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Corneal haze is a leading cause of blindness, and may occur after injury, surgery, or chemical
burns. The cornea’s thickest layer, the stroma, accounts for two-thirds of the eye’s refractive
power, and contains highly aligned collagen fibrils needed for transparency. Stromal cells, or
keratocytes, help maintain the extracellular matrix (ECM). After injury or surgery,
keratocytes within the wound undergo apoptosis, while keratocytes in the wound margin
transform and activate into fibroblasts and myofibroblasts, leading to contraction, deposition
of fibrotic ECM, and haze. Thus, spatial and temporal investigations of cell/ECM
interactions are needed for further insight into this healing process. In this research, freeze-

injury (FI1), lamellar keratectomy (LK), and photorefractive keratectomy (PRK) in vivo rabbit
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models are used, and cell/ECM interactions are tracked using an in vivo confocal microscope
as well as second harmonic generation (SHG) and multiphoton imaging. These in vivo
models revealed that in the short term, intrastromal cells migrated in parallel to the collagen
lamellae, while cells over the stromal wound bed transformed to myofibroblasts and were
randomly arranged. Stromal haze initially increased after injury, but gradually decreased over
time. Long term, collagen became more organized, more quiescent cells replaced
myofibroblasts, and normal stromal thickness regenerated (after keratectomy) below the
ablation surface. Punctate F-actin labeling was detected along cells that co-aligned with
native and regenerated collagen, suggesting critical involvement of cell/ECM interactions in
stromal remodeling and regeneration. Collagen lamellae appeared to provide a template for
fibroblast patterning during both intrastromal migration and stromal regrowth. Overall, cells
appear to regenerate and remodel the ECM to produce a lamellar structure similar to the
native stroma. These results provide novel insights into the mechanisms of cell/ECM
interactions involved in various stages of wound healing in the cornea, and may lead to

potential therapies that prevent or reverse fibrosis in the clinic.
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CHAPTER ONE
Introduction

1.1 BACKGROUND

1.1.1 Cornea Structure and Function

The cornea is the transparent, outermost tissue of the eye, and is responsible for two-
thirds of the eye’s refractive power.* The cornea is composed of three primary layers: the
epithelium, stroma, and endothelium (Figure 1.1).> The epithelium acts as a barrier against
antigens and microbes, and consists of stratified squamous cells (anterior) and columnar, or
basal, cells (posterior).% ” An acellular epithelial basement membrane (EBM), consisting of a
variety of proteins such as collagen, laminin, and proteoglycans, connects the epithelium
with the stroma.® ® The Bowman layer (posterior to the EBM), found only in primates, is

acellular and composed of random collagen fibrils.*°

The corneal stroma is 90% of the total cornea thickness, and is a target for vision
correction procedures.* Keratocytes reside in between the lamellae, and are primarily
responsible for maintaining the extracellular matrix (ECM) in the cornea.*>™® The corneal
stroma consists mostly of Type I collagen fibers (about 25 to 35 nm in diameter), which are
uniformly sized and spaced, and are organized into approximately 200 lamellae, or layers of
collagen fibers, throughout the stroma (Figure 1.1).***> The highly organized arrangement of

the collagen fibers is important for transparency and proper light scattering for transmittance
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to the retina. The endothelium is composed of a single cell layer that is bound to a basement

membrane called Descemet’s membrane, and maintains dehydration of the cornea.” *°
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Figure 1.1. Corneal structure revealing collagen lamellae and cell organization.*



1.1.2 Corneal Wound Healing

Stromal keratocytes play a central role in mediating the corneal response to injury or
refractive surgery.* During wound healing, quiescent corneal keratocytes surrounding the
area of injury generally become activated, proliferate, and transform into a fibroblastic
phenotype.’® " In certain wound types, fibroblasts further differentiate into myofibroblasts,
which generate stronger forces and synthesize a disorganized fibrotic extracellular matrix.'®
9 Following vision correction procedures such as photorefractive keratectomy (PRK) or laser
assisted in situ keratomileusis (LASIK), cellular force generation and fibrosis can alter
corneal shape and reduce corneal transparency. In addition, a decrease in the concentration of
keratocyte-specific “corneal crystallin” proteins has been associated with an increase in

cellular light scattering during wound healing, which also contributes to clinical haze.?* %

The transparency of the cornea is heavily dependent on its highly organized collagen
structure.”” Cell-matrix mechanical interactions likely play a key role in development,
maintaining corneal transparency, and facilitating wound healing.?® 2* In vitro studies
conducted previously in Dr. Petroll’s lab reveal growth factors found during wound healing
and changes in ECM stiffness can modulate cell phenotype, migration rate, and
morphology.”>%" Growth factors also have been shown to influence cell-induced ECM
reorganization.”” Multiple studies have reported that myofibroblast transformation of corneal
keratocytes during wound healing is mediated by transforming growth factor beta (TGF-p) in
combination with other growth factors;'® *® 232 however, there is a gap in understanding of

how different biophysical signals regulate cell patterning and mechanical differentiation
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during different phases of corneal wound healing. The goal of this dissertation is to address

this gap by using novel multi-dimensional imaging techniques to determine the temporal and
spatial relationship between cell and ECM patterning during the migratory, fibrosis,
remodeling, and/or regeneration phases of wound healing. These imaging techniques include
in vivo confocal microscopy and second harmonic generation (SHG) and multiphoton
imaging. In vivo confocal microscopy allows time-dependent assessing of cell reflectivity
and morphology as well as measurements of corneal sub-layer thickness and stromal haze.
SHG and multiphoton imaging allows for simultaneous 3-D imaging of collagen and cell
patterning within in situ labeled corneal tissues using laser scanning confocal microscopy. To
assess these processes, the following in vivo rabbit wound healing models are used: freeze-
injury (FI), lamellar keratectomy (LK), and photorefractive keratectomy (PRK). Preliminary
studies using an in vitro model of aligned collagen have also been implemented to better

isolate specific growth factor effects on keratocyte morphology, behavior, and patterning.

1.2 NEED FOR MULTIPLE WOUND HEALING MODELS

1.2.1 Intrastromal Migration Models
1.2.1.1 In Vivo Transcorneal Freeze Injury (FI)

Both PRK and LASIK result in a region of keratocyte death at and beneath the laser-

36, 37

treated area.*** Stromal cell death can also be induced by toxic injury as well as UV

38-40

cross-linking of the cornea in keratoconus patients. Ideally, repopulation of damaged

stromal tissue following these insults should occur via intra-stromal migration of keratocytes
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from the surrounding stromal tissue without generation of contractile forces that could

disrupt the organized collagen architecture or the production of fibrotic ECM, which can
reduce transparency. To better understand how topography and patterning of the ECM affects
cell migratory patterns into the wound site within the stroma, a FI model will be used to
induce cell death in the stroma without removal of the EBM or ECM. The EBM inhibits
growth factors from the tears and epithelium from penetrating into the stroma, allowing cell
migratory patterns to be assessed purely in response to the scaffolding and topography of the

ECM.

1.2.1.2 Aligned Collagen In Vitro Model

During corneal wound healing, several growth factors are involved, including platelet
derived growth factor (PDGF) and TGF-p, from the tears and epithelial cells.**™** Previous
studies reveal that PDGF induces a migratory phenotype and dendritic, narrow cell
morphologies in stromal keratocytes.”” TGF-B has been shown to transform corneal
keratocytes into myofibroblasts, leading to tissue contraction and deposition of fibrotic
matrix.*> *® However, these growth factors have not been studied previously with respect to
varying mechanical and topographic cues that mimic the stroma via fabrication of aligned
fibrillar collagen channel substrates. Since many growth factors are involved during corneal
wound healing in vivo, it is challenging to isolate the effects of individual growth factors and
their role in cellular patterning. In vitro models that mimic the stromal architecture are

needed to isolate the effects of individual growth factors.
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The stroma consists of aligned collagen fibrils; therefore, fabrication of aligned

collagen is needed to model this arrangement. Previous studies describe fabrication of self-
assembled aligned fibrillar collagen substrates using a microfluidics device.*” With this
technique, fiber density and collagen concentration are controlled, and channel size of the
aligned collagen substrate can be customized to desired dimensions.*® Additionally, the
biocompatibility and controllable patterning of these substrates allows for in vitro modeling
of biological processes, including corneal wound healing. Adopting this approach to
producing aligned collagen substrates and seeding with primary keratocytes allows isolation
and investigation of specific growth factor and topographical effects on cell behavior,

phenotype, and patterning.

1.2.2 Lamellar Keratectomy (LK)

With the FI and in vitro aligned collagen models, intrastromal migration can be
investigated deeply; however, a model that induces fibrosis is also needed. One model which
is used to investigate fibrosis formation during wound healing is LK, in which the
epithelium, EBM, and part of the anterior stroma is mechanically removed. Healing
following keratectomy wounds in the rabbit has several phases: stromal repopulation
(migration), fibrosis, and regeneration and/or remodeling.*> *° Specifically, using in vivo
confocal microscopy, Jester and coworkers demonstrated that following PRK, corneal
fibroblasts migrated into the wounded stromal tissue by 7 days after injury, without
transforming into myofibroblasts.*® By 21 days, significant sub-epithelial haze, myofibroblast

transformation, and associated fibrosis were detected. Following initial fibrosis, interestingly,
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both stromal thickness and haze values returned to near pre-operative levels by 17 weeks,

suggesting regeneration and/or remodeling of corneal tissue. In addition to changes in cell
phenotype and backscatter during stromal wound healing, others have studied changes in
ECM composition following keratectomy wounds;*” >*** however, the temporal and spatial
correlation between cell alignment and ECM patterning during the migratory, fibrosis,

remodeling and/or regeneration phases of wound healing has not been established.

1.2.3 Photorefractive Keratectomy (PRK)

Although the LK model allows investigation of wound healing after corneal tissue
removal, temporal and spatial assessment of cell/ECM interactions in the stroma also needs
to be investigated using a more clinically relevant model. PRK is a common refractive
procedure in which lasers are used to photoablate and re-shape the cornea for vision
correction. Unlike the LK model, the PRK model is more consistent, since removal of tissue
is automated and not heavily reliant on surgeon consistency. Tracking cell/ECM interactions,
patterning, regeneration, and remodeling following PRK long term is essential for a better

understanding of how the cornea heals after routine refractive procedures in the clinic.

1.3 MICROSCOPY TECHNIQUES

1.3.1 In Vivo Confocal Microscopy

In vivo confocal microscopy has been used in a variety of corneal research and clinical

55-65

applications since its development over 25 years ago (for review see *>™°), and is ideally

suited to monitoring the cellular events of wound healing.®* ®* °*® Three main confocal



systems have been developed for in vivo corneal imaging: the Tandem Scanning Confocal
Microscope (TSCM), "7 the Confoscan 4,”* " and the Heidelberg Retinal Tomograph with
Rostock Corneal Module (HRT-RCM).®* The HRT-RCM is a laser scanning confocal
microscope, which operates by scanning a 670 nm laser beam in a raster pattern over the
field of view.” The system uses a high numerical aperture 63x objective lens (0.9 NA), and
produces images with high contrast and better axial resolution (7.6 um) than other in vivo
confocal systems (9 pm for the TSCM and 24 pm for the Confoscan).” "’ This has led to

the expansion of its development and use in recent years.*

Figure 1.2. HRT-RCM in vivo confocal microscope in Dr. Petroll’s lab, modified to allow for
automated scanning via motor drive and slit lamp stand for facilitating positioning of the
objective on the cornea as previously described.

To collect and quantify 3-D information from the cornea, a technique termed confocal

microscopy through-focusing (CMTF) was developed for the TSCM by Jester and

coworkers.” " This technique is based on the observation that different corneal sub-layers
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generate different reflective intensities when imaged using confocal microscopy.?® CMTF

scans are obtained by scanning through the cornea from the epithelium to endothelium at a
constant lens speed, while continuously acquiring images. One important limitation of the
HRT-RCM is that although volume scans of approximately 80 pum can be generated using a

motorized internal lens drive,*® 4%

a manual thumbscrew drive must be used to change the
focal plane position over larger distances, which requires rotating the objective housing by
hand. Because CMTF imaging requires continuous focal plane movement at a known speed,
quantitative high resolution 3-D imaging of the full-thickness cornea is not possible with the
standard HRT-RCM system. In a recent study, however, the HRT-RCM hardware and
software were modified to address this limitation and allow quantitative CMTF imaging of

the normal rabbit cornea (Figure 1.2).> %

1.3.2 Second Harmonic Generation (SHG)

SHG signals are created when two near-infrared photons interact with a non-
centrosymmetric material, such as fibrillar collagen, and emit a single visible photon with
half the wavelength and double the frequency of one of the original photons.®* Collagen
fibrils within the cornea have been shown to emit SHG signals in multiple species.?*
Previous SHG studies in the human cornea reveal that collagen lamellae in the anterior
stroma is interwoven (Figure 1.3A), and becomes more aligned and orthogonal in the mid
(Figure 1.3B) and posterior stroma (Figure 1.3C).* Since SHG signals from the cornea are
intense, SHG imaging is an ideal method to use for detection of collagen patterning in the

cornea using the aforementioned wound healing models.®* Additionally, SHG imaging of

collagen can be combined with multiphoton imaging using a laser scanning confocal
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microscope, allowing for simultaneous z-stack acquisition with fluorescently labeled

components, like phalloidin for F-actin in the cornea. By combining these imaging

techniques, cell and collagen patterning/interactions can be assessed in the cornea.

Posterior Stroma

Mid Stroma

Figure 1.3. SHG signals in the anterior (A), mid (B), and posterior (C) stroma. Images are
220 pm x 220 pm. Modified from Morishige, N., Petroll, W.M., Nishida, T., Kenney, M.C.,
and Jester, JV, Noninvasive corneal stromal collagen imaging using two-photon-generated
second-harmonic signals, J Cataract Refract Surg, 2006. 32: p. 1784-1791.°

1.4 SIGNIFICANCE

This research will provide the first assessment and quantification of cell and collagen
alignment following corneal wound healing using a combined temporal and spatial analysis.
To accomplish this, several wound healing models in the cornea as well as advanced imaging
modalities will be used to analyze cell and ECM interactions. For the first time, studies using
a unique, aligned collagen in vitro model will be implemented to isolate the effects of
topography on cell migration and patterning after stimulating with wound healing growth

factors following in vitro FI.
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1.5 HYPOTHESES AND SPECIFIC AIMS

Based on previous studies using SHG and initial findings using in vivo confocal
microscopy, it is hypothesized that collagen organization in the stroma will correlate with
cell patterning during intrastromal migration. Specific Aim 1: Determine if collagen

organization in the stroma regulates keratocyte patterning following FI in vivo.

Based on pilot data, it is hypothesized that a) PDGF will stimulate corneal keratocyte
migration with dendritic morphologies that are co-aligned with collagen fibrils, and b) TGF-p
will induce myofibroblast transformation without alignment to collagen fibrils. Specific Aim
2: Determine how the interplay between topography and selected growth factors
present during corneal wound healing affect cell alignment and patterning in an in vitro

stromal model.

Based on previous studies and preliminary data, it is hypothesized that keratocytes
accumulating on top of a stromal wound (where there are no topographic cues) will assume a
random alignment, contain more prominent stress fibers, and will transform into
myofibroblasts. Specific Aim 3: Examine effects of collagen topography on elements of
cell phenotype, patterning, and morphology during the development of haze and

fibrosis after keratectomy injuries in vivo.
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Based on preliminary data, it is hypothesized that over time, keratocytes will transform
into a regenerative phenotype, and remodel the fibrotic ECM to produce a lamellar structure
that is similar to the native corneal stroma in both structure and transparency. Specific Aim
4: Temporally track specific cel/ECM interactions that contribute to long term

regeneration/remodeling in the cornea after keratectomy injury.



CHAPTER TWO
In Vivo and In Vitro Models of Intrastromal Migration

Portions of this chapter are reproduced with permission from: Petroll, W. M.,
Kivanany, P.B., Hagenasr, D., and Graham, E.K., Invest Ophthalmol Vis Sci,
2015. 56: p. 7352-7361, ARVO.

2.1 INTRASTROMAL MIGRATION IN THE CORNEA

2.1.1 Investigation of Intrastromal Migration of Keratocytes post-FI

Following transcorneal FI, a modified HRT-RCM system was used to assess keratocyte
backscattering, alignment, morphology, and connectivity during intrastromal wound healing
in vivo in the rabbit. These findings were correlated with en bloc 3-D confocal fluorescence
imaging of cellular patterning, and SHG imaging of the corneal collagen lamellae. Using this
combined approach, a unique pattern of keratocyte alignment and connectivity was identified
during wound healing which is highly correlated with the structural organization of the
lamellae, suggesting contact guidance of intrastromal cell migration. While biophysical cues
have been shown to impact fibroblast behavior in in vitro models,®®, this is the first
demonstration known to show that ECM structure mediates the pattern of intrastromal

corneal fibroblast migration during in vivo wound healing.

2.2 IN VIVO FI METHODS

2.2.1 Animal Model for FI
Studies were performed using 22 New Zealand white rabbits (3-4 kg). All procedures
adhered to the ARVO (Association for Research in Vision and Ophthalmology) Statement

14
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for the Use of Animals in Ophthalmic and Vision Research. For transcorneal FI, a 3 mm

diameter stainless steel probe cooled with liquid nitrogen was applied to the anterior, central
corneal surface of one eye per animal three times for 10 seconds each time. This created a
region of cell death through the full thickness of the central cornea (epithelium, stroma and
endothelium).** 8 After each surgery, one drop of gentamicin antibiotic solution was applied

twice a day for 3 days.

2.2.2 In Vivo Confocal Microscopy

To collect and quantify 3-D information from the cornea, CMTF was performed with
an HRT-RCM (HRT 11 with Rostock Cornea Module, Heidelberg Engineering, GmBH,
Dossenheim, Germany) that was custom modified in Dr. Petroll’s laboratory.? ® " This
system uses a joystick-controlled lens drive system, and incorporates software from
Heidelberg Engineering that allows real-time “streaming” of images to the hard drive during
an examination. Rabbits were scanned one week prior to surgery, and at 1, 3, 7, 14 and/or 28
days post-operatively. Prior to confocal imaging, rabbits were anesthetized with 50 mg/kg
intramuscular ketamine and 5.0 mg/kg xylazine. A drop of topical anesthetic (proparacaine)
was also applied to each eye. For confocal imaging, a drop of Genteal was placed on the tip
of the HRT-RCM objective lens. The objective lens was then positioned so that flat-field
images were observed at a central region of the cornea (confirming proper alignment). For
CMTF, scans were made from the endothelium to the epithelium at a constant speed of 60
um/sec, while collecting images using the HRT streaming software function with the

acquisition rate set to 30 frames/second. Scans were made with the “automatic brightness”
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function in the HRT I1 software turned off (by unchecking the corresponding box). The gain

level was controlled using the horizontal slider above the “automatic brightness” box.
Images were collected at gains of both 6 and 10 (corresponding to the number of mouse
clicks the slider was moved to the right). A minimum of 4 CMTF scans were performed at
each gain setting, in the central region of each cornea. Each scan had a step size of

approximately 2 um between images. The field of view for each 384x384 pixel image was

400 um x 400 um, resulting in a voxel size of 1.04 um x 1.04 um x 2 um (X, V, 2).

For analysis of HRT-RCM data, in-house CMTF software was used in which “.vol”
files can be directly loaded for 3-D visualization and analysis. CMTF intensity curves were
generated by calculating the average pixel intensity of each image and plotting versus z-
depth.”® " Using intensity peaks corresponding to basal lamina and endothelium,
measurements of stromal thickness were made as previously described.’® A relative estimate
of stromal cell and ECM backscattering was obtained by measuring the area under the CMTF
curve (intensity x distance). Area was measured from the beginning of the basal lamina peak
to the end of the endothelial peak (3 images past the endothelium). A baseline intensity of 17
was used for the area calculations, which was above the background intensity obtained from
the anterior chamber (12-14), and below the average image intensity of baseline stromal

images.
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2.2.3 In Situ Imaging

At 3 and 7 days post-operatively, both eyes from six rabbits were collected for in situ
imaging. Corneas were fixed via anterior chamber perfusion with 1% paraformaldehyde
solution consisting of 1% dimethyl sulfoxide (DMSO), 1% Triton X 100, and 5% Dextran for
10 minutes immediately after sacrificing, as previously described.®® Corneas were removed
and fixed in the same solution for an additional 10 minutes. Corneal blocks were washed in
PBS for 20 minutes (10 minutes per wash), placed in Alexa Fluor 488 phalloidin (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA) in PBS (1:20) for 3 hours at 37°C, then
washed in PBS 3 times (30 minutes per wash). In some samples, nuclei were labeled by
adding DAPI (4',6-diamidino-2-phenylindole, Molecular Probes, Waltham, MA) at a 1:500

concentration in PBS for 1 hour at room temperature.

Samples were mounted epithelial side down on MatTek (MatTek Corporation, Ashland,
MA) glass bottom dishes in glycerol:PBS (1:1), and imaged using laser scanning confocal
microscopy (Leica SP8, Heidelberg, Germany). An Argon (488 nm) laser was used for
imaging F-actin, and a UV laser (405 nm) was used to image DAPI. Stacks of optical
sections (z-series) were acquired using a 25x water immersion objective (0.95 NA, 2.4 mm
free working distance). Sequential scanning was used to image double-labeled samples to
prevent cross-talk between fluorophores. To expand the effective field of view, montages of
overlapping images were created using the programmable motorized stage and image tiling
feature within the Leica software. Multiphoton fluorescence and second harmonic generation

imaging was also performed on some samples, using a Zeiss LSM 510 confocal microscope
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(Carl Zeiss Microscopy, Thornwood, N.Y) with a Chameleon multiphoton laser (Coherent,

Santa Clara, CA) set at 900 nm. Z-series of the forward and backscattered SHG signal from
the collagen lamellae were acquired simultaneously along with F-actin images, using a 40X

water immersion objective (0.8 NA, 3.6 mm free working distance).

2.2.4 Quantification of CellECM Alignment

Alignment of cells and collagen was quantified from F-actin and SHG images using the
“directionality” plug in within Image J, which uses a Fourier Transform algorithm to
determine the percent of image content aligned at each radial angle within the image. Plots
showing both cell and matrix directionality were generated to allow direct comparison of the

angle distributions.

2.2.5 Statistics

All statistical analysis was carried out using the analysis tool box in SigmaPlot (version
12.5, Systat Software, Inc., San Jose, CA). Analysis of variance (ANOVA) was used to
compare group means. Post-hoc multiple comparisons between groups were performed using
the Holm-Sidak method. Linear regression analysis was used to assess the correlation

between cell and ECM directionality.

2.2.6 Scientific Rigor and Reproducibility
For the in vivo assessment, multiple scans were used to calculate the means for

epithelial and stromal thickness as well as stromal backscatter. Structures observed in the in
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vivo backscatter scans were validated using fluorescent labeling in in situ images.

Additionally, images of cells captured simultaneously as collagen images using SHG and
multiphoton from the UTSW Core Microscopy Facility were also captured using the laser

scanning confocal microscope in Dr. Petroll’s lab for comparison.

2.3 IN VIVO FI MODEL RESULTS

2.3.1 In Vivo Confocal Microscopy Imaging post-Fl

CMTF scans were successfully obtained using the HRT-RCM at all of the time points
studied. Raw images are shown in Figure 2.1; images with contrast adjusted for better
visualization are shown in Figure 2.2. As detailed in the Methods, scans were collected using
gains of both “6” and “10”. The signal from wound healing fibroblasts was often saturated
when using a gain of 10, so scans with a gain of 6 were used for all reconstructions and
analyses. Consistent with previous studies, in pre-operative scans, the primary signal in the
stroma was derived from the keratocyte nuclei (Figure 2.1A;a-c, Supplemental Movie 1).
Corneal stromal nerves were also visualized in some regions (not shown). Endothelial
images looked similar to those obtained using specular microscopy (Figure 2.1A;d). Note
that the superficial epithelium is obscured in these image stacks by the bright reflection from

the Tomocap.

Three days after transcorneal FI, an acellular region was observed in the central cornea,
as was significant stromal edema. Closer to the edge of the wound, the acellular region was

limited to the anterior stroma (Figure 2.1B;a). Beneath this area, highly reflective structures
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were observed (Figure 2.1B;b.c). The morphology of these structures was consistent with

that of polarized migratory corneal fibroblasts.” ® Interestingly, these structures were
generally arranged in long, parallel lines. Distinct groups of these aligned structures were
consistently observed, particularly in the posterior stroma (Figure 2.2, Supplemental Movie
2). Elongated, reflective cells were observed at the level of the corneal endothelium (Figure
2.1B;d). F-actin labeling confirmed that these were fibroblastic endothelial cells, as indicated
by a loss of cortical F-actin and expression of intracellular stress fibers (Figure 2.3). This is
consistent with previous studies demonstrating that migrating endothelial cells undergo
fibroblastic transformation following FI in the rat, rabbit and cat.** **2 To better visualize
the 3-D relationship between structures, images from the posterior 100 um of the stroma
were automatically aligned using the linear stack alignment plug-in in Image J (Fiji version),
in order to compensate for movements that occur during in vivo imaging. As shown in
Supplemental Movie 3, distinct “layers” of parallel linear structures were more clearly
revealed in these reconstructions. Interestingly, the alignment of these structures shifted

from one layer to the next.

Seven days post-operatively, highly reflective, interconnected cells were observed in
the anterior stroma (Figure 2.1C;a & Figure 2.2C;a). In the mid and posterior stroma, parallel
groups of presumptive corneal fibroblasts were consistently observed (Figure 2.1C,
Supplemental Movie 4). Reflective areas were often observed at the level of the endothelium
in the center of the wound (Figure 2.1C;d). These areas were generally thicker than the

adjacent normal endothelium, consistent with previous studies demonstrating that a
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retrocorneal fibrous membrane (RCFM) forms after Fl in the rabbit and cat.** % ! This

RCFM results from transformation of the endothelium to a fibroblast and/or myofibroblast
phenotype.”*®® Similar to 3 days after FI, aligned stacks from the posterior stroma showed
distinct “layers” of parallel linear structures, with the alignment changing from one layer to

the next (Supplemental Movie 5).

Beginning at 14 days after injury, the amount of cell activation began to decrease (not
shown), and by 28 days the corneal stroma images looked similar to those obtained pre-
operatively (Figure 2.1D;a-c, Supplemental Movie 6). The endothelium appeared to have a
more cobblestone-like appearance than it did pre-operatively (Figure 2.1D;d), suggesting that
the cell-cell junctions had not completely reformed. These cells covered the posterior surface

of the RCFM, which persisted in some areas, consistent with previous studies.** **



Figure 2.1. 3-D stacks of images from CMTF scans collected using the HRT-RCM, before
and after transcorneal FI. A. Preoperative scan. B. 3 days after FI. C. 7 days after FI. D. 28
days after FI. The top row shows 3-D reconstructions of the confocal z-stack. a-d show

selected en face images from each stack.



Figure 2.2. 3-D stacks of images from CMTF scans collected using the HRT-RCM, before
and after transcorneal FI with enhanced contrast. Contrast was enhanced digitally to allow
better visualization of cellular patterning. A. Preoperative scan. B. 3 days after FI. C. 7 days
after FI. D. 28 days after FI. The top row shows 3-D reconstructions of the confocal z-stack.
a-d show select en face images from each stack.
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Figure 2.3. Confocal image collected in situ from a cornea labeled with phalloidin, 3 days
after transcorneal FI. Fibroblastic endothelial cells were detected on the posterior surface of
the cornea, as indicated by a loss of cortical F-actin and expression of intracellular stress
fibers.
2.3.2 Quantitative Analysis using CMTF Scans

Quantitative analysis was also carried out using the modified CMTF software. As
shown in Figure 2.4, CMTF curves had a strong peak derived from the Tomocap, which
obscured the peak from the superficial epithelium normally observed when using the TSCM
or Confoscan 4 system. However, the basal lamina and endothelium were easily identified at
all of the time points, which allowed measurements of corneal stromal thickness to be
obtained. A significant increase in stromal thickness was observed 7 and 14 days after injury,

as compared to pre-operative values (Figure 2.4C). Furthermore, a striking increase in

stromal backscattering was measured from the CMTF curves at days 7 and 14 (Figure 2.4D,
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also compare Figure 2.4A and B). At 28 days, stromal backscattering was reduced to near

baseline levels, and no haze was noted by gross examination (Figure 2.4D), although a small

amount of stromal edema persisted.
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Figure 2.4. In vivo CMTF data collected from rabbit corneas using the modified HRT-RCM

system preoperatively (A) and 7 days after transcorneal FI (B). Corneal stromal thickness
was measured by marking the location of the top of the stroma and the corneal endothelial
peak. A relative estimate of stromal cell and ECM backscattering was obtained by measuring
the area under the CMTF curve (shaded areas under curves, “area” on top right of each
image). C. Graph showing changes in stromal thickness over time (mean + S.D). A
significant increase was found at 7 and 14 days after injury. D. Graph showing changes in
stromal backscatter over time (mean + S.D.). Significant increases were identified 7 and 14
days after injury. (** P <0.01; * P < 0.05)
2.3.3 In Situ Labeling and Imaging of post-FI Corneas

In order to verify that the aligned structures identified in the in vivo images were
corneal fibroblasts, and to further investigate their organization, corneas were fixed and
labeled in situ with phalloidin (for F-actin) and DAPI (for nuclei). As shown in Figure 2.5A,
in control (unoperated) corneas, keratocytes had a stellate morphology and were
interconnected by dendritic cell processes.®® Three days after FI, an abrupt transition was
found in the anterior stroma between dendritic keratocytes adjacent to the wound (Figure
2.5B, left side) and activated corneal fibroblasts migrating into the wounded stroma (Figure
2.5B, right side). Fibroblasts were characterized by an elongated, polarized morphology and
more intense F-actin labeling. Fibroblasts formed an interconnected network that extended
from the wound edge to the leading edge of the migratory front, and trains of cells moving
along the same path were often observed (see Supplemental Movie 7). In the posterior
stroma, long, interconnected lines of cells were observed (Figure 2.5C, wound is on bottom
right of image). Parallel groups of these cell chains were consistently detected
(Supplemental Movie 8), with the orientation shifting from one layer to the next. At 7 days,

the central cornea was completely repopulated with corneal fibroblasts. Fibroblasts continued

to be arranged in parallel streams in the mid and posterior cornea (Figure 2.5D and E). These
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fibroblasts were thin and elongated, and did not have the broad morphology and prominent

stress fibers that are characteristic of myofibroblast transformation.
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Figure 2.5. Confocal images collected in situ from corneal blocks labeled with phalloidin
(green) and DAPI (blue). A. Control (uninjured) cornea, B. Montage of tiled images from the
anterior stroma, 3 Days after FI. C. Montage of tiled images from the posterior stroma, 3
days after FI. D and E. Montages of images from the mid and posterior cornea, 7 days after
FI. “W” indicates the image area closest to the center of the wound.

2.3.4 SHG Imaging to Investigate Cell/ECM Patterning in the Cornea after Fl

In order to investigate whether corneal fibroblast patterning correlated with the
alignment of the corneal collagen lamella, SHG imaging was performed. In control corneas,
corneal keratocytes had a stellate morphology and the cell bodies were not polarized, thus no
preferential alignment was detected qualitatively or quantitatively (Figure 2.6, Top Row).
However, the dendritic processes connecting corneal keratocytes in the posterior cornea often
appeared to be aligned parallel with the collagen lamellae. This is consistent with a recent
study by Quantock and coworkers which demonstrated that dendritic keratocyte processes
are closely associated with orthogonally arranged stromal collagen fibrils in the developing

chick cornea.®®

At both 3 and 7 days after FI, a complex pattern of cell and matrix organization was
found in the anterior stroma (Supplemental Movie 9). In en face image slices, no
predominant alignment of either cells or collagen lamella could be identified qualitatively or
quantitatively (Figure 2.6, Middle Row). In contrast, distinct, aligned layers of lamellae were
observed in the posterior cornea qualitatively and quantitatively (Figure 2.6, Bottom Row).
Corneal fibroblasts were consistently aligned parallel with the collagen lamella, resulting in

high correlations between cell and ECM directionality (Supplemental Movie 10).
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Figure 2.6. Multiphoton confocal images collected in situ showing fluorescent signal from
phalloidin (green) and forward scattered SHG signal from stromal collagen lamellae (red).
Graphs on right show the percent of image content aligned at each radial angle within the
image for both cells and collagen. Top Row. Images from posterior of control (un-operated)
cornea. Middle Row. Images are from anterior stroma (10 microns below basal lamina),
collected 7 days after FI. Bottom Row. Images are from posterior stroma (20 microns above
endothelium), collected 7 days after FI.
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2.4 DISCUSSION OF FI STUDIES

2.4.1 In Vivo Confocal Microscopy for FI Analysis

In vivo confocal microscopy is ideally suited for studying corneal wound healing in
vivo. CMTF has been used for quantitative assessment of sub-layer thickness and depth-
dependent cell and ECM backscatter following injury, toxic insult, contact lens wear,
infection and refractive surgery using the TSCM system. >>%* 787 The HRT-RCM produces
corneal images with better resolution and contrast than the TSCM (which is no longer
commercially available), and this has led to growing use of this instrument in recent years.
Hardware and software modifications to the HRT-RCM were recently reported, which allow
CMTF scans to be collected from the full thickness rabbit cornea in vivo.? In the current
study, this system was used to assess the stromal wound healing response following
transcorneal FI in the rabbit. For the first time, repopulation of keratocytes post-injury within
the corneal stroma has been shown to occur with direct association to the ECM patterning.
Additionally, multi-dimensional imaging tools were used simultaneously to assess in vivo

cell morphology and reflectivity.

Quantitative CMTF analysis demonstrated a significant increase in stromal thickness at
7 and 14 days after injury, as compared to pre-operative values. Furthermore, a fourfold
increase in stromal backscattering was measured from the CMTF curves at days 7 and 14.
Unlike other 3-D imaging technologies such as optical coherence tomography (OCT) or high
frequency ultrasound, CMTF scans provide a series of high resolution en face images which

allow assessment of depth-dependent changes in cell morphology, density and reflectivity.®*
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%7.88 previous studies have demonstrated that when keratocytes transform to a migratory

fibroblast phenotype, they assume a polarized morphology, and have increased light
scattering due in part to a downregulation of crystalline protein expression.’”®® Consistent
with these studies, highly reflective linear structures were observed in the corneal stroma
beginning 3 days after FIl. Subsequent labeling of corneal tissue for F-actin and in situ
confocal imaging verified the cellular origin of these structures. Specifically, corneal
fibroblasts were characterized by an elongated, polarized morphology and more intense F-
actin labeling. In situ imaging also verified the unique pattern of organization identified in
the in vivo confocal images. In the anterior stroma, cells were randomly organized.
However, in the mid and posterior cornea, long parallel trains of cells moving along the same
path were often observed. Interestingly, the alignment of these structures shifted from one

layer to the next.

2.4.2 SHG Imaging post-FI Reveals Collagen Lamellae Patterning and Intrastromal
Migration via Topographical ECM Cues

Previous studies using SHG imaging in the rabbit have shown that in the anterior
stroma, there is significant interweaving of the collagen lamella; whereas in the mid and
posterior cornea, there is less interweaving and the lamella form more distinct orthogonal
layers.> * Based on the data from both in vivo and in situ imaging in the current study, it is
hypothesized that corneal fibroblasts migrate into the wounded, acellular stroma in a pattern
that corresponds with the lamellar organization of the tissue. To test this hypothesis, cell and

matrix organization were directly compared by using SHG imaging. During wound healing, a
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complex pattern of cell and matrix organization was found in the anterior stroma, and no

predominant alignment of either cells or collagen lamella was found. In contrast, distinct,
aligned layers of collagen were observed in the posterior cornea, and corneal fibroblasts were

consistently aligned parallel with these lamellae.

Overall, these results suggest that the collagen lamellae provide contact guidance of
intrastromal fibroblast migration during wound repopulation. This is consistent with in vitro
studies demonstrating that topographical parameters (i.e. height, depth, width and spacing)
can have a significant impact on cell morphology, differentiation and migration mechanisms.
8, 86,100,101 102 1 hdjvidual Type I collagen fibers in the cornea are approximately 30 nm in
diameter and have a center to center spacing of approximately 65 nm.®® However, it is not
clear if the pitch of individual fibers is responsible for the lamellar guidance of cell migration
observed in this study. Murphy and coworkers demonstrated that corneal fibroblasts spread
and migrated parallel to collagen coated ridges and grooves with a pitch of greater than 1 um,
whereas spreading and migration was randomly oriented on planar substrates or substrates
with smaller topographic features. Interestingly, cells also migrated faster when moving
parallel to the aligned substrate features.® Aligned substrates also increase the alignment of
cells and matrix within each layer of self-assembled sheets derived from corneal
fibroblasts.®” 1% Wwithin 3-D matrices, migrating cells can establish tracks for spreading
and migration by aligning fibrils via mechanical force generation.***** Similarly, strain-
induced tension applied to 3-D matrices also can establish aligned tracks for cell

migration. ¢ 17
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Cell and collagen alignment has been assessed previously using SHG imaging
following PRK in the rabbit.>* Two weeks after surgery, wound healing was characterized
by myofibroblast transformation of corneal keratocytes and the development of fibrotic tissue
on top of the photoablated stroma. Both cells and matrix were randomly aligned within this
fibrotic tissue layer, i.e. no specific pattern of organization was found. The data presented
here suggest that, in contrast to this fibrotic layer that forms on top of the stroma, cells
migrating within the stroma following FI in the current study were exposed to topographic
cues from the native lamellae. These cues apparently led to cell alignment via contact

guidance of migration.

In addition to developing a pattern of alignment that mirrored the lamellar structure of
the corneal stroma, fibroblasts also appeared to form long streams of interconnected cells that
extended from the wound edge to the leading edge of the migratory front. This pattern of
collective cell migration is called “multicellular streaming”,**® and is thought to be involved
in directional guidance of neural crest cells during embryonic development. Recently, a
similar pattern of migration was identified by corneal fibroblasts invading 3-D fibrin matrices
using a nested matrix model.** *? |nitially, fibroblasts extend their leading edge into the
fibrin while remaining connected to cells behind them. Other cells follow along the same
paths, producing long lines of interconnected cells. Lateral protrusions between adjacent cells

also become interconnected, resulting in the formation of a mesh-like structure. Fibrin fibrils

were randomly organized in the nested matrix model, whereas the corneal stroma lamellae
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are made up of highly aligned collagen fibrils. In the current study, cells migrating within the

mid and posterior corneal stroma were highly polarized, and did not appear to develop lateral
processes. Thus, interconnections between the streams of aligned cells were not observed. In
fibrin, cells at the leading edge of the migratory front appear to create tracks through the
matrix that are used by the cells behind them."**?! Future studies are needed to determine

whether similar tracks are created during intrastromal migration in vivo.

2.4.3 Limitations with CMTF Scanning

Although 3-D CMTF scans were successfully obtained using the HRT-RCM, there are
still some limitations to this system. One issue encountered when performing repeated CMTF
scans using the HRT-RCM was that the layer of Genteal between the objective and the back
surface of the Tomocap progressively dissipated and shifted downward over time. If this
Genteal layer moved below the optical axis, the image intensity decreased. This could
generally be avoided by checking the layer carefully before and after scanning each eye. In
cases where the Genteal layer was found to shift, scans were discarded and repeated with a
new cap. Another issue is that the flat applanating tip (Tomocap) can produce compression
artifacts which can distort cellular structures during clinical imaging. However, these
artifacts are not generally observed when scanning the rabbit cornea. In addition, the
reflection from the Tomocap generally obscures images of the superficial epithelial cells.
Zhivov et al reported that a thin PMMA (poly(methyl methacrylate)) washer can be placed

on the Tomocap to eliminate these reflections.”” Using a similar device, full thickness scans
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were obtained through the rabbit cornea that had clear images of the superficial epithelium,

with no apparent change in the cellular backscattering detected (Figure 2.7).
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Figure 2.7. 3-D stacks of images from CMTF scans collected using the HRT-RCM, before
and after transcorneal FI. A thin PMMA washer was applied to the tip of the Tomocap to
reduce reflection and allow superficial epithelial imaging. A. Preoperative scan. B. 7 days
after FI. The left column shows 3-D reconstructions of the confocal z-stack. Cellular
patterning and backscattering was similar to what was observed without the PMMA washer.
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2.5 INTRODUCTION TO PRELIMINARY STUDIES USING IN VITRO
MODELS

2.5.1 Application of Aligned Collagen for Simulating Wound Healing in the Cornea
Previous findings using a rabbit model indicate that following transcorneal freeze-
injury, keratocytes transform into fibroblasts and migrate into the wound site parallel to the
collagen topography of the stroma.'?? Interestingly, cells do not transform into
myofibroblasts or contain stress fibers, indicating phenotype dependence on mechanical cues
from the stromal ECM. Furthermore, similar findings were also observed in Dr. Petroll’s lab
from preliminary studies using ex vivo organ culture models, where cells within the stroma
post-FI lacked myofibroblastic transformation even after incubation with TGF-f over several
days. Earlier in vitro studies using aligned electrospun Type I collagen fibers revealed a
reduction in myofibroblastic transformation of corneal fibroblasts after stimulation with
TGF-p compared to fibroblasts seeded on unaligned fibers, collagen gels, and tissue culture
plates.® However, studies by Myrna and co-workers showed that myofibroblastic
transformation also depended on the “pitch” (groove + ridge width) of the aligned
topography within substrates, with a higher “pitch” reducing myofibroblastic
transformation.® It is likely that a combination of ECM alignment, collagen structure type

(fibrillar vs. gel, etc.), and growth factors affect cell behavior, patterning, and phenotype.

After injury, growth factors, such as TGF-p and PDGF (as mentioned in Chapter 1),
are secreted by the epithelial cells and tears.**™** In this study, these growth factors were

selected to study their effects on cell morphology, differentiation, alignment and orientation
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using keratocytes seeded on aligned, random, and collagen coated substrates. Also a FI was

applied to study contact guidance between cells and collagen fibers during migration and

wound closure after stimulation with PDGF and TGF-.

2.6 METHODS FOR IN VITRO STUDIES

2.6.1 Fabrication of Microfluidics Device

Slygard 184 Elastomer kit (Dow Corning, Michigan) was used to create a PDMS
(polymethylsiloxane) solution (10:1 elastomer to curing agent), according to manufacturer
instructions. PDMS solution was poured over a silicon wafer spun-coated, which contained
channels with the following dimensions: 22000 pm x 1500 pm x 60 pm. Inlet and outlet
elbow openings were added to allow collagen flow through the channel. The solution was
then desiccated for 1 hour and oven-cured at 80°C. Stamps were created from cured PDMS

solution.

To complete the microfluidic device, PDMS stamps were attached to Aquasil-coated
glass slides. Glass slides were soaked in 28.8% Nitric Acid Solution for 1 hour, oven-dried,
washed 3 times with Millipore water, and placed into a 1% Aquasil solution (Thermo Fisher
Scientific, Waltham, MA) for 15 seconds. To ensure a tight seal over the coated glass slides
for collagen infusion through the channel, PDMS was cut from the wafer and cleaned in a

PlasmaFlo chamber (High RF, 300 mTorr for 1 min) before glass attachment.

2.6.2 Fabrication of Collagen Substrates
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On ice, 8 parts bovine Type | collagen solution (3.0 mg/ml, PureCol, Advanced

BioMatrix, San Diego, CA) was mixed with 1 part 10x MEM and 1 part NaOH to adjust the
pH to physiological levels for collagen preparation. 1x MEM was also added to adjust the

final concentration of collagen to 1.6 mg/ml.

The solution was drawn into a 1 ml syringe connected to tubing (Silastic, Dow
Corning), ensuring no bubbles. Immediately after, the tubing was connected to the PDMS
device, and collagen solution was gently flowed through the channel prior to starting the flow
(Figure 2.8). Once collagen had reached the outlet of the channel within the device, the
syringe was quickly placed into a syringe pump, which was set at a flow rate of 7.5 pl/min
(or 150 st). The device was placed on a hot plate set at 37°C to initiate collagen
polymerization. After 30 minutes, PDMS was removed from the glass and the newly formed
collagen was rinsed carefully with Millipore water. Slides with aligned collagen were left to
dry at room temperature. After the channel dried, a 30-mm diameter PDMS ring (cleaned in a
PlasmaFlo chamber with high RF, 300 mTorr for 1 min) was inserted on top of the slide,

creating a well for the cell suspension.
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Figure 2.8. Schematic of Aligned Collagen Fabrication.

For random collagen, a PDMS ring (cleaned in a PlasmaFlo chamber High RF, 300
mTorr for 1 min) was placed on top of the Aquasil coated glass slide. The neutralized
collagen solution (1.6 mg/ml) was placed into the well (while on ice to prevent

polymerization), and immediately positioned over the hot plate at 37°C for 30 minutes.

For collagen-coated substrates, a 50 pg/ml neutralized solution of bovine Type |
collagen solution (3.0 mg/ml, PureCol, Advanced BioMatrix, San Diego, CA) was dispensed
into a glass bottom 30-mm diameter poly-d-lysine coated MatTek dish and placed in a
humidified incubator (37°C, 5% CO2) for 30 minutes as previously described.’*® Dishes
were rinsed twice with Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St.

Louis, MO) supplemented with 1% RPMI vitamin mix (Sigma-Aldrich, St. Louis, MO), 100
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MM nonessential amino acids (Invitrogen), 100 pg/ml ascorbic acid, and 1%

penicillin/streptomycin (Invitrogen) prior to adding cells.

2.6.3 Cell Culture

To study individual cell behavior on the collagen substrates, primary rabbit corneal
keratocytes (NRK) cells extracted from New Zealand white rabbit eyes (Pel-Freez, Rogers,
AR) were used. Cells were cultured in DMEM serum-free media for at least 3 days in a

humidified incubator (37°C, 5% CO) prior to experiment use.

2.6.4 Plating for Cell Spreading and Migration Experiments

For analysis of cell morphology and alignment following spreading on different
topographic substrates, cells were seeded at a density of 20,000 cells/ml (allowing for
acquisition of images with isolated cells) with either PDGF-BB (50 ng/ml), TGF-p1
(5ng/ml), or DMEM serum-free media (as described above) for 48 hours in a humidified
incubator (37°C, 5% CO,). Experimental design for conditions used for assessment is

displayed in Table 2.6.4.



Table 2.6.4. Experimental Design for Specific Aim 2

Experimental Group
(Growth Factor)

Freeze Injury or
No Injury

Collagen Orientation

Serum Free (control)

Freeze Injury

Random

Aligned

Collagen-coated

No Injury

Random

Aligned

Collagen-coated

PDGF

Freeze Injury

Random

Aligned

Collagen-coated

No Injury

Random

Aligned

Collagen-coated

TGF-B

Freeze Injury

Random

Aligned

Collagen-coated

No Injury

Random

Aligned

Collagen-coated

44
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To study the effects of topography on cell migration, a FI model was used. For FI

experiments, cells were seeded at a density of 50,000 cells/ml with either PDGF-BB (50
ng/ml), TGF-B1 (5ng/ml), or DMEM serum-free media (as described above) for 24 hours. To
conduct the FI, media was removed, and a 1 mm stainless steel probe was dipped in liquid
nitrogen for 10 seconds. In the center of the dish (for random collagen and collagen-coated)
and half-channel (width-wise) for aligned collagen, the probe was placed on the back (glass)
side of the device for 10 seconds immediately after dipping in liquid nitrogen. Any detached
or partially detached cells were then washed away with DMEM serum-free media, and the
slide was checked for cell detachment in the wound area. If no cells detached, then the injury
was created again in the same location. Following injury, media containing PDGF, TGF-f1,
or DMEM serum-free media was re-added, and the cells were left for 4 additional days in a
humidified incubator (37°C, 5% CO5) to allow for migration. In a subset of samples, time-

lapse imaging was conducted for 72 hours.

2.6.5 Immunocytochemistry

Cells were fixed using a 3% paraformaldehyde solution for 10 minutes, washed two
times for 10 minutes each, permeabilized using 0.5% Triton X-100 in PBS (phosphate
buffered saline) for 15 minutes, washed once for 10 minutes, and incubated with Alexa Fluor
488 Phalloidin (1:100, Molecular Probes, Eugene, OR) for 1 hour at 37°C. For alpha-smooth
muscle actin (a-SMA) labeling, primary anti-mouse a-SMA (1:600, Sigma, St. Louis, MO,
USA) was added to the cells and incubated for 2 hours at 37°C. Cells were then washed three

times, 20 minutes per wash, and then incubated with secondary anti-mouse FITC (1:200) and
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Alexa Fluor 546 Phalloidin (1:150) at 37°C for 1 hour. The collagen and cells were imaged

using a Nikon TE300 inverted microscope (TE300; Nikon, Tokyo, Japan) with differential
interference contrast (DIC), phase, and fluorescent capabilities using a 40x water immersion

objective.

2.6.6 Scanning Electron Microscopy (SEM)

For SEM imaging, samples were fixed with a 2.5% glutaraldehyde in 0.1M Cacodylate
buffer solution for 2 hours at room temperature. Samples were then rinsed in 0.1M
Cacodylate buffer three times, and fixed again with 2% Osmium in 0.1M Na Cacodylate
buffer. After rinsing five times with Millipore water, samples were dehydrated using an
increasing concentration of ethanol (50%-100%). Following dehydration, samples were
placed into a critical point dryer, and sputter-coated. Collagen fibers were viewed using a

field emission SEM Zeiss Sigma at 3 kV.

2.6.7 Orientation Index

DIC and phase images sized at 1024 pixels x 1024 pixels were run through in-house

MATLAB software for determination of orientation index (OI) along a given angle to

quantify vertical alignment. The following equation was used:

0I (6) = {2 < cos?8 > —1}100%

Where,
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ffgol (@){cos?(@ — 6)}do
/20 1(8) do

< cos?0 >=

and 6=0° is the x axis within the image.'®* In this study, the angle selected was 90°, which
indicates the direction of the collagen fibers. For cells completely aligned with collagen, the
Ol is equal to 1; whereas for cells completely perpendicular to the collagen fibers, the Ol is
equal to -1, and for randomly aligned fibers the Ol is equal to 0. Analysis was conducted on
the entire image, and assessed for each region (wounded vs. unwounded). Values for each
image were averaged with results from images in comparable areas. For each growth factor

group, at least 5 experiments with two samples per region were used for calculations.

2.6.8 Assessment of Cell Morphological Changes

Fluorescent images of cells seeded at 20,000 cells/ml were used to calculate
morphological changes in MetaMorph (Molecular Devices, LLC., San Jose, CA). Cells were
traced using the multiline tool and painted white. Next, using the Integrated Morphometry
Analysis Module, shape factor and length/breadth of cells were analyzed. Shape factor
measured the circularity of the cell and ranged from 0 to 1, where a perfect circle has a shape
factor of 1. Length/breadth values were also used to determine cell shape; the higher the

ratio, the more elongated the cell.

2.6.9 Scientific Rigor and Reproducibility
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Aligned collagen substrates were fabricated in both Dr. Petroll’s and Dr. Schmidtke’s

lab. These substrates were also fabricated by different lab members, and imaged using DIC
microscopy in Dr. Petroll’s and Dr. Schmidtke’s lab. In all cases, similar results were

obtained. Aligned substrates were also fabricated using a microscope incubator as well as a
hot plate, and each method had similar results. Experiments were conducted multiple times

with multiple samples per condition.

2.7 INITIAL RESULTS USING IN VITRO MODELS

2.7.1 Outcomes for Substrate Fabrication

Collagen substrates were fabricated to create aligned and random collagen fibers, and
collagen-coated dishes (Figure 2.8B). For random substrates, collagen fibers appeared
tangled and orientated without preference to a specific direction after 30 min of
polymerization (Figure 2.8B, left). After 30 min of collagen infusion at a flow rate of 7.5 pl/
min, aligned fibers started to develop throughout the collagen channel using the PDMS
microfluidics device (Figure 2.8B, right). Collagen-coated substrates contained soluble,
monomeric collagen, where no collagen fibers were present; therefore, collagen was not

detectable using DIC microscopy.

2.7.2 SEM Imaging for Verification of Collagen Polymerization
SEM imaging was conducted on substrates to observe collagen fibers at a higher
magnification and to verify collagen polymerization (Figure 2.9) seen with DIC. In the

aligned collagen substrate, SEM imaging revealed collagen fibers that appeared to have a
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twisted, rope-like structure (Figure 2.9A-C), similar to what has been shown before by Saeidi

and associates.* In aligned substrates, alignment was seen at a global level at 10x (Figure
2.9A). There was no obvious difference detected in collagen structure between the non-
injured (Figure 2.9A, B) and injured regions (Figure 2.9C). In random collagen substrates,
collagen fibers were randomly oriented and did not have a twisted appearance in both non-
injured (Figure 2.9D, E) and injured (Figure 2.9F) regions. There was also no difference
detected between collagen fibers in the non-injured and injured regions of the random
substrate. Interestingly, a thin, smooth layer of collagen appeared to form over the collagen
fibers in some regions of the random substrates (Figure 2.9D-F). SEM imaging was not
conducted on collagen-coated substrates since no fibers were formed. Cell processes

extended on top of collagen fibers are shown in (Figure 2.9B, C, and F, arrows).
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Figure 2.9. SEM images of collagen substrates in non-injured and injured regions. Aligned
collagen fibers in non-injured (A, B) and injured regions are shown. Random collagen fibers
in non-injured (D, E) and injured (F) regions are shown. Image A is at 10x magnification,
while images B, C, D, and F are at 100x magnification. Image E is at 200x magnification.
Arrows indicate cells.
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2.7.3 DIC and Fluorescent Imaging

Cells were fixed and imaged using DIC and/or fluorescent microscopy for collagen and
cell (F-actin) imaging, respectively. With aligned collagen substrates, cells in PDGF-
containing media were narrow, elongated, and highly aligned to the collagen fibers (Figure
2.10A). In random and collagen-coated substrates, cells in PDGF were randomly oriented

and elongated (Figure 2.10B and C, respectively).

\‘\

Aligned Rndom o CoIIagn-oated

Figure 2.10. DIC images of PDGF treated primary keratocytes on vertically aligned (A),
random (B), and collagen-coated (C) substrates. Images are 200 pum x 175 pm.

Similar to Fl in vivo, cells surrounding the injured site began to migrate and repopulate
the acellular region after injury in vitro. In the PDGF aligned collagen condition, cells in the
non-injured region were generally aligned (Figure 2.11A), but cell processes became more
co-aligned with collagen during migration into the injured site at the leading edge (Figure
2.11D and 2.12A). Cells were not observed to migrate against fiber alignment (Figure
2.12B). In initial experiments, wound areas were found to completely repopulate with cells
plated on aligned substrates in PDGF (not shown). In the PDGF random collagen substrate,

cells were randomly oriented in both the non-injured (Figure 2.11B) and injured regions
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(Figure 2.11E). Similar to the random substrates, cell patterning in the collagen-coated dishes

was random in both non-injured (Figure 2.11C) and injured regions (Figure 2.11F). Cells in
PDGF did not completely repopulate the wound site on random or collagen-coated substrates
in initial experiments. These early findings are thus far consistent with previous studies that

indicate cells migrate faster while on aligned substrates.®
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PDGF Non-injured vs. Injured

Aligned Random Collagen-coated

Non-
injured

Injured

Figure 2.11. Fluorescent images of PDGF treated primary keratocytes on aligned (A, D),
random (B, E), and collagen-coated (C, F) substrates. The non-injured regions (A-C) and
leading edge of injured regions (D-F) are shown. The injured regions are at the bottom of
images D-F. Collagen is patterned vertically in the aligned substrates. Images are 200 um X
175 pm.



Figure 2.12. Fluorescent images of cells at the leading edge of the FI on aligned substrates.
Image (A) shows the wound area length-wise along the collagen channel, while image (B)
shows the wound area width-wise across the collagen channel. Collagen is patterned

vertically in (A) and (B). Image (A) is 20 pm x 185 um and image (B) is 245 um x 45 pum.
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Cells in TGF-p containing media expressed prominent stress fibers that were organized

in parallel to the collagen fibers in non-injured (Figure 2.13A) and injured regions (Figure
2.13C) of aligned collagen substrates; cell membranes were also aligned to the direction of
the collagen fibers. While conducting the experiments with random substrates in the PDGF
condition, there were some challenges in obtaining consistency in substrate fabrication. Since
the collagen-coated substrates yielded the same results as the random substrates in the PDGF
condition and could be consistently fabricated, these substrates were used in place of random
substrates thereafter for the TGF-p and serum free media conditions. Cells in TGF- on
collagen-coated substrates were also randomly oriented in non-injured (Figure 2.13B) and
injured (Figure 2.13D) regions, and contained stress fibers. Cells with TGF-f did not appear

to completely repopulate the wound area in either substrate in initial experiments.
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Figure 2.13. Fluorescent images of TGF-f treated primary keratocytes on aligned (A, C) and
collagen-coated (B, D) substrates. The non-injured regions (A, B) and leading edge of injured
regions (C, D) are shown. The injured regions are at the bottom of images C, D. Collagen is
patterned vertically in the aligned substrates. Images are 200 pm x 175 pm.
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Verification of myofibroblast transformation on cells plated in TGF-f3 media was

conducted by labeling for a-SMA and phalloidin (Figure 2.14, in green and red,
respectively). Generally, cells in the non-injured region of the aligned collagen expressed
strong a-SMA signaling (Figure 2.14A), while migrating cells in the injured region did not
show strong a-SMA signaling (Figure 2.14C). In the collagen-coated substrates, cells in the
non-injured region expressed a-SMA (Figure 2.14B), and a-SMA signaling was also
observed in the wound margin (Figure 2.14D). However, it is unclear if cells were migrating.
In comparison with aligned collagen substrates, cells in the injured region of collagen-coated

substrates had more a-SMA signaling.
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a-SMA
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Figure 2.14. Immunocytochemistry images of a-SMA (shown in green) and phalloidin
(shown in red) on primary keratocytes treated with TGF-B. Cells are shown on aligned
substrates (A, C), and on collagen-coated substrates (B, D). The non-injured regions (A, B)
and leading edge of injured regions (C, D) are shown. The injured regions are at the bottom
of images C, D. Collagen is patterned vertically in the aligned substrates. Images are 175 pum

X 175 pm.
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Cells in serum-free media were quiescent, dendritic, and did not express stress fibers on

either aligned or collagen-coated substrates (Figure 2.15). Cells on aligned collagen generally
co-aligned to the collagen pattern in the injured region (Figure 2.15C), but were not as
aligned in the non-injured region (Figure 2.15A). Cells in serum free media plated on
collagen-coated dishes were randomly oriented and dendritic in both the non-injured (Figure
2.15B) and injured (Figure 2.15D) regions. Cells with serum free media also did not appear

to completely repopulate the wound area in either substrate in initial experiments.
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Figure 2.15. Fluorescent images of serum free primary keratocytes on aligned (A, C) and
collagen-coated (B, D) substrates. The non-injured regions (A, B) and leading edge of injured
regions (C, D) are shown. The injured regions are at the bottom of images C, D. Collagen is
aligned vertically in the aligned substrates. Images are 200 pm x 175 pm.
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2.7.4 Quantification of Cell Alignment

To quantify the extent of cell alignment in non-injured and injured regions, orientation
indices were calculated. The Ol refers to the extent of alignment of image content to a
particular angle, with values closer to 0 having no alignment and values closer to 1 or -1
having total alignment. Here, an angle of 90° was used, based on the baseline angle of
collagen fiber patterning. Using in-house MATLAB program, Ol values were calculated
using images from cells seeded on aligned collagen (Figure 2.16) and on collagen-coated
(Figure 2.17) substrates at the leading edge of cell migration into the injured site, listed as
“near wound”, or in the non-injured region, listed as “outside”. In each media condition on
aligned substrates, the Ol was higher for cells near the wound vs. outside of the wound.
PDGF and TGF-p had higher orientation indices than the serum free (SF) condition for both
non-injured and injured regions. In collagen-coated substrates, the Ol values calculated for

each growth factor condition in “outside” were centered around 0.
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Figure 2.16. Orientation indices for each media condition on aligned substrates for injured vs.
non-injured regions.
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Figure 2.17. Orientation indices for each media condition on collagen-coated substrates for
injured vs. non-injured regions.
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2.7.5 Quantification of Cell Morphology

Cells in PDGF on aligned substrates were highly elongated compared to cells in TGF-3
and serum free media. To assess cell shape quantitatively, calculations for determining
length/breadth factor in MetaMorph were conducted on cell images plated on aligned
substrates. A higher length/breadth factor indicates that cell shape was longer and narrower.
Data generated in Figure 2.18 revealed that cells in PDGF media had a higher length/breadth
factor compared to TGF- and serum free media conditions on aligned substrates. However,
the large error bars for TGF-f indicated that there was more variability in shape than
measured for PDGF and serum free. This was also observed qualitatively with fluorescent

images (Figure 2.13).

Length/Breadth v. Growth Factor

Length/Breadth
w

PDGF TGFB Serum Free
Growth Factor

Figure 2.18. Length/Breadth for each media condition on aligned substrates.

Additionally, shape factor was calculated in MetaMorph using cell images from aligned

substrates to determine the circularity of a cell. The closer the shape factor measurement was
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to 1, the more circular the cell was within an image. Cells in PDGF had a lower shape factor

measurement than TGF-f and serum free media conditions on aligned substrates (Figure
2.19). These results were consistent with qualitative observation from fluorescent images
(Figure 2.12); cells in PDGF were more elongated and less circular than cells seen in the

TGF-B and serum free media conditions.
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Figure 2.19. Shape Factor for each media condition on aligned substrates.

2.8 DISCUSSION OF INITIAL RESULTS

Fluorescent imaging revealed that substrate alignment affected cell patterning and
morphology. Cells were more aligned on aligned substrates for all growth factor conditions
compared to collagen-coated substrates. These findings were also previously shown on
polyurethane substrates, where a greater topographical “pitch” size corresponded with more
alignment of keratocytes, fibroblasts, and myofibroblasts.® However, substrate alignment

was not shown to reduce TGF-f transformation in non-injured regions, which is inconsistent
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from previous studies with electrospun Type I collagen fibers.'?* A difference in substrate

fabrication methods could explain this finding. Although transformation was consistently
observed outside of the wound site in the TGF-f condition on aligned substrates, a-SMA
expression was reduced in cells at the leading edge of migration. Consistent with previous
studies, motile cells were observed to have narrower morphologies and a reduction in stress
fibers.'?°

Interestingly, corneal fibroblasts and myofibroblasts have been shown to migrate
mostly in parallel to substrate topography and not perpendicular.’® These findings were also
observed in this study with the horizontal montages collected, where cells migrated mostly
along collagen fibers. Additionally, cells were also observed to be more aligned with
collagen during migration based on orientation index calculations. Growth factors were
observed to influence cell morphology on aligned substrates: cells in PDGF were more
elongated than cells in TGF-f and serum free media based on length/breadth and shape factor
values. Further studies are needed to compare morphological changes in collagen-coated
substrates. Additional studies for determining cell migratory rates and effects of 3-D ex vivo

ECM environments are discussed in Chapter 5.



CHAPTER THREE
Lamellar Keratectomy

Reproduced with permission from: Kivanany, P.B., Grose, K.C., and Petroll,
W.M., Exp Eye Res, 2016. 153: p. 56-64, Elsevier.

3.1 BACKGROUND

3.1.1 Significance and Imaging Modalities for Investigating Wound Healing after
Keratectomy

Previous studies have assessed changes in cell phenotype, backscatter and ECM
composition during stromal wound healing following keratectomy wounds;** °** however,
the temporal and spatial correlation between cell alignment and ECM patterning during the

fibrosis, remodeling and/or regeneration phases of wound healing has not been established.

In this study, the temporal and spatial relationships were investigated between cell and
ECM organization during healing following LK. Using the custom modified HRT-RCM in
vivo confocal microscope,'?’ keratocyte patterning, tissue growth, and corneal haze
development was assessed throughout the full thickness of the cornea at various time points
post-injury. Additionally, in situ multiphoton fluorescence and SHG imaging was used to
determine the correlation between cell and ECM alignment in the migratory, fibrotic and

regenerative/remodeling phases of wound healing. '? *°

3.2 METHODS

3.2.1 Animal Model
66



67
All animal procedures were in accordance with the ARVO statement for the Use of

Animals in Ophthalmic and Vision Research as well as approved by the University of Texas
Southwestern Medical Center Institutional Animal Care and Use Committee. 12 New
Zealand white rabbits were anesthetized using 50 mg/kg intramuscular ketamine and 5.0
mg/kg xylazine and locally anesthetized in the left eye with 1 drop of proparacaine. LK was
performed following anesthesia. A speculum was placed into the left eye and a 150 um deep
incision was made in the peripheral cornea using a diamond knife. A spatula was used at the
base of the incision to separate the layers of collagen within the stroma. Once a resection
plane was created, a 5 mm trephine punch was used to remove the anterior corneal tissue in
the central cornea. Immediately following surgery, 0.3 mg/kg of buprenorphine SR (slow
release) was injected. Gentamicin eye drops were administered as an antibiotic in the left eye

twice a day for 7 days following injury.

3.2.2 In Vivo Confocal Microscopy

Rabbits were monitored using an HRT-RCM in vivo confocal microscope with CMTF
software for analysis as previously described.*?" *3° Rabbits were scanned 1 week before LK
(Pre-Op), and at 3, 7, 21, and 60 days after LK. Rabbits were anesthetized prior to scanning
with 50 mg/kg intramuscular ketamine and 5.0 mg/kg xylazine and locally anesthetized in
each eye with 1 drop of proparacaine. Since the reflection from the Tomocap can obscure
images of the superficial epithelial cells, a thin PMMA washer was placed on the Tomocap to
eliminate these reflections, as previously described.™ The objective was positioned on the

cornea to create a flat field-of-view image in the central cornea. CMTF scans were collected
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by starting the scan in the anterior chamber and finishing above the epithelium with a

constant speed of 60 pum per second. Images were acquired with the rate set to 30 frames per
second. To allow quantitative assessment of haze, scans were collected using a constant gain
setting, by unchecking the “auto brightness” box in the HRT software interface. Each scan
was conducted using a gain of 6, which was set by moving the horizontal slider under the
“auto brightness” box six mouse clicks to the right. At least 3 scans were collected within the
central area of the cornea where LK was performed. Each scan contained a 3-D stack of 384
x 384-pixel images (400 x 400 um), with a step size of approximately 2 um between images.
Additional scans were collected closer to the wound edge in some animals. In some cases, a
portion of the scan was saturated when using manual gain settings due to strong cell/matrix
reflectivity. In these cases, additional scans were taken using the “auto brightness” enabled
so that changes in cell patterning and morphology could be documented. Only the scans

taken with a gain of 6 were used for quantitative analysis.

After image acquisition, scans were saved as “.vol” files, which could be opened into
in-house CMTF software to analyze the 3-D changes in cell morphology and cell/ECM
reflectivity.'?’ The program generates an intensity vs. depth curve, corresponding to the
average pixel intensity of each image and the z-depth of that image within the scan,
respectively. The relative amount of backscatter, or haze, associated with the stromal
keratocytes and ECM was measured by taking the area under the curve between the location
of the basal lamina peak (top of the stroma) and the endothelial peak. A baseline of 13 was

chosen for haze calculations, since this value was below the baseline intensity for the normal
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stroma and above the intensity of the anterior chamber. The thicknesses for the epithelial and

stroma layer were calculated by the CMTF program after right clicking in the region of the

curve that corresponded to the start of each layer in the cornea.

3.2.3 In Situ Multiphoton Imaging

A subset of rabbits was sacrificed at 7, 21, and 60 days to further investigate cell and
matrix patterning. The corneal tissue was fixed via anterior chamber perfusion with a PBS
solution containing: 1% paraformaldehyde, 1% DMSO, 1% Triton-X-100, and 5% Dextran
for 5 minutes, followed by additional submersion ex vivo for 15 minutes, as previously
described.**? Tissues were washed with 1X PBS twice for 10 minutes each, then labeled in
situ with Alexa Fluor 488 phalloidin (Molecular Probes, Thermo Fisher Scientific, Waltham,
MA, USA) at a concentration of 1:20 in PBS for 3 hours at 37°C. Next, the tissues were

washed with PBS three times for 30 minutes each.

Labeled tissues were imaged using multiphoton fluorescence and SHG imaging on a
laser scanning confocal microscope (Leica SP8, Heidelberg, Germany). Corneas were
blocked to localize the wound area, and placed with the epithelium facing the bottom of the
MatTek dish for imaging. A glycerol:PBS solution (2:1) was used to help maintain normal
corneal hydration. Multiphoton fluorescence and SHG images were generated using a
wavelength of 880 nm (Coherent Chameleon Vision 11, ultrafast Ti: Sapphire laser, Santa

Clara, CA). SHG forward scatter, phalloidin (F-actin), and SHG backscatter images were
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captured simultaneously, as described previously.** Stacks of optical sections were collected

using a 25x water immersion objective lens (0.95 NA, 2.4 mm free working distance).

3.2.4 Image Analysis for Alignment Measurements

Cell and/or matrix alignment from both in vivo HRT-RCM scans and in situ laser
confocal scans were quantified using the “Directionality” plugin in ImageJ, which uses a
Fourier Transform algorithm to determine the percent of image content aligned at each radial

angle within the image (http://imagej.nih.gov/ij/; provided in the public domain by the

National Institutes of Health, Bethesda, MD, USA). Plots showing both cell and matrix
directionality were generated from in situ F-actin and SHG images to allow direct
comparison of the angle distributions. Regions for analysis were selected in the anterior and
posterior stroma using the first stromal image below the epithelium and the last stromal
image above the endothelium, respectively. Analysis was conducted in grid-like sub-regions
in each image (256 x 256 pixel sub-regions from 1024 x 1024 pixel images) as previously
described.™** Sub-regions that did not contain cells or collagen were not included in the

analysis.

3.2.5 Statistical Methods

SigmaPlot (version 12.5; Systat Software, Inc., San Jose, CA, USA) was used for
statistical analysis. Linear regression analysis was used to determine the correlation
coefficients between the angular distributions of F-actin and the forward scattered SHG

signals, as previously described.** One way analysis of variance (ANOVA) was used for
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comparing haze values, epithelial and stromal thicknesses, and correlation coefficients. Post-

hoc analysis using the Holm-Sidak Method was conducted to compare between groups.

3.2.6 Scientific Rigor and Reproducibility

Multiple rabbits were scanned in vivo at each time point, and multiple scans were
completed for each eye in different regions. Multiple rabbits were sacrificed for in situ
labeling at each time point, and multiple regions were scanned in situ for SHG and
multiphoton imaging. Correlation calculations were completed by two different lab members
with consistent results. Negative controls were used for fibronectin and a-SMA labeling to

insure positive labeling.

3.3 RESULTS

3.3.1 Time-Dependent Tracking of Cellular Changes using In Vivo Confocal

Microscopy

The CMTF scans were obtained without difficulty using the HRT-RCM at all of the
time points evaluated. Corneal keratocytes were quiescent and did not appear elongated in
the pre-operative (Pre-Op), normal cornea; backscatter was primarily from the nuclei with
only a faint signal from cell bodies (Figure 3.1A). After keratectomy, an area of keratocyte
death is created directly beneath the tissue removal site within the native ECM.* By 3 days
post-injury, elongated, reflective cells (presumably corneal fibroblasts) had migrated into this
acellular wound region (Figure 3.1B), which was approximately 100 microns thick (vertical

green arrows in Figure 3.1B). The epithelium was only partially resurfaced at 3 days after
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injury, and significant stromal edema was present. At 7 days, elongated corneal fibroblasts

were again observed throughout the anterior stromal region (Figure 3.1C). Backscattering
from these cells was brightest near the surface of the injured stroma (Supplemental Movie 11
and 12). The epithelium had completely resurfaced at 7 days, and there was less stromal
edema. At 21 days, a highly reflective, disorganized layer of cells was present directly
beneath the epithelium (Figure 3.1D, note that automatic brightness image is shown). Below
this layer, elongated cells were still present in the anterior stroma (Figure 3.1E); however,
they were generally less reflective than at day 7. At 60 days, cells in both the sub-epithelial
region and anterior stroma had a more quiescent phenotype, as indicated by reduced
backscatter primarily originating from the cell nuclei (Figure 3.1F). Cells in the posterior
stroma remained quiescent and the endothelium appeared normal at all of the time points

studied (not shown).
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Figure 3.1. Representative images from in vivo CMTF scans (330 um x 330 um). The depth
of each image within the cornea can be seen in the 3-D image (red arrows, immediately right
of the images). Green arrows indicate the region of fibroblastic transformation and/or
remodeling in the anterior stroma. (A) Pre-operative, uninjured eye, (B) 3 days post-injury,
(C) 7 days post-injury, (D, E) 21 days post-injury, and (F) 60 days post-injury. A, B, C, E,
and F were acquired using a manual gain of 6. (D) was acquired using auto brightness
enabled, since the manual gain image was saturated.
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For quantitative analysis, intensity vs. depth curves were calculated and plotted in the

CMTF software (Figure 3.2). ¥’ In the normal cornea, 3 distinct peaks can be found in the
curve (Figure 3.2A), which correspond to the boundaries of the 3 layers of the cornea
(epithelial surface “Epi”, basal lamina “BL”, endothelium “Endo”). At 21 days, a large peak
is observed in the anterior stroma due to cell activation and fibrosis (Figure 3.2B), and the
haze measured (shaded region under the CMTF curve) is greater than that of uninjured
corneas (compared with Figure 3.2A). These CMTF scans were used to measure the average
haze for each time point (Figure 3.2C). Quantitative analysis reveals a substantial increase in
backscatter post-injury at 7 days compared to the Pre-Op cornea, and maximum haze at 21
days (Figure 3.1D and 3.2C). A reduction in haze to near Pre-Op levels occurs by 60 days.
There was a decrease in stromal thickness at day 7 as compared to Pre-Op due to LK;
however, stromal thickness progressively increased at 21 days and 60 days (Figure 3.2D).
The epithelial thickness had returned to Pre-Op values by day 7, and there were no

significant changes at 21 or 60 days after injury (Figure 3.2D).
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Figure 3.2. CMTF results from in vivo HRT-RCM scans. A) Example of output from a HRT-
RCM scan in an uninjured cornea uploaded into CMTF. In the normal cornea, 3 distinct
peaks can be found in the curve, which correspond to the boundaries of the 3 layers of the
cornea (epithelium “epi”, stroma “BL”, endothelium “Endo”). B) Example of output from a
scan in an injured cornea at 21 days post-injury. A large peak is observed in the anterior
stroma due to cell activation and fibrosis (arrow). The haze measured is greater post-injury
than pre-injury (shown in A). C) Haze at each time point. (* P < 0.01 compared to Pre-Op,
ANOVA). D) Epithelial and stromal thickness at each time point (P values are shown as
indicated between groups, ANOVA).
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3.3.2 Assessment of In Vivo Changes in Cell Patterning

Images obtained with in vivo confocal microscopy also revealed changes in cell
patterning. At 3 days post-injury, cells in the anterior stroma had an elongated morphology,
and groups of cells aligned in parallel were often observed (Figure 3.1B). A similar pattern
was observed at 7 days, although cells were more reflective (Figure 3.1C). At 21 days, cells
that were in the reflective layer directly beneath the epithelium were not elongated or aligned
in any particular pattern (Figure 3.1D). Below this layer, cells were elongated and generally
aligned in interconnected, parallel lines (Figure 3.1E). By 60 days, cells directly beneath the

epithelium were elongated and highly aligned with narrow processes (Figure 3.1F).

To investigate whether cell patterning could be quantified from the in vivo confocal
images, the “Directionality” plugin in ImageJ (Fiji version) was used. Sequential images
within in vivo confocal scans reveal that cell alignment shifts from one layer to the next
(arrows, Figure 3.3A and 3.3B), consistent with the orthogonal layering of the collagen
lamellae within the cornea (also see Supplemental Movies 11 and 12). Corresponding graphs
for each image show the percentage of image content at each angle. As the scan progresses
towards the epithelium (scan endpoint), a new layer of cells oriented at a different direction
gradually comes into focus (Supplemental Movie 11 and 12), which correlates with a
decrease in one peak and an increase in another (depending on the prominence of cell

direction at a specific angle).
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Figure 3.3. Directionality analysis using in vivo HRT-RCM scans. (A, B) Sequential images
taken from an in vivo scan 7 days post-LK, and the corresponding graphs revealing the
highest percentage of image content at specified angles (arrows).
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3.3.3 Temporal and Spatial Analysis of Cell/ECM Alignment

In order to assess changes in keratocyte cytoskeletal organization, F-actin labeling was
used. To determine if there was any co-alignment between cells and collagen lamellae, SHG
images were collected simultaneously. In the control (un-operated eye), keratocytes are
quiescent, and collagen fibers are interwoven in the anterior region of the uninjured stroma
with no apparent cell/ECM correlation (Figure 3.4A). Consistent with a study by Young, et
al., ** dendritic processes appeared to be aligned in correlation with the collagen lamellae of
the posterior stroma, although no measurable correlation was found since the cell bodies
were not aligned. By 7 days, keratocytes transformed into a fibroblastic phenotype, as
indicated by an elongated morphology and more intense F-actin labeling. These cells
appeared to be arranged into parallel groups that were co-aligned with the collagen lamellae

in the anterior stroma (Figure 3.4B).
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Figure 3.4. Multiphoton fluorescent and SHG images at each time point. A) Collagen and
cells in an uninjured cornea (anterior stroma), at 7 days (B), at 21 days on top of the wound
(C) and in the anterior stroma (D), and at 60 days (E). Images in (A, B, D, E) are 465 pm x
465 pm. Image (C) 1s 230 pm x 230 um.
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At 21 days, a region containing a thin additional layer of cells is present directly

beneath the epithelium, where little or no SHG signal is detected (Figure 3.4C). These cells
are randomly arranged with a broad morphology and prominent intracellular stress fibers. o-
SMA (Figure 3.5A) and fibronectin (Figure 3.5B) labeling are also observed in this region,
indicating myofibroblast transformation. In contrast, cells directly underneath this
myofibroblastic layer, appear to be co-aligned with the collagen at 21 days; these cells are

thinner and do not have prominent stress fibers (Figure 3.4D and Supplemental Movie 13).

Figure 3.5. Corneal sections labeled with a-SMA (A) and fibronectin (B). Images are 520 um
x 300 pm.

By 60 days, all cells in the anterior stroma are highly aligned with the collagen. These
cells are thinner, and have less intense F-actin labeling (Figure 3.4E and Supplemental Movie
14). Overall, the cell morphology and patterning observed in situ is highly comparable to that

observed in vivo with the HRT-RCM.

To quantify the extent of alignment between the collagen and the keratocytes,

directionality analysis was used at various sites in the cornea. The images were divided into
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sub-regions for this analysis (Figure 3.6A and 3.6B), since larger images often contained

multiple lamellae oriented at different angles, and could introduce uncertainty in the
interpretation of cell/matrix correlations. The average correlation values from the designated
regions (as specified in the Methods) indicated that cells and collagen were generally co-
aligned in the anterior stroma of the injured corneas, whereas minimal cell/ECM co-
alignment was observed in the posterior cornea or in uninjured control corneas (Figure 3.6C).
At 7 days, there was greater cell/ECM alignment in the anterior stroma compared to the
posterior stroma. Likewise, the anterior stroma had greater co-alignment of cells/fECM
compared to the posterior stroma at 21 days. The greatest difference in correlation between
the anterior and posterior stroma at any given time point was at 60 days, with the cell/[ECM
alignment also being the greatest in the anterior stroma compared to all other time points

studied.
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Figure 3.6. Directionality analysis was used to quantify correlation at each time point.
Directionality analysis was conducted using smaller regions within an image (the yellow

boxed region in (A)), which generated corresponding output shown in (B, from the yellow
boxed region). C) Alignment of cells with collagen in different regions of the cornea at all
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time points. Images in (A-E) are 465 pm x 465 um. (* P < 0.05 compared to posterior stroma

and control, ANOVA).
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3.4 DISCUSSION

Beginning at 3 days after injury, elongated fibroblasts within the anterior region of the
native stroma were organized into groups of parallel cells, whose alignment was highly
correlated with that of the collagen lamellae, consistent with observations after FI. The
backscattering from these cells peaked at day 7 and gradually decreased at days 21 and 60.
These results demonstrate how collagen lamellae patterning may provide topographical cues
that modulate corneal fibroblast migration following injury. Supporting these findings, in
vitro studies have shown that cell morphology, migration, and phenotype are directly affected
by localized substrate topography.*®*™*" More specifically, corneal fibroblasts have been
previously found to co-align to collagen-coated substrates containing ridges and grooves
aligned parallel with a pitch greater than 1 pm.*®® In contrast, on planar surfaces or on

surfaces with smaller pitch sizes, fibroblasts were randomly oriented and migrated slower.

In contrast to the aligned cells observed in the stroma, a second population of cells was
observed in the sub-epithelial region, beginning at 21 days following LK. This thin layer of
cells formed an interconnected network that was randomly arranged, and produced
significant backscatter and haze. Cells also had prominent stress fibers and expressed a-SMA
and fibronectin at 21 days, suggesting myofibroblast transformation. Importantly, a
substantial reduction in sub-epithelial haze between 21 and 60 days was found, as well as
stromal re-thickening and a significant increase in cell/matrix co-alignment. These results
suggest that there was remodeling of the fibrotic tissue and regeneration of corneal stroma at

the wound site.
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The EBM plays an important role in differentiation of migrating keratocytes. After LK,
the EBM is removed and growth factors, such as TGF-p and PDGF (from the tears and
epithelial cells), are allowed to infiltrate into the stroma and modulate keratocyte phenotype
to initiate wound healing.'” 2% ¥ 10 Most notably, TGF-p induces myofibroblast
transformation of corneal keratocytes, particularly in the anterior stroma.'® 3 1411% These
results show myofibroblast localization in the sub-epithelial layer at the wound site by 21
days. However, by 60 days, these myofibroblasts disappear and are replaced by narrow-
bodied cells that do not express prominent stress fibers. The mechanism for the transition in
the cell phenotype between 21 days to 60 days is unknown. One possible mechanism is that
the myofibroblasts become apoptotic and are replaced by more quiescent, elongated
keratocytes.'*® Some reports have shown apoptosis of myofibroblasts in the anterior stroma 4
weeks to 3 months post-PRK, likely due to reestablishment of epithelial basement membrane
and decreased levels of TGF-p and PDGF."*"'*" Maintenance of myofibroblast phenotype is
dependent upon TGF-p and PDGF; ** therefore, a phenotypic switch (transdifferentiation) to
more passive fibroblasts and keratocytes is also a possibility at decreased levels of these

growth factors, 1620 141,143

As mentioned above, in addition to changes in cell morphology and phenotype,
dramatic changes in cell/matrix alignment were observed between 21 and 60 days after
injury. Previous studies by Jester and coworkers* have shown that following PRK,

significant sub-epithelial haze, myofibroblast transformation and associated fibrosis initially
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develops, peaking at 21 days. However, by 6 months, both stromal thickness and haze values

return to near Pre-Op levels, suggesting possible regeneration and/or remodeling of corneal
tissue. The results following LK are consistent with these findings, and provide new data
from SHG and multiphoton imaging as well as correlation analysis, suggesting that this
stromal tissue is highly aligned, similar to the native stroma. A study conducted by Wang, et
al. demonstrated that cell-secreted collagen was patterned in correlation to the direction of
micro-grooved silicone membranes.**® Thus, sub-epithelial corneal fibroblasts may use the
topography of the anterior collagen layer after LK as a template, and align and secrete
collagen based on the native collagen patterning of this layer.***** It is also possible that at
later time points, as new cells begin to fill in the tissue void, they spread and/or migrate using
cell-secreted collagen from the layer beneath them as a guide, and secrete collagen that is
patterned similarly to the native stroma.?” 1% 29151433 Thiq mechanism of collagen
deposition and cell alignment is a potential explanation for why the patterning at 60 days
resembles the less interwoven collagen patterning observed at the mid-stroma (template layer
location) of the normal cornea, instead of the highly interwoven pattern normally observed in
the anterior stroma.*?® However, it is not possible in this study to definitively confirm if
aligned cells and collagen seen in the sub-epithelial region at 60 days are on top of or within
the native stroma and where collagen is cell-secreted. Labeling native collagen with DTAF
(5([4,6-dichlorotriazin-2ylJamino)fluorescein) immediately after surgery would allow native
versus newly secreted collagen to be distinguished at different time points after injury, as

well as determination of cell location in either post-LK or native stroma.™
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Remodeling of corneal collagen due to cell mechanical activity may be responsible for

creating the highly aligned collagen pattern seen at 60 days. Cell contractility forces can
change the orientation of collagen fibers within non-cell-derived collagen gels to match the
cell alignment during spreading and migration.*® 21> |n this study, fibroblasts are highly
elongated at 60 days, which would result in contractile forces being exerted on the ECM

parallel to the direction of the long cell axis.*® **’

In this study, in vivo confocal microscopy was used to measure the progress of corneal
wound healing and cell activity at various time points after injury in the cornea. In vivo
confocal microscopy has been used in a variety of corneal research and clinical applications

56, 60, 62, 63, 65, 158-164

since its development over 25 years ago, and is ideally suited to

monitoring the cellular events of wound healing.'® ®® 1%2%% previous studies have used HRT-
RCM to investigate quantitative changes in cell morphology, density, and reflectivity.'?’
Here, for the first time, cell alignment is quantified from CMTF scans obtained using the

HRT-RCM in the cornea of a live rabbit using the “Directionality” plugin in ImageJ, creating

a new quantitative method of characterizing cell patterning in vivo from CMTF scans.

One limitation of this study is the use of the LK model, which creates a rough wound
bed due to tearing of lamellae, and is less reproducible than laser tissue ablation. The use of a
clinical PRK laser to create an injury would reduce variability in the surgical procedure and

would also be more clinically relevant. It would also be interesting to evaluate more extended
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time points after injury, since complete re-thickening (regeneration) of the corneal stroma has

been shown at 6 months after PRK surgery.*



CHAPTER FOUR
Photorefractive Keratectomy
4.1 BACKGROUND

Previous studies have shown that following keratectomy surgery in the rabbit, there is
remodeling of fibrotic tissue and regeneration of stromal tissue over time.*®® 2 *° Studies by
Jester and coworkers showed that following PRK in the rabbit, there was an initial fibrotic
response at 21 days which resulted in significant corneal haze. Over time, however, this
fibrotic tissue was remodeled, and by 17 weeks, corneal transparency was restored.?* *° In
addition, regrowth of the corneal stroma under the wound bed resulted in a gradual return
towards pre-operative thickness. Cell and extracellular matrix (ECM) mechanical interactions
play an important role in the development and maintenance of corneal transparency, as well
as the response of the cornea to injury or refractive surgery.® *# Specifically, the alignment
of cells and the forces they generate has been shown to impact collagen deposition,
organization and alignment.*** 1”1 However, a detailed temporal and spatial assessment of
the changes in cell and ECM patterning that may mediate long term corneal stromal

remodeling and regeneration has not been reported.

In this study, this gap is addressed by using a combination of high resolution 3-D
imaging techniques including in vivo confocal microscopy, in situ multiphoton fluorescence
imaging, and second harmonic generation (SHG) imaging to assess changes in cell and
matrix patterning during the repopulation, fibrosis, remodeling, and regenerative phases of

wound healing following PRK in the rabbit. Regeneration (stromal growth) is also tracked

88
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and quantified, stromal cell-ECM co-alignment is calculated, and specific protein markers

are used to characterize stages of wound healing over time.

4.2 METHODS
4.2.1 Animals

Experiments in this study were performed using 30 New Zealand white rabbits (2.2-3.1
kg; Charles River Laboratories, Wilmington, MA, USA). All animal procedures were in
compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and approved by the University of Texas Southwestern Medical Center Institutional

Animal Care and Use Committee.

4.2.2 Photorefractive Keratectomy (PRK)

Rabbits were anesthetized using 2% isoflurane gas. Local anesthesia was provided
using one drop of proparacaine in the affected eye. The corneal epithelium was removed
using laser ablation, and PRK was performed using a VISX Star S4 IR Excimer Laser
(Abbott Laboratories, Inc., Abbott Park, IL, USA). Rabbits received a monocular 8-mm
diameter, 9.0 diopter PRK myopic correction, creating an approximate stromal ablation depth
of ~118 um. In a subset of rabbits, DTAF (Sigma, St. Louis, MO) was administered directly
after PRK to track collagen deposition in the wound bed spatially and temporally as
previously described.”** *™* After PRK, rabbits were given 0.3 mg/kg of buprenorphine SR
subcutaneously, and one drop of gentamicin was administered for 7 days following surgery

in the affected eye.
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4.2.3 In Vivo Confocal Microscopy

Rabbits were monitored using a modified HRT-RCM in vivo confocal microscope with
CMTF software as previously described.” ' Rabbits were anesthetized using an
intramuscular injection of 50 mg/kg ketamine and 5.0 mg/kg xylazine cocktail, and locally
anesthetized with 1 drop of proparacaine. Rabbits were scanned 1 week before PRK (Pre-
Op), and at 3, 7, 21, 60, 90, and 180 days after PRK. Since the reflection from the Tomocap
can obscure images of the superficial epithelial cells, a thin PMMA washer was placed on the
Tomocap as previously described.”” The objective was positioned on the cornea to create a
flat field-of-view image in the central cornea. CMTF scans were collected by starting the
scan in the anterior chamber and finishing above the epithelium with a constant speed of 60
um per second. Images were acquired with the rate set to 30 frames per second. To allow
quantitative assessment of haze, scans were collected using a constant gain setting, by
unchecking the “auto brightness” box in the HRT software interface. Each scan was
conducted using a gain of 6, which was set by moving the horizontal slider under the “auto
brightness” box six mouse clicks to the right. At least 3 scans were collected within the
central area of the cornea where PRK was performed. The center of the wound was located
by first moving the objective around the cornea to find the borders of the ablated tissue. Each
CMTF scan contained a 3-D stack of 384 x 384-pixel images (400 x 400 pum), with a step
size of approximately 2 um between images. Additional scans were collected closer to the
wound edge in some animals. In some cases, a portion of the scan was saturated when using
manual gain settings due to strong cell/matrix reflectivity. In these cases, additional scans

were taken using a gain of 0 so that changes in cell patterning and morphology could be
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documented. Only the scans taken with a gain of 6 were used for quantitative analysis. In a

subset of four rabbits, slit lamp photos were obtained prior to confocal imaging for

qualitative analysis of corneal haze (BM 900, Haag-Streit, Bern, Switzerland).

After image acquisition, CMTF scans were saved as “.vol” files, which could be
opened into in-house software to analyze the 3-D changes in cell morphology and cell/ECM
reflectivity.? The program generates an intensity vs. depth curve, corresponding to the
average pixel intensity of each image and the z-depth of that image within the scan,
respectively. The relative amount of backscatter, or haze, associated with the stromal
keratocytes and ECM was measured by taking the area under the curve between the location
of the basal lamina peak (or top of the stroma) and the endothelial peak. A baseline of 13 was
chosen for haze calculations, since this value was below the baseline intensity for the normal
stroma and above the intensity of the anterior chamber. The thicknesses for the epithelial and
stromal layer were also calculated by the CMTF program using the interfaces (peaks on

CMTF curve) between each layer in the cornea.

4.2.4 In Situ Multiphoton Fluorescence and SHG Imaging

At 7, 21, 60, 90, and 180 days, a subset of rabbits was sacrificed, and corneas were
fixed using anterior chamber perfusion for 5 minutes with a PBS solution containing 1%
paraformaldehyde, 5% dextran, 1% DMSO, and 1% Triton-X-100.%° Corneas were dissected
out of the eye, and fixed for an additional 15 minutes. Next, corneas were washed with 1X

PBS twice for 10 minutes each, and labeled in situ with either Alexa Fluor 488 or 546
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phalloidin (1:20) at 37°C for 3 hours. The corneas were then washed with 1X PBS three

times for 30 minutes each. Corneas were then labeled for nuclei with a PBS solution
containing Syto (1:1000, ThermoFisher, Waltham, MA, USA) and RNase, DNAase-free

(1:100, Roche, Basel, Switzerland) for 1 hour at room temperature.

After labeling, corneas were placed in a glycerol:PBS solution (2:1) overnight to reduce
swelling. Next, tissues were imaged using a laser scanning confocal microscope (Leica, SP8,
Heidelberg, Germany) with multiphoton and SHG components, and using a 25x water
immersion objective (0.95 NA, 2.4 mm free working distance). The central cornea was
blocked out using a single edge blade, which allowed for isolation of the injured area, and
placed epithelial side down for en face imaging. To capture SHG and multiphoton
fluorescence images, a wavelength of 880 nm was used (Coherent Chameleon Vision I,
ultrafast Ti: Sapphire laser, Santa Clara, CA). SHG forward scatter, DTAF or phalloidin (F-
actin), and SHG backscatter were acquired concurrently, as previously described.”® *# In
DTAF-labeled corneas, phalloidin and Syto were imaged simultaneously in a separate scan.
In some corneas, tissues were sliced in the center of the wound and turned side-down to

obtain cross sectional images.® ">

4.2.5 Alignment and Correlation Analysis
Cell and/or matrix alignment from in situ laser confocal scans were quantified using an
in-house MATLAB program, which uses a Fourier Transform algorithm to determine the

percent of image content aligned at each radial angle within the image.® Specifically,
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original en face images (1024 x 1024 pixels) were divided into 16 sub regions (256 x 256

pixels), as previously described. ** ** Regions for analysis were selected approximately 30
pm posterior to the basal lamina (anterior stroma) and approximately 65 pm anterior to the
endothelium (posterior stroma). A Welch window was then applied to prevent edge effects in
the discrete Fourier Transform (FT). The FT power spectrum of each image sub region was
calculated, and the average intensity of each angle was calculated from the pixels that lied on
the angle and those nearest to the angle in the transformed image. Using polar coordinates,
line averages from the center to the periphery of the rotated FT power spectrum were
calculated along the radial direction. Points close to the center of the FT power spectrum
were excluded from the line averages because they represented low-frequency information
(such as shading), which is not of interest. Plots showing both cell and matrix directionality
were generated from in situ F-actin and SHG images to allow direct comparison of the angle
distributions. Regions that lacked cells or SHG collagen signal were excluded from final

calculations.

4.2.6 Immunocytochemistry

After fixing, a subset of corneas were embedded in optimal cutting temperature solution
(OCTYS), snap-frozen in liquid nitrogen, and stored at -80°C prior to sectioning. Using a
Cryostat (CM3050 S, Buffalo Grove, IL, USA), sections of 7 um in thickness were cut and

mounted onto slides for labeling.
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For fibronectin labeling, primary anti-goat fibronectin antibody (1:200, Santa Cruz,

Dallas, TX, USA) was added to the slides and incubated at 37°C for 2 hours. Sections were
then washed three times, 20 minutes per wash, and then incubated with secondary donkey
anti-goat FITC or TRITC (1:200 or 1:150) at 37°C for 1 hour. For a-SMA labeling, primary
anti-mouse o-SMA (1:600, Sigma, St. Louis, MO, USA) was added to the slides and
incubated for 2 hours at 37°C. Sections were then washed three times, 20 minutes per wash,
and then incubated with secondary anti-mouse FITC or TRITC (1:200 or 1:150) at 37°C for 1
hour. For double labeling with F-actin, slides were incubated with Alexa Fluor phalloidin
488 or 546 (1:100) simultaneously with the secondary antibodies. Images were captured
using a fluorescent microscope with a 20x objective lens (Leica, DMI3000B, Buffalo Grove,

IL, USA).

4.2.7 Statistics

SigmaPlot (version 12.5; Systat Software, Inc., San Jose, CA, USA) was used for
statistical analysis. Linear regression analysis was used to determine the correlation
coefficients between the angular distributions of F-actin and the forward scattered SHG
signals, as previously described.®® One way analysis of variance (ANOVA) was used for
comparing sub-layer thickness, haze values, and correlation coefficients. Post-hoc analysis

using the Holm-Sidak method was used for comparisons between groups.

4.2.8 Scientific Rigor and Reproducibility
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PRK was performed for three separate experiments using a different set of rabbits for

reproducibility. Multiple rabbits were used per time point for in vivo scanning and in situ
labeling, and multiple regions within each cornea were selected for in vivo, SHG, and
multiphoton assessment. Negative controls were used for immunohistochemistry experiments
to verify positive labeling. Correlation measurements using in-house MATLAB software was

verified using the Directionality Plugin.

4.3 RESULTS

4.3.1 In Vivo Assessment

Representative 2-D and 3-D CMTF images are shown in Figure 1. In the normal
cornea, backscatter of light in the stroma came primarily from the keratocyte nuclei (Figure
4.1A). After PRK, a region of cell death is created under the photoablated surface, which was
observed at day 3 (not shown).®>*"® At 7 days, this region was repopulated by elongated and
reflective cells that were often co-aligned (hereafter referred to as the migrating region;
Figure 4.1B). By day 21, stromal haze was at a maximum, and two distinct patterns of cells
were observed (Figure 4.1C and D). Cells anterior to the photoablated surface (hereafter
referred to as the fibrosis/remodeling region) were dense, interconnected in a random pattern,
and highly reflective (Figure 4.1C). Directly posterior to the photoablated surface (hereafter
referred to as the regenerative region), cells within the stroma were thin, elongated and
organized into parallel groups, and did not appear as reflective (Figure 4.1D). By day 60,
cells in the fibrosis/remodeling region were reduced in reflectivity (Figure 4.1E), whereas

cells in the regenerative region remained elongated and co-aligned (Figure 4.1F). By day 90
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and 180, cellular backscatter was limited to the keratocyte nuclei in the remodeling region

(Figure 4.1G and 1), indicating a more normal quiescent phenotype. However, diffuse haze
was observed between cells. Cells in the regenerative region remained highly aligned with
reduced backscatter as compared to day 60 (Figure 4.1H and J). Overall stromal reflectivity
also appeared to decrease at day 90 and 180 (Figure 4.1G-J; 3-D reconstruction of cornea), as

compared to day 21 (Figure 4.1C and D; 3-D reconstruction of cornea).
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Figure 4.1. In vivo 2-D confocal images (left) with corresponding 3-D reconstruction of
scans (right). Representative images from the (A) pre-operative (Pre-Op) cornea, (B) 7 days
after PRK, (C, D) 21 days after PRK, (E, F) 60 days after PRK, (G, H) 90 days after PRK,
and (I, J) 180 days after PRK. Images (A, B) are from the anterior stroma, (C, E, G, I) are
from the fibrosis/remodeling region on top of the photoablated surface, and images (D, F, H,
J) are located in the regenerative region just below the photoablated surface. Red arrow
indicates location of the 2-D image within the 3-D stack. 2-D images are 330 pum x 330 pum.

Using in-house CMTF software for quantitative analysis, stromal haze and epithelial
and stromal thicknesses were calculated at each time point (Figure 4.2) using the
aforementioned intensity vs. depth curve created from 3-D scans. By day 7, the epithelium
had returned to normal thickness (Figure 4.2A). Stromal thickness initially decreased by over
110 um, as a result of the PRK procedure (day 7); however, between day 7 and day 180,
stromal thickness gradually increased back to 94.5% + 7.5 of the pre-operative value.
Thickness values calculated from this study are comparable to previous PRK studies in the

rabbit.?*

Haze was quantified by calculating the area under the intensity vs. depth curve, from
the basal lamina to the endothelium. Haze values were increased at 7 days following PRK,
with maximum haze values calculated at day 21 (Figure 4.2B). Haze values started to decline
by day 60, and decreased further to a near normal value by day 90. Moller-Pedersen and co-
workers also observed a similar trend.**> Although not statistically significant, haze was still
slightly elevated at days 90 and 180, due to the diffuse ECM backscatter in the remodeled

region.
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Figure 4.2. Measurements from in vivo confocal scans. (A) Epithelial and stromal thickness
at each time point. (B) Stromal haze calculated at each time point. (ANOVA between groups,

*P<0.05, **P<0.001).
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Prior to CMTF scanning, rabbit corneas were qualitatively assessed using slit lamp

microscopy (Figure 4.3). In the unoperated eye, corneas appeared transparent without haze
(Figure 4.3A). At day 21, prominent haze appeared in the central cornea within the PRK
location (Figure 4.3B). By day 90 (Figure 4.3C), there was little to no corneal haze seen from

slit lamp examinations.

Uninjured

Figure 4.3. Slit lamp images of the central cornea captured pre-operatively (A), and at 21
days (B) and 90 days (C) after PRK.
4.3.2 Immunocytochemistry

Corneal cross-sections were labeled for a-SMA (Figure 4.4A-F) and fibronectin (Figure
4.4G-L) at various time points after surgery. At 7 days following PRK, there was a slight
detection of a-SMA (Figure 4.4B) and fibronectin (Figure 4.4H). At 21 days, there was a
drastic increase in a-SMA (Figure 4.4C) and fibronectin (Figure 4.41). By 60 days, a-SMA
(Figure 4.4D) and fibronectin (Figure 4.4J) was reduced in the wounded region of the cornea,

and by day 90 and 180, no a-SMA (Figure 4.4E and F) or fibronectin (Figure 4.4K and L)
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was detected. Note that when detected, fibronectin and a-SMA was always on top of the

DTAF-labeled native stromal tissue (not shown).

a-SMA Fibronectin
)

21 days 60 days

180 days 180 days

Figure 4.4. Immunohistochemistry for detection of a-SMA and fibronectin near the center of
the photoablated region. (A-F) contains images from frozen sections labeled for a-SMA, and
(G-L) contains images from frozen sections labeled for fibronectin at each time point. Images
are from the anterior segment of the cornea. Images are 475 um x 255 pum.
4.3.3 In Situ Multiphoton and SHG Imaging

At each time point, a subset of rabbits was sacrificed, and corneas were dissected for
further analysis. Corneas were fixed and labeled in situ with phalloidin for F-actin and Syto
for nuclei. Using multiphoton and SHG imaging, 3-D en face image stacks were collected
from labeled tissues (Figure 4.5 and 4.6). In the unoperated eye, collagen in the anterior
stroma within 20 microns of the epithelium appeared highly interwoven, and cells were
quiescent with stellate morphologies, characteristic of normal keratocytes (Figure 4.5A, B).

Wider lamella with less interweaving were observed deeper within the stroma (Figure 4.5A,

B; taken about 128 pm below the basal lamina to allow comparison with stroma under
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photoablated region).”® 1* By 7 days, keratocytes from the wound margin had transformed

into fibroblasts and migrated to the central cornea; these fibroblasts were characterized by
elongated morphologies and more prominent F-actin labeling (Figures 4.5C, D and 4.6C, D).
Migrating fibroblasts appeared to be co-aligned with the collagen lamellae and

interconnected within parallel groups.

At day 21, myofibroblasts in the fibrosis/remodeling region on top of the photoablated
surface contained prominent stress fibers, and were broader and more randomly arranged
(Figure 4.5E, F). There was no prominent fibrillar collagen (Figure 4.5E, F) observed by
SHG imaging; however, immunolabeling demonstrated that Type | collagen was present in
this region (Figure 4.7A). By day 60, collagen in the fibrosis/remodeling region appeared to
have an interwoven pattern, and cells appeared more quiescent in some areas (Figure 4.5G,
H). At day 90 and 180, cells throughout the remodeling region were quiescent, and collagen
was highly interwoven (Figure 4.51 and J, and 4.5K and L, respectively), similar to the

normal sub-epithelial stroma (Figure 4.5A and B).



103

Cells (F-actin)

Cells (F-actin)

3

(9}

3

£

o

+—

>

(Vp]

3

- ECERENAN 7oy 1 7 o M Yes B 7 i K
I¢ ; /Y &Y ) 5% S d
{S\. > \. % Ny & "

Collagen

& Syto (nuclei)

(SHG)

Collagen

Lz Ae@

ewioN _ bunebiyy sIsoiqi4 buijspoway



104

Figure 4.5. SHG forward scatter (collagen) and multiphoton (F-actin and nuclei) en face
images. Images are from: (A, B) unoperated cornea, and (C, D) 7 days, (E, F) 21 days, (G, H)
60 days, (I, J) 90 days, and (K, L) 180 days after PRK. Images A, B were taken 20 um
posterior to the basal lamina, and C, D were collected 24 um posterior to the photoablation
site in the migrating region. Images E-H were collected from the fibrosis/remodeling region,
and I-L were from the remodeling region. Images (B, D, F, H, J, L) are 2x zoomed-in (yellow
box) images from (A, C, E, G, |, K), respectively. Images A, C, G, I, K are 465 pum x 465
pum. Images B, D, E, H, J, L are 230 pum x 230 pm. Image F is 115 pm x 115 pm.
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Figure 4.6. SHG forward scatter (collagen) and multiphoton (F-actin and nuclei) en face
images. Images are from: (A, B) unoperated cornea, and (C, D) 7 days, (E, F) 21 days, (G, H)
60 days, (I, J) 90 days, and (K, L) 180 days after PRK. Images A, B were taken 128 um
posterior to the basal lamina, and C, D were collected 40 um posterior to the photoablation
site in the migrating region. Images E-L were collected from the regenerative region. Images
(B, D, F, H, J, L) are 2x zoomed-in (yellow box) images from (A, C, E, G, I, K),
respectively. Images A, C, E, G, I, K are 465 um x 465 um. Images B, D, F, H, J, L are 230
pm x 230 pm.

21 days

Phalloidin (F-actin) Overlay

Type | Collagen

Figure 4.7. Frozen Immunohistochemistry for detection of Type I collagen (1:2000, Gibco
(Thermo Fisher), Waltham, MA) and phalloidin (F-actin) in the anterior stroma at 21 days
post-PRK. Images are from the anterior segment of the cornea using primary antibody (A)
and negative control without primary antibody (B). Images are 645 pm x 160 pm.

In contrast to the fibrotic/remodeling region, collagen within the regenerative region
underneath the photoablated surface remained highly aligned in a lamellar pattern throughout
the wound healing process (Figure 4.6E-L), similar to the normal cornea (Figure 4.6A, B).

Cells in the regenerative region were elongated and co-aligned with the collagen, and stress

fibers were not observed.

From day 7-180, cells in the migrating, remodeling, and regenerative regions expressed
regions of bright, punctate F-actin labeling (Figure 4.5D, H, J, L and Figure 4.6D, F, H, J, L).

High magnification overlays of F-actin and forward scattered SHG images demonstrate that
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the localization and alignment of punctate F-actin labeling corresponded to the pattern of

collagen organization in both the remodeling (Figure 4.8A) and regenerative regions (Figure
4.8B). Punctate spots were often co-localized with collagen fibers suggesting possible sites of

cell-ECM contact.

Figure 4.8. SHG and multiphoton image overlays for collagen (shown in red) and F-actin
(shown in green) revealing bright punctate regions at cell ends and surfaces by day 180. (A)
is taken from the remodeling region, and (B) is taken from the regenerative region. Note that
the pattern of punctate F-actin labeling is highly correlated with the collagen, suggesting cell-
matrix interactions. Images are 135 um x 125 pm.

To determine the location of stromal re-growth after PRK, the thickness of the
fibrosis/remodeling (non-DTAF) region, DTAF-labeled stroma (which also included the
regenerative region), and total stroma were calculated at various time points. As shown in
Figure 4.9A, growth from the remodeling region plateaued by day 90; however, total stromal
growth progressively increased between day 7 and 180, corresponding to an increase in the

thickness of DTAF labeled stroma. In situ confocal imaging revealed diffuse DTAF labeling

throughout the stroma at Day 7 (shown in Figure 4.9B), with the exception of gaps
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corresponding to stromal cells. In contrast, gaps in the DTAF labeling that did not correspond

to stromal cells were consistently observed within the regenerative region of the stroma at
day 21 (not shown), day 90 (Figure 4.9C, top panel), and day 180 (Figure 4.9D, top panel).
There was also a transitional area in between the remodeling and regenerative regions, where
DTAF labeling was discontinuous; however, forward scatter signaling was ubiquitous
throughout the transition region (not shown), indicating that the remodeling and regenerative
regions were continuous. In the mid-stroma, DTAF gaps were only observed where there
were cells (Figure 4.9B-D, bottom panels). Within the regenerative region, some gaps in
DTAF labeling (Figure 4.10, shown in green) corresponded to co-localization with forward
scatter signaling (in blue), but not with F-actin labeling (in red). This demonstrated that the

gaps contained new collagen secreted post-PRK within the regenerative region.
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DTAF/Forward Scatter DTAF/Phalloidin

0 Day 90 Day 180

Figure 4.9. Regeneration of stromal tissue. (A) Measurements for remodeling, regenerative
(“DTAF”), and total stromal thickness over time. Overlays for DTAF (green), forward scatter
(blue), and phalloidin (red) en face images at (B) 7 days, (C) 90 days, and (D) 180 days.
Images are 445 pm x 460 pum.
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Figure 4.10. Anterior stroma in the regenerative region at day 90 showing overlay of DTAF
(green), forward scatter (blue), and phalloidin (red). Image is 270 um x 280 pum.
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Cross-sectional (side view) imaging of corneas labeled in situ was conducted to further track

cell patterning and collagen deposition and organization at various time points post-PRK. In
control (uninjured) corneas (Figure 4.11A), backscatter (shown in blue) signaling reveals that
collagen is organized in an interwoven pattern in the anterior stroma, and becomes more
linear in the mid-stroma. Normal cell phenotype and patterning is observed (Figure 4.11A; F-
actin in red for phalloidin) throughout the stroma. At day 21, backscatter from side view
imaging suggests weak organization of collagen lamellae in the fibrosis/remodeling region
and cells containing prominent F-actin signaling (Figure 4.11B). These cells were co-
localized with Type I collagen labeling at day 21 (Figure 4.7A). By day 90 and 180,
interwoven collagen containing stronger backscatter signals (Figure 4.11C, D) without DTAF
co-localization (DTAF is shown in green) replaced fibrotic tissue from day 21 within the
remodeling region, and was deposited above the regenerative region. In the remodeling
region, cells appear interwoven with collagen at day 90 and 180 in zoomed-in images (Figure

4.11E, F), and this patterning is similar in appearance to the control cornea.

21 days

180 days

Figure 4.11. Side-view SHG and multiphoton images at various time points. (A) Images
taken with a control (uninjured) cornea for backscatter, phalloidin, and backscatter/phalloidin
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overlay. (B) Images taken from a 21 day post-PRK cornea for backscatter, phalloidin, and
backscatter/phalloidin overlay. (C) Images taken from a 90 day post-PRK cornea for
backscatter/phalloidin, backscatter/DTAF, and phalloidin/DTAF overlays. (D) Images taken
from 180 days post-PRK cornea for backscatter/phalloidin, backscatter/DTAF, and
phalloidin/DTAF overlays. Images are from the anterior segment of the cornea. (Phalloidin
is shown in red; backscatter is shown in blue; DTAF is shown in green). (E) Zoomed-in
image of the remodeling region of the 90 days backscatter/phalloidin overlay image shown in
(C, yellow box). (F) Zoomed-in image of the remodeling region of the 180 days
backscatter/phalloidin overlay image shown in (D, yellow box). Each image in A-D is 465
pm x 200 pm. Images E and F are 465 pm x 90 um, zoomed-in 3x from original image (C
and D, respectively).

4.3.4 Correlation Analysis

To quantify the co-alignment between cells and collagen within the stroma, correlation
analysis was carried out using in-house MATLAB program. R-squared values for cell and
collagen correlation were calculated at day 60, 90, and 180 in the regenerative region of the
anterior stroma, and posterior stroma (Figure 4.12) using multiphoton and SHG images. The
cells and collagen in the regenerative region at each time point had higher correlation (R-

squared value) than the posterior stroma and control anterior stroma. These values also

correlated with qualitative assessment of SHG and multiphoton images.
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Figure 4.12. Correlation coefficients (R?) in the pre-operative anterior control stroma
(control), regenerative anterior stroma (day 60, 90, and 180), and posterior stroma.
(*P<0.001, ANOVA, when compared to anterior control stroma).
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4.4 DISCUSSION

In this study, PRK was used as a model to provide precise photoablation of the anterior
cornea, yielding more consistent, clinically relevant results. In addition, rabbits were studied
for up to 6 months after surgery, and DTAF was used to distinguish native collagen from
new collagen secreted post-PRK. The current results provide important new insights into the
underlying changes in cell and ECM patterning during the migration, fibrosis, remodeling

and regenerative phases of wound healing.

4.4.1 Intrastromal Migration

Previously, cell and matrix patterning was studied following transcorneal Fl, which
involves intrastromal cell migration to repopulate the injured region.*?* Using SHG imaging,
migrating corneal fibroblasts were aligned parallel to the stromal collagen lamellae. After
PRK, there was a region of cell death within the stroma under the laser ablation site. Corneal
keratocytes repopulated this injured region via intrastromal migration in parallel with the
collagen lamellae, similar to the healing response following FI. In vitro studies have shown
that cell morphology, migration, and phenotype are directly affected by localized substrate

86, 100, 101

topography, and corneal fibroblasts have been previously found to co-align to
collagen-coated substrates containing ridges and grooves aligned in parallel.’®* Thus,
lamellar patterning likely provides topographical cues that modulate corneal fibroblast

migration following injury.

4.4.2 Initial Fibrosis after PRK
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In contrast to cells migrating within the corneal stroma, cells that migrated on top of the

wound bed were arranged randomly, and transformed into myofibroblasts, consistent with
previous studies.?!>® ® A sharp transition was observed starting from the fibrotic
(fibrosis/remodeling) region into the non-fibrotic (regenerative) region of the stroma. Cell
phenotype drastically changed from myofibroblasts on top of the ablation to elongated, non-
fibrotic cells within the native stroma beneath the ablation. DTAF labeling confirmed that
there were no myofibroblasts within the native stroma. Several factors may inhibit
myofibroblast transformation within the native stroma. One possibility is that the stromal
ECM provides topographical cues that prevent cell transformation, since aligned surface
grooves have been reported to inhibit the transformation of corneal fibroblasts to
myofibroblasts in vitro.”** Additionally, cells residing in between the ECM may be protected
against penetration of fibrotic-inducing growth factors, like TGF-B and PDGF, secreted by

18, 31, 144, 145, 175-181 Flna”y
k)

tears and the epithelium. biochemical or matrikine signaling from

other ECM components, such as proteoglycans, could inhibit myofibroblast transformation.

Myofibroblasts were most prevalent at 21 days, which was also when maximum haze
was observed qualitatively with slit lamp imaging. Myofibroblasts also have decreased
production of crystallin proteins and altered proteoglycan expression, which are both
important for maintaining corneal transparency.*® ¥ TGF-p induces myofibroblast
transformation in the cornea and suppresses interleukin (IL)-1, a cytokine that stimulates
myofibroblast apoptosis; therefore, allowing longer time for myofibroblast-derived secretion

of fibrotic proteins, like fibronectin and Type I collagen, to occur. %% 183188 The results
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revealed maximum secretion of fibronectin at day 21, which was the time point with the

highest calculated haze and myofibroblast accumulation (based on a-SMA labeling) in the

anterior stroma.

4.4.3 Remodeling of Fibrotic Tissue

In this study, long-term resolution of fibrosis was shown in the cornea that
corresponded with a reduction of corneal haze toward preoperative levels. By day 60,
myofibroblasts in the fibrosis/remodeling region were being replaced by more quiescent-
appearing cells. Previous in vitro experiments by Maltseva and associates demonstrated that
fibroblast growth factor (FGF)-1 or FGF-2 can trans-differentiate myofibroblasts into
fibroblasts.’® Additionally, it has been shown that as the EBM re-forms after injury, there is
a drop in TGF-B in the stroma.'® When TGF-B levels decrease in the wound environment,
IL-1 levels increase, which may be signaled in an autocrine or paracrine manner from the
myofibroblasts, and induce myofibroblast apoptosis.'®" 1 Previous studies have detected
myofibroblast apoptosis using TUNEL (terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling) assays starting at 1 month after myopic PRK correction, which falls

into the time frame of myofibroblast disappearance presented in this study.*®

By day 90, fibrosis and haze were significantly reduced, and interwoven collagen was
detected by SHG imaging. Although the precise mechanism by which fibrotic ECM is
cleared from the anterior stroma has not been described fully, it is likely that a combination

of cell-secreted matrix metalloproteinases (MMPSs) and disappearance of myofibroblasts
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(eliminating further deposition of fibrotic ECM) helps remove and eliminate further

fibrosis.*** 1% 1% The interwoven collagen organization observed from day 90 — 180 is
similar to that observed in the sub-epithelial region of normal rabbit cornea. Interweaving of
collagen lamellae in the anterior stroma has been described as a provider of shear strength
against local environmental stresses, preventing sliding and bending of corneal sub-layers
and distributing tension between lamellae.®**® The interwoven pattern of the sub-epithelial
cornea may also be derived from an evolutionary role of maintaining corneal shape for
reliable, consistent light refraction in vertebrates.?® 2% 22 A combination of cell contractility,
celllECM interactions, and environmental tension, forces, and pressure occurring in the eye
is speculated to play an important role in the development and remodeling of interwoven
collagen. It should be noted that the ECM in the remodeled region still produced slightly

increased backscatter (haze) as compared to the normal cornea.

4.4.4 Regeneration

Although cells in the remodeling region on top of the ablation produced collagen after
PRK, the majority of stromal growth occurred in the regenerative region under the wound.
Moller-Pedersen et al. also reported additional tissue growth after PRK below the ablation
region of the stroma, using 3-D reconstructed in vivo confocal scans and cross-sectional
DTAF images.?* *" In this study, further insights are provided into the mechanisms for tissue
re-growth below the ablation surface by using en face SHG/DTAF overlay images.
Specifically, during stromal regeneration, gaps in the DTAF labeling were identified that

were not co-localized with cells. Interestingly, SHG signaling was observed within these
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gaps, indicating the presence of newly-secreted collagen. This new collagen was co-aligned

both with the native collagen lamellae and elongated corneal keratocytes. Stromal cells have
been previously shown to align in the direction of their secreted ECM, and external
mechanical tension plays an important role in mediating and stabilizing the orientation of

collagen assembly.?%% 204

Punctate F-actin labeling was observed that co-aligned with collagen in both the
remodeling and regenerative regions, which is a hallmark of cell-matrix mechanical
interactions.®® 1 2% Cell contractility has been shown to influence non-cell-derived collagen
patterning based on forces imposed on the local ECM environment in in vitro studies.™® **
206 additionally, the correlation between collagen and fibroblasts in the regenerative region
may be due to cell elongation in parallel to greatest ECM stiffness within the tissue, as seen
with prior studies using corneal fibroblast culture.””” In the developing chick cornea,
keratocytes in the secondary stroma have been noted to have protrusions called “keratopodia”
that are co-aligned with collagen, and it has been suggested that these cells use guidance
from the collagen lamellae of the primary stroma during the development of the secondary

stroma.?* %% Taken together, the data suggests that cells in the regenerative region secrete

and organize collagen in a pattern determined by the existing collagen template.

Following FI, stromal tissue is not removed; thus, there is no growth or regeneration of
stromal tissue. In this model, punctate F-actin labeling is not detected during healing.

Furthermore, aligned fibroblasts in the stroma revert back to a stellate, normal quiescent
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morphology by day 28.'% In contrast, following PRK, cells were elongated and co-aligned

with collagen even at 180 days after injury. After keratectomy, mechanical stresses from
intraocular pressure are redistributed throughout the stromal matrix, with a larger load
imposed on the stromal ECM due to a decreased thickness.*®® ?!* It is possible that persistent
changes in the mechanical environment of the stroma may provide signals that contribute to

long-term cell activation following PRK.

The PRK results provide more insight into the role of the cell/ECM interactions in
wound healing, and may assist with future studies. For example, similar techniques may be
used to investigate cell/ECM patterning following UV crosslinking of collagen fibrils in the
stroma for treatment of keratoconus. Additionally, it could be useful to track cell/ECM
interactions after steroid treatment, which is commonly used following refractive surgery in
the clinic, to compare temporal and spatial cell/ECM activity during wound healing. Since
the rabbits used in this model are young and have a high regenerative capacity, follow up
studies should involve less regenerative animals, perhaps older rabbits, to more closely

model the human eye.
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Conclusions and Recommendations
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5.1 CONCLUDING DISCUSSIONS OF SPECIFIC AIMS, FUTURE WORK, AND
CLOSING REMARKS

5.1.1 Conclusions for Specific Aim 1

The FI studies demonstrated that the modified HRT-RCM allows in vivo measurements
of sub-layer thickness, assessment of cell morphology, alignment and connectivity, and
estimation of stromal backscatter (haze) during wound healing. Interestingly, stromal cells
repopulating the damaged tissue assumed an elongated and interconnected fibroblastic
morphology, and parallel, interconnected streams of aligned corneal fibroblasts were often
observed both in vivo and ex vivo during wound healing, particularly in the posterior cornea.
This pattern of fibroblast alignment was highly correlated with the structural organization of
the lamellae, suggesting contact guidance of intrastromal cell migration. This is the first
demonstration known to show that ECM structure mediates the pattern of intrastromal

corneal fibroblast migration during in vivo wound healing.

5.1.2 Conclusions for Specific Aim 2

120
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Using the in vitro models for intrastromal migration with the collagen substrates, the

effects of specific growth factors during wound healing could be determined. A FI was easily
conducted on the substrates without altering the structure of the collagen (based on SEM
imaging), which allowed for a suitable in vitro migration model. Cells in PDGF media
aligned and migrated in parallel to the collagen topography. Interestingly, cells in TGF-p
contained little a-SMA labeling in the leading edge of migrating cells in the injured regions
of aligned substrates, but had strong a-SMA labeling in non-injured regions, which is
inconsistent with previous studies that show less myofibroblast transformation on aligned

polyurethane substrates.?*?

Pilot studies from Dr. Petroll’s lab using an ex vivo organ culture
model with rabbit corneas suggested that cells within the stroma (where collagen fibers 3-
dimensionally surround the cells) did not transform into myofibroblasts in TGF-f media after
FI. Itis unclear if the difference in these results is due to 3-D mechanical cues from the
stromal collagen that prevent TGF-f induced myofibroblast transformation or if the cells

within the stroma are protected from TGF-p, unlike the direct exposure in the in vitro

models.

5.1.2.1 Future Work for Specific Aim 2

Additional studies are needed to further assess wound closure rates between growth
factors and substrate type. Also, length/breadth and shape factor calculations will be
conducted for cell images on collagen-coated substrates for comparison to the aligned
substrates. Longitudinal experiments, like using time-lapse microscopy or imaging wound

area daily, can be used to measure the rate of migration and extent of wound closure. Further
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studies are also needed to determine if the ECM is playing a role in maintaining cell

phenotype in the stroma. Ex vivo organ culture studies with PDGF and serum free media for
comparison with the aforementioned pilot TGF- results would be helpful to determine the
effects of each growth factor. There are technical challenges to the organ culture model,
including edema, which precludes clear imaging of collagen using SHG imaging. It is also
difficult to know if the growth factors are penetrating into the cornea; therefore, a scrape
injury or keratectomy could be used with or instead of FI to facilitate growth factor
infiltration. Additionally, a 3-D model of aligned fibrillar collagen is warranted in order to
better mimic the topographical environment of the stromal ECM and determine growth factor

effects on cell behavior.

Additionally, quantifying the differences in force generation of the cells for each
growth factor would provide more insight into the effects of growth factors and ECM
stiffness.”*® To accomplish this, aligned collagen substrates could be patterned over
polyacrylamide gels of varying stiffness. Force mapping using fluorescent beads embedded
into gels allows for measurements of cell-induced deformation during migration and
spreading.”** % Various wound environments may also be modeled with polyacrylamide
gels by patterning different types of wound healing proteins, like fibronectin or Type Il

collagen, and by using specific growth factors.

5.1.3 Conclusions for Specific Aim 3
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New findings from the LK studies revealed that initial healing involves two distinct cell

and ECM patterns and alignment by day 21. The topography and alignment of the collagen
lamellae directed fibroblast patterning during repopulation of the native stroma after LK
injury in the rabbit. Fibroblasts in the wound region of the stroma had an elongated
morphology and were co-aligned with the collagen lamellae. In contrast, cells accumulating
in the sub-epithelial region of the stroma were randomly organized, expressed stress fibers,
and produced a fibrotic ECM. Interestingly, novel results from the LK study revealed that
cells appeared to remodel this fibrotic ECM to produce a lamellar structure that is similar in
reflectivity to the native corneal stroma. For the first time, regeneration of transparent corneal
tissue was observed with respect to cell/ECM patterning after keratectomy using in vivo
confocal microscopy and SHG and multiphoton imaging. This study also demonstrated that
cells and ECM initially observed to be fibrotic became highly co-aligned at later time points,
as indicated by correlation analysis. Although results from the PRK experiment may have
indicated that the aligned pattern of cells/ECM seen in the sub-epithelial region was within
the native stroma at later time points, the cell density of the aligned region was higher in the
LK model at 60 days and could be located on top of the wounded stroma (not in the native
ECM). A possible explanation could be a difference in wound model, but without DTAF
labeling, it is difficult to determine conclusively. Additional temporal studies involving post-
LK ex vivo organ culture may be useful to better understand fibroblast invasion and
reorientation at multiple stages during the repopulation phase, and to assess collagen

deposition and remodeling in more detail between days 21 and 60.
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5.1.4 Conclusions for Specific Aim 4

The PRK studies revealed that an initial fibrotic response occurred in the
fibrosis/remodeling region of the stroma, which was characterized by significant corneal
haze, myofibroblasts, and fibronectin deposition that was organized randomly. Over time,
corneal transparency and thickness were restored, and collagen in the fibrotic region was
shown for the first time to remodel into a normal, interwoven pattern, possibly due to
celllECM interactions at punctate sites of F-actin labeling. Cells and ECM were co-aligned in
the regenerative region, and stromal growth came primarily from this region. Bright punctate
F-actin sites observed in the regenerative region likely played a role in aligned collagen
deposition and correlation between cells/fECM, and may have also played a role in the
patterning of collagen in the remodeling region. These new findings may provide insight into

how the collagen regenerates in a transparent manner.

5.1.5 Closing Remarks

In the aforementioned Specific Aims, temporal and spatial cell/ECM interactions and
patterning have been assessed after injury, and transparency appears to be restored using the
FI, LK, and PRK models. However, the long-term goals of this work are to translate these
findings to the clinic, since corneal scarring is a major cause of blindness worldwide. Thus,
identifying the changes in gene and protein expression that occur during the intrastromal
migration and the remodeling and regenerative phases of healing in the rabbit could
potentially lead to novel therapies for preventing or reversing corneal scarring in patients.

The results from this work may also warrant comparative studies with other tissues
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containing organized lamellar collagen in other tissues to gain further insights into corneal

wound healing.
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