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Purrose. To evaluate the histological changes associated with, and the potential mech-
anisms of, intraocular pressure (IOP) reduction by micropulse cyclophotocoagulation
(MP-CPC) in rabbit eyes.

MerHops. MP-CPC was performed on the right eyes of Dutch belted rabbits, whereas the
left eyes served as controls. The laser power settings were 250, 500, 750, 1000, 1500,
and 2000 mW, 10 seconds per sweep, 100 seconds in total. IOP, outflow facility, and
uveoscleral outflow tract imaging, using a fluorescent tracer, were examined at one week
after MP-CPC. Changes of morphology and protein expressions in the outflow tissues,
conjunctiva, and sclera were also evaluated.

Resurrs. Significant reductions in IOP after MP-CPC were observed at 500 to 1000 mW
(P = 0.036 and P = 0.014, respectively). The pre-MP-CPC IOP was 11.35 + 0.41 mm Hg.
At one week after surgery, the respective IOP values in the eyes treated at 500 mW and
1000 mW were 9.45 £+ 0.49 mm Hg and 7.4 + 0.27 mm Hg, respectively. Severe ciliary
body damage was observed at 1500 to 2000 mW. MMP1-3 and fibronectin expres-
sion levels in the outflow tract and ciliary body were upregulated after MP-CPC. The
a-smooth muscle actin (a-SMA) was upregulated at higher power levels. MP-CPC signif-
icantly increased uveoscleral outflow, whereas the outflow facility did not change. The
a-SMA, collagen, and fibronectin were significantly upregulated in the subconjunctiva
and sclera.

Concrusions. Reactive fibrotic responses were observed in the outflow tract, conjunc-
tiva, and sclera after MP-CPC. A potential mechanism of IOP reduction by MP-CPC in
pigmented rabbit eyes may involve increased uveoscleral outflow related to MMP upreg-
ulation.

Keywords: micropulse transscleral cyclophotocoagulation, intraocular pressure, ciliary
body, matrix metalloprotease, uveoscleral outflow

laucoma is a disease that causes progressive visual field
defects and irreversible visual impairment.!? Intraoc-
ular pressure (IOP)-lowering therapy has been shown to
prevent progression of visual field defects.’>~> Continuous-
wave cyclophotocoagulation (CW-CPC) is widely used to
lower IOP by suppressing aqueous humor production
through cyclo-destruction of the ciliary process.®” However,
use of CW-CPC is limited to severe cases because of adverse
effects such as severe postoperative intraocular inflamma-
tion, decreased vision, scleral melt, hypotony, and phthisis
bulbi.®
The recently developed micropulse cyclophotocoagula-
tion (MP-CPC) technique, which uses micropulse diode
laser photocoagulation at a wavelength of 810 nm (Cyclo
GOTM,; Iridex Corporation, Mountain View, CA, USA) and
MP3 probes, has rapidly gained popularity because it
causes fewer complications.®!® CW-CPC generally targets
pigmented tissues up to the photocoagulative threshold.
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In contrast, micropulse mode administers a series of short
diode-laser pulses, separated by pauses that theoretically
allow tissues to cool.!'?> Therefore micropulse mode is
presumed to minimize collateral tissue damage.!> MP-
CPC is reportedly safer, with fewer complications in both
advanced refractory glaucoma and in earlier stages of glau-
coma, sometimes even before the use of glaucoma filtration
surgery.”+ 101415 Optical coherence tomography images after
MP-CPC have revealed increased choroidal thickness, and
increased space between ciliary muscle bundles has also
been reported; the resultant increase in uveoscleral outflow
has been proposed as a mechanism for IOP reduction.'®"!8
However, many unanswered questions regarding this mech-
anism remain, such as how MP-CPC increases uveoscleral
outflow without obvious tissue destruction.

In the present study, we explored the optimal laser power
to lower IOP without severe tissue damage; we confirmed
that MP-CPC at optimal power lowers IOP and increases
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uveoscleral outflow in rabbit eyes. We also explored the
possible mechanisms of IOP reduction and tissue changes
in rabbit eyes after MP-CPC.

MATERIALS AND METHODS
Animals

This study was performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, and was approved by the Institutional Animal
Research Committee of the University of Tokyo. Thirty
female Dutch belted rabbits (1.5-1.99 kg, 14-19 weeks old,;
Kitayama Labes Co., Ltd., Nagano, Japan) were used in this
study. All rabbits were acclimatized for seven days before
experiments began; they were kept in a conventional animal
room with appropriately controlled temperature and humid-
ity (22° &£ 3°C and 55% =+ 10%, respectively), and a 12-hour
light/dark cycle. The rabbits were provided tap water and
food as desired.

Micropulse Cyclophotocoagulation

In total, 30 right rabbit eyes were treated with MP-CPC, and
sham surgeries were performed on the left eyes as controls.
MP-CPC was performed with the rabbits under sedation
using intramuscular ketamine (40 mg/kg) and xylazine (5
mg/kg), as well as topical (oxybuprocaine hydrochloride
0.4%) anesthesia. MP-CPC was performed using a Cyclo G6
Glaucoma Laser system with a MicroPulse P3 Glaucoma
device (Iridex Laser Systems, Mountain View, CA, USA), and
Cycloprobe Rev2. The laser power was adjusted to 250, 500,
750, 1000, 1500, or 2000 mW; an 810-nm infrared diode laser
was used with a 31.3% duty cycle for 50 seconds superiorly
and 50 seconds inferiorly (total: 100 seconds). Hydroxyethyl
cellulose drops (Scopisol Solution For Eyes; Senju Pharma-
ceutical Co., Ltd., Osaka, Japan) were applied, and the front
edge of the cycloprobe was placed at the limbus. The proce-
dure was performed with the laser directed toward the pars
plana. The areas at 3 o’clock and 9 o’clock, where the ciliary
neurovascular bundle is located, were avoided; laser irra-
diation was performed in a back-and-forth manner for 10
seconds per pass. The sham procedure was performed with-
out laser irradiation. After surgery, topical betamethasone
sodium phosphate 0.1% eye drops were applied to both eyes
twice daily for one week. The power output was confirmed
using a power meter at the beginning and end of the
study.

IOP Measurement and Outflow Evaluation

IOP was measured using TonoVet (M.E. Technica, Tokyo,
Japan) under topical anesthesia. Aqueous humor outflow
was measured using the two-level constant pressure infusion
method, as previously reported.!” Under sedation with intra-
muscular ketamine and xylazine, together with topical anes-
thesia, the eyes were cannulated using a 32-G sharp needle
connected to a polyethylene tube with an inner diameter of
1.0 mm. A reservoir bag was connected to the other end of
the tube. The height of the reservoir bag was changed to
adjust the IOP to 15 mm Hg; the flow volume (Fc;) through
the tube lumen was measured for 10 minutes. The height
of the reservoir bag was then changed to an IOP of 20 mm
Hg, and the flow volume (Fc;) was again measured for 10
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minutes. The Goldmann equation was used to calculate the
outflow facility (C), as follows:

C = (Fc; — Fcy) /50.

Tracer Preparation

To determine the uveoscleral outflow, we used 70-kDa
dextran conjugated to tetramethyl-rhodamine, which has
been used as a tracer in mice.?* Dextran was dissolved in
phosphate-buffered saline solution to prepare a stock solu-
tion with a concentration of 2 mg/mL. The stock solution was
spun in a centrifuge at 1200 rpm for 20 minutes and then
sterilized by filtration through a 0.22-um pore filter (Milli-
pore, Burlington, MA, USA). The stock solution was diluted
tenfold in phosphate-buffered saline solution and used for
the experiments.

Tracer Injection

Tetramethyl-rhodamine-conjugated 70-kDa dextran solution
was used to fill a 1-mL syringe connect to a 30-G sharp
needle. The needle was inserted into the cornea, and 0.05
mL of the solution was administered into the anterior cham-
ber. The needle was then quickly removed, and absence of
corneal leakage was confirmed. Twenty minutes after admin-
istration, the rabbits were euthanized using intravenous
secobarbital sodium (100 mg/kg), and the eyes were enucle-
ated for histological evaluation.

Histology and Immunofluorescence

After enucleation, incisions were made in the cornea
and sclera; the eyes were immediately immersed in 4%
paraformaldehyde and fixed for 24 hours. They were then
dehydrated with 30% sucrose for 12 hours, cut in half,
and embedded in optimal cutting temperature compound
(Tissue-Tek; Sakura Fine Technical, Tokyo, Japan) to make
10-pm frozen sections. Immunofluorescence staining experi-
ments were performed as described previously.*! The frozen
sections were incubated overnight at 4°C with the following
primary antibodies: collagen type I (ab6308, 1:500; Abcam,
Cambridge, UK), a-smooth muscle actin (¢-SMA) (ab21027,
1:500; Abcam), fibronectin (ab6328, 1:500; Abcam), matrix
metalloproteinase-1 (MMP-1) (12011-01, 1:500; Southern
Biotech, Birmingham, UK), matrix metalloproteinase-2
(MMP-2) (F-68, 1:500; Kyowa Pharma Chemical Co., Toyama,
Japan), and matrix metalloproteinase-3 (MMP-3) (F-77,
1:500; Kyowa Pharma Chemical Co.). The secondary anti-
bodies were goat anti-mouse Alexa-647 (4410S, 1:1000;
Cell Signaling Technology, Danvers, MA, USA) and donkey
anti-goat Alexa-633 (A21082, 1:1000; ThermoFisher, St.
Louis, MO, USA). Nuclei were stained with 4',6-diamidine-
2-phenylindole dihydrochloride solution (4 pg/mL; Fuji-
film Wako Pure Chemical, Osaka, Japan). To evaluate
the uveoscleral outflow tract, frozen sections of eyes
with tetramethyl-rhodamine-labeled dextran in the anterior
chamber were used to prepare slides. Images were obtained
using a confocal microscope (LSM880 with Airyscan; Carl
Zeiss, Oberkochen, Germany). The researcher who analyzed
the data was blinded to the treatment. The fluorescence
intensity was determined by measuring the signal inten-
sity of the ciliary body in the region of interest, and
analyzed using Image] software (http://imagej.nih.gov/ij/;
National Institutes of Health, Bethesda, MD, USA). Nonspe-
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cific signals, such as autofluorescence or background stain-
ing, were identified by using a negative control sample, and
contrast adjustment was used to hide the nonspecific signals.
Among the tracer signals in the uveoscleral tract, the length
of the straight-line distance from the trabecular meshwork to
the most distal signal was measured using image J. Normal-
ization was performed by dividing the intensity obtained at
each laser power by the average of the control signal intensi-
ties. Three images from three rabbit eyes were analyzed for
each power; the relative changes in area and fluorescence
of each group are presented using bar graphs.

Western Blotting

Rabbit eyes were enucleated one week after laser. The
ciliary bodies were obtained, rinsed with saline solu-
tion, then collected in RIPA buffer (Thermo Fisher Scien-
tific K.K., Kanagawa, Japan) containing protease inhibitor
(Roche Diagnostics, Basel, Switzerland), left on ice for 30
minutes before homogenization, stored at —80°C overnight,
and spun in a centrifuge the next day, and the super-
natant was collected. Protein concentration was measured
by bicinchoninic acid assay using BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA ). Western
blotting (WB) was performed as previously described.*!
Protein bands were detected by ImageQuant LAS 4000
mini (GE Healthcare, Chicago, IL, USA). Primary anti-
bodies were anti-fibronectin (ab6328, 1:5000; Abcam), a-
SMA (ab21027, 1:5000; Abcam), MMP-1 (12011-01, 1:5000;
Southern Biotech, Birmingham, UK), MMP-2 (F-68, 1:5000;
Kyowa Pharma Chemical Co., Toyama, Japan), and MMP-3
(F-77, 1:5000; Kyowa Pharma Chemical Co.). Horseradish
peroxidase-conjugated secondary antibody (1:5000) was
purchased from Thermo Fisher Scientific (goat anti-mouse
1gG), and Santa Cruz Biotechnology (Dallas, TX, USA; rabbit
anti-goat IgG). The B-actin served as the loading control. All
membranes were stripped of antibodies using WB Stripping
solution and then incubated with mouse monoclonal anti-
body B-actin (1:10000) and subsequently with horseradish
peroxidase-conjugated antibody (1:5000). Densitometry of
scanned films was performed using Image]J; protein expres-
sion levels are expressed relative to the level of S-actin.

Statistical Analysis

The data were statistically analyzed using Microsoft Excel
version 2016 statistical analysis tool (Redmond, WA, USA).
The results are expressed as means + standard errors of the
mean. Differences among groups were analyzed using one-
way analysis of variance, followed by Welch’s ¢ test. A P value
<0.05 was considered statistically significant.

RESULTS

IOP Decrease and Change in Outflow Facility
After MP-CPC

We examined the presence of tissue changes, IOP, and
outflow facility in rabbits after MP-CPC. At laser powers
below 1000 mW, there were no significant structural changes
or tissue damage to the ciliary body, sclera, or ciliary
muscles (Fig. 1A). At laser powers of 1500 to 2000 mW,
a distinct “pop” sound was heard during the laser treat-
ment; hematoxylin-eosin-stained tissue sections showed
structural changes, such as ciliary thickening, hemorrhage,
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and pigment dispersion within the ciliary body at 2000 mW,
whereas mild hemorrhage was present within the ciliary
body at 1500 mW (Fig. 1A). Therefore we considered the
adequate MP-CPC power for rabbit eyes to lower IOP with-
out causing tissue damage to be less than 1000 mW.

MP-CPC in rabbit eyes at 250 mW did not show significant
IOP reduction (after three days: P = 0.3506, after seven days:
P = 0.415, respectively), whereas 500 to 1000 mW resulted
in significant IOP reduction after three (P = 0.019, P = 0.000,
respectively) and seven days (P = 0.036, P = 0.014, respec-
tively) (Fig. 1B). However, outflow facility did not change
significantly after MP-CPC (P = 0.477 and P = 0.312 for 500
and 1000 mW, respectively) (Fig. 1C), implying that MP-CPC
does not enhance the conventional outflow.

Uveoscleral Outflow Tract Imaging Using a
Fluorescent Tracer

To elucidate the mechanism by which MP-CPC lowers IOP
in rabbit eyes, we examined the uveoscleral outflow tract
by imaging a fluorescent tracer. We found that MP-CPC
increased uveoscleral outflow (Fig. 2A). At one week after
MP-CPC, tracer outflow was limited to the trabecular mesh-
work without laser treatment after 20 minutes of tracer
administration; no signal was observed in the uveoscleral
outflow tract. Distinct tracer signals were observed in the
uveoscleral outflow tract at 500 and 1000 mW. Furthermore,
although there were no statistically significant differences,
both tracer length and ciliary signal intensity tended to
be greater at 1000 than at 500 mW, implying that MP-CPC
enhanced uveoscleral outflow in a power-dependent manner
(Figs. 2B, 20).

MMP Expression Patterns in the Ciliary Body
After MP-CPC

To elucidate the mechanism by which MP-CPC increases
uveoscleral outflow, we used immunostaining to evaluate
the expression patterns of MMP1-3 in the ciliary body
after MP-CPC. Although MMP1 expression was observed
in the ciliary epithelium with laser treatments as low as
250 mW, significant upregulation of MMP1 was observed at
powers higher than 1000 mW (Figs. 3A, 3B, 3C). Upregula-
tion of MMP2 expression was evident at 250 to 2000 mW,
localized in the area between the ciliary muscle bundles
(Fig. 4A). MMP2 upregulation increased with the power; it
was statistically significant at 250, 1000, 1500, and 2000 mW
(Figs. 4B, 4C). MMP3 upregulation was observed from 250
mW,; it was statistically significant at 1000, 1500, and 2000
mW (Figs. 5A, 5B, 5C). MMP3 expression was also upregu-
lated in response to the power (Figs. 5B, 5C). Notably, the
increased expression levels of MMP1-3 were localized in
the area between the ciliary muscle bundles, known as the
uveoscleral outflow tract; they were most strongly localized
at the scleral junction.

Changes in the Expression Patterns of Fibrotic
Markers in the Ciliary Body

We then investigated changes in the expression patterns
of fibrotic markers in response to MP-CPC. The «-SMA
expression in the ciliary muscle qualitatively increased in
all MP-CPC groups, compared to controls (Fig. 6A). Further-
more, increased «-SMA expression was observed from
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Histological sections, IOP, and outflow facility after MP-CPC. (A) Microscopic images of hematoxylin-eosin—stained tissue sections

one week after MP-CPC. At laser powers below 1000 mW, there were no significant structural changes or tissue damage to the ciliary
body, sclera, or ciliary muscles. Mild hemorrhage was present within the ciliary body at 1500 mW. At 2000 mW, ciliary thickening, hemorrhage,
and pigment dispersion within the ciliary body were observed. The white and yellow arrows point to pigment dispersion and hemorrhage,
respectively. Scale bar: 200 pm. (B) IOP before and at three and seven days after MP-CPC at 500 mW and 1000 mW, respectively (n =
3). Both 500 mW and 1000 mW resulted in significant IOP reduction after three and seven days. (C) Outflow facility before and at seven
days after MP-CPC at 500 mW and 1000 mW, respectively (n = 3). Outflow facility did not change significantly after MP-CPC. "P < 0.05,
"P < 0.01. Data are presented as means + standard errors of the mean, Welch’s ¢ test.

250 to 2000 mW, coinciding with the ciliary muscle bundles,
but the signal strength was stable only at laser powers above
250 mW. Although fluorescence intensity increased and the
area stained with «-SMA showed broad fluorescence signals
beyond the ciliary muscle bundles up to the sclera, the differ-
ence was not statistically significant because of large vari-
ance between groups (Figs. 6B, 60).

In contrast, fibronectin showed a diffusely spread-
ing and increasing fluorescence signal within the ciliary
muscle bundles in response to increased laser power
(Figs. 7A, 7B, 70). Fibronectin upregulation was statistically
significant at all laser powers higher than 250 mW.

Assessment by WB of Fibronectin, ¢-SMA, and
MMP1-3 Expression in Ciliary Body After MP-CPC

To validate the protein expression patterns obtained by
immunostaining, semiquantitative analysis of proteins in the
ciliary body was performed by WB (Fig. 8). Similar to the
immunostaining results, fibronectin expression in the ciliary
body increased with laser power, with statistically signifi-
cant differences at 500 mW, 750 mW, 1500 mW, and 2000

mW (Fig. 8B). The a-SMA showed no statistically significant
differences in immunostaining, but WB showed statistically
significant differences at 1000 mW and 2000 mW (Fig. 8C).
Similar to the immunostaining results, MMP1 also showed
an increase in expression in response to laser power, with
a statistically significant difference at 2000 mW (Fig. 8D).
Statistically significant differences were observed for MMP2
at 1500 mW and 2000 mW, and for MMP3 at 500 mW, 750
mW, 1000 mW, and 2000 mW, respectively (Figs. 8E, 8F).

Changes in the Expression Patterns of Fibrotic
Markers in the Conjunctiva and Sclera

We also investigated changes in the expression patterns of
fibrotic markers in the laser-treated conjunctiva and sclera
(Figs. 9A, 9B, 9C). An increase in a-SMA positive cells was
observed beginning at 500 mW; the signals increased in
response to increasing laser power, implying that subcon-
junctival myofibroblasts may be recruited to produce colla-
gen (Fig. 9A). The expression patterns of collagen type
I and fibronectin also changed in response to increased
laser power in the subconjunctival region (Figs. 9B, 9C).
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Figure 2. Uveoscleral outflow tract imaging and graphs of intensity analysis using a fluorescent tracer. (A) The left panels show images of
the fluorescent tracer, the right panels show bright field, and the middle panels show merged images of fluorescent tracer, DAPI, and bright
field. The tracer signal was observed in a more posterior area of the uveoscleral outflow tract at 1000 than at 500 mW. Scale bar: 200 pm.
(B) Graph of the fluorescent tracer signal length obtained on the uveoscleral outflow tract from the trabecular meshwork (n = 3). (C) Graph
of signal intensity of fluorescent tracer in the ciliary body (n = 3). Data are presented as means =+ standard errors of the mean, Welch’s
ttest. 'P < 0.05, P < 0.01.

Upregulation of collagen type I was observed in both the after MP-CPC, which differed from the long and well-
subconjunctival area and the sclera, particularly at laser defined scleral fibers. Reactive upregulation of fibronectin
powers higher than 1000 mW (Fig. 9B); these findings indi- was significant at laser powers higher than 750 mW
cate the formation of short and tortuous collagen fibers (Fig. 90).
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with MMP1, the right panels show bright field. Significant upregulation of MMP1 was observed in response to increased laser power, localized
in the area between the ciliary muscle bundles. The white arrows point to areas of MMP1 upregulation. Scale bar: 200 um. (B) A graph of
the fluorescence intensity of ciliary body. Data are presented as means =+ standard errors of the mean (n = 3), Welch’s ¢ test. "P < 0.05,

P < 0.01.

DISCUSSION

Clinical studies have demonstrated that MP-CPC effectively
lowers IOP, in a manner comparable to CW-CPC, with a supe-
rior safety profile and without severe complications.®>!>??
Increased uveoscleral outflow is presumably one of the
mechanisms by which MP-CPC lowers IOP; this hypothesis
is based on pathological evidence of increased space among
ciliary muscle bundles and clinical optical coherence tomog-
raphy findings of increased choroidal thickness in human
eyes.'*~18 Furthermore, the effects and complications of MP-
CPC are suspected to vary depending on the energy level
applied.”> However, precise changes in outflow tissues and
the underlying mechanisms have not been described. In
the present study, we collected novel data that imply an
increased uveoscleral outflow after MP-CPC, as well as MMP
upregulation in the uveoscleral outflow tract.

Previous studies have reported that another potential
mechanism of IOP reduction after MP-CPC in pigmented
rabbits could be aqueous humor transport dysfunction

caused by damage to the nonpigmented epithelial cells of
the pars plicata, a mechanism similar to CW-CPC.'2-242> Addi-
tionally, inflammation and scarring in the ciliary body in
MP-CPC and CW-CPC are reportedly similar. Although aque-
ous humor transport dysfunction could be a mechanism for
the IOP-lowering effects of MP-CPC, damage to the ciliary
body may be reversible and cannot explain the long-term
IOP-lowering effects. In addition, previous studies used the
laser power levels that are usually applied in humans. The
results cannot be applied to rabbit eyes because rabbit
tissues are more vulnerable than human tissues, because
of substantial interspecies anatomical differences. Therefore
it is important to use suitable laser power levels in rabbits
when exploring the IOP-lowering effects of MP-CPC. In this
study, we explored the optimal laser power for IOP reduc-
tion without severe tissue damage; we demonstrated that
MP-CPC at an optimal power level effectively lowered IOP
in rabbit eyes. We also found severe damage to the ciliary
body and reactive fibrotic responses both in the outflow
tract and the ciliary body at higher laser powers; such



Investigative Ophthalmology & Visual Science

IOP Reduction Mechanisms of MP-CPC in Rabbits
A .B ight field
Oomw
250mwW
500mwW
750mW
1000mwW

1500mwW

2000mW

FIGURE 4.

IOVS | June 2022 | Vol. 63 | No.6 | Article3 | 7

w

N
)

* %

-
o

w

Relative MMP2 expression
= N
o N o

-

<
3

Immunofluorescence staining images and graphs of MMP2 expression patterns. (A) The left panels show images that were stained

with MMP2, the right panels show bright field. Significant upregulation of MMP2 was observed in response to increased laser power, localized
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P < 0.01.

findings were minimized when using the appropriate laser
power.

Initially, we verified which laser power could reduce IOP
in a manner comparable to the clinical data available for
humans, without irreversible degeneration caused by ther-
mal coagulation. In the present study, we chose the ablation
protocol with 100 seconds in total, which was the standard
developer’s recommendation when we started the experi-
ment with the newly developed Rev2 probe. The ablation
time of 160 seconds in total has become popular in clini-
cal practice; our results in rabbit eyes in the present study
are consistent and comparable to the mechanisms of MP-
CPC in the clinical practice, because we have determined the
appropriate laser power that can lower intraocular pressure
without tissue destruction similar to human ocular tissue.
Although a power of 2000 mW is frequently used in humans,
there was a distinct “pop” sound during laser treatment
at this power, which indicated overtreatment of the ciliary
body; tissue specimens treated at powers of 1500 to 2000
mW showed structural changes such as ciliary thickening,
hemorrhage, and pigment dispersion of the ciliary body.

A recent study of MP-CPC in porcine eyes also reported a
“pop” sound at 300 J, as well as structural destruction of the
pars plicata and ciliary muscles, which is consistent with our
findings.?® Conversely, no evident irreversible tissue degen-
eration was observed at 250 to 1000 mW; both 500 and
1000 mW significantly lowered IOP, comparable to findings
in humans. Therefore we considered these conditions to be
suitable for studying the mechanisms of IOP reduction with-
out irreversible tissue degeneration.

We then measured the outflow facility, which is a typical
index of conventional outflow (Fig. 1C). Although signifi-
cant IOP reduction was achieved, outflow facility did not
change significantly after MP-CPC. Therefore we presumed
that factors other than conventional outflow regulation may
be involved in IOP reduction after MP-CPC. However, a
few studies have reported that contraction of the longi-
tudinal ciliary muscle occurs after MP-CPC, resulting in
deformation of the trabecular meshwork and dilatation of
Schlemm’s canal. Although our results appear to be contrary
to these reports, they do not necessarily negate the conclu-
sions of the previous reports.'” 826 Contraction of the ciliary
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with MMP3, the right panels show bright field. Significant upregulation of MMP3 was observed in response to increased laser power, localized
in the area between the ciliary muscle bundles. The white arrows point to areas of MMP3 upregulation. Scale bar: 200 pm. (B) A graph of
the fluorescence intensity of ciliary body. Data are presented as means % standard errors of the mean (n = 3), Welch’s ¢ test. "P < 0.05,

P < 0.01.

muscles may contribute to IOP lowering in a clinical situa-
tion, with increased outflow from the conventional pathway.
This should be investigated in a clinical scenario; the use of
healthy rabbits was a limitation of our experimental design.

We also investigated uveoscleral outflow and demon-
strated that it increased after MP-CPC. We used tetramethyl-
rhodamine-labeled dextran, which has served as a tracer
for uveoscleral outflow in mice®; we visually confirmed
that MP-CPC increased uveoscleral outflow in rabbits. With-
out MP-CPC, tracer signals were observed in the trabecular
meshwork but not in the uveoscleral outflow tract. However,
tracer signals were observed in the uveoscleral outflow tract
after MP-CPC (Fig. 2A). In addition, the tracer signal was
observed in a more posterior area of the uveoscleral outflow
tract at 1000 than at 500 mW, although the difference was
not statistically significant.

Because no morphological changes were observed at
laser powers below 1000 mW, we hypothesized that
the mechanism for increased uveoscleral outflow under
conditions below the threshold of tissue injury might

involve proteins that reconstitute the extracellular matrix
(e.g., MMPs), as reported for prostaglandins (PGs) in
glaucoma.?’?® Previous studies regarding the relationship
between PGs and the permeability of human outflow tissues
have reported that PGs produced a time- and concentration-
dependent increase in tissue permeability, which increased
expression levels of MMP-1, MMP-2, and MMP-3.”° In a
study concerning the effects of PGs in cynomolgus monkeys,
an increase in MMPs after PG administration was associ-
ated with a decrease in IOP, implying a role for MMPs in
IOP reduction.® We performed immunofluorescence stain-
ing of MMP1-3 and found that their expression levels in
the ciliary body increased. Notably, the increase in MMP
expression levels coincided with the area of the ciliary
muscle bundle known as the uveoscleral outflow tract,
implying that increased MMP expression contributed to
the increased uveoscleral outflow via extracellular matrix
remodeling.

Staining with «-SMA revealed that its expression levels in
stromal myofibroblasts and vascular smooth muscles were
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Ficure 6. Immunofluorescence staining images and graphs of «-SMA expression patterns. (A) The left panels show images that were
stained with «-SMA, the right panels show bright field. Increased o-SMA expression was observed from 250 to 2000 mW, localized in the
area between the ciliary muscle bundles. The white arrows point to areas of «-SMA upregulation . Scale bar: 200 ym. (B) A graph of the
fluorescence intensity of ciliary body. Although fluorescence intensity increased and the area stained with ¢-SMA showed broad fluorescence
signals beyond the ciliary muscle bundles up to the sclera, the difference was not statistically significant because of large variance between
groups. Data are presented as means + standard errors of the mean (n = 3), Welch’s ¢ test. P < 0.05, “P < 0.01.

upregulated in response to laser treatment at a power of should be performed in the future to elucidate this consid-
250 mW; levels tended to increase after MP-CPC, compared eration.

to controls, although the differences were not statisti- Because post-MP-CPC conjunctival scarring affects the
cally significant. Fibronectin, another fibrosis marker, was outcome of filtration surgery, we also investigated the
markedly upregulated in the ciliary body in response to expression patterns of fibrosis markers in the conjunctiva,
increased laser power (Fig. 7). Collectively, these results subconjunctival tissue, and sclera.>':3? Fibrosis marker levels
indicate that MP-CPC at lower laser powers may produce in subconjunctival tissue increased in response to laser treat-
a fibrotic response without tissue destruction; higher power ment, implying that MP-CPC may cause subconjunctival scar-
may result in tissue destruction and reactive fibrotic changes ring. Tan et al.!? previously reported subconjunctival fibro-
in the ciliary body. Because of the differences in scleral sis after MP-CPC at moderate to high laser powers. Our
thickness, anatomy and tissue reactivity between rabbits and study differed from that by Tan et al.'? in terms of the laser
humans, it is difficult to determine whether the MP-CPC at powers used and the type of CPC probe, but the results were
certain high power may results in the fibrotic response in consistent. Importantly, fibrosis markers also increased at
actual clinical use in human eyes. However, the reduction 500 mW, a power much lower than the level used in clini-
of focal fluid production associated with fibrosis may occur, cal treatment. In addition, we observed significant upregula-

and it is possible that the residual fibrosis may affect drug tion of collagen I in the sclera after MP-CPC. Collectively,
sensitivity or the results of a second MP-CPC. Further study it was suggested that MP-CPC may cause fibrosis within
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Immunofluorescence staining images and graphs of fibronectin expression patterns. (A) The left panels show images that were

stained with fibronectin, the right panels show bright field. Significant upregulation of fibronectin was observed in response to increased
laser power, localized in the area between the ciliary muscle bundles. The white arrows point to areas of fibronectin upregulation. Scale
bar: 100 pm. (B) A graph of the fluorescence intensity of ciliary body. Data are presented as means =+ standard errors of the mean (n = 3),

Welch’s ¢ test. P < 0.05, “P < 0.01.

the conjunctiva and sclera even with relatively low power,
and additional further study will be needed to clarify this
issue.

This study had some limitations. First, it was performed
with a small number of animals over a short observa-
tion period of one week after MP-CPC. Further studies are
needed to investigate the histological reaction more fully
over longer time periods. Second, there are some differ-
ences in ocular anatomy between rabbits and humans. It
has been reported that the proportion of the conventional
outflow in the total aqueous humor outflow of rabbits is rela-
tively large compared to that of primates.?® Eye size and axial
length also differ between rabbits and humans, which may
have affected the results. Third, this study was performed on
healthy rabbits without increased resistance to outflow via
the conventional pathway. However, in human clinical prac-
tice, MP-CPC is performed on patients with both increased
resistance to aqueous humor outflow from the conventional

pathway and increased IOP. Therefore the lack of change in
outflow facility after MP-CPC in this study does not imply
that outflow from the conventional pathway is unaffected
in clinical practice. Further studies are needed to determine
the effects of MP-CPC on the conventional pathway. Fourth,
we could not investigate whether MP-CPC affects aqueous
humor production in the present study. Although MP-CPC
with the lower power did not cause tissue destruction, it
may arise the reactive fibrotic response in the ciliary body
especially with the higher power. Therefore it is necessary
to further evaluate the effects of MP-CPC on aqueous humor
production in the future study.

In conclusion, we found that MP-CPC at low to moder-
ate power levels contributed to IOP reduction by increas-
ing uveoscleral outflow. The underlying mechanisms may
involve remodeling of the uveoscleral outflow tract through
increased expression of MMPs. Our results support the
potential IOP-lowering effects of MP-CPC without tissue
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Immunofluorescence staining images of fibrotic markers in the conjunctiva and sclera. (A, B, and C) The left panels show images

that were stained with «-SMA, collagen type I, and fibronectin, respectively. The right panels show bright field. The signals of «-SMA, collagen
type I, and fibronectin increase in response to increasing laser power in the subconjunctival region. The white arrows point to areas of
fibrotic markers upregulation. The yellow dashed line points to the border between conjunctiva and sclera. Scale bar: 50 pm.

damage in humans, when using relatively low laser power
levels.
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