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2Instituto de Óptica, Consejo Superior de Investigaciones Cient́ıficas, Madrid, Spain
3Wellman Center for Photomedicine, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, United
States

Correspondence: M. Carmen
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PURPOSE. To evaluate corneal wound healing after treatment with a new collagen crosslinking
protocol using rose bengal dye and green light (RGX).

METHODS. One cornea of 20 New Zealand rabbits was de-epithelialized (DE) in an 8-mm
diameter circle and, in another group (n ¼ 25), the DE corneas were then stained with 0.1%
rose bengal for 2 minutes and exposed to green light (532 nm) for 7 minutes (RGX). The
contralateral eyes without treatment acted as controls. The animals were clinically followed
including fluorescein staining and pachymetry. Healing events were analyzed after euthanasia
at 2, 30, and 60 days. Cell death (TUNEL assay), cell proliferation (5-bromo-2 0-deoxyuridine
incorporation), and cell differentiation to myofibroblasts (a-SMA labeling) were carried out. In
addition, loss of keratocytes and subsequent repopulation of the corneal stroma were
quantified on hematoxylin-eosin–stained sections.

RESULTS. Wound closure was slower after RGX (4.4 days) then after DE (3.3 days). Cell death
was restricted to the anterior central stroma, and the cellular decrease did not differ
significantly between RGX and DE corneas. Cell proliferation in the epithelium and stroma
appeared at 2 days. In both DE and RGX corneas, recovery of the epithelium was complete at
day 30, although cell repopulation of the stroma was not complete at 60 days.

CONCLUSIONS. The healing response in corneas after RGX is very similar to that observed after
DE alone, suggesting that, along with its short treatment time and limited effect on
keratocytes, RGX displays good potential for clinical cornea stiffening.
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Corneal crosslinking (CXL) is currently used to stiffen the
stroma, and thus inhibit the progressive cornea protrusion

characteristic of keratoconus and other ectatic corneal diseas-
es.1–3 This simple and noninvasive technique is based on light-
initiated photochemical reactions that induce formation of co-
valent crosslinks between collagens and between collagen and
proteoglycans.4 A photosensitizer, typically riboflavin (vitamin
B2), is applied to the de-epithelialized (DE) cornea, which is
then exposed to long wavelength ultraviolet light (370-nm UVA)
for up to 30 minutes using the conventional procedure. The
photochemical reaction produces reactive oxygen species and
radicals that induce formation of covalent bonds.5 As a result of
these reactions, protein crosslinking stabilizes corneal biome-
chanics and increases corneal stiffness.6–8

Thin corneas may not contain enough riboflavin to block
the UVA from the endothelium, thus making the procedure
unsuitable for these corneas. For this reason, treating corneas
thinner than 400 lm after epithelial removal is not recom-
mended.9 In addition, the conventional and most widely used
procedure is lengthy, and a tendency toward progression of
keratometry values 24 months after CXL is sometimes reported,
particularly among the pediatric population.10,11

Alternatives, such as the use of hypo-osmolar riboflavin,12

transepithelial corneal CXL,13,14 iontophoresis transcorneal
delivery,15 and accelerated CXL16,17 have been proposed.
However, the safety and efficacy of these procedures is yet to
be well established.18

For these reasons, new crosslinking techniques are being
developed. One new method uses rose bengal (RB) as the
photosensitizer together with green light (532 nm) and only
requires approximately 10 minutes for treatment. Rose bengal
is well known as a diagnostic agent for ocular surface damage. It
has already been used with green light to seal corneal wounds
without sutures,19 to attach amniotic membrane to the ocular
surface20 to repair nerves and blood vessels in other tissues and
for a clinical study of skin wound sealing.21

These studies have shown that RB–green light crosslinking,
termed RGX, creates bonds in stromal collagen fibrils similar to
the mechanism involved in conventional CXL. Previous ex vivo
studies using rabbit eyes have demonstrated that RGX
significantly increases corneal stiffness3 and causes no toxicity
to keratocytes 24 hours post treatment.22 In a recent study of
RGX in vivo in rabbit eyes, the green light level that increased
corneal stiffness was shown to be safe for the retina, as
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evidenced by the lack of damage to the blood–retinal barrier,
the retinal photoreceptors, the retinal pigment epithelium, and
the choriocapillaris.23

In order to further evaluate the safety and effectiveness of
the RGX technique a greater understanding of the post-
treatment healing process is required; thus, necessitating the
use of an experimental animal model. We selected the rabbit
because it has been used as a model of corneal wound healing
after different surgeries, including conventional crosslink-
ing24–27 and RGX.23,24

The goal of the present study was to characterize the
wound healing process after RGX. We compared clinical and
histologic outcomes in RGX and DE rabbit eyes in vivo. Eyes
were followed for 60 days in order to monitor the healing
process.

MATERIALS AND METHODS

The Animal Ethics Committee at the University of Valladolid
approved the animal studies described in this research.
Animals were cared for following the guidelines of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Female adult albino New Zealand rabbits, weighing 2.5 to 3
kg, were supplied by a center listed in the official register as a
provider of lab animals (Granja San Francisco, Navarra, Spain).

Treatment Procedure

Forty-five New Zealand white rabbits were divided into two
groups. Both were anesthetized with an intramuscular
injection of ketamine hydrochloride (37.5 mg/kg, Ketolar;
Parke Davis SA, Barcelona, Spain) and xylazine hydrochloride
(5 mg/kg, Rompun; Bayer, Leverkusen, Germany) in the thigh,
followed by topical application of 0.5% tetracaine hydrochlo-
ride and 1 mg of oxybuprocaine (Colircusi Anestésico Doble;
Alconcuśı SA, Barcelona, Spain).

In one group (20 rabbits), the central corneal epithelium
was manually removed by gentle scraping with a sharp scraper
in the area of an 8-mm diameter circle demarcated by a
trephine (DE group). Contralateral eyes were not DE and were
used as controls.

The second group (25 rabbits) was treated with RGX to
crosslink corneal proteins. After demarcating a central area
with an 8-mm trephine, the epithelial layer was removed.
Sterile RB (0.1% in PBS, 0.5 mL) was then dropped onto the
cornea and the cornea was exposed to green light. The light
source was custom-developed and incorporated a 532-nm laser
that delivered an irradiance of 0.25 W/cm2 (MGL-FN-532;
Changchun New Industries, Changchun, China) with a
collimating lens that provided an 11-mm Gaussian profile
beam at the cornea surface.3,22

The RGX protocol involved staining the DE cornea surface
for 2 minutes with sterile RB, next irradiating for 200 seconds,
followed by 30-second staining with RB, and then a second
green light irradiation for 200 seconds. Total fluence was 100 J/
cm2. The cornea was lightly misted periodically with sterile
PBS to prevent drying during light exposure. The limbus was
shielded from the laser beam by an approximately 11-mm ring
placed immediately in front of the cornea. The contralateral
eye, which was neither DE- nor RGX-treated, was used as a
control.

Clinical Course

The anterior segment of the eyes was evaluated with a surgical
microscope (Leica M220 F12; Leica Microsystems, Nussloch,

Germany) before and after treatments and at different time
points (1, 2, 3, 4, 15, 30, and 60 days, immediately prior to
euthanasia). In the clinical follow-up, the epithelial wound was
stained by sodium fluorescein (Fluotest; Alcon, Cusi, Barcelo-
na) every day until epithelial closure. Conjunctival hyperemia
was quantified from 0 to 4 according to the Efron Scale for
hyperemia.25 Corneal pachymetry was carried out with an
ultrasonic pachymeter (Corneo-Gage Plus; Sonogage, Inc.,
Cleveland, OH, USA).

Tissue Processing and Light Microscopy

Animals were euthanized on days 2, 30, and 60 after treatments
by intracardiac injection of sodium pentobarbital (Dolethal
0737-ESP; Vetoquinol, Madrid, Spain) under general anesthesia.
Eyes were enucleated and divided into three groups: group 1,
DE eyes (DE); group 2, RGX-treated eyes (RGX); and group 3,
contralateral untreated eyes (control). They were then fixed
with 4% buffered paraformaldehyde and embedded in paraffin.
Sections, 5-lm thick were stained with hematoxylin-eosin (H-
E). Sections were examined under an Olympus BX41
microscope (Olympus Life Science, Hamburg, Germany) and
photomicrographs were obtained with an Olympus DP20
Digital Camera. Quantitative measurements of the photographs
were taken using the program Cell A (Olympus Soft Imaging
Solutions GmbH, Münster, Germany).

Cell Counting

In each cornea, three measures of corneal full thickness were
taken at 340 magnification. All the H-E stained cells were then
counted at 3100 magnification using the Touch Count function
from Cell A software (Olympus Soft Imaging Solutions GmbH)
in three columns of 90,000 lm2 (from epithelium to
endothelium) in the center of the cornea (wound in DE and
RGX) and limbus. Each column was divided into anterior,
medial, and posterior layers, each approximately 30,000 lm2.
Layers were 146-lm thick in the control and RGX, and 176-lm
thick in DE because of the greater thickness of the DE corneas.
All H-E-stained sections were prepared identically to facilitate
comparison.

Cell Death: TUNEL Assay

In order to detect DNA fragmentation associated with
apoptosis, TUNEL assays were performed in deparaffinized
sections following the manufacturer’s instructions (TUNEL,
G3250; Promega Corp., Madison, WI, USA). Nuclei were
counterstained with 4 0,6-diamino-2 phenylindole (DAPI;
D9542; Sigma-Aldrich, Munich, Germany). TUNEL assay
sections were examined with a Leica confocal microscope
and Leica Application Suite Advanced software (Leica TSC SP,
Wetzlar, Germany). All samples were examined with a 310
lens.

Cell Proliferation

One hour before euthanasia, the animals received an intramus-
cular injection of 5-bromo-2 0-deoxyuridine (BrdU; Sigma-
Aldrich), a DNA synthesis marker (10 mg/mL, 5 mL/kg).
Sections were deparaffinized and treated with 2N HCl for 1
hour, then incubated with mouse monoclonal IgG anti-BrdU
(DakoCytomation, Carpinteria, CA, USA) for 30 minutes at
room temperature. The secondary antibody was fluorescein
goat anti-mouse IgG (1:100; Molecular Probes, Leiden, The
Netherlands) in Tris-buffered saline. Control sections were
prepared by omission of the primary antibody.
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Myofibroblastic Differentiation

Myofibroblasts were identified by staining with anti-a-SMA
monoclonal antibody (mouse clone 1A4; Dako, Glostrup,
Denmark). The secondary antibody was Texas red goat anti-
mouse IgG (Molecular Probes). Nuclei were stained with DAPI
(Molecular Probes). Limbal blood vessels were used as positive
controls, and omission of the primary antibody provided
negative controls. Immunofluorescence sections were exam-
ined under an Axiophot fluorescence-incorporated micro-
scope (Zeiss Axiophot HB0-50; Carl Zeiss, Oberkochen,
Germany) and photomicrographs were captured using the
AxioCam HRc Digital Camera and Axiovision release 4.8
software (Carl Zeiss).

Inflammatory Cell Infiltration

Inflammatory cells were labeled with Mac-1 CD11b antibody
(NB600-1327; Novus Biologicals Europe, Abingdon, UK). This
antigen is present on macrophages, granulocytes, natural killer
cells, and blood monocytes. Slides were incubated with
monoclonal mouse antibody overnight at room temperature.
Primary antibodies were detected by mouse ExtrAvidin
Peroxidase Staining Kit antibody produced in goat (Extra2-
1KT; Sigma-Aldrich) following the supplier’s instructions. A
solution of 3,30-diaminobenzidine (Sigma-Aldrich) was used as
a precipitating substrate to locate peroxidase activity.

Statistical Analysis

Variables were analyzed by calculating the mean, SD, coeffi-
cient of variation, maximum and minimum values, asymmetry,
and coefficient of kurtosis. After defining these parameters,
variances were compared using the Levene test. If variances
were equal, an ANOVA table was used to test the equality of
the means. If the variances were different, then the Kruskal-
Wallis test was used to compare the equality of the medians. A
multiple range test was also used to determine which means
were significantly different from others. Statistical analyses
were performed using R program version 3.3.1 (R Core Team
2016. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.
Available in the public domain, http://www.R-project.org/). P

values less than 0.05 were considered to be statistically
significant.

RESULTS

Clinical Results

Fluorescein testing was positive for 24 hours after treatments
and every day until 3.25 6 0.46 days in DE eyes and at 4.36 6

1.36 in RGX. This difference between groups was statistically
significant (Fig. 1).

There was slight grade 1 6 0.53-bulbar conjunctival
hyperemia in the DE group and 1 6 0.63 in the RGX group
after 24 hours, which then decreased to grade 0 in both groups
at the end of follow-up. There were no statistically significant
differences between groups at any time (Fig. 2).

After 2 days, all central corneas in the DE group were
transparent. After RGX, a slight rose-colored stain of the
anterior corneal stroma appeared at day 1 and remained until
the end of the study (Fig. 3).

Cornea thickness by pachymetry was measured from
presurgery until day 60 and were maximum at day 2, then
decreased until day 4, and remained at this level on days 30 and
60. On day 4, the RGX group reached a similar value to that of
control, while the DE group maintained the edema and showed
statistical differences with the control and RGX groups (Fig. 4).

Corneal Morphology

Hematoxylin-Eosin Sections. After 2 days, in both DE
and RGX groups the epithelium did not cover the stroma and
was very friable. In both groups, the anterior zone of the
stroma was devoid of keratocytes, and some cellular debris
could be seen (Figs. 5A, 5B). The endothelium was well
preserved and no evidence of edema in the posterior stroma
was observed.

After 30 days, the epithelium thickness increased: three or
four layers could be observed in DE corneas, while two or
three layers were seen in RGX corneas. The corneal stroma in
both groups was repopulated with new cells distributed in an
irregular arrangement. The endothelium in both groups was
similar to that of control eyes (Figs. 5D–F).

At 60 days, the epithelium of DE corneas remained
hyperplasic and the stroma was similar to control eyes with a
slight edema. Rose bengal–green light crosslinking corneas
showed a normal epithelial layer although a subepithelial strip
of 27.89 6 8.04-lm thickness without cells was apparent. The
remaining stroma maintained a similar structure to that of
controls (Figs. 5G–I).

FIGURE 1. Wound closure. Comparison of wound closure time between DE corneas and corneas treated with RGX by fluorescein staining. Graphic
of statistical data *P � 0.001.
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After 2 days, the conjunctiva displayed a similar epithelium in
both groups and an inflammatory hypercellularity, which
morphology correspond with neutrophils and was observed in
the lamina propria from the RGX corneas. De-epithelialized
corneas did not show this characteristic (Fig. 6). These cells are
CD 11b positive (Fig. 6 for details). After 1 month, the hyper-
cellularity disappeared in the conjunctiva of RGX-treated eyes.

Corneal Thickness. Corneas from both DE- and RGX-
treated eyes showed edema at day 2 that remained in DE
corneas until the end of the study. The corneal thickness in the
DE corneas was significantly different from that of the RGX and
control groups on days 30 and 60. Corneas treated with RGX
were slightly thinner than control corneas after 30 and 60 days,
but this difference was not statistically significant (Fig. 7).

Epithelial Thickness. After 2 days re-epithelization was
greater in DE than in RGX corneas. In RGX corneas, the
epithelium was nonexistent or was only a thin layer leading to
significant differences in thickness compared with DE corneas.
After 30 days, re-epithelization of RGX corneas nearly reached
the thickness of control corneas. However, DE corneas showed
a hyperplasia that was significantly different compared with
the two other groups. At 60 days, the difference between RGX
and control was not significant although the DE corneas
significantly differed from both the control and RGX corneas
(Fig. 8). The epithelial thickness of the area close to the limbus
showed no differences in mean values between groups at any
point (data not shown).

Cell Population in the Stroma. At day 2, RGX and DE
corneas showed prominent losses of keratocytes. The mean

number of stromal cells in the center of the wounded corneas
showed a significant decrease compared with the control.
Although the mean cell number value for RGX was slightly
lower than that of DE, the difference of their means was not
significant.

Cell recovery was similar after both treatments without
reaching the control value at day 30 and day 60. Significant
differences with the control were found at 30 and 60 days,
although there were no significant differences between the
two treatments (Fig. 9A).

The stromal cells in the limbal zone were not affected in
either of RGX and DE corneas, because both showed similar
cell number cells to that of the control. Oddly, at day 60 the
number of stromal cells in RGX-treated corneas had decreased
significantly (Fig. 9B).

Because the depth of the damage is very important, we
quantified the number of cells per millimeters squared in three
areas in the central cornea, namely, anterior, middle, and
posterior levels (30,000 lm2 each), after 2 days as well as cell
recovery after 30 and 60 days.

In the anterior area in the central stroma (to a depth of 146
lm in control and RGX, and 176-lm DE), at 2-days post
treatment there was major depletion of cells with significant

FIGURE 2. Conjunctival hyperemia. Time course of conjunctival hyperemia after DE or treatment with RB as assessed using the Efron Scale for
hyperemia.

FIGURE 3. Microscopic image showing one DE cornea (A) and the
characteristic rose staining in RGX group at the end of the study (60
days) (B). Arrows show limits of pink corneal stain.

FIGURE 4. Measurements of central cornea thickness using pachyme-
try from preinjury to 60 days post surgery. *P � 0.001; #P � 0.01; †P �
0.05.
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differences in the number of cells between control and the two
treatments as well as between the two treatments (Fig. 10A). At
30 and 60 days after treatment, the cell density of RGX- and DE-
treated tissue was partially recovered, showing significant differ-
ences with the control, but not between DE and RGX corneas.

In the middle area, there were no significant differences in
the mean number of cells or among the groups at the different
times analyzed (Fig. 10B).

No differences in the number of cells in the posterior area
were observed at 2- and 60-days post treatment between the

FIGURE 5. Corneal sections stained with H-E from DE and RGX eyes. (A, B) Two days post treatment shows cell depletion in both DE- and RGX-
treated eyes. (C) Untreated control cornea. (D, E) Thirty days post treatment shows repopulation of keratocytes. (F) Untreated control cornea. (G,
H) Sixty days post treatment shows epithelial hyperplasia in DE corneas and regular distribution of keratocytes in both DE and RGX corneas. (I)
Untreated control cornea.

FIGURE 6. Conjunctival sections stained with hematoxylin from DE and RGX eyes 2 days after treatment, 3100 magnification, scale bar: 50 lm. In
detail, arrowheads indicate inflammatory cells labeled with CD11b antibody, 3400 magnification, scale bar: 20 lm.
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two treatments and the control (Fig. 10C). However, at day 30,
a decrease in the number of cells in DE corneas was observed
compared with the control, as well as an increase in the
number of cells in RGX corneas, leading to significant
differences between DE and RGX.

Cell Death

Two days after RGX or DE, cells showed labeling with the
TUNEL technique in the anterior stroma (Fig. 11). This area
coincided with the area scraped to remove the epithelium. The
appearance of the fluorescent label differed between DE and
RGX. De-epithelialized corneas showed chromatin fragmenta-
tion with membrane bound structures, suggesting apoptotic
bodies, which are visualized by faint fluorescence. Rose
bengal–green light crosslinking corneas showed cell shrinkage
and chromatin condensation that is visualized as strong
fluorescence. This difference indicates that apoptosis occurred
in DE corneas with a slightly different time course than in RGX
corneas. At day 30, some scattered labeled cells were seen in
the middle stroma. At day 60, no labeled cells were found.

No endothelial TUNEL-positive cells appeared. Some
labeled cells were observed on the surface of the epithelium
and in the lamina propria of conjunctiva. No TUNEL-positive
cells were observed in the iris or retina.

Cell Proliferation

At day 2 after de-epithelialization or RGX treatment, prolifer-
ation of the epithelium, as detected by BrdU labeling, was

located in the limbus (Figs. 12C, 12F) as well as in the recently
formed epithelium in the intermediate area (Figs. 12B, 12E)
and close to the wound (Figs. 12A, 12D). Fibroblast prolifer-
ation started below the epithelium. No BrdU-positive cells
were seen at this time in the posterior stroma and no BrdU-
positive cells were observed on day 30 or 60.

Myofibroblast Differentiation

No a-SMA–positive cells (myofibroblasts) were observed at
either 30 or 60 days in RGX or DE corneas. The artery walls in
the limbus were used as positive controls for a-SMA
immunohistochemistry.

DISCUSSION

The results of this study indicate that major aspects of cornea
wound healing after RGX treatment were the same or very
similar to those occurring after DE alone. These aspects
include, for stromal healing, the kinetics and magnitude of cell
repopulation below the wound over the 60-day healing period,
stromal cell death by apoptosis, and the absence of myofibro-
blast development. However, DE corneas remained edematous
for 60 days, whereas RGX-treated corneas returned to normal
more rapidly and RGX produced a narrow anterior strip of cell-
free stroma that was absent after DE only. For epithelial
healing, wound closure on RGX-treated corneas was only
modestly delayed compared with DE corneas and healing
produced a normal epithelium in RGX corneas compared with
a hyperplastic epithelium after DE only.

This study took the approach of comparing healing
processes after RGX treatment with that after DE alone in
order to allow any additional effects RGX to be identified. We
have also compared, in this discussion, our results with the
extensive literature reports of healing after the currently used
treatment, conventional CXL.26–29

During clinical follow-up, edema measured by pachymetry
increased rapidly after treatment with both RGX and DE,
although at day 4 the RGX-treated corneas recovered to values
close to the control values, whereas DE corneas displayed a
significant increase that remained throughout the 60-day study
(Fig. 4). In conventional CXL, the edema was described as
being clinically high for up to 7 days in an experimental rabbit
model28 and high up to 2 weeks using high-definition optical
coherence tomography, ultrasound and dual Scheinmplug
tomography in humans due to transient mild endothelial
decompensation.30,31 However, 2 months later, corneas had
no edema at slit-lamp in a rabbit eye study.26 Corneal
thickness measured on H-E sections also showed continued
thickening in DE corneas for up to 2 months, while RGX led to
cornea slimming (Fig. 6), similar to the thinner corneas
reported by Wollensak and Iomdina32 after conventional
riboflavin CXL.

Clinical inflammatory signs of hyperemia were noticeable in
RGX corneas, which is consistent with vessel injection and
inflammatory infiltrates. In conventional CXL, no increase in
vessel injection and no inflammatory infiltrates were report-
ed.33

A light pink color remained in the stroma of RGX-treated
corneas until the end of the experiment (Fig. 3), which was
faint compared with the color prior to irradiation. Interestingly,
this color is not visible when RB is used to stain corneal ulcers
or filaments of mucus in dry eye and other corneal
diseases,34–36 likely because the epithelial mucin layer does
not allow penetration of this dye through the epithelium to the
stroma where it associates strongly with collagen.

FIGURE 7. Corneal thickness measured on the corneal sections
obtained 2, 30, and 60 days post treatment. Sections were stained
with H-E. †P � 0.05.

FIGURE 8. Epithelial thickness evolution after DE and RGX treatments.
*P � 0.001.
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Other similarities between healing of RGX- and DE-treated
corneas were found by histology. The first stromal event in the
wound healing process, apoptosis, and loss of keratocytes,37

showed little difference between DE and RGX corneas.
Previous studies have described apoptosis after conventional
CXL,26–29,38 and Wilson and Moller-Pedersen39,40 have de-
scribed it in DE corneas, although study times differed
substantially. We chose 2 days for our study because at this
time point, in our experience,41,42 apoptosis and proliferation
coincide. We were thus able to minimize the number of
animals for the study. The TUNEL assay after RGX and DE
showed limited cell damage localized in the anterior central
area of the stroma similar to the results obtained by Wilson et
al.,40 in a study of epithelial debridement. In contrast, highly
variable results have been reported for apoptosis after
conventional CXL from apoptosis throughout the whole
stroma including the endothelium,26,28 to means of 38.7
cells/3400 TUNEL-positive cells27 or 200 TUNEL-positive
cells/340026 without reference to depth. Esquenazi et al.38

localized apoptosis in the anterior 250 lm of the stroma.
Cell death produced a zone depleted of keratocytes in the

anterior portion of the stroma as shown in Figures 5A, 5B, 10A,
and 10B. The total number of keratocytes in the central cornea
on day 2 showed a decrease, with no difference between RGX
and DE (Fig. 9A) although the decrease on day 2 in the anterior
area (~146 lm) of the cornea was significantly greater for RGX
than for DE (Fig. 10A), consistent with a prior report.23 Rose
bengal has been shown to diffuse only approximately 120 lm
into the DE stroma and, consequently, would affect the cells
mainly in this region.22

The second event in the wound healing process is
regeneration of the damaged cornea. First, the epithelium
and then the stroma must be repopulated. Two biological
events are required for this, namely, proliferation and migration
of activated cells. Epithelial regeneration requires the integrity
of limbal stem cells and for this reason we protected the
limbus. As shown in Figure 12C, the limbal stem cells were
BrdU (a proliferative marker) positive. However, as mentioned
above, the migration of epithelial cells was slower in RGX than
in DE corneas. The reason for this is not clear. However, the
epithelium thickness recovers after RGX until nearly control
values at day 60. On days 30 and 60, DE corneas displayed
hyperplasia (Fig. 8) as described in Wilson et al.37 in healing
after photorefractive keratectomy.

Stromal cell proliferation commenced 2 days after either
RGX or DE as shown by the BrdU-labeled cells in the stroma
(Figs. 12B, 12E). Stromal repopulation was rapid during the
first 30 days, although not enough to reach the control
number even after 60 days in both RGX and DE corneas. Our

FIGURE 10. Number of cells in the central cornea, where the wound
was localized, in bands at varying depths in the stroma and at varying
times pre- and posttreatment. (A) Anterior one-third of the stroma, (B)
middle one-third, (C) and posterior one-third. *P � 0.001; #P � 0.01;
†P � 0.05.

FIGURE 9. Total cell number in the stroma of DE- and RGX-treated corneas in (A) the wounded central corneal and in (B) the untreated limbal area
as a function of time after treatment. *P � 0.001; #P � 0.01; †P � 0.05.
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previous study had shown that repopulation was the same
after both RGX and DE, although no comparison was made to
eyes that had not been DE.23 Using conventional CXL
treatment, at 6-weeks28,43 and 2-months26 post treatment,
the number of stromal cells had fully recovered, although
Esquenazi et al.38 observed migration of activated keratocytes
10 weeks after conventional CXL treatment. When studying
DE by confocal microscopy, Moller-Pedersen et al.39 described
images similar to pretreatment patterns of images 3 months
later. In patients, confocal microscopy has shown a significant
reduction in anterior keratocyte density, compared with
preoperative values, 12 months later.44 It is therefore possible
that a long process is needed to reach pretreatment cell
number.

Simultaneous with proliferation, activated stromal cells
migrate into the cell-depleted stroma. With green light energy,
RB applied to the stroma leads to chemical bonds between
collagen molecules or other stromal macromolecules.23 These
junctions between collagen and macromolecules in the
extracellular matrix could slow down keratocyte migration
and cell repopulation in the approximately 25- to 30-lm cell-
depleted strip at the anterior surface that was observed on
histology (Fig. 5F).

Finally, neither DE nor RGX showed myofibroblast differ-
entiation as no a-SMA–positive cells were found at any time in
our study. This observation contrasts with the results reported
for conventional CXL.26,27,38

Increased corneal stiffness after RGX was initially estab-
lished in ex vivo studies using extension tensiometry and
Scheimpflug air puff corneal deformation imaging. More
recently, increased stiffness after in vivo treatment has been
shown to remain for 123 and 2 months.24 In addition, the
deformation parameters of RGX corneas have been shown to
be lower than those of the control and even after conventional
CXL because of the greater effect of RGX on the anterior
approximately 120 lm of stroma where RB localizes.24 These
results indicate that, despite wound healing involving cell
proliferation, cell migration, and remodeling of the extracellu-
lar matrix, the bonds established between the collagen fibers
by RGX are robust.

Taken together, the results of this study indicating very
similar healing processes after RGX compared with DE alone,
the results of a previous study indicating that the RGX
treatment conditions do not cause retinal damage23 and the
ability of RGX to stiffen corneas by CXL only near the anterior
surface22–24 suggest that RGX may be a good treatment for

FIGURE 12. Cell proliferation detected by BrdU labeling 2 days after DE (A–C) or RGX (D–F). (A, D) Sections taken from the region close to the
wound. (B, E) Sections taken from the area between the wound and the limbus. Arrows point to BrdU positive fibroblasts. (C, F) Sections from the
limbal zone.

FIGURE 11. Cell death in corneas 2 days after DE (arrowheads point to apoptotic bodies) or RGX (arrows show bright cells in condensated nuclei)
as assessed by the TUNEL assay.
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advanced stage keratoconus and post-LASIK ectasias, particu-
larly of those eyes with thin corneas.
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