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Abstract

PURPOSE—To compare the effects of topical cyclosporine A 0.05% (Restasis) with those of
prednisolone acetate 1.00% (Pred Forte) on corneal haze after photorefractive keratectomy (PRK).

SETTING—Gavin Herbert Eye Institute, University of California, Irvine-Orange, California,
USA.

DESIGN—Experimental study.

METHODS—After —9.00 diopter PRK, 15 rabbits were divided into 3 groups and treated for 4
weeks with prednisolone acetate 1.00% or cyclosporine A 0.05% or neither (control). Corneal
haze was measured by in vivo confocal microscopy preoperatively and 2, 4, 6, 8, and 12 weeks
postoperatively. At 12 weeks, the corneas were evaluated for collagen organization by ex vivo 2-
photon second-harmonic generation and stromal cell density.

RESULTS—Corneal haze was significantly less in the prednisolone acetate group than in the
cyclosporine and control groups during the first 6 weeks postoperatively (P < .02). At 8 weeks,
there was no significant difference between the 3 groups. There was no significant difference in
haze between the cyclosporine group and control group at any time. The stroma was also
significantly thinner in the prednisolone acetate group than in the other groups for the first 4 weeks
postoperatively (P < .02). Second-harmonic generation scar thickness measurements at 12 weeks
were not significantly different between the groups, although the prednisolone acetate group
tended to have lower stromal cell density.

CONCLUSION—Cyclosporine A 0.05% had no effect on wound healing after PRK, while
prednisolone acetate 1.00% significantly reduced peak corneal haze but had no effect on long-term
corneal haze after discontinuation of the drug.

Photorefractive keratectomy (PRK) and laser in situ keratomileusis are commonly used
procedures to correct refractive errors. However, opacification of the anterior stroma, better
known as corneal haze, is a potential postsurgical complication that causes reduced contrast
sensitivity, glare, and, in severe cases, reduced visual acuity.12 Clinically significant haze
occurs in 0.5% to 5.0% of cases.3 Studies®® have shown that corneal haze is associated
with the activation, migration, and differentiation of stromal keratocytes to corneal
myofibroblasts that markedly scatter light and are seen as brightly reflecting cells by in vivo
confocal microscopy. Myofibroblast differentiation is also known to be caused by the
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release of transforming growth factor-p (TGF-f), which leads to down regulation of
keratocyte crystallin protein expression of transketolase and aldehyde dehydrogenase
3A1/1A1, which is thought to regulate stromal cell light scattering.’” Furthermore, blocking
TGF-B-induced myofibroblast differentiation using neutralizing antibodies significantly
reduces corneal haze after PRK.8

Infiltrating leukocytes and monocytes are a major source of TGF-B during wound healing
and are generally thought to be involved in keratocyte activation and myofibroblast
differentiation. To reduce the inflammatory response, postoperative topical steroidal agents,
such as prednisolone acetate 1.00% (Pred Forte), are the current standard of care in the
United States. These agents delay corneal wound healing and the appearance of
myofibroblasts. However, the efficacy of steroid treatment remains questionable. In addition
to its use after photorefractive surgery, prednisolone acetate 1.00% is used broadly for
prophylaxis of inflammation after ocular surgery and for steroid-responsive inflammation of
the conjunctiva, cornea, and anterior segment. Corticosteroidal agents, used cautiously, are
some of the most potent and effective modalities of treatment available for ocular
inflammation.® However, cataract and elevated intraocular pressure are reported as adverse
effects secondary to the use of steroidal agents.10-21 As alternatives to steroid therapy,
studies have evaluated the effects of nonsteroidal antiinflammatory agents,22-2% tranilast,26
cysteine,2’ and antioxidants such as vitamin E, among others.28

Cyclosporine A is an immunosuppressant with widespread use to control rejection of organ
transplants and to treat autoimmune and inflammatory conditions. The mechanism of action
includes inhibition of activation of T-lymphocytes and inhibition of apoptosis in a variety of
cells.2? Ophthalmic use of cyclosporine formulated by a pharmacy with doses between
0.05% to 2.00% has been useful for several ocular inflammatory and immune diseases such
as Sjogren syndrome, vernal keratoconjunctivitis, atopic keratoconjunctivitis, Theodore
superior limbic keratoconjunctivitis, childhood ocular rosacea, Thygeson keratitis, Herpes
simplex virus, Mooren ulcer, and corneal allograft rejection among others.30 In particular,
cyclosporine has proven efficacious against inflammation associated with dry-eye
disease.30-32 The purpose of this study was to evaluate whether a topical cyclosporine
formulation (cyclosporine A 0.05% ophthalmic emulsion [Restasis]) that has been
commercially available as a U.S. Food and Drug Administration—approved treatment for
dry-eye syndrome is effective in reducing corneal haze compared with the standard topical
steroid treatment (prednisolone acetate ophthalmic suspension 1.00%) after PRK in rabbits.

MATERIALS AND METHODS

Rabbits

Fifteen rabbits were used in this study. All procedures were approved by the University of
California—Irvine Institutional Animal Care and Use Committee and conducted in
accordance with the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research.

Rabbits were anesthetized with intramuscular injections of xylazine (5 mg/kg) (Anased) and
ketamine (22 mg/kg). Tetracaine hydrochloride 0.5% eyedrops were instilled into each right
eye, and a speculum was used to open the eyelids. An 8.0 mm trephine (Bausch & Lomb)
was used to mark the central cornea, after which the epithelium was removed with a Bard
Parker #11 surgical blade (Becton Dickinson AcuteCare). Next, 6.00 mm diameter, —9.00
diopter PRK was performed using a LadarVision excimer laser (Alcon Laboratories, Inc.).
After surgery, rabbits were randomly assigned to 1 of 3 groups of 5 rabbits each to receive
prednisolone acetate 1.00%, cyclosporine A 0.05%, or neither (control). Prednisolone
acetate 1.00% was administered 4 times a day during the first week and tapered over the
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next 3 weeks. Cyclosporine A 0.05% was administered twice a day for 4 weeks. In addition,
eyes received topical gentamicin sulfate 3 times a day for 3 days and intramuscular
buprenorphine (Buprenex, 0.1 mg/kg) twice a day as needed for relief of pain. After 12
weeks, the rabbits were humanely killed by an intravenous injection of sodium pentobarbital
and phenytoin sodium (130 mg/kg and 17 mg/Kg, respectively).

In Vivo Confocal Microscopy

Under anesthesia, animals received a baseline scan and were then followed postoperatively
at 2, 4, 6, 8, and 12 weeks using in vivo confocal microscopy to measure corneal thickness
and haze as described previously.33 In vivo confocal microscopy examinations were
performed using a tandem-scanning confocal microscope (Tandem Scanning Corp.) with a
x24 surface-contact objective (numerical aperture, 0.6; working distance, 1.5 mm). One
drop of hydroxypropyl methylcellulose 2.5% (Gonak) was placed on the tip of the objective
as a coupling gel. All camera settings were kept constant throughout the experiment. For
each examination, repeated through-focus data sets were obtained from the central corneal
region to identify the thinnest stromal region or center of the photoablated stromal surface.
Three to 5 through-focus data sets were collected around this region for measurement of
epithelial thickness, stromal thickness, and haze using purpose-designed software described
in an earlier publication.34

Ex Vivo Confocal Microscopy

After the animals were humanely killed, the corneas were fixed by anterior chamber
perfusion with paraformaldehyde 2% in phosphate-buffered saline (PBS) (pH 7.4). After
perfusion, the corneas were dissected and left in 2% paraformaldehyde—PBS overnight.
Corneal blocks (2.0 mm x 2.0 mm) from the central region were then scanned with a 510
Meta laser scanning confocal microscope (Zeiss) equipped with a mode-locked titanium—
sapphire infrared femtosecond laser (Chameleon, Coherent, Inc.) for generation of nonlinear
optical signals. Initially, corneal fibrosis was evaluated by assessing collagen organization
using nonlinear optical second-harmonic generation. This nonlinear signal is generated from
non-centrosymmetric materials, such as collagen, and has been used to measure corneal
fibrosis and assess collagen organization in the cornea.3® Specifically, second-harmonic
generation signals were generated using 800 nm infrared femtosecond laser pulses and the
second harmonic-generation emission signal was collected at 400 nm. Second-harmonic
generation forward-scattered signals passing through the tissue were collected using a 0.8
NA condenser lens with a narrow bandpass filter (400/50) placed in front of the transmission
light detector. The backward-scattered second-harmonic generation signals were detected
using a Meta detector (Zeiss) set to collect 390 to 410 nm bandwidth. After second-
harmonic generation imaging, corneal tissue was stained en bloc with nucleic acid stain
(DAPI, 300 nM, Molecular Probes, Invitrogen) in 50% TD buffer (dimethyl sulfoxide 0.5%,
Triton X 0.5%, dextran 40 2.5% in PBS, pH 7.4) to quantify cell density. Nuclear staining
was then detected by 2-photon excited fluorescence using the femtosecond laser tuned to
740 nm.

Cell Density and Corneal Fibrosis Measurements

Cell density was measured by counting the stromal cell nuclei in the anterior stroma
immediately underlying the corneal epithelium within a volume measuring 225 pm x 225
um x 50 um deep into the stroma as described previously.36 Corneal fibrosis was assessed
using second-harmonic generation by measuring the thickness of the irregular/fibrotic
collagen layer underlying the corneal epithelium as described previously.3® Briefly,
nonlinear optical imaging of second-harmonic generated signals was used to measure the
thickness of the irregular collagen deposited along the anterior corneal surface 12 weeks
after PRK. The thickness of the fibrotic layer was measured by determining the distance
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from the anterior stroma to the interface between fibrotic and normal collagen fibers. A
mean value was then calculated for each image stack and the mean of 3 independent image
stacks was taken to determine the thickness of the fibrotic layer for an individual eye.

Statistical Analysis

All results are reported as the mean + standard deviation. Differences between treatment
groups were assessed by 2-way repeated-measures analysis of variance and Bonferroni
multiple comparisons (Sigma Stat version 3.11, Systat Software Inc.).

RESULTS

Epithelial and Stromal Thickness

After PRK, 14 eyes had an uneventful follow-up. One rabbit in the prednisolone acetate
group developed infectious conjunctivitis that resolved with topical ofloxacin treatment for 7
days. This eye was removed from the study.

Figure 1 and Table 1 show the changes in epithelial thickness. In the control group,
epithelial thickness was not significantly different at any time point after surgery. In the
cyclosporine group, the epithelial thickness was significantly reduced 1 week after surgery
compared with baseline (P =.002); there were no other significant differences between
baseline and any other time point. In the prednisolone acetate group, there was also
significant epithelial thinning 1 week after surgery (P < .005); the epithelium in this group
was significantly thinner than in the other 2 groups (P < .02). The epithelium was also
significantly thinner at the end of prednisolone acetate treatment (4 weeks) compared with
baseline, although there was no significant difference with the thickness in the other 2
groups at that time point. No significant difference was detected between the 3 groups 12
weeks after PRK.

Figure 2 and Table 2 show the changes in stromal thickness. All groups had significant
stromal thinning 1 week after PRK (P < .005), with a gradual return of stromal thickness
over time. The stroma in the prednisolone acetate group, however, showed significant
thinning up to 4 weeks after PRK (P < .005) and was significantly thinner than in the other 2
groups up to 6 weeks after surgery (P < .02). These findings suggest that prednisolone
acetate significantly delayed the normal wound-healing response compared with that in the
control and cyclosporine groups.

Haze Formation

Figure 3 and Table 3 show the changes in corneal haze. In the control group, corneal haze
increased up to 4 weeks after PRK, peaked, and then gradually declined up to 12 weeks,
although it remained significantly elevated above baseline (P <.005). A similar pattern was
observed in the cyclosporine group, with no significant differences between that group and
the control group. Although the pattern was similar in the prednisolone acetate group, the
level of haze was significantly less than in the control and cyclosporine groups from 1 week
to 6 weeks after surgery (P < .02). Furthermore, the level of haze at 12 weeks was not
significantly different than baseline levels in the prednisolone acetate group.

Figures 4 to 6 show in vivo confocal microscopy single images taken within the anterior
stroma (46 um depth from the superficial epithelium) and 3-dimensional (3-D) orthogonal
cabinet projections of rabbit corneas 1, 4, and 12 weeks after PRK in the control group
(Figure 4), cyclosporine group (Figure 5), and prednisolone acetate group (Figure 6). The
single images show anterior stroma containing highly reflective myofibroblasts in the
control group and cyclosporine group eyes. Images from the prednisolone acetate group
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show a noticeable lack of myofibroblasts 1 week and 4 weeks after PRK. Marked light
scattering in the anterior stroma in the orthogonal cabinet projections was also detected in
the control group and cyclosporine group 1 weeks and 4 weeks after PRK; the scattering was
markedly reduced by 12 weeks. In the prednisolone acetate group, increased light scattering
was noticed at 1 week, although it was significantly less than in the control and cyclosporine
groups. The scattering in the prednisolone acetate group declined progressively at 4 weeks
and 12 weeks. Overall, these findings suggest that prednisolone acetate 1.00% treatment
reduced corneal haze by delaying wound healing and the appearance of myofibroblasts in
the wound and confirm the role of cellular light scattering in the development of corneal
haze.

Corneal Fibrosis and Stromal Cell Density

Based on measurements using nonlinear optical imaging of second-harmonic generation
signals, the scar thickness at 12 weeks was not significantly different between the 3 groups.
The mean thickness was 57 £ 11 um in the control group, 55 + 14 um in the cyclosporine
group, and 54 + 9 um in the prednisolone acetate group. These results indicate that although
prednisolone acetate 1.00% reduced light scattering and delayed wound healing and
myofibroblast differentiation, the delay did not affect the long-term wound-healing response
and the deposition of fibrotic tissue after termination of treatment.

Quantification of cell density in the anterior stroma found that eyes in the prednisolone
acetate group had a lower cell density than eyes in the other 2 groups (Figure 7). The mean
measured density just below the epithelium was 43&thinsp;723 + 20&thinsp:490 cells/mm3
in the prednisolone acetate group, 67&thinsp;080 + 29&thinsp;516 cells/mm3 in the
cyclosporine group, and 63&thinsp;077 + 18&thinsp;887cells/mms3 in the control group.
However, there was no significant difference between any of the groups (P = .1), perhaps
because the power of the test with o = 0.050 was 0.242, well below the desired power of
0.800. Nevertheless, the findings suggest that delayed wound healing by prednisolone
acetate 1.00% may suppress the normal cellular infiltration into the wound but does not
affect long-term fibrosis.

DISCUSSION

In this study, we compared the effects of prednisolone acetate 1.00% (Pred Forte) eyedrops
with those of cyclosporine 0.05% (Restasis) on corneal haze, stromal cell density, and
fibrosis. Although steroid treatment significantly delayed corneal wound healing and the
appearance of postsurgical corneal haze during treatment, there was no significant long-term
effect on the deposition of fibrotic tissue or corneal haze. In contrast, cyclosporine 0.05%
had no effect on the development of corneal haze or fibrosis.

Previous studies®8:37 found that repopulation of the anterior stroma with activated
keratocytes and myofibroblasts after PRK increased cellular light scattering and corneal
haze and was dependent in part on the release of the inflammatory cytokine TGF-B.
Modulation of the inflammatory response in the first 72 hours after PRK has also been
shown to reduce corneal haze formation and affect visual outcomes.19:28 In this context,
steroids, well known as antiinflammatory agents that inhibit immune response, collagen
synthesis, and neovascularization, have been used widely to prevent corneal haze. Our data
support this contention and indicate that steroidal agents inhibit the formation of haze during
the first month after PRK. This reduction in haze appears to be due in part to a delay in the
wound-healing response, as evidenced by the significantly thinner corneal stroma up to 4
weeks after surgery. In addition, steroidal agents appear to block the appearance of
myofibroblasts, as seen by the reduction in cellular light scattering in the anterior cornea,
and they significantly reduced the overall level of corneal haze. However, suspension of
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steroid therapy 1 month after surgery was followed by the reappearance of haze at 8 weeks.
Taken together, our study is in agreement with others that report a transient effect of
steroidal agents in reducing haze?! and question the long-term effectiveness of these agents
in preventing corneal haze and loss of visual performance.14-17

Cyclosporine A is thought to inhibit inflammation by reducing proinflammatory cytokines,
markers of apoptosis and activated T-lymphocytes.29:31:38.39 |n our study, topical
cyclosporine A, used at 0.05% twice a day, had no effect on corneal wound healing.
Recently, Shii et at.40 showed that cyclosporin A eyedrops can inhibit fibrosis and
inflammatory cell infiltration in murine type 1 allergic conjunctivitis by affecting the
expression of interleukin (IL)-4, IL-5, and Thy2 cytokine production without suppressing
the expression of TGF-p. This response was different from that of steroidal agents, which
suppressed TGF-p in addition to IL-4 and IL-5. Because TGF-f is a key inflammatory
cytokine that regulates keratocyte activation and myofibroblast differentiation in the cornea,
the lack of effect of cyclosporine 0.05% on corneal haze may be related to its inability to
suppress TGF-p synthesis, TGF-p release, or both. Additional studies are needed to evaluate
whether higher doses of cyclosporine or combined therapy would affect long-term haze
formation after photorefractive surgery.

In conclusion, we suggest that cyclosporine 0.05% has no effect on corneal wound healing
after PRK while prednisolone acetate 1.00% significantly reduces peak corneal haze but has
no effect on long-term corneal fibrosis after its discontinuation.
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Figure 1.

Quantification of epithelial thickness after PRK (* = P < .02 compared with control and
cyclosporine).
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Figure 2.
Quantification of stromal thickness after PRK (* = P < .02 compared with control and
cyclosporine; ** = P < .02 compared with cyclosporine).
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Figure 3.
Quantification of corneal haze after PRK (*= P < .02 compared with control and

cyclosporine; ** P < .02 compared with control).
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Figure 4.

In vivo confocal microscopy through-focusing single images of anterior stroma obtained at
46 pum depth from the surface epithelium and 3-D orthogonal projections of the same eye at
baseline (A) and postoperatively at 1 week (B), 4 weeks (C), and 12 weeks (D) in the control
group. Note the increased reflectivity (arrows) at 1 and 4 weeks after PRK that gradually
returned toward normal at 12 weeks.
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Figure 5.

In vivo confocal microscopy through focusing single images of anterior stroma obtained at
46 um depth from the surface epithelium and 3-D orthogonal projections of the same eye at
baseline (A) and postoperatively at 1 week (B), 4 weeks (C), and 12 weeks (D) in the
cyclosporine group. Similar to the control eyes, there was an increased reflectivity (arrows)
at 1 week and 4 weeks that gradually returned toward normal at 12 weeks.
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Figure 6.

In vivo confocal microscopy through focusing single images of anterior stroma obtained at
46 um depth from the surface epithelium and 3-D orthogonal projections of the same eye at
baseline (A) and postoperatively at 1 week (B), 4 weeks (C), and 12 weeks (D) in the
prednisolone acetate group. Note that that these eyes show much less haze at 1 week (A)
with fewer myofibroblasts in the anterior stroma.
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Figure 7.
Single plane images showing nuclear density (green) of corneas at (A) baseline and in the

(B) control group, (C) cyclosporine group, and (D) prednisolone acetate group. Images were
obtained within the anterior stroma (44 um from the surface epithelium) in the central area
of ablation. Note the reduced cell density in the prednisolone acetate eye.
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Table 1

Epithelial thickness over time.

Mean Epithelial Thickness (um) + SD

Prednisolone
Week Control  Cyclosporine Acetate

Baseline  40+3 40+2 41+2
1 354 30+3" 13+11°t
2 31+4 38+5 31+3
4 34+9 33+5 254+ 7%
6 34+5 33+5 36+6
8 34+3 39+6 39+3
12 38+3 39+5 39+2

Note: All statistical comparisons by 2-way repeated-measures analysis of variance (1-factor repetition)
*

P <.005 compared with baseline in each group

TP < .02 compared with control and

cyclosporine

groups

J Cataract Refract Surg. Author manuscript; available in PMC 2012 May 1.

Page 16



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Nien et al.

Stromal thickness over time.

Table 2

Mean Stromal Thickness (um) £ SD

Prednisolone

Week Control  Cyclosporine Acetate
Baseline 283+ 19 273 £ 23 271+ 19
1 217+15°  212+30" 171+ 1171
2 28+12° 26134 199 + 39™F
4 253+ 19 269 + 35 201 + 17°%
6 278+ 23 284 %33 237+ 26T
8 267 + 34 281+ 18 263+ 31
12 296 + 15 288 %32 261+6

Note: All statistical comparisons by 2-way repeated-measures analysis of variance (1-factor repetition

*
P <.005 compared with baseline in each group

TP < .02 compared with control and

cyclosporine

groups
t

P < .02 compared with

cyclosporine

alone
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Table 3

Corneal haze over time.

Mean Corneal Haze (Pixels/um) + SD

Prednisolone

Week Control Cyclosporine Acetate
Baseline 126 + 37 115+ 62 124 + 38
1 3332+ 766" 3069 +737° 1542 +486°T
2 3650 £832°  2062+1075° 2072 +631°%
4 4323949 4360+ 1398" 2148+ 1206°T
6 3656 + 1253 3620 +585° 2050 + 10941
8 2920 +672°  3984+534% 2577 +1761"
12 2184 +748% 2993 +910°  1629+1381

Note: All statistical comparisons by 2-way repeated-measures analysis of variance (1-factor repetition)
*
P <.005 compared with baseline in each group

TP < .02 compared with control and

cyclosporine

groups

:CP < .02 compared with control group alone
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