree of fibrosis 

between the treatment groups.  Our laboratory has previously established that SAHA 

prevents corneal fibrosis.  Specifically, Bosiak et. al. and Donnelly et. al. demonstrated 

that SAHA prevents TGF-β1 mediated canine and equine corneal fibrosis in vitro and 

Tandon et. al. found that SAHA reduced corneal haze in rabbits following PRK.57-59  

While the efficacy of SAHA as an anti-fibrotic has been repeatedly demonstrated, the 

molecular mechanisms by which it inhibits fibrosis in the cornea have not been 

extensively investigated in the current literature.  Consequently our laboratory has sought 
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to determine the mechanisms of action of SAHA as a corneal anti-fibrotic agent.  Recent 

research by our laboratory has shown that SAHA inhibits corneal fibrosis by modulating 

both canonical (Smad) and non-canonical (ERK1/2) components of TGF-β1 intracellular 

signaling pathways and also matrix metalloproteinase 2 and 9 activity (Gronkiewicz, 

unpublished data).  In another recent study, which did not specifically evaluate the anti-

fibrotic effects of SAHA, the various molecular mechanisms by which SAHA inhibits 

corneal neovascularization were determined.  Here, SAHA prevented corneal 

neovascularization by attenuating hemangiogenesis, inflammatory pathways and 

lymphangiogenesis.69   

Failure to detect a statistically significant difference between treatment groups 

may be due to the relatively small number of dogs examined in this study.  The minimal 

number of animals deemed necessary to detect a difference between treatment and 

control dogs was utilized in accordance to institutional animal care and use guidelines.  

Six dogs were deemed appropriate after careful review of other studies which included 

sample sizes of 6 or less animals.139-141  Despite support from the literature, our small 

sample size increased the probability of type II error.  With type II error, the null 

hypothesis of the study is accepted, when in fact it is false.  Thus, there may have been a 

significant difference in the severity of fibrosis between the treatment groups.  Another 

possible reason that the two treatment groups did not differ was the potential ineffective 

dosage of SAHA used in the current study.  Previous studies performed by our laboratory 

determined that SAHA at a concentration of 25 μM was able to reduce corneal haze 

following PRK in rabbits.59  However, that particular study design differed significantly 

in terms of the laboratory animal utilized and the methodology utilized to create corneal 
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fibrosis.  The alkali burn in the canine cornea creates more significant inflammation and 

fibrosis than PRK in the rabbit cornea.  Therefore, it is possible that the concentration of 

SAHA needed to prevent fibrosis secondary a corneal alkali burn is greater than 50 μM.  

Additional studies with larger sample size and different doses are warranted to better 

investigate the efficacy of SAHA as an anti-fibrotic in vivo. 

Conclusion 

 The canine corneal alkali burn described here is well tolerated and does not 

damage the corneal limbus. The development of fibrosis was confirmed by 

histopathology, IHC, OCT and TEM.  Treatment with SAHA did not appear to reduce 

severity of fibrosis in this pilot study. 
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APPENDIX 1: TABLES 

 

 

     Table 1. Sequences of primers for detecting MMP RNA 

MMP Primer Sequence Source 

MMP1 Forward 5’GGGTCATTCTCTTGGACTTTCT3’ Canine 

 Reverse 5’AGCTGGACATTGCCACTATAC3’ Canine 

MMP2 Forward 5’CTGACCAAGGGTACAGCTTATT3 Canine 

 Reverse 5’CAGACGGAAGTTCTTGGTGTAG3’ Canine 

MMP8 Forward 5’CCACACTCCGTGGAGAAATAC3 Canine 

 Reverse 5’GGATGGCCAGAACAGAGAAA3’ Canine 

MMP9 Forward 5’CTACGACCAGGACAAACTCTAC3’ Canine 

 Reverse 5’TTGCCCAGGAAGATGAAGG3’ Canine 

    

 

 

 

 

Table 2. Tissue targets of special histopathology stains 

 

    

    Table 3. Scoring system for severity of corneal neovascularization, edema and stain  

Score Severity of neovascularization, edema or staining  

0 No neovascularization, edema or staining noted 

1 Mild neovascularization, edema or staining 

2 Moderate neovascularization, edema or staining 

3 Marked neovascularization, edema or staining noted 

 

  

Stain Target  Result Scored 

Masson’s Trichrome  Mesenchymal cells Red stain 

Elastica van Gieson Elastic fibers Black stain 

Periodic acid-Schiff  Basement membrane and fibrin  Dark pink-light purple 
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Table 4. Possible orientation patterns based on the value of eigenvalues λ1, λ2 of the 

Hessian matrix ( |λ1| ≥ |λ2| )
142 

 

 

Table 5. Epithelial and total corneal thickness measurements at baseline and following 

the alkali burn.  Multiple measurements of epithelium performed after alkali burn are 

expressed as a mean. 

 

Dog Baseline 

Epithelial 

Thickness 

(μm) 

Baseline Total 

Corneal 

Thickness (μm) 

Post Burn 

Epithelial 

Thickness 

(μm) 

Post Burn Total 

Corneal 

Thickness (um) 

Sentinel Dog 

OD 

80 600 116.75 499 

Sentinel Dog 

OS 

80 576 114.25 973 

Dog 1 (A) 79 498 101.5 643 

Dog 2 (A) 76 582 72 944 

Dog 4 (B) 78 530 60.25 986 

Dog 5 (B) 73 506 107.5 981 

Dog 6 B) 81 519 107.5 980 

 

 

Table 6. Scores for severity of corneal neovascularization, corneal edema and special 

stains  

Dog CNV Edema MT EVG PAS α-

SMA 

CD-

18 

Rep.control 

dog 

0 0 0 0 0 0 0 

Dog 1 (A) 0 0 0 0 0 2 0 

Dog 2 (A) 2 1 2 3 2 3 2 

Dog 4 (B) 2 3 2 3 2 3 2 

Dog 5 (B) 3 1 3 3 1 3 2 

Dog 6 (B) 3 3 2 3 3 3 2 

 

 

 

 

1 2 Orientation Pattern 

Low Low Flat or Noise no preferred direction 

High  - Low Bright tubular structure 

High + Low Dark tubular structure 

High - High - Bright blob-like structure 

High + High + Dark blob-like structure 
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Table 7. Area of type I collagen, type III collagen and total collagen in the wound bed 

(alkali-burned corneas) and axial cornea (control cornea) 

Dog Area of Type I 

Collagen (μm2) 

Area of Type III 

Collagen (μm2) 

Area of Total 

Collagen (μm2) 

Control dog 35887 1136 37023 

Control dog 38446 385 38831 

Control dog 39563 618 40181 

Dog 1 (A) 41526 1539 43065 

Dog 2 (A) 5083 763 5846 

Dog 4 (B) 21329 15531 36860 

Dog 5 (B) 22345 1725 24070 

Dog 6 (B) 4673 5382 10055 

 

 

Table 8. Corneal collagen fibril dimensions measured with TEM  

Group Collagen 

Fibril Area 

(nm2) 

Minimum 

Interfibrillar 

Distance (nm) 

Maximum 

Interfibrillar 

Distance (nm) 

Control Dogs 

(n= 3) 

763.428 ± 

0.00005 

42.960 ± 2.680 70.144 ± 5.427 

Beagles: Left 

Eye (n= 7) 

877.309 ± 

168.889 

45.377 ± 4.777 74.410 ± 7.9 

Beagles: 

Alkali-burned 

(n= 5) 

845.558 ± 

113.119 

47.829 ± 3.304 92.621 ± 14.774 

Beagles: 

Treatment A 

(n= 2) 

835.304 ± 

85.467 

46.58 ± 3.022 86.372 ± 3.426 

Beagles: 

Treatment B 

(n= 3) 

852.394 ± 

131.628 

48.66 ± 3.34 96.787 ± 17.951 
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APPENDIX 2: FIGURES 

 

 

Figure 1. Representative western blot showing the effect of SAHA +/- TGF-β1 on Smad 

phosphorylation in canine corneal fibroblast (CCF) cell extracts. TGF-β1 treatment of 

CCF caused a 2.8 ± 0.28 fold (p<0.01) increase in Smad2/3 phosphorylation. SAHA 

treatment of CCF significantly (p<0.01) attenuated TGF-β1-induced Smad2/3 

phosphorylation. 

 

 
 

Figure 2. Representative western blot showing the effect of SAHA +/- TGF-β1 on p38 

mitogen-activated protein (MAP) kinase phosphorylation in canine corneal fibroblast 

(CCF) cell extracts. TGF-β1 treatment of CCF caused a 3.5 ± 0.66 fold (p<0.05) increase 

in p38 MAP kinase phosphorylation. SAHA treatment of CCF did not significantly 

attenuate TGF-β1-induced p38 MAPK phosphorylation. 

 

 

 
 

Figure 3. Representative western blot showing the effect of SAHA +/- TGF-β1 on ERK1 

and ERK2 phosphorylation in canine corneal fibroblast (CCF) cell extracts. TGF-β1 

alone did not modulate the phosphorylation of ERK1 or ERK2, while exposure to SAHA 

with or without the concurrent TGF-β1 treatment resulted in significantly reduced 

expression of p-ERK1 (2.7 ± 0.6 fold decrease, p<0.01) and p-ERK2 (8 ± 3 fold decrease, 
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p<0.05) which suggests that SAHA treatment inhibited ERK phosphorylation, regardless 

of TGF-β1 activity. 

 

 

 
 

Figure 4. Representative western blot showing the effect of SAHA +/- TGF-β1 on JNK 

phosphorylation in canine corneal fibroblast (CCF) cell extracts. As can be seen in the 

western blot, no p-JNK1 was detected in the untreated control CCF. Neither TGF-β1 nor 

SAHA alone or in combination showed any effect on p-JNK1 expression. 

 

 
Figure 5. Graph showing real time qPCR mRNA quantification of matrix 

metalloproteinases (MMPs) 1, -2 and -9 in canine corneal fibroblasts (CCF).  TGF-β1 

treatment of CCF caused a 6 fold (p<0.01) increase in MMP1 mRNA and 10 fold 

(p<0.01) increase in MMP9 mRNA expression and did not cause any notable change in 

MMP2 mRNA. SAHA treatment of CCF alone did not cause any notable change in 

MMP1, MMP2 or MMP9 expression but concurrent treatment of CCF with TGF-β1 

caused a significant increase (p<0.05) in MMP1 mRNA and a significant decrease 

(p<0.05) in the MMP9 mRNAexpression.  
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Figure 6. Representative gelatin zymography demonstrating the effect of SAHA +/- 

TGF-β1 on MMP2 and MMP9 protein expression in canine corneal fibroblast (CCF) cell 

extracts.  MMP2 and MMP9 proteins were detected in untreated control CCF, and 

treatment with TGF-β1 alone did not alter this baseline MMP protein expression.  

However, treatment with SAHA, irrespective of co-treatment with TGF-β1 resulted in a 

statistically significant increase in MMP2 and MMP9 protein expression. 

 

 
Figure 7. Image analysis and quantification for TEM images of collagen fibril cross-

sections. First row: original image at 25,000X magnification; second row: magnified 

region.  A) Original TEM image.  B) Collagen fibril segmentation results.  D) Fibril 

centroids and fibril neighborhood graph.  D) Nearest (red) and farthest (blue) immediate 

neighbors. 
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Figure 8. Clinical scores and corneal haze grades following the 20 second alkali burn in a 

representative dog.  A) One day following alkali burn, the mMS score was 17.5 and 

corneal haze grade was 3.  B) On day 5 the mMS score was 11 and corneal haze grade 

was 2.  C)  Ten days post-alkali burn the mMS score was 8.5 and corneal haze grade was 

2.  D) At the study’s endpoint (day 14), the mMS score was 6.5 and corneal haze grade 

was 2. 
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Figure 9. Representative OCT images of normal cornea at baseline and alkali-burned 

cornea 14 days after wounding.  A) Normal cornea of a dog prior to wounding.  The 

values in green represent epithelial and total corneal thickness.  B) Alkali-burned cornea 

from dog in treatment group A.  C) Alkali-burned cornea from dog in treatment group B.  

Note the variable epithelial thickness and the increased total corneal thickness in the 

alkali-burned cornea compared to the normal cornea at baseline.  
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Figure 10. Representative histological images of normal (A-D) and alkali-burned corneas 

(E-H).  H&E stain demonstrated an increased cellularity of the anterior stroma in the 

alkali-burned corneas (E) compared to normal corneas (A).  Masson’s trichrome stain of 

the alkali-burned cornea (F) confirmed presence of mesenchymal cells in the anterior 

stroma, which are absent in normal cornea (B).  The formation of elastic fibers was 

demonstrated in the alkali-burned cornea with EVG (G).  No elastic fibers were detected 

in normal cornea (C).  PAS stained corneas showed increased basement membrane and 

fibrin deposition in the alkali-burned cornea (H) compared to normal cornea (D). 

 

Figure 11. Representative Picrosirius red stained negative control (A) and alkali-burned 

(B) corneas. Note the increased amount of type III collagen fibers in the alkali-burned 

cornea compared to the negative control.  This transition of type I to type III collagen 

fibers is typical of scar formation.  
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Figure 12. Representative immunohistochemistry of normal (A) and alkali-burned (B) 

corneas.  Increased α-smooth muscle actin stain in the alkali-burned corneas confirmed 

the cell population in the anterior stroma as fibroblasts.  There was only a mild-moderate 

increase in CD18 stain in the alkali-burned cornea indicating that the majority of the 

cellular infiltrate was not inflammatory in nature.  
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Figure 13. Representative transmission electron microscopy images of normal cornea 

(A) and alkali-burned (B) corneas, specifically measuring the minimum and maximum 

interfibrillar distances.  Note the increased minimum (red) and maximum (blue) 

interfibrillar distances in the alkali-burned cornea compared to normal cornea.  
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