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Tissue and cellular biomechanics during corneal wound injury 
and repair

Vijay Krishna Raghunathan§,a,b, Sara M Thomasy§,b,*, Peter Strømb, Bernardo Yañez-Sotoc, 
Shaun P Garlandb, Jasmyne Sermenob, Christopher M Reillyd, and Christopher J 
Murphyb,e,*

aThe Ocular Surface Institute, College of Optometry, University of Houston, Houston, Texas, 
United States

bDepartment of Surgical and Radiological Sciences, School of Veterinary Medicine, University of 
California Davis, Davis, California, United States

cCONACYT-Instituto de Fisica, Universidad Autonoma de San Luis Potosi, San Luis Potosi, 
Mexico

dDepartment of Pathology, Immunology and Microbiology, School of Veterinary Medicine, 
University of California Davis, Davis, California, United States

eDepartment of Ophthalmology & Vision Sciences, School of Medicine, University of California 
Davis, Davis, California, United States

Abstract

Corneal wound healing is an enormously complex process that requires the simultaneous cellular 

integration of multiple soluble biochemical cues, as well as cellular responses to the intrinsic 

chemistry and biophysical attributes associated with the matrix of the wound space. Here, we 

document how the biomechanics of the corneal stroma are altered through the course of wound 

repair following keratoablative procedures in rabbits. Further we documented the influence that 

substrate stiffness has on stromal cell mechanics.

Following corneal epithelial debridement, New Zealand white rabbits underwent phototherapeutic 

keratectomy (PTK) on the right eye (OD). Wound healing was monitored using advanced imaging 

modalities. Rabbits were euthanized and corneas were harvested at various time points following 

PTK. Tissues were characterized for biomechanics with atomic force microscopy and with 

histology to assess inflammation and fibrosis. Factor analysis was performed to determine any 

discernable patterns in wound healing parameters.

The matrix associated with the wound space was stiffest at 7 days post PTK. The greatest number 

of inflammatory cells were observed 3 days after wounding. The highest number of 
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myofibroblasts and the greatest degree of fibrosis occurred 21 days after wounding. While all 

clinical parameters returned to normal values 400 days after wounding, the elastic modulus 

remained greater than pre-surgical values. Factor analysis demonstrated dynamic remodeling of 

stroma occurs between days 10 and 42 during corneal stromal wound repair.

Elastic modulus of the anterior corneal stroma is dramatically altered following PTK and its 

changes coincide initially with the development of edema and inflammation, and later with 

formation of stromal haze and population of the wound space with myofibroblasts. Factor analysis 

demonstrates strongest correlation between elastic modulus, myofibroblasts, fibrosis and stromal 

haze thickness, and between edema and central corneal thickness.

1. Introduction

Corneal opacities are one of the leading causes of blindness worldwide [1]. There is an 

increasing emphasis on the incorporation of biophysical and biochemical stimuli, intrinsic to 

tissues, for better implant design [2]. Currently available artificial corneas focus on 

integration of the device into the existing stromal tissue. For this, a part of the native tissue is 

removed resulting in a wound. However, little is known about how the intrinsic biophysical 

microenvironment of the cornea is altered during wound healing, and/or how these changes 

may influence cell differentiation to in turn predict the success of prosthetic integration [3].

Keratoablative surgical procedures such as laser-assisted in situ keratomileusis (LASIK) and 

photorefractive and phototherapeutic keratectomies (PRK and PTK) that necessitate 

wounding of the central cornea are widely performed to correct refractive errors and treat 

anterior stromal disorders [4]. While LASIK largely spares the individual constituents of the 

anterior cornea, PTK and PRK remove substantial portions of the anterior stroma as well as 

the epithelium, basement membrane and Bowman’s layer. Renewal of an intact epithelium 

and basement membrane, replenishment of stromal cells, and precise remodeling of stromal 

collagen fibers and lamellae are some of the main events that are critical for corneal 

restoration. Upon corneal stromal wounding, significant remodeling of the stroma occurs, 

thus altering the microenvironment of the wound space to promote transformation of the 

quiescent keratocyte to the activated fibroblast and subsequently the differentiated 

myofibroblast (KFM transformation) [5]. Myofibroblasts also arise from differentiation of 

bone marrow-derived cells that migrate into the corneal stroma following wounding [6]. 

These events are orchestrated precisely by cross-talk between biophysical and biochemical 

stimuli, provided by the remodeling matrix as well as the inflammatory, stromal and 

epithelial cells in the wound environment [7]. Dysregulation of the wound healing process, 

such as excessive numbers and/or prolonged persistence of activated fibroblasts and 

myofibroblasts within the remodeling wound space, can result in the formation of stromal 

haze or scar formation associated with decreased corneal crystalline expression, increased 

light scatter and production of disorganized extracellular matrix [8, 9]. In such situations 

there is reduced corneal transparency that can lead to clinically significant visual 

compromise.

While the impact of soluble signaling molecules such as transforming growth factor-β 
(TGF-β) on corneal wound healing processes are well-studied [10, 11], there is a knowledge 
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gap in regards to the participation of biophysical cues in determining wound healing 

outcomes. This knowledge gap is particularly relevant due to the expanding use of strategies 

to stabilize the corneal matrix using cross-linking (CXL) which have been reported to stiffen 

the corneal matrix [12, 13]. The use of cross-linking was initially motivated by efforts to 

slow progression of progressive corneal degenerative diseases such as keratoconus [14–16] 

but its use has expanded to include treatment of numerous corneal diseases including 

infectious keratitis [17, 18]. Crosslinking is reported to induce anterior keratocyte apoptosis 

[19–21] and stimulate stromal fibroblast to myofibroblast transformation [19, 21].

We have previously demonstrated that biophysical cues profoundly modulate a host of 

fundamental corneal cell behaviors that are integral to corneal wound healing including 

adhesion, migration, proliferation, differentiation and response to growth factors [22–29]. 

Specifically, we have demonstrated that substratum topography [30] and compliance [31] 

have a marked effect on fibroblast to myofibroblast transformation and are as potent as TGF-

β1, the most well-studied soluble signaling factor affecting corneal stromal cells, in 

modulating KFM transformation. A better understanding of the biophysical signaling 

environment that participates in the genesis, persistence and subsequent removal of the 

myofibroblast within the corneal wound space is critical to identifying new strategies for the 

management of stromal haze and fibrosis. Here, we report the changes in the corneal 

biophysical environment over the course of wound healing and the role they play in KFM 

transformation in situ.

2. Materials and Methods

2.1 Animals

The study design was approved by the Institutional Animal Care and Use Committee of the 

University of California-Davis and performed according to the Association for Research in 

Vision and Ophthalmology resolution on the use of animals in research. Thirty New Zealand 

White female rabbits (3 per group Charles River Laboratories, Wilmington, MA) with a 

mean ± SD body weight and age of 3.6 ± 0.1 kg and 1.2 ± 0.0 years, respectively, were 

utilized in this study. A complete ophthalmic examination (slit lamp examination & indirect 

ophthalmoscopy), applanation tonometry (Tonopen XL, Medtronic, Minneapolis, MN, 

USA), Fourier-domain optical coherence tomography (FD-OCT; RTVue 100, software 

version 6.1; Optovue Inc., Fremont, CA, USA), ultrasonic pachymetry (Accupach VI; 

Accutome Ultrasound Inc., Malvern, PA, USA) and fluorescein staining were performed 

prior to inclusion into the study; only animals free of ocular disease were used. Applanation 

tonometry and USP were performed following application of 0.5% proparacaine (Alcon Inc., 

Fort Worth, TX, USA) to the cornea.

2.2 Excimer laser PTK and post-operative treatment

Rabbits were pre-medicated with midazolam (0.7 mg/kg) and hydromorphone (0.1 mg/kg) 

administered intramuscularly (IM) followed by ketamine (10–30 mg/kg) IM for induction 

and maintenance of anesthesia. Following administration of proparacaine hydrochloride 

0.5% ophthalmic solution (Bausch and Lomb, Rochester, NY, USA), an 8 mm diameter 

corneal trephine (MSI Instruments, Pheonixville, PA, USA) was used to mark the central 

Raghunathan et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cornea and the epithelium of the right eye (OD) was removed with an excimer spatula (BD 

Visitec, Franklin Lakes, NJ, USA) within the marked region. An excimer laser (Nidek 

Excimer Laser Corneal Surgery System EC-5000, Fremont, CA) was used to perform a 

phototherapeutic keratectomy (PTK) by photoablating the superficial stromal elements of 

the right cornea (6 mm diameter, 40 Hz, 167 pulses, 100 µm depth) in the center of the 

epithelial wound. The left eye remained unwounded and served as a control. Rabbits were 

treated OD with ofloxacin 0.3% ophthalmic solution (Alcon, Hunenberg, Switzerland) twice 

daily (BID) until re-epithelialization was complete; buprenorphine (0.03–0.06 mg/kg) was 

administered IM BID for 3–7 days post-wounding to provide analgesia. A slit lamp 

examination with Modified McDonald-Shadduck scoring, and fluorescein stain was 

performed daily for the first week post-wounding. A slit lamp examination with Modified 

McDonald-Shadduck scoring including a semi-quantitative score for stromal haze using a 

modification of a previously defined system [32], applanation tonometry, FD-OCT, USP, and 

fluorescein stain were also performed on days 1, 3, 7, 10, 14, 21, 28, 35, 42, and 70 

following PTK. Also, a single rabbit was followed for 400 days after wounding.

Fourier-Domain (FD-OCT) imaging (RTVue® 100, software version 6.1; Optovue Inc., 

Fremont, California, USA; 26000 A scan/sec, 5 µm axial resolution, 840 nm 

superluminescent diode) of the central cornea was performed using a corneal adaptor 

module. The RTVue measuring tool was used to measure thickness of the central cornea as 

well as the thickness of stromal haze, which was observed as a zone of hyper-reflectivity 

within the anterior stroma, if present (Figure S1).

CCT values in the wounded tissues were compared with baseline values. Presence of edema 

was scored based on CCT values as follows: none (0): < 85% baseline, mild (1): 85–115% 

baseline, moderate (2): 116–145% baseline, and severe (3): >145% baseline. These 

assessments of edema accounted for the removal of stroma from the PTK which resulted in a 

corneal thickness of ~75% of baseline.

2.3 Tissue harvest and processing

Rabbits were euthanized with pentobarbital (200 mg/kg, IV) and an excimer spatula was 

used to remove the epithelium OU; the anterior stroma of the left eye was exposed with an 

excimer laser (6 mm diameter, 40 Hz, 167 pulses, 100 µm depth). For days 28, 42 and 70, an 

excimer laser was also used to photoablate the anterior basement membrane (ABM) 

immediately following euthanasia to expose the anterior stroma of the right eye (6 mm 

diameter, 40 Hz, 25 pulses, 15 µm depth); an EC-5000 calibration card (Nidek Technologies, 

Gamagori, Japan) was used to protect the opposite half of the cornea where the ABM was 

already exposed following debridement. An 8 mm central corneal button was harvested from 

both eyes using a corneal trephine and corneal section scissors. The corneal buttons were 

divided into four 2 mm sections and stored in Optisol (Chiron Ophthalmics, Irvine, 

California) at 4° C until AFM measurements were performed within 6 h of euthanasia.

2.4 Atomic force microscopy

Tissue samples were mounted for AFM without any glue and analyses performed as 

described previously [33–36]. Briefly, elastic modulus was determined in contact mode 
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using a silicon nitride probe with a square pyramid tip incorporated at the free end (κ=0.32 

N/m; PNT-TR-50, Nano and More, Lady’s Island, SC); a 5 µm radius borosilicate bead was 

attached to the pyramid of the cantilever and contact-mode mechanics was determined by 

obtaining five force-versus-indentation curves at five difference locations of the tissue. This 

amounted to 25 force curves per sample in each experiment. Using Hertz’s model for a 

spherical indenter, elastic moduli of tissue were determined.

2.5 Immunohistochemistry and histopathology

Corneal buttons, that were not used to determine biomechanics, were formalin fixed, paraffin 

embedded and sectioned such that 3 sections were mounted per slide. Sections were 

deparaffinized in xylene, subjected to citrate (pH 6.0) heat induced epitope retrieval, 

peroxidase blocked and incubated overnight at 4°C with mouse antihuman α-smooth muscle 

actin (αSMA; Sigma-Aldrich, MO) antibody. Sections were then stained with goat anti-

mouse secondary antibody conjugated to AlexaFluor 594 (LifeTechnologies, CA), followed 

by nuclear counterstaining using DAPI, and cover-slipped. Slides containing the sections 

from each rabbit (3 rabbits per time point) for every time point (0, 1, 3, 7, 10, 14, 21, 28, 42, 

70 days) was imaged along the whole length of the cornea using a Leica DMi8 fluorescence 

microscope (Leica Microsystems, IL).

Dissected corneas were embedded in paraffin, sectioned (3 sections were mounted per slide), 

and stained with hemotoxylin and eosin (H&E, FisherScientific, CA) prior to evaluation via 

light microscopy. All H&E-stained sections were examined by a board certified veterinary 

pathologist (CMR) who was masked as to group assignments. One slide from each rabbit (3 

rabbits per time point) for every time point (0, 1, 3, 7, 10, 14, 21, 28, 42, 70 days) was semi-

quantitatively evaluated for severity of fibrosis (0 = none, 1 = mild, 2= moderate, 3 = severe) 

as well as severity, type, and location of inflammation. Inflammation was assigned a score of 

0 when inflammatory cells were absent or there were sparsely scattered individual 

inflammatory cells. Inflammation was assigned a score of 1 when scattered aggregates or 

diffusely distributed low numbers of inflammatory cells were observed. Inflammation was 

assigned a score of 2 when focally large or diffusely moderate numbers of inflammatory 

cells with or without mild distortion of tissue architecture were observed. Inflammation was 

assigned a score of 3 when diffuse infiltration or effacement of the mucosa/epithelium by 

large numbers of inflammatory cells with distortion of tissue architecture was observed. 

Inflammation was further categorized on the basis of the predominant cell type or types 

observed (i.e., heterophilic, lymphoplasmacytic, or mixed) within the stroma. Presence or 

absence of the anterior basement membrane was assessed on 5 micron sections stained with 

the Periodic-acid Schiff (PAS) technique, which highlights basement membranes.

2.6 Image analysis

For each time point (from 1 to 70 days after wounding), three rabbit corneas were dissected; 

one cornea was available from a rabbit at 400 days post-wounding. From each corneal 

sample, 3 sections were mounted per slide and stained for αSMA. Each corneal section in its 

entirety was fluorescently imaged at 20× using a short working distance APO-PLAN 

objective with the same exposure setting, and subsequently stitched together. For all images, 

using a custom MATLAB algorithm, the number of nuclei were counted (from DAPI 
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channel) to determine total cell numbers. Next, using the αSMA channel information, the 

outline of each cell was identified if signal intensity was 20% greater than baseline intensity 

which was determined from negative control slides. The number of αSMA positive cells 

were thus identified. Data were then expressed as % αSMA positive cells per entire corneal 

section for each time point.

2.7 Statistical analysis

Data, unless specified otherwise, are presented as mean ± standard deviation (n=3 animals 

per group). Group wise comparisons were conducted by one-way or two-way ANOVA with 

post-hoc multiple comparison tests (if p<0.05) when appropriate. Collectively all data were 

pooled into a matrix, and multivariate statistical analyses was conducted as described below:

2.7.1 Principal component and Factor analysis—We performed Principal 

Component Analysis (PCA) from a data matrix consisting of 54 samples (triplicates of 

control and wounded for days 1, 3, 7, 10, 14, 21, 28, 42 and 70 days) and 7 variables (elastic 

modulus, inflammation, fibrosis, edema, number of α-SMA positive cells expressed as % of 

total number of cells in the stroma, thickness of stromal haze, and central corneal thickness). 

The data matrix was centered and normalized to obtain a mean value of zero and a standard 

deviation of 1 for each variable. A 7×7 correlation matrix was calculated from this dataset 

and the eigenvectors and their corresponding eigenvalues were extracted. The relative 

percentage of variance of each eigenvalue was quantified and diagramed in a scree plot. The 

selection of the number of principal components used was performed using the Kaiser-

Guttman criteria, using the eigenvectors whose corresponding eigenvalues had a value 

greater than 1.

The score matrix was calculated by multiplying these eigenvectors by the square root of the 

corresponding eigenvalue. Following PCA, the score matrix was rotated orthogonally using 

Varimax to extract the latent factors. The factors loading matrix was obtained from the 

rotated factor score matrix by matrix operations. The factors were interpreted by associating 

the variables with highest weights in each factor.

2.8 Fabrication of hydrogels and cell culture

Due to the intrinsic differences in corneal stromal stiffness between rabbits and humans 

(human stroma stiffer than rabbit at 33 ±6 .1 and 1.1 ± 0.6 kPa respectively) [35, 37] rabbit 

stromal cells (5000 cells per gel) were cultured on 5 and 25 kPa substrates and human 

stromal cells were cultured on 25 and 75 kPa substrates to represent softer and stiffer matrix 

conditions. Polyacrylamide hydrogels with an elastic modulus of 5, 25 and 75 kPa were 

fabricated as previously described [38]. Primary rabbit corneal stromal cells were isolated as 

previously described[31] from freshly enucleated young rabbit eyes (Pel-Freeze, Rogers, 

AR). Primary human corneal stromal cells were isolated as previously described[31] from 

human donor corneoscleral rims that were unsuitable for transplants (SavingSight, Kansas 

City, MO). Cells were cultured on the hydrogels, in DMEM low glucose supplemented with 

10% FBS and 1% P/S/F, for 3 days in the presence or absence of 10 ng/ml TGFβ1 for rabbit 

stromal cells or 2 ng/ml TGFβ1 for human stromal cells [31]. Cell mechanics of stromal 

cells (at least 10 cells per condition, with 5 force curves per cell) cultured on the matrices of 

Raghunathan et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differing stiffness were determined by AFM as previously described [36, 39]. Experiments 

were performed in triplicate.

3. Results

3.1 Clinical characterization: Central corneal and haze thickness

At least three rabbits were wounded using an excimer laser for each time point from days 1 

through 70 and monitored clinically for the entire duration of the study (Figure 1, S2). Prior 

to wounding, mean central corneal thickness as measured by FD-OCT (CCT; Figure 2a) for 

the right eye (oculus dexter, OD) for all rabbits was: 359 ± 52 µm (n=30) and did not 

significantly differ from values obtained in the left eye (oculus sinister, OS; 361 ± 31 µm; 

n=30; p = 0.742). Central corneal thickness OD was maximal 3 days after wounding (486 

± 16 µm, n = 3; p < 0.05) due to corneal edema then significantly decreased at day 10 after 

wounding (276 ± 22 µm, n = 3, p < 0.05) following reformation of an intact epithelium. 

Central corneal thickness at 70 days after wounding did not significantly differ from baseline 

values (369 ± 10 µm, n = 3, p = 0.345). Thickness of the stromal haze, a discrete hyper-

reflective zone as measured by FD-OCT in the central cornea, changed over time (Figure 2b, 

S2). Seven days after wounding, a significant increase in haze was observed (126 ± 40 µm, 

n=3, p <0.05). Haze, remained significantly elevated up to 70 days (123 ± 66 µm, n=3, p < 

0.05) after wounding. At 400 days, no haze was observed in the one rabbit, and its CCT was 

417 µm.

3.2 Immunohistochemical analyses: Inflammation, fibrosis, and myofibroblasts

Inflammation & fibrosis—Inflammation was observed 1 day after wounding, Figure 3a, 

4), and increased in severity up to day 3 before progressively decreasing between days 7 and 

21. Inflammation had completely regressed by day 70 and was not observed in the 400 day 

rabbit. Corneal fibrosis was initially observed at day 7 and significantly increased up to day 

21 (Figure 3b) before progressively decreasing up to 70 days after wounding. No fibrosis 

was observed in the 400 day rabbit.

αSMA positive myofibroblasts—The incidence of myofibroblasts also varied over time 

(Figure 3c, 4). An initial increase in the number of myofibroblasts was observed 7 days 

(after wounding, before a brief but significant reduction at days 10 and 14. This was 

followed by a significant increase in myofibroblast density at days 21 and 28 after 

wounding, following which the incidence of myofibroblasts dramatically reduced at day 42 

(4 ± 5% of cells in stroma) with completely clearing by day 70 post-wounding.

3.3 Elastic modulus of corneal stroma

The elastic modulus of the corneal stroma varied throughout wound healing. The elastic 

modulus of the unwounded anterior stroma from the left eye of 28 rabbits immediately 

following photoablation was 0.64 ± 0.35 kPa (mean ± standard deviation; Figure 5). Seven 

days after wounding, elastic modulus of the anterior stroma was significantly greater at 5.31 

± 2.3 kPa (p<0.001). The modulus decreased between days 10 (2.11 ± 0.28 kPa, p<0.001) 

and 14 (1.43 ± 0.33 kPa, p<0.001) before increasing significantly at day 21 (3.32 ± 1.27 kPa, 

p<0.001). Subsequently, the modulus reduced at day 28 (1.56 ± 0.97 kPa, p<0.05) before 
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increasing to 2.47 ± 0.58 kPa (p<0.001) at day 42, and finally reducing to 1.64 ± 0.39 kPa 

(p<0.001) at day 70. The elastic modulus of the stroma for one rabbit at 400 days post-

wounding remained mildly elevated at 1.48 ± 1.04 kPa.

Elastic moduli of the basement membrane at days 28, 42, and 70 were also determined 

(Figure S3). PAS staining demonstrated a complete BM at day 28, before being uniform and 

thicker at days 42 and 70 (data not shown). Modulus of the BM on day 28 was lower in the 

wounded corneas (1.622 ± 0.12 kPa) than control corneas (6.71 ± 0.36 kPa) and 

progressively increased on days 42 (4.94 ± 0.54 kPa) and 70 (7.30 ± 0.57 kPa).

3.4 Multivariate factor analysis

Principal component analysis demonstrated that greater than 70% of the variance in data 

could be explained from the first two principal components. Six of the seven variables 

contributed to over 70% of the variation (table 1, table S1); the contribution of inflammation 

to the variance was less than 70% was thus excluded from the analysis. Therefore, we used 

the first two components to perform matrix rotation and factor analysis. Using the varimax 

method for rotation to maximize the sum of variance for squared loadings, we determined 

the relationship between the two factors and the variable scores (table 1, Figure S4). Using 

the scores obtained from the varimax method, the loadings matrix was determined for each 

rabbit at the various time points (Figure 6). The distribution and correlation of these 

variables, when analyzed together, is represented as a scores plot in Figure S5. The cosine of 

the angle between variables indicated correlation between them and is now listed in table S2.

3.5 Effect of substratum stiffness on cell mechanics

The elastic modulus of human and rabbit corneal stromal cells significantly increased with 

increasing substratum stiffness as well as in the presence of TGFβ1 treatment (Figure 7).

4. Discussion

Here, we document progressive alteration in the mechanical attributes of the stromal wound 

space throughout wound healing and correlate changes in matrix stiffness with the presence 

of αSMA positive myofibroblasts, inflammation, fibrosis, and clinical parameters such as 

edema, central corneal thickness and stromal haze thickness using a multivariate model. We 

observed (i) stromal edema immediately following wounding, (ii) early inflammation that 

gradually reduced with time, (iii) elevated stiffness of the anterior corneal stroma that 

precedes significant upregulation of myofibroblasts, (iv) that this stiffness never returns to 

pre-surgical values, and (v) stromal cells treated with TGFβ1 in vitro are inherently stiffer 

than untreated cells, and that their stiffness is significantly determined by the underlying 

substratum stiffness. Collectively, our results demonstrate that matrix stiffness of the corneal 

wound microenvironment changes throughout wound healing and that these changes may in 

turn modulate subsequent cellular mechanics.

Immediately after and for up to 3 days post-wounding, maximal stromal edema was 

observed as evidenced by increased central corneal thickness due to disruption of the 

epithelial barrier [40, 41]. Re-establishment of an intact epithelium was observed at day 7 

after wounding in 95% of rabbits. These are consistent with previous studies that 
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demonstrated re-establishment of an intact epithelium is critical for wound healing [42, 43]. 

One report suggests that injury to the epithelium results in the recruitment of platelets and 

may be a necessary event for re-epithelialization [44]. We observed mild inflammation 

within 24 h of wounding that peaked between 3 and 7 days post-wounding before 

progressively declining. The recruitment of platelets and other inflammatory cells results in 

the secretion of numerous cytokines and growth factors that trigger downstream effects. 

Although both edema and inflammation were observed in our study, multivariate analyses 

demonstrated that edema contributed significantly to the dynamic remodeling-trend 

observed during the repair process with surprisingly little effect from inflammation.

Next, we determined the advent of myofibroblasts in the corneal stroma post-PRK. 

Myofibroblasts are major contributors to corneal opacity with reduced expression of 

crystallins (proteins responsible for corneal transparency)[8], greater secretion of type III 

collagen and a ‘spread’ morphology[45, 46]. Contractile myofibroblasts appeared in the 

anterior stroma within a week of wounding, with maximal presence 3–4 weeks post 

wounding. In fact, the persistence of myofibroblasts in the sub-epithelial region is thought to 

result in haze development after photorefractive keratectomy [47, 48]. Maximal 

inflammation and occurrence of sub-epithelial myofibroblasts was documented on day 3 

ahead of maximal stiffness of the anterior stroma on day 7. Importantly, this increase in 
stiffness preceded the peak occupation of myofibroblasts in the anterior stroma. We have 

demonstrated previously that, stiffer substrates promote myofibroblast differentiation in 
vitro[31]. These findings suggest that the increase in wound space matrix stiffness plays a 

significant role in promoting KFM transformation. A previous report detailing the repair 

process in transcorneal freeze stromal wounds in NZW rabbits, documented matrix 

reorganization within 3 days of wounding, significant increases in stromal thickness 7–14 

days post wounding, and minimal haze at 28 days [49]. An important study by Netto et al 

demonstrated that photoablative wounds >−9.0 D, similar to the photoablation of 100 µm in 

the present study, resulted in significant haze even 4 weeks after wounding [50]. In our 

study, histologic evidence (data not shown) demonstrated reformation of a complete BM at 

day 28 in the wounded corneas, accompanied by significant haze. Accompanying this, we 

observed that the elastic modulus of the BM at day 42 was the same stiffness as a normal 

BM [35]. Considering the elastic modulus of the BM increases steadily from days 28 to 42, 

data strongly suggest that the mechanical properties of the BM vary with time as they are 

replenished. These dynamically changing properties of the BM further influence epithelial 

cell behavior as supported by a number of studies in vitro [22–24, 51]. Further, the dramatic 

drop in the number of myofibroblasts observed at day 42 suggests that restoration of the BM 

in corneal stromal wounds plays a role in the life cycle of myofibroblasts in stromal wounds. 

It is plausible that a more permeable epithelial-stromal interface exists until the formation of 

an intact BM and this contributes potently to the dynamic relationship between the corneal 

epithelium and stroma during the remodeling phase of wound repair.

We documented the time dependent changes in the clinical, histologic, and mechanical 

parameters. The variance in- and between all measured parameters over time were analyzed 

using multivariate statistics to determine trends, if any, during the wound repair process. Our 

data demonstrated that a clear pattern emerged throughout wound repair. An increase in 

inflammatory cells occurred up to 3 days post-photoablation, following which the stroma 

Raghunathan et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



became thinner, stiffer, and the number of myofibroblasts increased. Between days 14 and 

28, dynamic changes occurred in all measured parameters demonstrating the complexity of 

active remodeling of the corneal stroma during repair. Notably, reciprocal changes in elastic 

moduli, myofibroblast presence, and histologic fibrosis were all prevalent during this period. 

These were followed by the corneal stroma returning to pre-surgical state for almost all 

parameters except for the elastic modulus suggesting durable modifications in the 

biophysical attributes of the stroma. We acknowledge that there are temporal and phenotypic 

differences in rabbit and human stromal wound repair as well as disparity in normal corneal 

structure and biomechanics between the two species [35, 37, 52]. Nonetheless, the changes 

in corneal biomechanics associated with corneal wounding identified in the present study are 

suggestive of a generalizable process. Our findings support pursuing subsequent studies in 

nonhuman primate possessing a cornea that more closely mimics that of humans [53].

Incidence of myofibroblasts along aligned collagen bundles 2 weeks post photoablation have 

been reported [50, 54, 55] suggesting their participation in stromal remodeling. In this study, 

although we did not document changes in collagen fibril organization at the various time 

points, we recognize that it likely plays a significant role in the recorded modulation of 

corneal biomechanics [49, 56] and provide the platform for migration of fibroblasts/

myofibroblasts during healing [5, 54, 57]. Previously, we have reported soft substrates and 

topographically patterned substrates stabilized the fibroblast phenotype, inhibiting 

myofibroblast transdifferentiation (even in the presence of TGFβ1), while planar substrates 

and stiff substrates promoted transformation into the myofibroblast phenotype [27, 30, 31]. 

This observation is particularly relevant given that crosslinking with riboflavin, which 

dramatically stiffens the cornea, is increasingly being used to treat a myriad of conditions 

including keratoconus and infectious keratitis [58, 59]. It is thus plausible that a stiff cornea 

which is subsequently wounded may experience excessive KFM transformation and 

concomitant stromal haze.

Our results also document that myofibroblasts are inherently stiffer than keratocytes. We 

also found that the intrinsic stiffness of keratocytes and myofibroblasts are greater when 

cultured on stiffer substrates. Taking into consideration that changes in corneal mechanics do 

not revert to pre-surgical values during the timespan of these experiments, we speculate that 

any subsequent injury to the cornea may promote genesis of contractile myofibroblasts that 

may, in turn, increase the incidence of haze resulting in a positive feedback loop. Long-term 

studies will be required to confirm/refute this hypothesis. These results collectively allow us 

to posit that the early appearance of myofibroblasts are a result of inflammatory response 
that is sustained due to an increased permeable epithelial-stromal interface associated with 
removal of the anterior basement membrane and disruption of epithelial integrity. The 
occurrence of increasing numbers of contractile myofibroblasts at later time-points may be a 
direct result of early increases in stromal stiffness. It is possible that alterations in matrix and 
stromal cell mechanics participate in directing the entire lifecycle of the myofibroblast in the 
wound space, from appearance through removal.
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5. Summary

Elastic modulus of the anterior corneal stroma is dramatically altered following PTK and 

correlates initially with the development of edema and inflammation, and later with 

formation of stromal haze and population of the wound space with myofibroblasts. Factor 

analysis suggests that there are strong correlation between (i) increased elastic modulus, 

haze, fibrosis, and incidence of myofibroblasts, and (ii) between edema and central corneal 

thickness. Importantly, to our knowledge, this is the first study to document a relationship 

between elastic modulus with clinical and histologic parameters over the course of wound 

healing. Future studies will be required to determine the causal relationship (if any) between 

each clinical/histologic parameter with elastic modulus. With emerging engineering 

approaches for modulating corneal biomechanics such as crosslinking with riboflavin and 

hyaluronidase to stiffen or soften the stroma, respectively, it is critical to better understand 

the long-term consequences of changing the biophysical characteristics of the corneal 

stroma.
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Statement of significance

Tissue biomechanics during the course of corneal wound healing is documented for the 

first time through atomic force microscopy, and is correlated with advanced clinical 

imaging and immunohistochemistry. Parameters obtained from the study are applied in a 

multivariate statistical model to cluster the data for better classification and monitor the 

wound repair process. Elastic modulus of the anterior corneal stroma is dramatically 

altered following wounding and correlates initially with the development of edema and 

inflammation, and later with formation of stromal haze and population of the wound 

space with myofibroblasts. Importantly, the occurrence of myofibroblasts is preceded by 

changes in tissue mechanics, which is important to consider in light of crosslinking 

procedures applied to treat corneal diseases.
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Figure 1. 
Haze is observed in both FD-OCT and clinical images. NZW rabbits were wounded with an 

excimer laser and followed clinically through 70 days. Hyper-reflective areas in FD-OCT 

images corresponded to haze and was correlated with clinical color photographs. At least 3 

rabbits were imaged for each time point. White scale bar in FD-OCT images are 250 µm.

Raghunathan et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Variation in central corneal thickness (CCT) and stromal haze thickness throughout wound 

healing as measured by FD-OCT. (A) CCT was greatest 1 day after wounding before 

progressively declining. (B) Corneal stromal haze thickness progressively increased between 

day 7 and day 14, before declining slightly at 70 days. Data are mean ± standard error in 

mean. Asterisks indicate statistically significant differences compared with unwounded eye 

(OS). *p<0.05, one-way ANOVA, followed by Dunnett’s multiple comparison test compared 

with OS.
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Figure 3. 
Inflammation, fibrosis and myofibroblast number vary throughout wound healing. (A) 
Inflammation was greatest 3 days after wounding, and (B) Fibrosis was maximum 10 and 21 

days after wounding. Scores presented are semi-quantitative measures as analyzed by a 

board-certified veterinary pathologist. (C) Percentage of αSMA positive cells 

(myofibroblasts) were determined from images after immunohistochemical staining for 

αSMA. The greatest number of myofibroblasts were present 21 and 28 days after wounding 

before disappearing by 42 days. Data for inflammation and fibrosis are median ± 75%/25% 

quartile, and for αSMA are mean ± SD. *p<0.05, one-way ANOVA on Ranks, followed by 

Dunnett’s multiple comparison test compared with findings from control eyes.
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Figure 4. 
Representative histologic images of a single field of view at each time point depicting (A) 
H&E stain to illustrate the presence of heterophils (indicated by black arrows, scale bar is 

100 µm) typifying acute inflammation. Median scores for inflammation were 0 (none) for 

control eyes and on days 28, 42, 70; 1 (mild) on days 1, 7, 10, 14, 21; and 2 (moderate) on 

day 3. Median scores for fibrosis [indicated by increased fibroblast density (black 

arrowheads) and disorganized collagen (pink/eosinophilic matrix between nuclei)] were 0 

(none) for control eyes and on days 1, 3; 1 (mild) on days 7, 28, 42; and 2 (moderate) on 
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days 10 and 21. (B) Presence of αSMA positive myofibroblasts (scale bar is 250 µm). 

Nuclei are stained by DAPI in blue, and myofibroblasts by αSMA in red. White arrows 

indicate representative αSMA positive cells. As demonstrated maximum number of 

myofibroblasts was evident on day 21 after wounding.
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Figure 5. 
Changes in elastic modulus throughout wound healing. Elastic modulus of the anterior 

stroma in wounded eyes (OD) increased to a maximum on day 7 after wounding. 

Subsequent changes in elastic moduli reflect the dynamic nature of wound repair and 

stromal remodeling. Measurements were obtained from 3 rabbits for each day up to 70 days, 

and for one rabbit on day 400. At each time point, modulus was also measured in the 

contralateral unwounded eye (OS). For each rabbit, force curves were obtained at 5 locations 

with at least 5 force curves obtained per location. Data are mean ± standard error in mean. 

**p<0.01, *** p<0.001, one-way ANOVA, followed by Dunnett’s multiple comparison test 

compared with OS for each time point.
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Figure 6. 
Factor analysis and subsequent clustering reveal the different stages of wound healing. 

Factor analysis was performed with the data obtained (elastic modulus, inflammation, 

fibrosis, and edema scores, stromal haze and central corneal thickness, and number of 

αSMA positive cells). These were divided into two factors and the loadings plot explaining 

these factors are illustrated in (A). The actual loadings plot for the data is provided in (B). 
As observed, data are clustered for each time point and predict the changes in wound repair 
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parameters appropriately. The parameters between days 14 and 28 signify dynamic 

remodeling of the stroma.
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Figure 7. 
Elastic modulus of corneal stromal cells as measured by AFM increases with substratum 

stiffness and the presence of TGFβ1. Elastic modulus of (A) human and (B) rabbit corneal 

stromal cells are dependent on the substrate they are cultured upon i.e. stiffer the substrate, 

stiffer the cells. TGFβ1 treated stromal cells are relatively stiffer than untreated cells. For 

each cell type, the experiment was repeated three times, and force curves were obtained over 

the nuclei of at least 5 cells with at least 5 force curves obtained per cell. Data represent the 
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mean ± standard error in mean. **p<0.01, *** p<0.001, one-way ANOVA, followed by 

Tukey’s pairwise multiple comparison test.
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Table 1

Measured parameters in no particular order that contribute to the two factors. The factors were interpreted by 

associating the variables with highest weights in each factor.

Factor 1 Factor 2

Elastic modulus Central corneal thickness

αSMA positive cells (%) Edema

Fibrosis

Stromal haze thickness
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