FIGURE 6. Dacryocystography shows reduction of the lumen width of the nasolacrimal drainage system after pilocarpine administration
in an anteroposterior {A-P) image and oblique image (arrowheads). ICP = internal common punctum; NLD = nasolacrimal duct.
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physiologic characteristics that are similar to those of the
nasal mucosa.

Fischer and associates!® reported that somatostatin
and neuropeptide Y (nonadrenergic vasoconstrictors)
were present in the human nasal mucosa. Vasoactive
intestinal polypeptide and substance P, which are potent
mediators of vasodilation, have also been detected in the
nasal mucosa.’* Because some of these peptides are con-
tained in the nasolacrimal drainage system,? further inves-
tigations on the effect of these peptides on the lumen
width of the nasolacrimal drainage system are necessary.
The ocular surface and nasal mucosa have sensory inner-
vations, and mechanical!® and sensory!é stimulation of the
nasal mucosa induces aqueous tear production and vasodi-
latation of the blood vessels in the nasal mucosa.!” In
addition, the sensitivities of the corneal and conjunctival
are correlated with tear clearance.!® These sensory inner-
vations of the ocular surface and nasal mucosa may play a
role in changes of the lumen width of the nasolacrimal
drainage system. There are thermoreceptors in the nasal
mucosa,!? and stimulation of these receptors induced a
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vascular response in the nasal mucosa.!72¢ It is also known
that the body surface cooling causes a reflex swelling of the
nasal mucosa and that body surface heating induces the
shrinkage of the nasal mucosa.?! These observations indi-
cate that there are many factors that can alter the lumen
width of the nasolacrimal system.

Whitnall* has shown that the nerves to the LS are
derived from the infratrochlear branch of the ophthalmic
division of the fifth nerve and that the lower part of the
NLD receives axons from the anterior superior alveolar
branch of the maxillary division of the same nerve. In
addition, the contribution of the seventh cranial nerve,
through the Nervus intermedius, to the facial autonomic
innervation should be considered.??-?> The parasympa-
thetic preganglionic fibers arise from the lacrimatory nu-
cleus of the facial nerve, run in the Nervus intermedius of
the facial nerve, and then travel in the greater petrosal
branch of the nerve. The greater petrosal nerve then joins
the deep petrosal nerve to form the nerve of the pterygoid
canal. The deep petrosal nerve arises from superior cervical
sympathetic ganglion through the internal carotid plexus
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and passes without interruption through the pterygopala-
tine ganglion. Although a detailed map of the innervation
of the nasolacrimal drainage system has not been deter-
mined, these pathways also may supply innervation to the
nasolacrimal drainage system.

A limitation of this study was that we assumed that an
increase in the lumen width indicated an increase in the area
of the lumen. This assumption would be correct if the
lumen was circular, but it is known that the shape of the
lumen varies and contains numerous folds and ridges. To
test this assumption, we photographed the nasolacrimal
drainage system from two directions and measured the
width at five different points. The fact that the lumen
widths that were obtained with anteroposterior images
were not significantly different from those obtained from
oblique images would suggest strongly that our assumption
was correct. However, additional anatomic studies of the
nasolacrimal drainage system will be required to determine
the exact relationship between the width and area of the
lumen.

Amanat and associates?® reported that 30% of the
patients with unilateral epiphora had a physiologic ob-
struction in the lower part of the NLD of the asymptomatic
side by lacrimal scintigraphy, which indicates that the
anatomically asymptomatic side may not be completely
physiclogically normal in our patients. Even though our
use of asymptomatic sides may have introduced some bias
to our data, we chose not to use healthy volunteers for
ethical reasons. We also believe that a cross-over design
with the use of phenylephrine and pilocarpine on the same
patient would have increased the statistical power of our
conclusions; however, repeated x-ray radiation would have
to be performed on the same patient.

The average lumen width of the upper orifice of the
osseous NLD is 4.6 mm*; the lumen width of the membra-
nous NLD is smaller, because the wall of the membranous
NLD becomes thicker in this area.#82 The lumen width of
the LS and the NLD that were measured at the five points
tended to be slightly smaller than those reported by Malik
and associates?? (2.43 = 0.95 mm for the LS, and 2.30 *+
0.83 mm for NLD), who also used dacryocystography with
a water-soluble agent. This discrepancy may be because
they may have exerted excessive pressure on the LS and
NLD by direct insertion of a cannula into the LS, or it may
simply reflect racial differences.z8

It is possible that not using a standardized pressure of
infusion of the contrast medium through the canaliculus
can lead to artificial distention of the nasolacrimal drain-
age system on dacryocystography measurements. However,
we performed dacryocystography under fluoroscopic guid-
ance and stopped the infusion when the contrast medium
was detected in the nasal cavity. In addition, after phen-
ylephrine infusion, 98.0% (50/51) of the lumen width at
points 3 through 5 in the anteroposterior images and
94.1% (64/68) at points 2 through 5 in the oblique images
were significantly larger. Conversely after pilocarpine in-
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fusion, 87.5% (42/48) of the lumen width at points 3
through 5 in anteroposterior images and 96.9% (31/32) at
points 4 and 5 in the oblique images were reduced
significantly. Moreover, the lumen widths of the LS were
not changed significantly, except for one point after
phenylephrine infusion. These findings, coupled with our
statistical analysis that shows that the changes were
statistically significant, indicated that the changes were
not due to the injection protocol.

Dacryocystography is the most common and useful
method to obtain anatomic information of the nasolacri-
mal drainage system.?%3¢ We selected to use dacryocys-
tography because it is readily available and safe and
because the results can be obtained quickly and at low
cost.31-34 Other imaging techniques (e.g., lacrimal scintig-
raphy,3®> computed tomography,?27 and magnetic reso-
nance imaging?3122) have been used to evaluate the
nasolacrimal drainage system. Among these, lacrimal scin-
tigraphy is useful in the evaluation of the physiologic
condition of the tear flow dynamics3335 but gives limited
anatomic information.>* Conventional computed tomog-
raphy and magnetic resonance imaging are used to analyze
the structure of orbit and the paranasal sinus33; however,
these procedures cannot distinguish the point of nasolac-
rimal obstructions precisely.?33637 Although computed
tomography dacryocystography provides functional infor-
mation,3® a small stenosis or obstruction can be missed
between slices.3® Magnetic resonance dacryocystography is
a noninvasive procedure that is used for the functional
assessment of the nasolacrimal system.223132 However, it is
expensive, with long image acquisition time, frequent
image degradation with patient movement,32:3° and lower
spatial resolution.?® Helical computed tomography dacryo-
cystography?® and three-dimensional rotational dacryocys-
tography® are new methods for the evaluation of the
nasolacrimal drainage system in detail; however, these
methods have not yet been established as routine tests and
are also expensive.’® Furthermore, because of the sensitiv-
ity, it 1s difficult often to distinguish between anatomic
variations and true filling defects.?®

ODonnell and Shah* recommended dacryocystorhi-
nostomy {DCR) in cases with a “functional” NLD obstruc-
tion and obtained highly successful results after DCR,
which suggests a necessity of appropriate lacrimal drainage
surgery for this abnormality. This suggested that a dysfunc-
tion in the tear outflow in cases of functional NLD
obstruction may be attributed to an abnormal autonomic
control that reduces tear outflow rather than a weakness of
the lacrimal pump. In this respect, the topical application
of adrenergic agonist may be useful in the treatment of the
functional NLD obstruction. Further studies are necessary
to determine the relationship between functional NLD
obstruction and the reaction of the nasolacrimal drainage
system to adrenergic or cholinergic agonists by topical
instillation. In addition, an intentional dilation of the
NLD by sympathetic stimulation may be beneficial in the
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prevention of the false passage formation at the time of
nasolacrimal intubation.

Frangois and Neetens* suggested that sensitive recep-
tors were present in the wall of the LS. These receptors
would then control tear secretion, because lacrimation can
decrease in the absence of inflammation of the LS. More-
over, Yen and associates®? reported that tear secretion
decreased after temporary punctal occlusion in normal
subjects, which suggests that there are some receptors on
the ocular surface, lacrimal outflow tract, or nasal mucosa
that are part of a feedback mechanism that controls tear
production. The innervations to the lacrimal gland,*45
accessory lacrimal gland,#47 meibomian gland,*® and con-
junctival goblet cells*® have been studied extensively; tear
production is believed to be regulated by autonomic and
sensory nerves. Earlier, tear outflow was believed to be
regulated mainly by the lacrimal pump through the canal-
iculus and LS that accompanies blinking.5¢-5% However,
our results suggest that tear outflow may also be affected by
changes in the lumen width of the NLD. Because tear fluid
contains norepinephrine and epinephrine,5-¢ the inner-
vation of the LS and NLD may be involved actively in this
feedback system.

Further studies are needed to determine the relationship
between the lumen width in the nasolacrimal drainage
system and the kinetics of tear outflow. This is important
because these findings are related closely to the differential
diagnosis of nasolacrimal stenosis/obstruction and dry eye
disorders. The critical question of whether a wide or
narrow nasolacrimal drainage system is preferable for
smooth tear outflow is now underway.

In summary, our data show that an adrenergic agonist
increased the lumen width of the nasolacrimal drainage
systemn, especially the lumen width of the NLD, whereas
cholinergic agonist reduced its width. These findings indi-
cate that the drainage of tears through the NLD is
controlled, in part at least, by the autonomic nervous
system.
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Demonstration of Aqueous Streaming
Through a Laser Iridotomy Window
Against the Corneal Endothelium

Yasuaki Yamamoto, MD; Toshihiko Uno,

MD, PhD; Katsumi Shisida, MD; Longquan Xue, MD;

Atsushi Shiraishi, MD, PhD; Xigodong Zheng, MD, PhD; Yuichi Ghashi, MD, PhD

Objestive: To determine the pathogenesis of the bul-
fous keratopathy that is frequently observed in patients
after argon laser iridotomny (ALD by comparing the
changes in aqueous flow after ALI with those that fol-
tow peripheral iridectomy in rabbit eyes.

Methods: Silicone particles were injected into the an-
terior chamber of rabbit eyes as tracers to monitor aque-
ous flow. Particle tracking velocimetry with image analy-
sis was used to determine the direction and speed of
aqueous {low in 5 pigmented rabbits that underwent Al l
and 5 that underwent peripheral iridectomy.

Reswis: In the ALLgroup, silicone particles were found
10 stream throngh the ridotomy window against the cor-
neal endothelivm tmmediately after the pupil was con-

stricted by a light stimulus. The mean=SD speed of the
particles was 2.97+1.51 mm/s. In contrast, the mean=SD
flow rate through the iridectomy window in the periph-
eral iridectomy group was significantly slower at
0.3620.30 mm/s (P=.01).

Conclusion: Constriction of the pupil elicited marked
agueous streaming through the ALI window against the
corneal endothelium.

Clinical Relevance: The mechanical stress to the cor-
neal endothelium by the abnormal aqueous stream may
be partially responsible for the corneal decompensation
that follows ALL
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RGON LASER [RIDOTOMY
(ALI) bas been widely used
for the prevention and
treatment of angle closure

i glaucoma since its intro-
duction into dmxcal practice by Quigley' in
1981. In 1984, Pollack? reported the first
case of irreversible comneal edema after ALL
and in 1988, Schwartz et al® reported more
cases of phakic bullous keratopathy and
concluded that corneal edema was a seri-

ous complication of ALL The incidence of

this devastating disorder is increasing vearly,
and, in Japan, ALlnduced bullous kera-
topathy is now recognized as the second
most common corneal disease requiring
penetrating keratoplasty to restore good vi-
sual acuity.*"

A variety of causes have been postu-
lated for bullous keratopathy, for ex-
ample, excessive laser irradiation >3 g
history of acute glaucomatous at-
tack #8103 diabetes mellitns >5%Y and ah-

normalities in the corneal endothelium,
such as cornea guttata and Fuchs Lormal

degeneration.” o1 However, these fac-
tors do not fully explain the pathogenetic
mechanism in most cases.

‘We hypothesize that changes in the dy-
namics of the flow of aqueous humor are
related to the corneal endothelial decom-
pensation that follows ALL To date, the dy-
namic changes in aqueous flow in the an-
terior chamber have not been studied in
detail because aqueous flow is not visible
except when inflammatory cells are pres-
ent in the anterior chamber. Recent im-
provements in imaging devices and com-
puter technigues now allow the use of
principles developed for particle tracking
velocimetry (PTV) to detect the flow of the
aqueous humor.’>" Using silicone pow-
der as a tracer, we quantitatively analyzed
changes in the direction and speed of aque-
ous flow and compared the velocity and
course of aqueous flow after ALl vs after pe-
ripheral iridectomy (P1) in rabbits.

ANIMALS AND TRACER

Healthy Dutch pigmented rabbits {weight, 1.5-
2.5 kg) were used. All the procedures were per-
formed under general anesthesia with an in-
tramuscular injection of 3% ketamine
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Figure 1. Still photographs of particies in the anterior chamber at 0 {A), 3 (B}, 5 {C}, and 8 {D) seconds shewing a descending particle (a), the center of the

circular current (b}, and an ascending particle {c}. Parficles attached to the surface of the leas are used to track the movement of the rabbil {d}. The wavy lines in

D indicate the track of each particle.

hydrochloride, 25 mg/kg (Ketalar; Sankyo-Yell. Tokyo, Ja-
pan}, and xylazine hydrochloride, 3 mg/kg (Celactar; Bayer,
Tokyo), and under topical corneal anesthesia with 0.4% oxy-
buprocaine hydrochloride ophthalmic solution. In managing
the rabbits, we adhered strictly to the Guiding Principles in the
Care and Use of Animals (US Department of Health, Educa-
tion, and Welfare publication NIH 80-23).

Silicone powder (KMP-602; Shin-Eisu Chemical Co Ltd,
Tokyo}, consisting of homogeneous particles with 2 mean di-
ameter of 30 pm and specific gravity of 0.98. was used as a tracer
to make aqueous flow visible.

EXPERIMENTAL DESIGN

Fifteen rabbits were randomly separated into 3 equal groups. One
group served as controls without treatment, the second group un-

derwent unilateral ALL and the third group underwent unilai-
eral P1 The rabbits in the ALl and Pl groups were monitored for
more than 2 wecks until the inflammatory reactions induced by
the surgical procedures were completely resolved.

To examine the pattern and velocity of aqueous flow, 3.05
g of silicone powder was suspended in 10 ml of isotonic so-
divm chloride solution. Then, 0.2 mL of the suspension was
injected through a corneal limbal incision at the 2-o'clock po-
sition using a 30-gauge needle on a 1-mL disposable syringe.
All the rabbits were allowed to recover for at least 15 minutes
afier the injection, until the movements of the silicone par-
iicles became consistent. Then, the movements of the silicone
particles were videotaped and analyzed using PTV.

In the control group, the speed of the thermal current was
quamtitatively analyzed, and in the ALLand P1 groups, the niove-
ment of the tracer particles in the vicinity of the iridotomy or

(REPRINT
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irideciomy window was also measured. To induce pupillary con-
striction, the width of the slit beamm was increased from 0.3 to
2.0 mm. Changes in aqueous flow were monitored before and
during miosis. The speed of flow of the aqueous from the pos-
terior chamber through the opening in the iris into the ante-
rior chamber was compared in the 2 groups.

EXAMINATION OF AQUEOUS FLOW AND PTV

Movement of the silicone particles into the anterior chamber
was observed by using a slitlamp biomicroscope and was re-
corded on videotape by using a charge-coupled device cam-
era. The slit beam was aligned with the center of the cornea
and projected vertically onto the anterior surface of the lens.
The augle between the observer’s eve and the slit beam was main-
tained at 60°.

The images of the movement of the particles on the video-
tape were transferred toa personal computer, and the flow speed
was determined by monitoring the displacement of individual
particles using image analysis software {(Image Tracker PTV
2001; Digimo Co Ltd, Osaka, Japan). The images were first con-
verted into still pictures at 30 frames per second, and the co-
ordinates of selected particles were determined for each frame.
Then, regression lines were calculated based on the sequential
changes of the coordinates of each particle. The speed of flow
of the particles was calculated from the slope of each regres-
sion line.

Because the coordinates of the particles also changed from
movements of the rabbit, the coordinates of each particle
were corrected by subtracting the coordinates of particles that
were adherent to the sarface of the lens or corneal endothe-
lium from those of the individual particles floating in the aque-
ous humor.

SURGICAL PROCEDURES FOR AL1I AND P

The multicolor laser photocoagulater (Novus Ommi; Coher-
ent, Inc, Santa Clara, Calif ) was used for ALl The 2-step long-
burn technique using the Abraham lens was used: 8 stretching
burns with 521 nm of argon green, 200-pm spot size, 0.2 sec-
ond, aud 200 mW of power followed by 272 10 432 penetrat-
ing burns with 521 nm of argon green, 30-pum spot size, 0.02
second, and 1000 mW of power. For P1, the iris was pulled out
of a limbal incision and resected to produce an wridectomy di-
ameter of approximately 3.0 mm at the 12-0’clock position. The
prolapsed iris was gently repositioned using a spatula to avoid
any incarceration in the incision site. Finally, the wound was
closed using a single 10-0 nylon suture.

The silicone particles were well dispersed in the ague-
ous humor without any aggregation. Some particles were
adherent to the corneal endothelium and the anterior sur-
face of the lens and iris, but most were seen to be mov-
ing along with the aqueous flow.

"AQUEOQUS FLOW IN THE ANTERIOR CHAMBER
Control Group

Slitlamp examination showed continuous movement of
the particles in a circular path, with a descending flow
near the corneal endothelium and an ascending flow near
the anterior surface of the iris. This pattern is consistent
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Figure 2. Changes in the coordinates of the movement of 1 descending
particle in the vicinity of tha comeal endothelium. Position “0” represents the
starting position of the particle in the anierior chamber. A shows the changes
in the coordinates from the cornea fo the iris. B represents the particle
position from top to bottom. Flow speed is calculated from the slope of the
regression line.

with the theory of the thermal current of the aqueous hu-
mor in the anterior chamber'* (Figwre 1). Changes in
the coordinates of 19 particles in 5 rabbit eyes were plot-
ted. The graph of 1 descending particle in the vicinity of
the corneal endothelium is shown in Figure 2. The
mean=SD flow speeds were 0.180+0.056 mm/s for the
descending flow near the corneal endothelium and
0.068+0.015 mw/s for the ascending flow near the an-
terior surface of the lens.

ALl Group

The pattern of thermal flow of the particles was almost
the same as in control eyes. However, when the pupil was
constricted, a stream of particles was seen to flow into
the anterior chamber from the posterior chamber through
the iridotomy window. After the pupil dilated, the par-
ticles were drawn back into the posterior chamber through
the iridotomy window. The tracking images of these par-
ticles, plotied by monitoring individual particles for 1 sec-
ond, are shown in Figure 3 and Figure 4. The stream-
ing particles were seen to collide against the corneal
endothelium and then move downward in the anterior
chamber (arrows in Figure 3).

P1 Group

In the PI group, particles were seen to descend not only
near the cornea but also along the anterior surface of the
lens. The ascending particles were seen near the surface
of the iris when the slit beam was shifted laterally. Con-
striction of the pupil accelerated the speed of the de-
scending particles near the iridectomy window (0 some
extent, but no particles were seen to collide with the cor-
neal endothelium. The tracking images of these par-
ticles, plotted for 1 second, are shown in Figure 5.

{REPRINTED} ARCH OPHTHALMOL/VOL 124, MAR 2006

389

WWWARCHOPHTHALMOL.COM

Downloaded from www.archophthalmol.com at C/O Kwe-Access, on March 14, 2007
©2006 American Medical Association. All rights reserved.

-386-



Figure 3. Photograph demonstrating agueous streaming into the anterior chamber from the pesterior chamber through the argon laser iridetomy (ALI) window.
A, An eye with ALl during pupil constriction {when the slit beam was increased). B, At that time, the tracking images of streaming particles are indicaled in the
higher view of the vicinily of the iridotomy window (arrowheads). The particles collided against the corneal endotheium (arrows}. The wavy lines indicate the track

of each particie.

COMPARISON OF FLOW THROUGH
THE OPEN WINDOW IN THE IRIS
AFTER MIOSIS IN BOTH GROUPS

The speed of the particles streaming through the open-
ing in the ALI and P1 group during a 0.1-second period
after miosis is plotted in Figure 6. The mean=SD flow
speed of the 25 particles in the ALl group was 2.97+1.51
mm/s, whereas that of the 25 particles in the PI group
was 0.3620.30 mny/s. This difference in the mean flow
speed was significant {P=.01, by Mann-Whitney test). The
size of the iris window was measured on the images down-
loaded 1o the computer. The mean=SD area of laser iri-
dotomy in the ALI group was 0.9620.31 mm?, whereas
that in the PI group was 5.84x2.12 mm’. The difference
in the areas of the iris window between the 2 groups was
significant (P=.006, by Mann-Whitney test).

We succeeded in “seeing” the flow of aqueous hwmor in
the anterior chamber of rabbit eyes by using silicone pow-
der as a tracer. The technique of PTV was then used to
determine the direction and speed of the particles. Our

results confirm the presence of a thermal current of aque-
ous humor in the anterior chamber. As stated, the accu-
racy of the velocity measurement by PTV is ultimately
determined by the ability of the scattering particles to fol-
low the instantaneous motion of the fluid.

In this sense, careful selection of a tracer particle is
critical, and several properties should be present in the
particles. First, the tracer particles must be large
enough to have good light-scatiering ability and 1o be
detected by a video camera so that digitized data can be
analyzed. Second, the tracer particle should be small
enough to be carried passively with the current of the
fluid. An ideal tracer particle would have a specific
gravity identical to that of the aqueous humor. And
third, the particle should be nountoxic, noncorrosive,
and chemically inert. With respect to these require-
ments, many studies have nsed particles with diameters
ranging from 2 to 300 pm and density ratios of 0.7 to
1.05.% Silicone powder has these properties and thus
was used in this study.

The exact cause of the corneal endothelial decom-
pensation that follows ALI has not been determined.
For example, excessive laser irradiation can cause seri-
ous endothelial damage, but we seldom see such a
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Figure 4. Photograph demonstrating the drawn-back fiow into the posterior chamber through the argon laser iridotomy (ALl

patient develop severe corneal edema immediately after
surgery. In addition, corneal endothelial decompensa-
tion can develop even after uneventful laser procedures.
Although a history of acute glaucomatous attack is a
risk factor for corneal endothelial decompensation, irre-
versible bullous keratopathy almost never develops in
eyes that undergo surgical iridectomy. The presence of
diabetes mellitus or corneal endothelial abnormalities,
such as cornea guttata or Fuchs corneal dystrophy, has
not been associated with many cases of bullous kera-
topathy.

Our most striking finding was the presence of aque-
ous streaming through the small opening of the iris af-
ter ALL This showed that laser iridotomy causes an ex-
tremely fast forward aqueous flow, which occurs through
the iris window during miosis, followed by the back-
ward flow as the pupil dilates. The mean speed of this
streaming from the posterior chamber to the anterior
chamber was estimated to be 2.97 mnys, which is ap-
proxirmately 17 times faster than the ordinary thermal cur-
rent. More important, the stream was directed against the
corneal endothelium, unlike the direction of the physi-
ologic thermal current, which flows parailel to the cor-
neal endothelium. Just as the continuous shear stress of
vascular flow on vascular endothelial cells has gained at-

dow. 4, An eye with ALl during
dilation of the pupil {when the slit beam was narrowed}. B, At that time, the tracking images of particles fiow back into the posterior chamber and are indicated by
the higher view in the vicinity of the iridotomy window (arrowheads). The wavy lines indicate the track of each particls.

tention as a causative mechanism in arteriosclerosis or
aneurysm formation,'®*® such an abnormal stream can
be suggested to damage corneal endothelial cells. H this
streaming is repeated in response 1o light stimuli for long
periods, the corneal endothelial cells around the win-
dow may be damaged, leading to corneal endothelial cell
dysfunction.

In contrast to the stream observed in the ALY group,
the flow speed through a large-diameter surgical iridec-
tomy in the PI group was found to be slow and not di-
rected against the corneal endothelium. This may ex-
plain the fewer cases of endothelial dysfunction observed
in patients after standard surgical P1, a procedure widely
performed before the development of ALL

Corneal endothelial dysfunction occurs predomi-
nantly after ALY but also rarely after Nd:YAG laser iri-
dotomy. One may argue that such corneal endothelial de-
compensation can be avoided if an Nd:YAG laser is applied
to make an iris opening because the thermal effect is
thought 1o be substantially reduced using this proce-
dure. However, it has been reported that the dysfunc-
tion can develop in patients after laser iridotomy using
an Nd:YAG laser."!*?0 Therefore, it seems that the ther-
mal damage to the corneal endothelium elicited by the
ALI procedure cannot be the only causative factor, and
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Figure 5. Photograph demonstrating the agueous flov through the peripheral iridectomy (P1) windoy \n eye with Pl during pupil constriction {when the slit beam was
increased). B, At that time, the tracking images of patticles are indicated by the higher view in the vicinily of the iridectomy wingow (arrowheads). None of the particles

4

were noted to collide with the comeal endothelium. The wavy lines indicate the track of each particie.
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the importance of the changes i aqueous flow should
be considered.

This type of unusual streaming should be present
in all patients 10 some degree; however, corneal endo-
thelial dysfunction develops in few patients. Possible
explanations for this discrepancy include differences
in the size of the iridotomy, the location of the
window, the distance between the window and the
corneal endothelium, and the presence or absence of
posterior synechia. These factors are intricately inter-
twined, and few patients will experience serious cor-
neal endothelial dysfunction that leads o irreversible
bullous keratopathy.

Why does such streaming occur? Generally, during
miosis, the pressure in the posterior chamber rises, which
leads to the flow of aqueous into the anterior chamber.
As the pupil and the central region of the posterior sur-
face of the iris make appositional contact with the ante-
rior surface of the Jens and retard aqueous flow, the rapid
release of the pressure should result in the aqueous stream
when the opening is small.

Because the aqueous humor plays an essential role in
maintaining the homeostasis of the anterior segment of
the eye, any changes may have a profound effect and could
be associated with a variety of ocular disorders. In this
regard, the method of making aqueous flow visible de-
scribed herein can be used to analyze changes in its dy-
namics and could possibly contribute to the further un-
derstanding of the pathogenesis of anterior segment
disorders.
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15, 2005.
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Archives of Ophthabnology will publish articles on HIV/
AIDS and ophthaimology in conjunction with a JAMA
theme issue on the same topic in July 2006. Manu-
scripts received by March 1, 2006, will have the best
chance for consideration for this theme issue.
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Conjunctival Wound Healing

ABSTRACT Purpose: To investigate the role of angiotensin T (Ang I1) receptor
subtypes in subconjunctival injury. Methods: A wound-healing model was de-
veloped by subconjunctival blunt dissection in male wild-type, AT}, receptor—
deficient (AT,KO) and AT; receptor-deficient (AT, KO) mice. Collagen depo-
sition and cell infiltration were evaluated histologically. Expression of collagen,
matrix metalloproteinase (MMP), and tissue inhibitor of metalloproteinase-1
(TIMP-1) were determined by real-time PCR. Reszlts: Subconjunctival injury
wncreased the mnfiltration of inflammatory cells, collagen deposition in the sub-
conjunctival space, and the expression of collagen type I and type T, TIMP-1
and MMP2. In AT;,KO mice, collagen deposition, cell infiltration, and ex-
pression of collagen and TIMP-1 were inhibited, but MMP2 expression was
enhanced. In contrast, in AT, KO mice, the increase in collagen deposition,
cell infiltration, and expression of collagen and TIMP-1 were further enhanced.
Conclusions: These results indicate that AT, and AT, receptor stimulation may
in addition to other mechanisms be antagonistically involved in the wound-
healing process after subconjunctival injury.

KEYWORDS angiotensin Ii; collagen; conjunctiva; transgenic mouse; wound healing

INTRODUCTION

The conjunctival wound-healing reaction seems to play a key role in the results
of surgery for glaucoma' or pterygium? and ocular surface reconstruction.’
However, the mechanism of the conjunctival wound-healing reaction has not
been fully elucidated despite its clinical importance.

Angiotensin 1I (Ang IT) regulates wound healing in the skin, as well as cardio-
vascular structure and hemodynamics, through type 1 (AT,) and type 2 (AT3)
receptors.*™7 Fibroblasts and phenotypically transformed myofibroblasts® play
a critical role in cardiac remodeling through extracellular matrix (ECM) protein
deposition and both matrix metalloproteinase (MMP) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) production.” It has been reported that AT; recep-
tor stimulation induces cell proliferation and accumulation of ECM.* On the
other hand, AT, receptor stimulation has shown antagonistic actions against
AT, receptor stimulation in various experiments.*1%1! Because it is reported
that both AT; and AT, receptors are expressed in the eye,'? it seems probable
that these receptors play a critical role in the wound-healing process in ocular
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tissue. However, the mechanism of action of AT; and
- AT, receptor stimulation is unknown.

In the current study, we developed a subconjunctival
wound-healing model using Ang II receptor-deficient
mice and examined the role of Ang II in subconjuncti-
val wound-healing responses.

MATERIALS AND METHODS
Animals

Adult male C57BL/6] mice (WT), AT}, receptor-
deficient (AT1,KO) mice (based on C57BL/6] strain and
donated by Tanabe Seiyaku Co. Ltd., Osaka, Japan),
and AT, receptor-deficient (AT,KO) mice (based on
C57BL/6] strain) (10 to 12 weeks of age) were used in
this study. The animals were housed in a room where
lighting was controlled (12 hr on, 12 hr off) and the
temperature was maintained at 25°C. They were given
a standard diet and water ad libitum. All experiments
were approved by the Animal Studies Committee of
Ehime University.

Surgical Procedure

All experimental procedures were carried out in ac-
cordance with the Declaration of Helsinki and the Guid-
ing Principles in the Care and Use of Animals (DHEW
Publication, NIH 80-23). The surgical procedure was
performed under a microscope (OPMI-1SH; Carl Zeiss
Inc., Oberkochen, Germany), according to the method
of Reichel et al.!3 with slight modification. The mice
were anesthetized with ketamine (70 mg/kg) and xy-
lazine (4 mg/kg) by intraperitoneal injection. The upper
and lower eyelids were retracted with a small speculum.
A small radial incision was made with vannas scissors at
alocation 1 mm posterior to the corneal limbus. An Ob-
stbaum IOL spatula (ASICO LLC, Westmont, IL, USA)
was inserted into the incision and the anterior subcon-
junctiva was dissected bluntly from the corneal limbus
to the fornix. Sham operation was performed without
dissecting the subconjunctival area. After surgery, oint-
ment containing antibiotics was applied once on the
incision to reduce the risk of infection. Animals were
sacrificed at 0.5, 1, 2, 7, and 14 days after surgery with
an overdose of pentobarbital. We used 4 to 6 animals
for histological analysis, and 6 to 9 animals for measure-
ment of mRINA by real-time PCR in each experimental
group.

5. Mizoue et al.

Histological Examination

The eyes were enucleated and postfixed in 10% neu-
tral buffered formalin overnight, dehydrated, and em-
bedded in paraffin. Then, 5-um-thick sections were
prepared in the pupil-optic nerve head plane. Hema-
toxylin and eosin staining and Elastica van Gieson
staining were carried out to examine cell infiltration
and fibrosis in the subconjunctival space. The num-
ber of infiltrated cells in the subconjunctival space was
counted using the computer software Personal Image
Version 3.0 for Windows (ATTO Co., Tokyo, Japan) by
investigators who were masked to the treatment and
was expressed as the number of nuclei per field (mag-
nification, x400). We calculated cell number mn two
microscopic fields from each animal using three dif-
ferefit sections from each eye sample. Intensity of fi-
brosis was graded as follows: 0, negative; 1, weak; 2,
moderate; and 3, strong; and was evaluated in three
different sections for each animal. Fibrosis score was
expressed as mean SEM of scores in experimental
groups.

Immunohistochemical staining of macrophages
and myofibroblasts was performed using a biotin-
conjugated secondary antibody (DakoCytomation
Japan, Tokyo, Japan) and streptavidin-biotin-peroxidase
technique. Cy3- and FITC-conjugated streptavidin
(KPL, Inc., Gaithersburg, MD, USA, and Vector Labo-
ratories, Inc., Burlingame, CA, USA, respectively) were
used for double staining of AT; and AT, receptors.
Macrophages (F4/80), AT; receptor, and AT, receptor
were stained with anti-F4/80 antibody (BMA Biomed-
icals, August, Switzerland), anti-AT; receptor antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA),
and anti-AT; receptor antibody (Santa Cruz Biotech-
nology), respectively. Immunostaining of a-smooth
muscle («-SM) actin was performed with anti-o-SM
actin monoclonal antibody (clone no. 1A4, Sigma-
Aldrich, St. Louts, MO, USA) using 2 mouse-on-
mouse reagent (M.O.M. Immuno Detection Kit; Vector
Laboratories).

Real-Time PCR

Total RNA was extracted from the conjunctiva and
injured subconjunctival tissue using an RNeasy kit
(Qiagen Inc., Valencia, CA, USA). Equal amounts of to-
tal RNA were reverse-transcribed to cDNA using Om-
niscript Reverse Transcription Reagents (Qiagen Inc.)
according to the manufacturer’s protocol. PCR primers
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TABLE 1 Primer Sequences for Real-Time PCR

Primer Sequence

Collagen type |

Forward 5-CCGTGCTTCTCAGAACATCA-3'

Reverse 5-GAGCAGCCATCGACTAGGAC-3
Collagen type Wi

Forward 5 -GTCCACGAGGTGACAAAGGT-3'

Reverse 5-GATGCCCACTTGTTCCATCT-3
TIMP-1

Forward 5-AGACCACCTTATACCAGCGT-3

Reverse 5-TAAACAGGGAAACACTGTGC-3
MMP1

Forward 5-CTCACAACAATCCTCGTTGG-3

Reverse 5-CCTCTGTGGAAGGAGAGCAC-3'
MMP2

Forward 5-GGACAGTGACACCACGTGAC-3

Reverse 5-GTATCCTCGCTCCAGAGTGC-3’
MMP9 .

Forward 5 -CATTCGCGTGGATAAGGAGT-3'

Reverse 5-ACCTGGTTCACCTCATGGTC-3'
B-actin

Forward 5-CCTGTATGCCTCTGGTCGTA-3

Reverse 5-CCATCTCCTGCTCGAAGTCT-3'

TIMP-1, tissue inhibitor of metalloproteinase-1;, MMP, matrix metallo-
proteinase.

are shown in Table 1. These primers, except those for
TIMP-1,11:14 were designed according to the full-length
cDNA sequence in GenBank and their specificity was
confirmed by BLAST (National Library of Medicine,
Bethesda, MD, USA).

Real-time PCR was performed using a DyNAmo
SYBR Green qPCR Kit (Finnzymes, Espoo, Finland).
Amplification reactions were performed in a final vol-
ume of 20 ul containing, 0.5 uM primer mixture and
2 ul cDNA. The PCR conditions consisted of an initial
denaturation step at 95°C for 10 min and 40 cycles at
95°C for 10 s of denaturation, 60°C (collagen type I and
type 111, TIMP-1, MMP1, and B-actin) or 64°C (MMP2
and MMP9) for 20 s of annealing, and 72°C for 20 s of
extension. Each PCR thermal cycle condition was op-
timized by 1.5% agarose gel electrophoresis to achieve
a single band of the expected size. All PCR reactions
were performed using an Opticon continuous fluores-
cence detection system (M] Research Inc., Waltham,
MA, USA). The comparative cycle threshold (Ct) was
calculated for all samples to quantify the relative expres-
sion of each mRNA with standardization using that of
B-actin mRNA. Experiments were performed in dupli-
cate for each data point.

Statistical Analysis

Values are expressed as mean = SEM. Data were an-
alyzed using ANOVA. If a statistically significant effect
was found, post boc analysis was performed to identify
the difference between the groups. A value of p < 0.05
was considered to be statistically significant.

RESULTS

Cell Infiltration in Subconjunctival
Space After Injury Induced by Blunt
Dissection

First, we examined the changes in cell infiltration in
the subconjunctival space after blunt dissection using
WT, AT;,KO, and AT,KO mice. Figure 1 shows the
histological changes in the subconjunctival space after
operation. Infiltration of mononuclear cells into the
subconjunctival space was increased 7- to 10-fold at 1
and 2 days after injury in all groups (Figs. 1a and 1b).
The change in cell number was not significantly differ-
ent among the three groups until 7 days after operation.
The cell number at 14 days was significantly greater in
AT,KO mice (Fig. 1b), while it appeared to be smaller
in AT;,KO mice. Infiltrating cells in the subconjunctr-
val space after blunt dissection included macrophages
and myofibroblasts. As shown in Figure 2, the number
of macrophages and myofibroblasts was markedly in-
creased in the subconjunctival space at 2 days after oper-
ation. This increase was significantly smaller in AT;,KO
mice. In contrast, the increase in myofibroblast number
was further enhanced in AT,KO mice. This enhanced
response was observed even at 14 days after operation

(Fig. 2b).

Expression of ATy and AT, Receptors
in Subconjunctival Space After Blunt
Dissection

Figure 3 shows immunofluorescent staining of AT;
and AT, receptors in the subconjunctival space in sham-
operated and injured mice at 2 days after operation. In
sham-operated mice, expression of AT, receptors was
not observed in the subconjunctival space, where there
was no apparent cell infiltration. Expression of AT; and
AT, receptors was increased after operation. Both AT}
and AT, receptors were coexpressed in mononuclear
cells in the subconjunctival space after operation.
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FIGURE 1 Histological changes in subconjunctival tissue in
AT,KO and ATy,KO mice afier subconjunctival injury. Subcon-
junctival injury was induced and cross sections of eye samples
were prepared as described in “Materials and Methods.” (a} Rep-
resentative cross sections of injured eyes with hematoxylin and
eosin staining. (C, conjunctiva; S, sclera. Magnification, x300;
scale bar, 50 um.) (b) Changes in tolal cell count in subconjuncti-
val space after injury. Total cells in the subconjunctival space were
counted using a cross section of the eye as described in “Materi-
als and Methods.” (Sham, sham operation.) *p < 0.05 versus sham
group. Values are mean - SEM of 4 to 6 animals.

Collagen Deposition in
Subconjunctival Space After
Blunt Dissection

Subconjunctival injury induced an increase in colla-
gen deposition during the wound-healing process. As
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FIGURE 2 Infiltration of macrophages and myofibroblasts into
subconjunctival space at 2 days after injury in AT, KO and AT{,KO
mice. Subconjunctival injury was induced and cross sections
of eye samples were prepared as described in Figure 1. (a) Im-
munostaining of macrophages and myofibroblasts in subcoenjunc-
tival tissue with anti-F4/80 antibody and anti-a-smooth muscie (-
SM) actin antibody, respeciively. Arrows show positive staining of
each marker. Magnification, x400; scale bar, 50 1.m.}) {b} Changes
in macrophages and myofibroblasts in subconjunctival tissue.
{Sham, sham operation.) Values are mean + SEM from 4 {o § ani-
mals. *p < 0.05 versus sham group.

shown in Figure 4, collagen deposition became appar-
ent at 14 days after operation. This increase in collagen
deposition was suppressed in AT, KO mice, whereas it
was further enhanced in AT, KO mice (fibrosis score was
1.640.2,0.6:0.2,and 2.7:4£0.3 for WT, AT,KO, and
AT;KO mice, respectively). Figures 5a and 5b show the
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FIGURE 3 immunofiucrescence staining of AT, and AT, recep-
tors in subconjunctival space at 2 days after injury in WT mice.
Subconjunctival injury was induced and cross sections of eye
sampies were prepared as described in Figure 1. ATy and AT re-
ceptors were stained using specific antibodies and fluorescent
dye Cy3 {red) for AT, receptor and FITC (green) for AT; receptor,
respectively, as described in “Materials and WMethods.” {C, con-
junctiva; S, sclera; Sham, sham operation. Magnification, X400,
scale bar, 50 pm.)

expression of mRNA for collagen type 1 and type Ilin
injured tissue after blunt dissection of the subconjunc-
tiva. The mRNA levels of collagen type T and type 111
were markedly increased at 7 days after operation. The
increase in collagen type II mRNA was significantly
inhibited in AT;,KO mice. In contrast, it was further
enhanced in AT, KO mice. Moreover, the 1ncrease i
collagen type III mRNA was also enhanced in AT, KO
mice (Fig. 5b).

We also studied the expression of TIMP and MMPin
injured tissue after operation (Figs. 5¢-5f). Expression
of TIMP was markedly increased at 12 hr after operation
(Fig. 5¢) and then decreased over the next 7 days. The in-
crease in TIMP expression was significantly suppressed

FIGURE 4 Changes in collagen deposition in subconjunctival
space at 14 days after injury in sham operation {a), WT (b}, AT;3KO
{c}, and AT,KO {d} mice. Subconjunctival injury was induced and
cross sections of eye samples were prepared as described in Fig-
ure 1. Representative resulls of Elastica van Gieson staining of
cross sections of injured eyes. n = 4 to 6. {C, conjunctiva; §,
sclera, Magnification, <400, scale bar, 50 pm.)

in AT, KO mice during first 24 hr after operation. How-
ever, it was further enhanced in AT>KO mice, and this
enhancement of TIMP expression was still observed at
7 days after operation. Among MMP subclasses, ex-
pression of MMP1 and MMP9 was not significantly
altered after operation in all strains (Figs. 5e and 5f).
However, expression of MMP2 was decreased during
the first 24 hr after operation in all groups (Fig. 5d).
MMDP2 expression then recovered to the basal level in
WT and AT, KO mice, while it was significantly greater
in AT,KO mice than in WT mice at 14 days after
operation.

DISCUSSION

In the current study, we developed an animal model
of subconjunctival injury according to the method
of Reichel et al.!® We used blunt dissection of the
subconjunctiva with a spatula instead of injection of
phosphate-buffered saline. Our model induced repro-
ducible wound-healing responses, including inflamma-
tory cell infiltration and collagen accumulation in the
subconjunctival space. Using this model of subconjunc-
tival damage, we investigated the role of Ang II recep-
tor subtypes in the wound-healing process after ocular
injury using receptor gene—deficient mice. Our results
mdicated that Ang 11 receptor stimulation 1s involved
in the process of wound healing. It was suggested that
ATy, and AT receptors affect wound-healing responses,
such as inflammation and collagen deposition, antago-
nistically through regulation of MMP activity.

It is suggested that wound-healing responses in-
clude three phases; inflammation, proliferation, and
remodeling.!® These reactions are also involved in
wound healing of conjunctival injury.!? Previous re-
ports indicated that Ang II plays an important role in
the wound-healing process and tissue remodeling in var-
ious types of injury.’~” The receptor for Ang II has two
distinct subtypes named AT, and AT receptors.’s!7
In rodents, the ATy receptor is divided into two sub-
classes, ATy, and AT.1% In our study, infiltration of
macrophages and myohbroblasts into the subconjunc-
tival space was also observed after subconjunctival blunt
dissection. The rest of the cells in the injured tissue
seemed to be neutrophils and other mononuclear cells.
Such inflammatory responses were reduced in AT, KO
mice, whereas the infilration of myofibroblasts was sig-
nificantly enhanced in AT,KO mice (Fig. 2). Because
the ATy, receptor is a major subclass of AT, recep‘cor,4
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FIGURE 5 Expression of collagen type | (a), collagen type Hl (b}, TIMP-1 {c), MMP2 (d), MMP1 (e), and MMPS (f). Subconjunctival injury
was induced and RNA samples were prepared as described in “Materials and Methods.” Real-time PCR was performed as described in
“Materials and Methods.” mRNA levels were standardized using that of S-actin and expressed as the relative amount in WT mice of the
sham group. {Sham, sham operation.} *p < 0.05 versus Sham. Values are mean 4 SEM of 6 1c 9 samples.

these results indicate that Ang Il plays an important role
in inflammatory responses in subconjunctival injury,
and suggest that AT; and AT} receptors have antagonis-
tic actions on regulation of the wound-healing process.

S. Mizoue et al.

Myofibroblasts as well as fibroblasts play an important
role in collagen synthesis and fibrosis during wound
healing.>1? Cleutjens et al. reported that myofibroblasts
are responsible for the increase in expression of genes
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encoding fibrillar type /111 procollagens.?? It has been
demonstrated that collagen production 1s accelerated
by transforming growth factor (TGF)-1.%! and Ang
11 stimulated TGF-81 production in fibroblasts.?*-2%2.23
Desmouliere et al?* reported that TGF-81 induced
«-SM actin expression in myofibroblasts, thereby in-
ducing differentiation of fibroblasts into myofibrob-
lasts. It has been reported that both TGF-81 and g2
are activated in mouse subconjunctival tissue after sur-
gical intervention.?® In addition, Campbell*® reported
that an AT receptor antagonist, losartan, greatly atten-
uated Ang Il-stimulated TGF-81 secretion in cardiac
myofibroblasts. In our study, both AT; and AT re-
ceptors were expressed in mononuclear cells infiltrat-
ing the subconjunctival space in the early phase after
injury in WT mice. These results led to the hypothesis
that AT, and AT, receptors regulate fibroblast activa-
tion antagonistically through TGF secretion. We have
previously demonstrated that Ang II increased colla-
gen production via the AT receptor but inhibited it
via the AT, receptor in skin fibroblasts.!! Moreover,
ATy receptor stimulation enhanced collagen synthesis
induced by IGF-1, whereas AT, receptor activation in-
hibited 1t. Consistent with these results, in the current
study the level of mRNA for type 1 collagen was sig-
nificantly higher in AT, KO mice but lower in AT, KO
mice than in WT mice. These results suggest that the
ATy and AT, receptors antagonistically regulate colla-
gen synthesis.

It has been reported that matrix metalloproteinases
(MMPs), zinc-containing Ca?"-dependent endopepti-
dases, regulate tissue remodeling by digesting the ex-
tracellular matrix (ECM)¥ and that Ang II reduced
the activity of MMP2 as well as its protein level, and
these effects were inhibited by selective AT; receptor
blockers.”® We thus examined MMP mRNA expres-
sion in the injured subconjunctiva (Figs. 5d-5f). MMP2
mRNA was decreased during the first 24 hr after opera-
tion in all groups. The mRNA level was then recovered
to the basal level in WT and AT, KO mice but further in-
creased in AT KO mice. These obscrvations suggest the
possibility that ATy receptor stimulation causes ECM
degradation, which should be clarified in future exper-
iments.

TIMPs are known to be major endogenous inhibitors
of MMPs. Four homologous TIMPs, named TIMP-
1 to TIMP-4, have been identified and they similarly
inhibit MMPs.? Especially, TIMP-1 plays an mpor-
tant role in the mouse eye?? 3! In the current study,

TIMP-1 expression was significantly lower in AT1,KO
mice but higher in AT, KO mice than in WT mice
in the early phase after injury (Fig. 5¢). Interestingly,
our group has reported that TIMP-1 expression is in-
creased by AT receptor stumulation but decreased
by AT, receptor stimulation in mouse neonatal skin
fibroblasts.!' In accordance with our results, Chua
et al.%% reported that Ang 11 induced TIMP-1 produc-
tion in rat endothelial cells. These results suggest that
AT, receptor stimulation increases collagen accumula-
tion In subconjunctival fibroblasts, at least in part, by
inhibition of collagen degradation via an increase in
TIMP-1 expression, whereas AT, receptor stimulation
inhibits TIMP-1 expression, increases collagen degra-
dation, and thereby inhibits collagen accumulation.
Our group also reported that transfection of dominant
negative SHP-1 (Src homology 2-containing protein-
tyrosine phosphatase-1) mutant inhibited the Ang II-
mediated inhibitory effect on both collagen synthesis
and TIMP-1 expression in fibroblasts from AT;, KO
mice.!! However, the addition of a serine/threonine
phosphatase inhibitor, okadaic acid, did oot affect col-
lagen production induced by Ang I1.}' These results
suggest that SHP-1 plays a pivotal role in the action of
the AT, receptor on collagen metabolism.

In summary, we have demonstrated that the wound-
healing process with collagen accumulation after ocular
injury 1s regulated by Ang II through antagonistic ac-
tions between AT} and AT, receptors. Our results pro-
vide an insight into the pathophysiological significance
of tissue Ang 1] in subconjunctival scarring.
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