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Abstract

Purpose: To develop a stromal wound healing model and a reliable scar classification score
system that correlates photographic evaluation with changes in the structure and organization of
the extracellular matrix.

Materials and methods: We tested three stromal injury techniques in adult C57BL/6 mice.
Technique 1, a lineal partial thickness keratotomy in the horizontal axis. Technique 2, corneal
epithelial and stromal debridement using a diamond burr in the horizontal axis, and technique 3, a
combination of techniques 1 and 2. To assess intra-observer and inter-observer agreement between
two examiners evaluating formed stromal scars, stereo microscopic photographs of anterior
segment were scored by two masked examiners at around 1-month. Depending on the severity of
opacification and the area of involvement, scars were classified on a scale from 0 to 3 based on a
modified Fantes haze scale. Extracellular matrix composition as well as matrix organization,
macrophage infiltration and neovascularization were evaluated with immunofluorescence and
second harmonic generation (SHG) microscopy.

Results: Technique 1 created mild scars, with a score of 0.5 £ 0.43, while techniques 2 (score 2.1
+ 0.45) and 3 (score 2 + 0.66), created dense scars with a higher score. A significant difference in
scar severity score was noted between the 3 techniques (one way ANOVA, p < 0.0001). Masked
graders demonstrated excellent agreement (intraclass correlation = 0.927 [95% confidence
interval: 0.87-0.96]). The severity of scars noted at stereo microscopy correlated with the severity
of changes in extracellular matrix in the stroma as demonstrated by the expression of collagens I,
IV and fibronectin and evaluation of matrix hierarchical organization. In contrast to mild scarring,
moderate and severe scars had increased expression of CD31 and CD68, markers of vascular
endothelial cells and macrophages, respectively.
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Conclusion: Mouse models of stromal scarring using simple surgical techniques are described.
Corneal scars can be consistently classified by two observers. Grading of scar severity positively
correlates with changes in extracellular matrix composition, disorganization and cell infiltration.
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Introduction

The unique structure and organization of the corneal extracellular matrix (ECM) contributes
to its clarity [1-4]. The stroma comprises 90% of the cornea and is made of water, collagens
and proteoglycans [1-4]. Light scattering in the cornea is minimized by a highly organized
arrangement of collagen fibrils combined with tightly regulated stromal hydration [1,5].
Stromal structure and function is not only dependent on ECM, it also has a cellular
component. Between the orthogonal layers of collagen fibrils are a network of keratocytes,
neural crest derived cells that exist in a mitotically quiescent state [6].

Significant stromal scars secondary to trauma, surgical procedures or infections commonly
necessitate corneal transplantation [7]. Interventions that prevent or decrease stromal scar
formation would potentially reduce the need for corneal transplantation. Before therapies to
ameliorate scar formation can be fully realized, however, different animal models of stromal
scarring are needed. A priority in such research includes understanding regulators in wound
healing: cellular response, cytokines and extracellular matrix proteins. Mice injury models to
study the function of growth factors and ECM components in corneal wound healing would
be valuable. Murine extracellular matrix proteins can be manipulated genetically, mice are
suitable for controlled surgery, and a variety of established anti-mouse antibodies are
commercially available.

Multiple corneal injury models in mice have been reported in the literature [8]. These injury
models simulate corneal scarring seen after injuries by chemical burns, penetrating
incisional wounds, or laser ablation. The subject has been reviewed [8]. In general,
mechanisms of trauma as well as severity of injuries vary greatly. Severe corneal injuries
commonly present with a combination of traumatic penetrating or nonpenetrating
laceration(s) accompanied by loss of stromal tissue or surface abrasive damage. This
combined-mechanism injury can be simulated with a model that combines a partial
thickness laceration and stromal abrasive injuries.

Second harmonic generation (SHG) microscopy enables contrast imaging of biological
structures containing collagen [9,10]. In the cornea, SHG imaging is helpful in evaluating
collagen fibril and lamellae organization. It is also valuable in evaluating the unique
hierarchical organization of the corneal stroma and the process of wound healing [11-13].
Hochheimer was the first to show SHG signals could be detected in the cornea using a
pulsed YAG laser [14].

In this study, we evaluate 3 different surgical techniques that created stromal scars. After
creating stromal scars, we studied a panel of matrix proteins known to be important during
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wound healing: collagen I, (Col I) [15], the main component of collagen fibrils, collagen 1V,
(Col 1V), a basement membrane component that is also expressed by injured stromal
fibroblasts [16]. Fibronectin (Fn), a provisional matrix component, expressed by stromal
fibroblasts during early and active wound healing [17]. Biglycan, a marker of scar tissue
formation [18]. CD31, a marker for endothelial cell intercellular junctions [19]. CD68, a
monocyte — macrophage marker [20], and a-SMA (smooth muscle actin), a marker for
myofibroblasts [21,22]. Our findings are described.

Materials and Methods

Evaluation of stromal scar formation severity created by lineal keratotomy and
debridement

We evaluated three different surgical techniques. The first was a limbus-to-limbus lineal
stromal keratotomy created with a custom-made diamond blade. This blade was unable to
cut at more than 70 um depth (Fig. 1). The second technique consisted of abrading trauma in
the entire horizontal axis that created stromal injury. The third method was a combination of
limbus-to-limbus lineal stromal keratotomy and abrasion on the sides of the lineal
keratotomy for a total of 3 different techniques (Fig. 2A, B and C). The purpose of trying
different surgical techniques was to simulate the type of complex injury seen in clinical
practice that disrupts basement membrane and at the same time alters the tensile strength of
the corneal stroma by creating a deep stromal cut. At least 8 mice were evaluated per
surgical technique after power analysis calculation to obtain statistical significance. Only left
corneas were injured. All experiments conformed to the use of Laboratory Animals and
ARVO statement for the Use of Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use Committee of the University of South
Florida College of Medicine. Adult, 60-days-old male C57BL/6 mice were anesthetized by
intraperitoneal injection of ketamine (50 mg/kg) and xylazine (10 mg/kg). Once the mouse
was under general anesthesia, 0.1 ml of 0.5% proparacaine hydrochloride was added to the
ocular surface. Subcutaneous analgesia was given. Under microscope visualization, a partial
thickness corneal laceration was performed from limbus to limbus using a custom-made
diamond blade with a 70 um guarded depth (Mastel, Rapid City, SD, USA), (Fig. 1, top).
The stromal partial thickness laceration was completed in the horizontal axis of the eye. The
epithelial surface was debrided with an AlgerBrush Il (The Alger Company, Lago Vista, TX)
until the epithelial layer was removed. Next, the diamond burr was applied to the stromal
surface in 2 double passes with light pressure and visible abrasion without indentation on the
cornea. Immediately after the procedure, drops of ofloxacin were applied to the ocular
surface.

Scar density masked grading and intra- and inter observer agreement

Photographs were obtained using a standardized protocol. Two light sources were positioned
to avoid reflections. One light source was placed at 12 o’clock and the second at 6 o’clock to
enhance visualization of haze. The light sources were placed on the plane of the limbus. Two
masked examiners (fellowship trained cornea specialists) classified the severity of scars,
based on printed standardized photograph (i.e. standardized template). Photographs were
evaluated twice in a randomized and masked manner by both observers with a one-week
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interval. Depending on the severity of opacification and the area of involvement, scars were
classified on a scale from 0 to 3 based on a modified Fantes haze scale, with 3 being the
most severe, see Table 1 for a description of modified Fantes scale [23-26]. Twenty-five eyes
were evaluated based on 80% power to detect an intraclass correlation of 0.95 and type 1
error of 0.05.

Immunofluorescence microscopy

Evaluation of different ECM proteins was studied by immunofluorescence microscopy as
previously described [27]. Corneal tissue from mice at 3—4 weeks post injury was examined.
Briefly, corneas were embedded and frozen in OCT medium (Sakura Finetek, Torrance,
CA). Cross sections of 6 um were cut using an NX 50 cryostat followed by
immunofluorescence localization. Sections were blocked in 10% donkey serum (Sigma-
Aldrich, St. Louis, MO) and then incubated overnight at 4 °C in anti-collagen IV (Southern
Biotech, Birmingham, Al), anti-collagen I (Millipore, Danvers, MA), anti-fibronectin, anti-
a-SMA (Abcam, Cambridge, MA), anti-biglycan antibody (a gift from Dr Larry Fisher,
National Institute of health), anti-CD31 and anti-CD68 antibodies (Biolegend, San Diego,
Ca) followed by Alexa Fluor 488 nm-fluorescein conjugated and 594 nm-rhodamine
conjugated secondary antibodies (Molecular Probes, Eugene, OR). Positive and negative
controls were processed in the same manner. The nuclei were counter-stained using
Vectashield mounting solution with DAPI (Mector Lab Inc., Burlingame, CA). Images were
captured using a fluorescence microscope with appropriate filters (Leica Microscopes,
Germany).

Second Harmonic Generation Microscopy of Corneal Scars of Different Severity.

Enucleated eyes were immediately processed and mounted as noted above. Corneal cross
sections were imaged using an Olympus MPE-RS microscope using a 25X (0.95 NA) water-
immersion objective (Olympus). Two-photon SHG signals were generated using a mode-
locked titanium:sapphire laser at 960 nm. The SHG forward-scattered signals passing
through the corneal sections were collected using a 0.8 NA condenser lens with a narrow
band-pass filter (465-485 nm). Backward-scattered SHG signals were detected with a band
pass filter (460-500 nm). All samples were scanned using a 2 um zaxis step size from the
back to the front of the section. The two-photon excited fluorescent signals from propidium
iodine was captured with a band pass filter (575-630 nm).

Statistical analysis

The data were analyzed by the Biostatistics Core at the Morsani College of Medicing,
University of South Florida. Data were provided in an Excel data sheet format (Microsoft,
Redmond, WA, USA). One-way ANOVA test was used to calculate statistical significance
between the scar generated by three surgical techniques (GraphPad Prism 5.0; GraphPad
Software, Inc., San Diego, CA, USA). Statistical power calculation was performed using
IBM SPSS version 25 (IBM, Armonk, NY, USA).
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Stromal injury created by tissue abrasion and debridement creates scarring

Scar formation in the mouse stroma varied according to the surgical technique used (Fig. 2).
We examined the corneal stroma 3—4 weeks after injury in the three injury techniques as
shown in Fig. 2, using a stereomicroscope. A limbus-to-limbus lineal stromal keratotomy,
technique 1, created with a custom-made diamond blade created light scars of no clinical
significance or no visible scars at examination with stereomicroscope (Fig. 2D and G).
Evaluation of stromal scar photographs comparing stromal abrasion caused by rotating burr
(technique 2, Fig. 2E and H) to the combined technique of partial lineal stromal cut followed
by stromal abrasion caused by rotating burr (technique 3) showed no apparent differences at
examination (Fig. 2F and 1) [23-26]. A score of 2.1 + 0.45 was given to technique 2 and a
score of 2 £ 0.66 was given to technique 3. There was statistically significant difference in
the scar grading between the three techniques, one way ANOVA (p < 0.0001), Fig. 3.

Photographic evaluation of scar formation and agreement in grading severity between two

observers

We evaluated 25 corneas of 25 mice with different grades of injury. Photographs of corneal
scars were evaluated ~4 weeks post injury. There were no significant differences between
subjective interpretations of repeated images with agreement for the individual with
measurements obtained 1 week apart. There was excellent intra-observer agreement (intra-
class correlation = 0.927 [95% confidence interval (Cl): 0.87-0.96]). There was also
excellent inter-observer agreement (inter-class correlation = 0.93 [95% confidence interval
(CI): 0.87-0.96]) between 2 observers. These results show that two examiners agree in their
assessment of stromal scar photographs in a reproducible manner and suggest that
photographic assessment of stromal scars is a valid method for scar grading.

Immunohistological evaluation of scar formation and neovascularization

In order to better characterize the severity and characteristics of stromal scars, we performed
immune-marker studies with fluorescence microscopy in a normal uninjured control
specimen (Fig. 4) and in 3 different samples with different degrees of scar severity as just
classified in agreement by the 2 observers. Mild density scars showed minimal tissue
disruption, minimal macrophage infiltration and no stromal neovascularization. A well-
formed and mature scar displayed no or minimal provisional matrix, demonstrated by absent
fibronectin expression (Fig. 5). Moderate density scars, were characterized by significant
tissue disruption, more disorganization in the extracellular matrix, significant macrophage
infiltration and stromal neovascularization (Fig. 6). Finally, characterization of dense scar
showed severe tissue disruption with presence of provisional matrix suggestive of
continuous matrix remodeling, severe disorganization of extracellular matrix, and very dense
macrophage infiltration. Stromal neovascularization was shown by collagens 1V staining of
blood vessels basement membrane and CD31 expression (Fig. 7). Taken together, these data
show correlation between the severity of stromal scarring noted at stereo microscopy and the
degree of extracellular matrix disorganization found with immunohistological markers, see
Table 1.
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Corneal stromal hierarchical organization and fibrillogenesis assessment by second
harmonic generation

To evaluate stromal scars including hierarchical organization and fibrillogenesis, we
performed SHG imaging with forward and backscattering settings in different samples with
the degrees of scar severity as classified above, (Fig. 8). Throughout the stroma, normal
control eyes showed distinct pattern organized into well-organized structures like lamellae
that were well aligned and parallel to the epithelial layer and Descemet’s membrane. Flat
keratocyte nuclei were also well aligned between lamellae. Backscattered SHG signals
appeared mild and diffuse without any localized area of increased signaling. A Grade 0 scar,
not clinically apparent at stereo photographs, displayed disruption of fibrils and loss of
lamellae organization localized to the subepithelial region of the anterior stroma. Grade 1
scars were characterized by matrix disorganization in the anterior 1/3 of the stroma. Loss of
lamellae orientation and a mild increased in cell density. Minimal to no backscattering signal
was noted. Finally, characterization of dense scars showed very severe tissue disruption with
presence of continuous matrix remodeling, severe disorganization of extracellular matrix,
and significant cell infiltration and disorganization. Stromal neovascularization was severe
and worst in scars Grade 3. Taken together, these data show correlation between the severity
of stromal scarring noted at stereo microscopy and the loss of hierarchical organization after
injury as shown by SHG imaging.

Discussion

Genetically manipulated mice are commonly used to study biological processes. Their genes
can be manipulated including so-called humanized mice that carry inserted human genes. An
injury technique that consistently creates significant stromal scars in mice will complement
the current techniques used that apply chemical injuries and laser ablation in the study of
stromal trauma and wound healing. This is particularly relevant for research using transgenic
mice and novel pharmaceutical compounds.

The quantification of corneal opacity severity has some subjectivity and is dependent on
several variables. The use of photographic and histological evaluation has the advantage of
simplicity but modern corneal imaging techniques like in vivo confocal microscopy and
optical coherence tomography of the anterior segment are very helpful in objectively
characterizing formed scars in terms of scar depth, size and density [18,28]. Photographic
imaging is advantageous when multiple experienced observers cannot be present at the same
time and place. In vivo examination and grading of corneal opacities can be easily done
using a standardized illumination technique. However, mouse heart beat and unintentional
mouse movements can preclude the acquisition of high quality photographs. We have
commonly taken photographs with live mice and with mice under general anesthesia to
evaluate and grade corneal scarring using our grading scale, but the rapid development of
cataracts after anesthesia induction hinders interpretation. Our results show that evaluation
of scar tissue by the same observer on two different occasions and by two different observers
on two different occasions had a high percentage of agreement. Photographic evaluation by
experienced observers appears to be a valid method to asses and grade scar formation in
mice corneas.
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The formation of stromal scars in the mouse, compared to other mammal models (e.g.
primates and rabbits), is unique due to biological factors like reduced keratocyte
transformation to myofibroblasts that is noted even in the presence of significant matrix
disorganization [29]. The mouse stroma following injury is rarely populated by a-SMA
positive myofibroblast, a cell type that plays a major role in scar formation in other
mammals, and a cell type that is considered the hallmark of scar formation [29,30]. We
allowed ~4 weeks post injury before evaluating scar formation, based on previous reports
that established this time as optimal in mice [18,30]. Interestingly, we did not find
myofibroblasts in scars grades 0 and 1 and the expression was very mild in scars grade 2. In
contrast, we found that dense and vascularized scars with severe matrix disruption had
significant myofibroblast presence, scar grade 3, see Table 1.

A panel of extracellular matrix components was chosen to further evaluate matrix
organization, tissue and basement membrane regeneration and angiogenesis. Second
harmonic generation imaging was also an ideal means of evaluating changes in hierarchical
organization. It also provided a more comprehensive assessment of the changes in the
injured matrix.

We found some variation in the severity of matrix disorganization within the models of
stromal injury. Such variation in wound healing is expected even within a homogeneous
population of animals given normal biologic disparities. What factors go into creating these
variations is not well understood. One contributing factor is the unavoidable minimal
variation in surgical technique, even when surgeries are performed by the same surgeon
using a standardized protocol. Infinitesimal differences can exist in even the strictest of
inbred animals that result in dissimilar responses to injury.

Why were the burr and burr/keratotomy surgical technique models more effective in creating
a desirable scar? [18,30] We hypothesize that a combination of events occurred. First,
disruption of basement membrane [31] combined with loss of normal corneal structural
integrity and loss of tensile strength were created by the stromal cut. This activates an
inflammatory and repair response that resulted in scar. Interestingly, a single partial
thickness keratotomy incision was not enough to induce scar formation. We also think that
the two techniques described in this manuscript are relevant models akin to injuries from
trauma.

The technique used in this study to create scars and to grade these alterations has limitations.
A sophisticated custom-made blade was needed to create a partial keratotomy and avoid
perforation in these thin corneas. Technically, practice was required to reliably apply force to
the cornea during stromal debridement to create scars consistently. Finally, the relevant
techniques described in this manuscript add to multiple mechanisms of injury that cause
stromal scars, but the findings extrapolated from this technique does not necessarily
correspond to any specific type of corneal injury. The modified Fantes grading system we
propose is simple and easy to adopt by other researchers. It adds to other classification
systems but does not take into consideration the use of sophisticated imaging technologies
that incorporate other scar parameters like depth of involvement.
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In conclusion, we describe a mouse model of corneal stromal injury that simulates common
forms of scar found in clinical practice after severe corneal injury. In our models, the
severity of scar density as graded by 2 independent observers often is associated with greater
stromal matrix disorganization and cellular infiltration.
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Fig. 1.
A custom-made diamond blade with 70 pm guarded depth to avoid stromal perforation was

used in these experiments.
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Fig. 2.
Photographs illustrate different surgical techniques used to induce scar formation. A

horizontal cut, technigue 1 (A), horizontal abrasion into the stroma, technique 2 (B), and
central cut and abrasion on both sides, technique 3 (C). Dash lines symbolize abrasion to the
stroma with an AlgerBrush Il burr. Arrowheads show keratotomy. Scar formation in the
three surgical injury models studied. Different examples of scar tissue obtained by a
horizontal cut into the stroma, technique 1 (D and G), horizontal abrasion technique 2 (E and
H), and central cut and abrasion on both sides, technique 3 (F and I).
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Scar Grade

™M T2 T3

Plot shows differences in scar formation between the three different techniques. T1: partial
keratotomy, T2: horizontal abrasion only, T3: central cut and abrasion on both sides.
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expression of
collagen .

Image of an
uninjured eye.

Normal expression
of collagen IV.

No fibronectin Jli=N
expression.

No CD31

expression. and expression

of biglycan.

No a-SMA
expression.

Normal CD68 epYa:)
expression in the
stroma. (Positive

cells are rarely
found)

Fig. 4.
Comparison of stromal matrix organization, neovascularization and macrophage infiltration

in a normal uninjured adult eye.
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Image of afF# \ ) Type | collagen
typical grade 1 5= - y distribution in the
scar. v stroma is slightly
— distorted by the
injury.

Slight increase in [l Slight increase in
fibronectin type IV collagen
expression. expression.

CD31 is not Unchanged
expressed in the distribution and
stroma. expression of
biglycan.

a-SMA is not
expressed in the
stroma.

Normal CD68
expression in the
stroma. (Positive
cells are rarely
found)

Fig. 5.
Comparison of stromal matrix organization, neovascularization and macrophage infiltration

in an eye classified by masked examiner as mild scar, grade 0.
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Collagenl|
distribution in the
stroma is distorted
by the injury.

Image of a
typical grade 2
scar.

Moderate to severe
increase in collage IV
expression.

Moderate increase
in fibronectin
expression.

Biglycan in the
stroma is moderately
distorted by the
injury.

Slight increase in
CD31expression
in the stroma.

Slight increase in
a-SMA expression
in the stroma.

Slight increase in
CD68 expression
in the stroma.

Fig. 6.
Differences in stromal matrix organization, neovascularization and macrophage infiltration

become more notorious between an eye classified as grade 1.
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Image ofar L e SR Collagen |
typical grade 35 SRR S N distribution in the
injury. 3 N stroma is severly

distorted by the
injury.

Severe increase in
collagen IV
expression in the
Stroma.

Severe increase EN
in fibronectin
expression in the
stroma.

Biglycan in the
stroma is moderately
distorted by the
injury.

moderate increase [apkl
in CD31 expression
in the stroma.

Moderate to severe
increase in a-SMA
expression in the
stroma.

Moderate increase j{€X
in CD68 expression
in the stroma.

Fig. 7.
Poor stromal matrix organization, significant neovascularization and macrophage infiltration

in an eye classified by masked examiner as severe scar, (Grades 2 and 3).
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Fig. 8.

Ci?anges in stromal organization in scars of different severity. Normal well-organized matrix
and keratocytes (control normal stroma). More prominent matrix disorganization mostly
localized to the anterior stroma noted in mild and moderate scars (Grades 0 and 1).
Progressive worsening in matrix organization, cellular infiltration and neovascularization in
more dense scars (Grades 2 and 3). Arrows show lamellae organization and asterisks
presumed neovascularization.
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