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Introduction

Purpose: To analyze the effects on the uvea, including the pars plicata and ciliary muscle,
and retina in normal porcine eyes after performing micropulse transslceral cyclophoto-
coagulation (MP-TSCPC) with the different energy levels, and conventional continuous
wave transslceral cyclophotocoagulation.

Methods: MP-TSCPC was performed in a total of 15 eyes at the different energy levels of
60 J, 120 J, 180 J, 240 J, and 300 J, respectively. Continuous wave transslceral cyclopho-
tocoagulation was performed in three eyes and the other three eyes were controls. The
eyes were enucleated after a month following the laser treatment and the uvea and
retina were analyzed using hematoxylin and eosin staining and immunohistochemistry
staining.

Results: After MP-TSCPC 60 J, the expression of a-smooth muscle actin (@-SMA) and
glial fibrillary acidic protein in the ciliary muscle was increased, although there was no
structural change in pars plicata. After MP-TSCPC 120 J, partial destruction of the ciliary
epithelium was observed in pars plicata, and the retinal thickness was increased. After
MP-TSCPC 240 J and 300 J, the structural destruction of the pars plicata and ciliary muscle
was observed, and the expression of «-SMA and glial fibrillary acidic protein in pars
plicata and the expression of «-SMA in ciliary muscle were increased.

Conclusions: Histologic changes in the uvea and peripheral retina were different based
on the energy levels of MP-TSCPC. In particular, MP-TSCPC with low energy levels mainly
affected the ciliary muscle, while MP-TSCPC with high energy levels affected both the
ciliary muscle and pars plicata. Our results may imply a possibility of intraocular damage
with MP-TSCPC in humans.

Translational Relevance: Based on our research, it is possible to infer the possibility of
intraocular damage in humans according to the different levels of energy in the clinic.

aqueous humor in the eye, and thereby lowering the
intraocular pressure (IOP).>3
Recently, micropulse laser treatment has been used

There are various ophthalmology treatment options
to manage glaucoma including medications, lasers,
and surgical procedures. In traditional laser treat-
ment, photocoagulation is one of the mechanisms
underlying the therapeutic effects that has been effec-
tively induced through thermal interaction.! Contin-
uous wave transscleral cyclophotocoagulation (CW-
TSCPC) using a diode laser is one of conventional laser
treatment used in refractory glaucoma by photocoag-
ulation mechanism.>> CW-TSCPC directly destroys
the ciliary epithelium, causing reduced production of
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as an alternative to conventional continuous wave
lasers.! Micropulse transscleral cyclophotocoagula-
tion (MP-TSCPC), a type of micropulse laser treat-
ment, has similar clinical effectiveness to CW-TSCPC
in patients with glaucoma.’® Unlike CW-TSCPC,
wherein energy is emitted in a continuous wave mode,
MP-TSCPC uses a micropulse mode, emitting less
energy because of an on-off cycle. Ocular compli-
cations after MP-TSCPC are fewer because it does
not cause direct destruction of the ciliary epithe-
lium; meanwhile, CW-TSCPC can cause serious visual

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


mailto:yongykim@korea.ac.kr
mailto:ksw64723@korea.ac.kr
https://doi.org/10.1167/tvst.10.13.11
http://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

Changes After MP-TSCPC in Normal Porcine Eyes

loss and challenges, including hypotony and phthi-
sis bulbi, owing to the direct destruction of the
ciliary body.®> Therefore, the risk of complications
in MP-TSCPC is lowered by decreasing other tissue
damage.’ > However, the mechanism of MP-TSCPC
and the degree of histologic damage resulting from
the energy changes are unclear. It is implied that
the thermal energy of MP-TSCPC affects the ciliary
muscle, a part of the uvea.’

Because of the location of the laser application,
both CW-TSCPC and MP-TSCPC can affect the pars
plicata or ciliary muscle, which is a part of the uvea.
They may further affect the retina adjacent to the
choroid, which is also a part of the uvea.” Because
conventional CW-TSCPC generates complications in
the choroid and retina after laser treatment, such
as uveitis, choroidal detachment, and retinal detach-
ment, MP-TSCPC is expected to affect the uvea and
retina.®?

Therefore, in this study, we investigated the effects
and histologic changes of the uvea, including the pars
plicata and ciliary muscle, and retina of porcine eyes
after MP-TSCPC at different energies. Furthermore,
we confirmed the advantages of MP-TSCPC over the
conventional CW-TSCPC by comparing the differences
in their effects.

Animals

Of 21 female normal micropigs, the right eyes of
18 were treated using laser treatment, and the right
eyes of the remaining three micropigs were used as
controls. The mean body weight of the micropigs was
25.97 kg (range, 22.7-29.4 kg), and their mean axial
length, measured using A-scan ultrasound examina-
tion, was 20.36 £+ 0.64 mm.

Before laser treatment, all the micropigs were
premedicated and anesthetized. Premedication was
performed by subcutaneous injection of atropine
(0.05 mg/kg, Je-Il atropine sulfate; Je-Il Pharmacy,
Daegu, South Korea) and intramuscular administra-
tion of azaperone (4 mg/kg, SF Azaperone; SF Corp.,
Ansan, South Korea) and xylazine (1 mg/kg, Rompun;
Bayer Corp., Pittsburgh, PA). Anesthetic induction
was performed by intravenous administration of alfax-
alone (1 mg/kg, Alfaxan; Vetoquinol, Lure, France)
through the marginal auricular vein. After intuba-
tion, the pigs were maintained under general anesthe-
sia with inhalation of 1.5% to 2.0% isoflurane gas
(Ifran; Hana Pharm Co., Ltd., Gyeonggi-do, South
Korea). The anesthesia ventilator was set at a tidal
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volume of 8 to 12 mL/kg, frequency of 10 to 20/min,
maximum pressure of 20 to 25 cm H,O, and an inspira-
tory oxygen fraction of approximately 30% during the
experiment.

Under general anesthesia in the dorsoventral
position, the IOP was measured using a portable
tonometer (iCare; iCare 1c200, Innokas Medical Oy,
Finland) before and 30 minutes after laser interven-
tion. The IOP was also measured under anesthesia,
4 weeks after laser treatment. All IOP measurements
were checked repeatedly (six times).

All experimental procedures in this study were
conducted in accordance with the Association for
Research in Vision and Ophthalmology (ARVO) State-
ment for the Use of Animals in Ophthalmic and
Vision Research (ARVO Animal Policy). The study
was approved by the Institutional Animal Care and
Use Committee of the Korea University College of
Medicine in Seoul, South Korea.

Intervention With Transscleral
Cyclophotocoagulation Laser

TSCPC was performed using a laser machine
(MicroPulse; IRIDEX, CYCLO G6 Glaucoma Laser
System, Mountain View, CA) capable of performing
both MP-TSCPC and CW-TSCPC laser treatments
using a semiconductor diode laser with an 810-nm
infrared wavelength.®

An eyelid speculum was inserted into the right
eye of the pig under general anesthesia, and hydrox-
ypropyl methylcellulose (Hycell solution 2%, Samil,
South Korea) was applied to the surface of the
cornea and conjunctiva to lubricate and to facili-
tate the motion of the laser probe over the bulbar
conjunctiva.

MP-TSCPC emitted energy with a power of
1800 mW and a duty cycle of 31.3%, which trans-
lated to 0.5 ms of on-time and 1.1 ms of off-time
and was performed with a laser probe (Mp3 probe;
Iris Medical Instruments, Mountain View, CA).310-11
The total laser energy at different levels 60 J, 120 J,
180 J, 240 J, and 300 J were delivered according to
the change in duration time 107 seconds, 213 seconds,
320 seconds, 426 seconds, and 532 seconds, respec-
tively. Based on previous reports, the laser probe was
applied to the scleral area, 1 mm away from the corneal
limbus, in a continuous sliding arc motion (sweeping
motion), in the directions of clock positions 9:30 to
2:30 and 3:30 to 8:30, excluding the 3 and 9 o’clock
positions.*%!1:12 The continuous sliding arc motion
was slowly performed for approximately 10 seconds in
each hemisphere.
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The CW-TSCPC laser emitted energy in the contin-
uous wave mode with a power of 1500 to 1700 mW and
a duration of 2.5 seconds with the application of a laser
probe (G-probe; Iris Medical Instruments) to the edge
of the corneal limbus. It was performed in 10 locations
of the superior and inferior sclera, except at the 3 and
9 o’clock positions, and a total 80 J laser energy level,
known as the clinically safe range of laser intensity for
irradiation.?>>

In this experiment, CW-TSCPC and each of the
total energy levels of 60 J, 120 J, 180 J, 240 J, and 300 J
in MP-TSCPC were applied to the right eyes of three
micropigs.

Histologic Examination and
Immunohistochemistry

Euthanasia was performed by intravenous injec-
tion of KCI (2 mM/kg) 4 weeks after laser treat-
ment for 21 porcine eyes, including 18 eyes that
underwent TSCPC, and 3 normal control eyes. After
euthanasia, enucleation was performed. The enucle-
ated eyes were immersion-fixed in Davidson’s solution
for 24 hours, dehydrated, and paraffinized. The tissues,
including the areas of the pars plicata and the
ciliary muscle, were sectioned at a thickness of 4 pym
per eye in four locations, 1, 5, 7, and 11 o’clock
positions, and further stained with hematoxylin and
cosin (H&E). The tissues of the retina at the periph-
eral area were also sectioned at a thickness of
4 um in three locations per eye and further stained
with H&E. The slides were examined using a light
microscope (BX-53; Olympus Corp., Tokyo, Japan)
to analyze the pathological changes in the pars
plicata, ciliary muscle, and retina and photographed
with a digital camera (INFINITY3-1UR; Lumen-
era Corp., Ottawa, ON, Canada), as previously
described.!3-14

The tissue sections were deparaffinized, rehydrated,
and treated with microwave heat in antigen retrieval
buffer (1 mM EDTA, 0.05% Tween 20, pH 8.0).
After washing with phosphate-buffered saline (PBS),
the sections were blocked with 4% horse serum,
followed by primary antibody incubation overnight at
4°C. To stain glial fibrillary acidic protein (GFAP),
the sections were incubated with anti-GFAP (Novus
Biological, Littleton, CO) for 2 h at 25°C and
incubated with Alexa Fluor 594-conjugated goat
anti-mouse secondary antibody for 1 h. Immuno-
histochemical staining for «-smooth muscle actin
(x-SMA) (Novus Biological) and cyclo-oxygenase-
2 (COX-2) antibody (LSBio, LifeSpan BioSciences,
Inc., Seattle, WA) was performed according to the
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manufacturer’s protocols. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) (AnaSpec Inc.,
Fremont, CA). Stained cells were observed using
fluorescence microscopy (T2000-U; Nikon, Tokyo,
Japan).'

Image Analysis and Statistical Analysis

The histologic changes of the pars plicata, ciliary
muscle, and retina in the H&E-stained tissues were
compared and analyzed for the porcine eyes subjected
to MP-TSCPC or CW-TSCPC and the control eyes.
Pars plicata is defined as the area that includes ciliary
processes with nonpigmented and pigmented ciliary
epithelia, and ciliary stroma of the ciliary body. The
ciliary muscle is defined as the area composing various
ciliary muscle fibers of the ciliary body and is located
between the area of the pars plicata and sclera. Trabec-
ular meshwork (TM) length and retinal thickness were
measured in the control and eyes after laser interven-
tion, respectively, using ImagelJ software (version 1.51;
National Institutes of Health, Bethesda, MD) to deter-
mine whether there were any effects in these parameters
after laser intervention compared to the control and
also compared to different energy levels of laser appli-
cations. The TM length is defined from the tip of the
scleral spur to the end of Schwalbe’s line (Fig. 1).!%-16
The retinal thickness is defined from the ganglion cell
layer to the photoreceptor layer. The TM length was
measured in four locations per eye, and the retinal
thickness was measured at three locations for each
tissue section, with a total of nine locations for each
eye.
Additionally, the retina was stained with GFAP
to confirm the glial proliferation. GFAP staining and
a-SMA staining for myofibroblast expression were
performed in the area of the pars plicata and the area
of the ciliary muscle to examine the inflammation of
the uvea. COX-2 protein staining was performed on
the pars plicata to analyze the expression of the ciliary
epithelial cells and inflammation. The area express-
ing immunohistochemical staining was automatically
measured for each section using ImageJ software.

Statistical analyses were conducted using a Mann—
Whitney U test to compare the two groups, and
the Kruskal-Wallis test was used to compare several
groups. Wilcoxon signed rank test was used to compare
difference in IOP baseline and 4 weeks after laser treat-
ment. Friedman test was used to compare difference
in IOP baseline, 30 minutes after laser treatment and
4 weeks after laser treatment. Data are presented as
means + standard deviations, and differences were
considered statistically significant at a P value of less
than 0.05.
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Figure 1. Histologic examination of the pars plicata using H&E staining in control and after MP-TSCPC 60 J, 120 J, 180 J, 240 J, and 300 J,
and CW-TSCPC. The TM lengths (red double arrow in the left column) in the MP-TSCPC 60 J, 120 J, 180 J, 240 J, and 300 J, and CW-TSCPC
groups have increased compared with the control group. The nonpigmented ciliary epithelium layer (blue arrowhead in right column) and
pigmented ciliary epithelium layer (red arrowhead in right column) in the pars plicata are intact following MP-TSCPC 60 J. Partial disruption
of the nonpigmented and pigmented ciliary epithelium layers in the pars plicata is observed (red arrow in the right column) following MP-
TSCPC 120 J, 240 J, and 300 J. The stromal destruction in the pars plicata was observed (red asterisk in the right column) following MP-TSCPC
180 J. Left column represents x40, and the right column x 100.
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The Change in IOP

The mean IOP was changed after laser interven-
tion and although there was no significant difference in
the IOP between the groups before the laser interven-
tion (P = 0.117), significant differences in the IOP were
observed at 30 min and 4 weeks post-treatment between
the groups (P < 0.001 at both time points) (Supplemen-
tary Table S1).

Structural Changes in the Uvea

Histologic examination with H&E staining
confirmed the changes in the uvea, including
the pars plicata and ciliary muscle, after TSCPC
(Fig. 1). Following MP-TSCPC 60 J, no signifi-
cant change was observed in the nonpigmented
and pigmented ciliary epithelium layers in the pars
plicata. Although CW-TSCPC showed atrophy of
the nonpigmented and pigmented ciliary epithe-
lium layer in a part of the pars plicata, significant
destruction of the structure was not observed.
However, with MP-TSCPC 120 J, 180 J, 240 J, and
300 J, partial atrophy of the pars plicata, partial
disruption of nonpigmented and pigmented ciliary

*
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epithelium layers in the pars plicata, and stromal
destruction in the pars plicata were observed. In
addition, structural destruction of the ciliary muscle
was also observed with MP-TSCPC 240 J and
300 J.

TM lengths in control, and following MP-
TSCPC at 60 J, 120 J, 180 J, 240 J, and 300 J,
and CW-TSCPC were estimated to be 565.61 =+
79.07 um, 807.86 £ 75.73 um, 733.15 + 58.11 um,
701.08 + 65.73 um, 798.22 £+ 142.76 pum, 789.98
+ 12096 pm, and 810.22 + 128.07 pm, respec-
tively. All TM lengths after MP-TSCPC 60 J, 120 J,
180 J, 240 J, and 300 J, and CW-TSCPC were found
to increase, compared with the control (P < 0.001,
for all) (Fig. 2). With the increase in energy of MP-
TSCPC from 60 J to 180 J, the TM length decreased
(MP-TSCPC 60 J vs. MP-TSCPC 120 J, P = 0.034;
MP-TSCPC 60 J vs. MP-TSCPC 180J, P =0.004). The
TM lengths after MP-TSCPC at 240 J and 300 J, and
CW-TSCPC were significantly longer than those with
MP-TSCPC 180 J (MP-TSCPC 180 J vs. MP-TSCPC
240 J, P = 0.009; MP-TSCPC 180 J vs. MP-TSCPC
300 J, P =0.033; MP-TSCPC 180 J vs. CW-TSCPC,
P = 0.007). The TM lengths after treatments with
MP-TSCPC at 240 J, and 300 J were not significantly
different from those with CW-TSCPC (MP-TSCPC
240 J vs. CW-TSCPC, P = 0.865; MP-TSCPC 300 J
vs. CW-TSCPC, P = 0.007).
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Figure 2. Comparison of TM length in control and after MP-TSCPC 60 J, MP-TSCPC 120 J, MP-TSCPC 180 J, MP-TSCPC 240 J, MP-TSCPC 300 J
and CW-TSCPC. All TM lengths after MP-TSCPC 60 J, 120 J, 180 J, 240 J, and 300 J, and CW-TSCPC were higher than those of the controls. With
the increase in the MP-TSCPC energy level from 60 J to 180 J, the TM length becomes shorter. TM lengths in the MP-TSCPC 240 J and 300 J,
and CW-TSCPC groups are significantly longer than those in the MP-TSCPC 180 J group.
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Figure 3.

Immunohistochemistry with «-SMA and GFAP stainings in the pars plicata and ciliary muscle, and cyclo-oxygenase-2 (COX-2)

staining in the pars plicata. The expression of «-SMA in the pars plicata and ciliary muscle was found after MP-TSCPC and CW-TSCPC (red
arrow). GFAP expression was found in the pars plicata after MP-TSCPC and CW-TSCPC. The expression of GFAP in the ciliary muscle increased
following treatment with MP-TSCPC 180 J. The expression of COX-2 was increased in the pars plicata of the MP-TSCPC and CW-TSCPC groups.

Analysis of the Expression With
Immunohistochemistry Staining in the Uvea

The expression of a-SMA correlates with the activa-
tion of myofibroblasts; the expression of stromal
myofibroblasts in the pars plicata was observed after
MP-TSCPC and CW-TSCPC (Fig. 3). The expression
areas of «-SMA in the pars plicata were measured as
841.07 & 430.89 pm?, 570.72 £ 419.34 um?, 857.42
+ 694.83 pm?, 1429.22 + 845.98 um?, 2729.53 +
1369.63 pum?, 1621.67 4+ 1035.94 um?, and 1600.94
+ 1088.29 pm? in controls, and after MP-TSCPC at
60 J, 120 J, 180 J, 240 J, and 300 J, and CW-TSCPC
respectively. The a-SMA expression increased with an

increase in the energy of MP-TSCPC from 60 J to 240 J.
The a-SMA expression, with high energy levels of MP-
TSCPC (240 J and 300 J) or CW-TSCPC, was found
to increase significantly compared with that in controls
(P = 0.045, P < 0.001, and P = 0.014, respectively)
(Fig. 4A). The expression of «-SMA also significantly
differed between the MP-TSCPC groups with relatively
low energy levels (60 J and 120 J) and those with high
energy levels (240 J and 300 J) or CW-TSCPC (MP-
TSCPC 60 J vs. MP-TSCPC 240 J, MP-TSCPC 300 J,
CW-TSCPC, P < 0.001, P = 0.002, and P = 0.001,
respectively; MP-TSCPC 120 J vs. MP-TSCPC 240 J,
MP-TSCPC 300 J, CW-TSCPC, P < 0.001, P = 0.02,
and P = 0.033, respectively) (Fig. 4A).
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Figure 4. Expression of a-SMA staining and GFAP staining in both the pars plicata and ciliary muscle, and cyclo-oxygenase-2 (COX-2)
staining in the pars plicata. With the increase in MP-TSCPC energy level from 60 J to 240 J, «-SMA expression in the pars plicata increased
(A). a-SMA expression in the pars plicata significantly differed between the relatively low (60 J and 120 J) and high (240 J and 300 J) energy
levels of MP-TSCPC or CW-TSCPC (A). Compared with the control group, «-SMA expression in the ciliary muscle significantly increased in all
the MP-TSCPC groups, except MP-TSCPC 120 J, whereas there was no difference with CW-TSCPC (B). «-SMA expression in the MP-TSCPC 180 J
group was higher than that in the other laser intervention groups (B). GFAP expression in the pars plicata relatively increased following MP-
TSCPC with high energy levels (180 J, 240 J, and 300 J) and CW-TSCPC compared with MP-TSCPC with low energy levels (60 J and 120 J) (C).
Compared with the control, GFAP expression in the ciliary muscle significantly increased following MP-TSCPC 60 J and 180 J (D). MP-TSCPC

g
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60 J and 180 J induced an increase in GFAP expression compared with MP-TSCPC 240 J and 300 J, and CW-TSCPC (D). COX-2 expression in
the pars plicata decreased after MP-TSCPC 240 J and 300 J, and CW-TSCPC, whereas its expression gradually increased with an increase in

the energy of MP-TSCPC from 60 J to 180 J (E).

GFAP, a marker of inflammation, was expressed
in the pars plicata after MP-TSCPC and CW-TSCPC
(Figs. 3 and 4C). The expression areas of GFAP in the
pars plicata were found to be 1641.98 £+ 565.01 pm?,
1212.90 + 934.31 um?, 449.58 + 438.31 um?, 2615.64
+ 2697.09 um?, 5270.88 + 4858.05 um?, 2879.39 +
2397.59 um?, and 1936.90 & 1451.85 um? in controls,
and after MP-TSCPC at 60 J, 120 J, 180 J, 240 ],
and 300 J, and CW-TSCPC respectively. GFAP expres-
sion did not differ between the control and after MP-
TSCPC or CW-TSCPC, except MP-TSCPC 120 J
(control vs. MP-TSCPC 60 J, 120 J, 180 J, 240 J, and
300 J and CW-TSCPC, P = 0.376, P = 0.048, P =
0.921, P = 0.233, P = 0.536, and P = 0.959, respec-
tively) (Fig. 4C). However, the GFAP expression levels
after high energy levels of MP-TSCPC (180 J, 240 J,
and 300 J) and CW-TSCPC were relatively higher than
those in MP-TSCPC (60 J and 120 J). The GFAP
expression levels between MP-TSCPC 60 J and 240 J,
and between MP-TSCPC 120 J and high energy levels
(240 J and 300 J) or CW-TSCPC were significantly
different (MP-TSCPC 60 J vs. MP-TSCPC 240 J, P =
0.01; MP-TSCPC 120 J vs. MP-TSCPC 180 J, 240 J,
and 300 J, and CW-TSCPC, P = 0.05, P < 0.001, P <
0.001, and P = 0.07, respectively) (Fig. 4C).

COX-2 expression, a marker for staining in nonpig-
mented ciliary epithelium and inflammation, was
relatively increased in the pars plicata after MP-
TSCPC, except for MP-TSCPC 300 J and CW-TSCPC
(Figs. 3 and 4E). The expression areas of COX-2
in the pars plicata were measured as 15,333.24 +
7076.78 um?, 32,008.49 + 9804.16 um?, 32,635.70 +
21,883.00 um?, 44,666.24 + 17,103.32 um?, 41,782.15
+ 94,460.90 um?, 9346.07 + 6777.06 pum?, and
24,515.41 4+ 24,083.23 um? in controls, and after MP-
TSCPC with 60J,1201J, 180J, 240 J, and 300 J, and CW-
TSCPC, respectively. Although COX-2 expression was
relatively decreased after treatment with MP-TSCPC
240 J and 300 J, and CW-TSCPC, a gradual increase
in the expression was observed with an increase in the
MP-TSCPC energy from 60 J to 180 J (Fig. 4E). MP-
TSCPC 60 J and 180 J particularly induced an increase
in COX-2 expression compared with the controls (P =
0.008 and P < 0.001, respectively). COX-2 expression
levels after MP-TSCPT 180 J were also significantly
higher than those with MP-TSCPC 240 J and 300 J,
and CW-TSCPC (P =0.001, P < 0.001, and P =0.024,
respectively). However, with MP-TSCPC 300 J, COX-

2 expression was significantly decreased compared with
MP-TSCPC 60 J, 120 J, and 180 J (MP-TSCPC 300 J
vs. MP-TSCPC 60 J, P < 0.001; MP-TSCPC 300 J vs.
120 J, P = 0.001). COX-2 expression in CW-TSCPC
did not differ from that in the controls or after MP-
TSCPC at all energy levels, except MP-TSCPC 180 J
(CW-TSCPC vs. control, MP-TSCPC 60 J, 120 J, 240 J,
and 300 J, P=0.750, P =0.247, P =0.160, P = 0.843,
and P = 0.160, respectively).

Staining with «-SMA revealed that its expression
in stromal myofibroblasts and smooth muscle in the
vessel was increased in the ciliary muscle after MP-
TSCPC and CW-TSCPC (Figs. 3 and 4B). The expres-
sion areas of @-SMA in the ciliary muscle were found
to be 852.67 & 240.49 um?, 2110.49 + 1768.19 um?,
1408.37 +891.09 um?, 3477.39 + 2238.54 um?, 2147.86
+ 1039.68 pm?, 1327.24 4+ 640.96 um?, and 1532.32 +
1145.52 um? in controls, and after MP-TSCPC at 60 J,
120 J, 180 J, 240 J and 300 J, and CW-TSCPC respec-
tively. Compared with the controls, ®-SMA expression
levels were significantly increased at all energy levels of
MP-TSCPC, except MP-TSCPC 120 J, whereas there
was no difference when compared with CW-TSCPC
(control vs. MP-TSCPC 60 J, 120 J, 180 J, 240 J, and
300 J, and CW-TSCPC, P = 0.016, P = 0.06, P <
0.001, P =0.01, P =0.04, and P = 0.689, respectively).
Expression of «-SMA was found to increase with MP-
TSCPC 180 J, compared with other laser interventions
(MP-TSCPC 180 J vs. MP-TSCPC 60 J, 120 J, and
300 J, and CW-TSCPC, P = 0.028, P = 0.001, P =
0.001, and P = 0.014, respectively).

The expression areas of GFAP in the ciliary
muscle were measured as 66.86 £+ 19.50 pm?, 334.32
+ 284.87 um?, 246.87 + 381.94 um?, 483.54 +
648.35 um?, 76.99 + 75.54 pm?, 76.99 4 75.54 um?, and
66.91 £ 29.53 pm? in controls, and after MP-TSCPC at
60 J, 120 J, 180 J, 240 J, and 300 J, and CW-TSCPC.
Compared with the controls, GFAP expression after
MP-TSCPC 60 J and 180 J significantly increased (P
=0.027 and P = 0.037, respectively). MP-TSCPC 60 J
and 180 J also induced an increase in GFAP expres-
sion compared with MP-TSCPC 240 J and 300 J, and
CW-TSCPC (MP-TSCPC 60 J vs. MP-TSCPC 240 J,
and 300 J, and CW-TSCPC, P = 0.001, P = 0.001,
and P = 0.002, respectively; MP-TSCPC 180 J vs.
MP-TSCPC 240 J, and 300 J, and CW-TSCPC, P =
0.004, P = 0.001, and P = 0.008, respectively) (Figs. 3
and 4D).
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Figure 5. Histologic examination using H&E staining (A) and retinal thickness in controls and after MP-TSCPC or CW-TSCPC (B). All layers
of the retina, including the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and
photoreceptor layer (PhRc), showed relatively intact morphology with either MP-TSCPC or CW-TSCPC (A). There was no disruption of the
retinal layers after MP-TSCPC and CW-TSCPC (A). Compared with the controls, retinal thickness slightly increased with MP-TSCPC 120 J but
decreased with CW-TSCPC (B). In particular, retinal thicknesses with MP-TSCPC 240 J and 300 J and CW-TSCPC were significantly lower than
those with MP-TSCPC 60 J, 120 J, and 180 J (B).
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Structural Changes and the Analysis of the
Expression After Inmunohistochemistry
Staining of the Retina

Histologic examination using H&E staining was
used to analyze the structural changes in the retina. All
layers of the retina, including the ganglion cell layer,
inner plexiform layer, inner nuclear layer, outer plexi-
form layer, and photoreceptor layer, showed relatively
intact morphologies, indicating no disruption, despite
treatment with MP-TSCPC or CW-TSCPC (Fig. 5A).
The retinal thicknesses of whole retinal layers were
found to be 188.29 £ 39.87 um, 204.03 £ 33.51 um,
213.32 £ 37.24 um, 200.74 £+ 30.56 pm, 175.08 +
24.28 pm, 170.73 £ 22.88 um, and 169.80 & 42.96 um
in controls, and after MP-TSCPC at 60 J, 120 J,
180 J, 240 J, and 300 J and CW-TSCPC, respec-
tively. Compared with the controls, the retinal thick-
ness increased slightly after MP-TSCPC 120 J inter-
vention (P = 0.013) and decreased after CW-TSCPC
(P = 0.044) (Fig. 5B). In particular, the retinal thick-
ness following MP-TSCPC 240 J, and 300 J, and CW-
TSCPC significantly decreased compared with that
after MP-TSCPC 60 J, 120 J, and 180 J (MP-TSCPC
240 vs. 60J,120J, 180 J, P < 0.001, P =0.001, and P
= 0.005, respectively; MP-TSCPC 300 J vs. 60 J, 120 J,
180J, P <0.001, P <0.001, and P =0.001, respectively;
CW-TSCPC vs. 60,120 J, 180 J, P =0.002, P = 0.001,
and P < 0.001, respectively). Although the morphol-
ogy of each retinal layer was not disrupted, the retinal
thickness could change when atrophy occurred in some
retinas, under the influence of a laser.

Immunohistochemistry was performed, with GFAP
staining in the retina, and the expression of GFAP
in the control was observed only in the ganglion
cell layer, where glial cells were normally distributed
(Fig. 6A). However, GFAP expression was observed
in other layers following MP-TSCPC or CW-TSCPC.
In the quantitative analysis of GFAP expression in the
retina, there was no difference among the control, MP-
TSCPC, and CW-TSCPC groups (P =0.826) (Fig. 6B).
The mean areas of GFAP expression were 15,377.67
+ 3144.51 um?, 12,803.58 + 2557.68 um?, 15,581.71
+ 6623.35 um?, 13,860.43 & 4421.69 um?, 13,539.84 +
3356.49 um?, 13944.61 + 3226.96 um?, and 14,313.06
+ 3904.19 um? in controls, and after MP-TSCPC at
60 J, 120 J, 180 J, 240 J, and 300 J, and CW-TSCPC,
respectively.

In this study, the effects of different energy levels
of MP-TSCPC, compared with those of CW-TSCPC,
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were analyzed for the uvea and retina. MP-TSCPC
60 J and 120 J affected the ciliary muscle more than
they affected the pars plicata, and MP-TSCPC of more
than 180 J induced histologic changes in both the pars
plicata and ciliary muscle. Histology and immunohis-
tochemistry revealed minimal changes in the retina,
although retinal thickness was found to increase after
MP-TSCPC 120 J.

In a previous study, low, moderate, and high energy
levels of MP-TSCPC were defined as less than 100 J,
112 to 140 J, and approximately 200 J, respectively.’
Based on the energy levels, the effects and complica-
tions of MP-TSCPC could vary. Low energy levels did
not invoke any complications, but could not success-
fully lower the IOP after treatment, unlike high energy
levels where successful lowering of IOP was accompa-
nied by severe complications.®!” However, there has
been no report describing a direct comparison of the
changes in the uvea and retina with an increase in
the energy levels of MP-TSCPC. In this study, we
performed MP-TSCPC treatment at different total
energy levels. Based on previous studies,®%!” MP-
TSCPC at 60 J can be classified as low energy level,
120 J as moderate energy level, 180 J as moderate-to-
high energy level, and 240 J and 300 J as high energy
levels. During the experiment, a pop sound, which
indicates overtreatment of ciliary body, was heard one
to two times at 300 J. Unlike CW-TSCPC, a pop
sound was not occurred while performing MP-TSCPC
because the laser probe was applied to the scleral area in
a continuous sliding arc motion rather than in a specific
location. Therefore, there was no pop sound from 60 J
to 240 J, but a pop sound occurred at 300 J as the
accumulated energy level increased.

Although the mechanism of action of MP-TSCPC
is not yet clear, there are some hypotheses regarding
it.> The results of this study support this hypothesis.
First, although CW-TSCPC directly destroys the ciliary
epithelium in the pars plicata through thermal stimula-
tion, the ciliary epithelium is not necessarily involved in
the mechanism of action after MP-TSPC.3-'® It acts on
the ciliary muscle rather than the pars plicata without
destroying tissues. Therefore, because of this charac-
teristic, some researchers have suggested that it is
called micropulse transscleral laser therapy rather than
MP-TSCPC.>"” In this study, immunohistochemistry
with «-SMA and GFAP staining revealed the occur-
rence of inflammation in the ciliary muscle, whereas
histologic examinations did not indicate any change
in the pars plicata after MP-TSCPC at a low energy
level. However, CW-TSCPC and MP-TSCPC at high
energy levels induced the occurrence of inflammation
and histologic changes in both the ciliary muscle and
pars plicata. It is speculated that high energy levels
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Figure 6. Immunohistochemistry with GFAP staining in the retina (A
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) and quantitative analysis of GFAP expression in retina among the

control, MP-TSCPC, and CW-TSCPC groups (B). GFAP staining revealed that the expression of GFAP in the control was located in the ganglion
cell layer, where glial cells were normally distributed (A). GFAP expression was observed in other layers after MP-TSCPC or CW-TSCPC. Quanti-
tative analysis of GFAP expression in the retina showed no difference among the control, MP-TSCPC, and CW-TSCPC groups (B).

induce damage by transferring heat to the adjacent
pars plicata.’-?° MP-TSCPC at low to moderate energy
levels acts on the ciliary muscle rather than the pars
plicata. Second, MP-TSCPC is known to act on the

ciliary muscle and induce displacement of the sclera
spur in a posterior and inward direction.® The length
of the TM is changed according to the location of
the scleral spur.!>-'® The scleral spur is located at
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the junction of the ciliary muscle'’; therefore, if the
ciliary muscle is affected, the locations of the scleral
spur and TM length can change.’! In this study, we
found a change in the TM length after MP-TSCPC.
Immunohistochemistry revealed that the lower energy
level of MP-TSCPC acts on the ciliary muscle rather
than the pars plicata and the moderate energy level
of MP-TSCPC acts on both the ciliary muscle and
pars plicata. Therefore, TM length increased the most
after MP-TSCPC 60 J, and TM length was decreased
the most after MP-TSCPC 180 J. Because the ciliary
muscle was destroyed after the high energy level of
MP-TSCPC, it could be measured with a long length.
Our results provide evidence to support the hypoth-
esis for the mechanism of action of MP-TSCPC,
which can affect the ciliary muscle and change the
TM outflow by changing the position of the scleral
spur.

The retina is far from the ciliary muscle and
pars plicata, where the TSCPC is applied. However,
some reports have indicated that MP-TSCPC can
affect the choroidal thickness and lead to cystoid
macular edema.’”?> Although immunohistochemistry
with GFAP staining did not reveal any significant
difference in the retina after 1 month after TSCPC
treatment, GFAP staining showed a slight increase in
inflammation induced by MP-TSCPC 120 J, thereby
leading to an increase in retinal thickness. In contrast,
the retinal thickness upon treatment with MP-TSCPC
at high energy levels and CW-TSCPC was lower
than that observed after MP-TSCPC at other energy
levels. Because TSCPC can cause thermal transfer
from the sclera to the retina, its effect might be
greater with higher energy levels, which leads to retinal
thinning.?*-?* Therefore, our histologic studies revealed
that MP-TSCPC directly affects the uvea, but indirectly
affects the retina.

This study had some limitations. First, a relatively
small number of animals were included in each group.
Because we sought to compare several energy levels
of MP-TSCPC and to observe the change at 1 month
beyond the treatment, rather than an acute change
immediately after the laser treatment, the number of
animals per groups was limited to minimize the number
of animals sacrificed. Second, histologic changes may
not be evident in some tissues. CW-TSCPC was applied
only on 20 sites of a total of 360° with a safety
energy level because of the laser protocol to avoid
severe complications. Usually, when setting the power
of the CW-TSCPC in the clinic, the power is increased
until a pop sound is heard.> We set the lower level
of power for safety, and our energy level was also
sufficient to seem to be effective according to a previ-
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ous report.> Although MP-TSCPC was performed at
almost 360° except at the 3 and 9 o’clock positions, a
uniform change may not occur. In addition, because
the probes of MP-TSCPC and CW-TSCPC were differ-
ent, the location where the laser was performed might
not be exactly the same. To minimize this limitation in
this study, the tissues were sectioned in at least four
places per eye, including the pars plicata and ciliary
muscle, and the experiments were conducted on three
eyes per group. Third, there were some differences of
ocular anatomy between pigs and humans. The axial
length in pigs is shorter than that in humans, which
could have affected the results. The mean axial length
in human adults is approximately 22 to 25 mm. The
axial length in pigs was measured to be approximately
20 mm in this study. However, MP-TSCPC has also
been performed in pediatric patients and other animals.
The axial length in pediatric patients is shorter than
that in human adults, and pediatric patients showed
similar effects of laser treatment to those of adults.?’
Besides, some researchers reported the good effect of
MP-TSCPC in dogs.'%?%?7 Dogs have an axial length
approximately 21 mm shorter than human adults.'*
The size of ciliary muscle in porcine eyes was smaller
than humans.”® Considering that the length of the
ciliary body also varies according to the axial length in
humans and MP-TSCPC could be applied to pediatric
patients, there would be minimal difference in effec-
tiveness when performing MP-TSCPC in porcine eyes
when compared to humans.”>-?° The ciliary body of
porcine eyes was located posterior to the iris and
anterior to the retina, the same as in humans. Because
the size and anatomy of the porcine eye and the
human eye are relatively similar, porcine eyes have been
widely used in experiments.*” In contrast, the degree of
pigmentation in the ciliary body was greater in porcine
eyes than in human eyes,”® and the energy levels for a
similar effect of laser treatment in pigs could be lower
than those in humans.?"-3> Fourth, the purpose of this
study was to determine any chronic effects of MP-
TSCPC by observing the inflammatory state and histo-
logic changes 1 month after the treatment, and not the
immediate changes after the laser treatment. In partic-
ular, because the retina is not directly irradiated, the
change is relatively small at 1 month after the laser
treatment.

In conclusion, the histologic changes in the uvea
and peripheral retina after laser intervention were
different according to the types of laser application and
levels of energy. MP-TSCPC with lower energy levels
mainly affected the ciliary muscle without changes in
the peripheral retina or the pars plicata. However, MP-
TSCPC with high energy levels affected both the ciliary
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muscle and pars plicata. Our results may imply the
possibility of intraocular damage in humans according
to the different levels of energy.
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