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Fig. 2. Amount of D-dimer after US exposure and tPA. D-dimer was increased by tPA in a dose dependent fashion. Simul-
taneous US exposure and tPA significantly increased the amount D-dimer (paired #-test, *p < 0.05, **p < 0.01).

change in temperature from 37°C after US exposure in all
experiments.

Effects of US and tPA. D-dimer was significantly
increased by tPA application and also showed a dose-
dependent effect (Fig. 2, p < 0.01). Because 5 min expo-
sure was sufficient to obtain treatment effects, the
following US exposure times were fixed for 5 min. As
a result, D-dimer was increased by tPA in a dose-depen-
dent fashion. Simultaneous US exposure and tPA signifi-
cantly increased D-dimer (Fig. 2).

Safety of US exposure. With a 6 mm probe, Isppa 3
was less than 28 W/cm” but the derated spatial-peak
temporal-average intensity (Ispras) was far more than
17 mW/cm? in all conditions. With a 3 mm probe, Igppa 3
was less than 28 W/cm? and Ispra 3 Was also less than 17
mW/cm? under the condition of a duty cycle of 5.2%. All
computed acoustic parameters were referred in Table 1.

In vivo study

Sonothrombolysis. Before US irradiation, the fibrin
score was approximately 2.4 and there were no statistical
differences between groups. In the controls, intracameral

fibrin clot decreased gradually over time, and the average
score on day 3 was 1.4 = 0.21. While eyes that received
subconjunctival tPA injection alone showed a slight
decrease of clots, and the average score was 1.2 = 0.19.
There was no statistically significant difference with
controls. In contrast, eyes that received US alone or both
subconjunctival tPA and US showed apparent decreases
of clots and the average scores decreased to 0.75 * 0.13
and 0.71 = 0.11, respectively (control vs. US alone;
p <0.05 and control vs. US with subconjunctival tPA;
p <0.01) (Figs. 3 and 4). During the experimental course,
no pathologic change such as edema or new bleeding was
observed in any of cornea, anterior chamber, iris or lens by
surgical microscopic observation (Fig. 4).

Ocular surface temperature. Before US exposure,
the surface temperature was approximately 25°C (less
than 32 °C in the periocular area) (Fig. 5A). Immediately
after US exposure, the temperature started to increase.
Under the US condition: frequency of 1.0 MHz, duty
cycle of 5.2%, pulse repetition frequency of 20 Hz and
Isppa.s 0f 0.228 W/cm?, the temperature increased slightly
(approximately 28.5°C) and always remained less than
about 32°C in the periocular area (Fig. 5B). However,

Table 1. Acoustic output level of ultrasounds about Sonitron 2000

Intensity (Indicated on

Pulse repetition

Peak rarefactional
acoustic pressure

Probe the device) Duty cycle frequency (MPa) Isppas (W/em?) Ispras (MW/cm?)
6 mm Low mode 52% 20 Hz 0.397 5.409 280.169

6 mm Low mode 100% continuous wave 0.425 5.982 5933.022

6 mm High mode 5.2% 20Hz 0.545 10.123 524.369

6 mm High mode 100% continuous wave 0.575 11.220 11128.540

3 mm Low mode 5.2% 20 Hz 0.070 0.177 9.190

3 mm Low mode 100% continuous wave 0.065 0.155 154.032

3 mm High mode 5.2% 20Hz 0.083 0.228 11.791

3 mm High mode 100% continuous wave 0.062 0.156 154.484
FDA safety regulation <28 <17

The frequency of this machine was fixed 1.0 MHz. Igppa 3 was less than 28 W/em? under all conditions. Meanwhile Ispra 3 was less than 17 mW/cm?

under only the condition of a duty cycle of 5.2% with 3 mm probe.

Isppas = a derated spatial-peak pulse-average intensity; Isprs 3 = a derated spatial-peak temporal-average intensity.
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Fig. 3. Intracameral fibrin score on day 3. Intracameral fibrin

clot decreased gradually over time and the average score on

day 3. While the eyes that received subconjunctival tPA injection

alone showed mild decrease of clots. There was no statistically

significant difference from controls. In contrast, the eyes that

received US alone or both tPA and US showed apparent decrease
of clots (paired #-test, *p < 0.05, **p < 0.01).

under the US condition: frequency of 1.0 MHz, duty
cycle of 100%, continuous wave mode and Igppas Of
0.156 W/cm?, the temperature increased considerably (to
about 34°C) more than the periocular area (Fig. 5C).

Histological findings. In immediate histological
finding after YAG laser treatment, there was not any
apparent damage in other ocular tissues including cornea
and retina (Fig. 6). After US irradiation, the structure of
the cornea was well preserved and neither inflammatory
cell infiltration nor stromal edema was found. Retinal

structure was also well preserved and neither inflamma-
tory infiltrate nor hemorrhage was observed either (Fig. 7).

DISCUSSION

In this study, we found that US exposure signifi-
cantly accelerated the disappearance of intracameral fibrin
without causing any apparent damage. It is further impor-
tant that this effect was accomplished within the range of
safety condition.

Many reports show that US exposure accelerates
fibrinolysis in vitro and combining US with various
thrombolytic agents, e.g., heparin sulfate, aspirin, uroki-
nase type-plasminogen activator or tPA further acceler-
ated fibrinolysis (Francis et al. 1992; Holland et al.
2008; Hong et al. 1990; Lauer et al. 1992; Tachibana
1992; Triibestein et al. 1976). In the present study, US
exposure significantly enhanced fibrinolysis in vitro
without thermal elevation; this effect was augmented by
tPA. Although we cannot know the exact mechanism by
which US accelerated fibrinolysis, most currently
accepted or possible explanations are that US exposure
changes the structure of clots and alters the drug distribu-
tion, resulting in deeper penetration into the clots by US,
namely due to acoustic cavitations, bubble vibration,
and their collapse (Datta et al. 2006; Francis et al. 1992;
Hong et al. 1990; Lauer et al. 1992; Tachibana 1992; Trii-
bestein et al. 1976). Of note, we have to interpret the
results cautiously. In this study, we used borosilicate glass

b

Fig. 4. Representative photograph of rat eyes after bleeding followed by treatment. Intracameral bleeding was induced by

it

Nd:YAG laser shot on iris followed by subconjunctiva tPA injection and/or US exposure. Intracameral fibrin was scored on
day 3. (A) Control. Fibrin clots decreased gradually. (B) US exposure alone. Fibrin clots was apparently decreased. (C)
Subconjunctival tPA injection alone. Fibrin clots decreased gradually and there was no apparent difference from controls.
(D) Subconjunctival tPA plus US exposure. Fibrin clots was significantly decreased and no clot was observed on day 3.
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Fig. 5. The thermographic images of ultrasound-treated eye by an infrared thermography. Temperature was expressed as

a pseudo-color. (A) Control. The highest temperature within the circle (denoted by an asterisk) was 31.9°C and the temper-

ature of the spot + was 24.4°C. (B) US exposure for 5 min under the condition: frequency of 1.0 MHz, duty cycle of 5.2%,

pulse repetition frequency of 20 Hz and Igppa 5 of 0.228 W/cm?. The highest temperature within the circle (denoted by an

asterisk) was 31.2°C and the temperature of the spot + was 28.5°C. (C) US exposure for 5 min under the condition:

frequency of 1.0 MHz, duty cycle of 100%, continuous wave mode and Isppa 3 of 0.156 W/cm?. The highest temperature
within the circle (denoted by an asterisk) was the area of the spot +, which was 33.7°C.

tubes and that might have augmented ultrasound effect
excessively. The unexpected reflection might have been
involved in this phenomenon. However, it was unlikely
that the present fibrinolysis was caused by thermal effect,
because there was no change in temperature in the tube
before and after ultrasound in this in vitro system even
by the prolonged exposure (20 min). Importantly, the
goal of our study is clinical application of US for intraoc-
ular fibrinolysis, which could be achieved in rat eyes. It
requires further studies to elucidate the real mechanism
of the present phenomenon.

Heating is a concern for tissue damage but it could
accelerate clot-lysis on the other hand. Francis et al.
(1992, 1995) reported that US exposure is associated
with only a minimal increase of clot temperature even at
4 W/em?, which would be more potent than our condi-
tions. In this study, the clot temperature in vitro shows
less increase under the condition: frequency of 1.0 MHz,
duty cycle of 5.2%, pulse repetition frequency of 20 Hz
and Isppasof 10.123 W/ecm? and the ocular surface
temperature in vivo showed a minimal increase under
the condition: frequency of 1.0 MHz, duty cycle of

5.2%, pulse repetition frequency of 20 Hz and Igppa 3 of
0.228 W/cm?. Thus, it is likely that a nonthermal mecha-
nism played a central role in our observations. Given the
results of the in vitro study, it is understandable that intra-
cameral fibrinolysis was accelerated by US exposure in
rats. However, in vivo conditions are totally different
from those in vitro.

In our previous study using the same model, there
were various pro- or antifibrinolytic materials in the ante-
rior chamber such as tPA and its inhibitor, unlike in vitro
experiments (Sakamoto et al. 1999). Additionally, the
intraocular environment is not stable and is strongly
modulated by other factors. For example, if severe inflam-
mation occurred, intracameral fibrin was easily formed
while intracameral fibrin disappeared after the inflamma-
tion had gone. On the other hand, platelets were reported
to be activated in vitro by US exposure (Chater and Wil-
liams 1977). Thus, it was of note that US exposure under
the present condition caused fibrinolysis in the present
study.

Under normal conditions, anterior chamber fluid is
transparent and tPA is dominant over plasminogen

Fig. 6. Hlstologlc photographs of rat eyes after YAG laser shot, before US exposure. (A) The only limited area of iris

(arrow) was destroyed, called iridectomy hole, and 1/3 of the anterior chamber was filled with fibrin clot and red blood

cells. (B) Fibrin clot and fibrin deposit were also found just beneath the corneal endothelium. There was not any apparent

damage in other ocular tissues including cornea (B) and retina (C). Hematoxylin and eosin staining. Original magnification
is (A) X4, (B) X40 and (C) X40.
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nor inflammation is found in comea (A), retino-choroid (B) or retina (C). (D) The eyeball of the rat. Asterisk indicates
cornea, arrow indicates iris and double arrow indicates retina. Hematoxylin and eosin staining. Original magnification
is (A) X40, (B) X4, (C) X40 and (D) X2.

activator inhibitor (Fukushima et al. 1989). Fibrinolytic
materials such as tPA were also assumed to be dominant
over inhibitors after iris bleeding in this model because
intracameral fibrin decreased gradually without any treat-
ment. Therefore, US treatment accelerated intracameral
fibrinolysis associated with tPA to some extent. Further
study is necessary to clarify the mechanism in more detail.

Unlike the in vitro study, the additional injection of
tPA to US exposure did not augment intracameral fibrino-
lysis. In this study, we did not use a direct intraocular
injection of tPA because the intraocular injection itself
could influence the intraocular fibrinolytic system.
Instead, tPA was injected into subconjunctiva to avoid
this destabilizing factor. As a result, it could not further
enhance fibrinolysis. It was possible that subconjunctival
tPA was degraded or did not penetrate the anterior
chamber and thus active tPA might not be present suffi-
ciently in the anterior chamber. An improved drug
delivery system would be necessary.

US is a routine diagnostic procedure for ocular
diseases and therapeutic application to glaucoma and
intraocular tumor has already reported (Coleman et al.
1985, 1988). US is also believed to be a promising thera-
peutic alternative by several experimental studies (Sonoda
et al. 2006; Yamashita et al. 2007; White et al. 2008; Zde-
ric et al. 2004). However, US has still not been accepted
for clinical use in most of ocular diseases including intra-
ocular hemorrhage and vascular disorders.

This is not only because therapeutic value has not
been well developed but there have also been concerns
about its potentially harmful effects (Brown 1984). For
example, the corneal endothelium in vitro was damaged
by US exposure (Saito et al. 1999).

As this study reveals, the effects of US were influ-
enced by various factors. Among them, the duty ratio
was the strongest factor inducing a possible harmful event.
In our in vivo study, the surface temperature of rat eyes
increased to about 34 °C with the following conditions:
frequency of 1.0 MHz and duty cycle of 100%, which
was higher than periocular area while the surface temper-
ature was not changed so much with a duty cycle of 5.2%.
It is difficult to conclude that the present treatment is not

harmless; however, it should be noted that a beneficial
effect, intracameral fibrinolysis, could be obtained
without causing a harmful event, histologically or clini-
cally. Obviously, a human eye is much bigger than a rat
eye and careful setting of US conditions would enable
the therapeutic value of this treatment to be established.

There are many ocular diseases to which this treat-
ment is potentially applicable. Of them, RAO is a good
candidate. As is often quoted, a disease without any treat-
ment has many treatments and RAO is a good example.
The onset-to-treatment interval is the most critical issue
for the successful treatment of RAO because longer
periods of tissue ischemia result in irreversible retinal
damage and permanent dysfunction. In a study with
primates, the interval should be less than a few hours
(Hayreh 2008; Hayreh et al. 2004). In comparison to
surgery or intraocular injection, the present treatment is
less invasive and does not need specific preparations for
treatment (e.g., disinfection treatment), which might waste
precious time for effective treatment. Furthermore, US
exposure might also be effective for removing cholesterol
or calcium emboli because US can induce mechanical
vibration. Considering these benefits, the present treat-
ment should be worthy of study in a future clinical setting,
although there are still many issues to be solved.

It is of note that our animal model is not that of retinal
artery occlusion. To our knowledge, there is no reproduc-
ible animal model of retinal artery occlusion that is suit-
able for evaluating therapies. In contrast, the present
model is suitable for studying the effect of intervention
on intraocular fibrinolysis in vivo. This would give us
the important information to develop a new treatment of
retinal artery occlusion.

In conclusion, the present study shows that US expo-
sure from outside can accelerate intraocular fibrinolysis. A
beneficial effect was obtained without causing apparent
damage. The US power was within the safety range of
FDA regulations. Therefore, there might be more suitable
ocular conditions for US treatment than given in the exam-
ples above. The present results could provide basic
evidence to justify US treatment for ocular diseases
related to fibrin formation.
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The photopic negative response (PhNR) is a slow, negative-going wave of the photopic electroretinogram
(ERG) that appears after the b-wave. Recent studies have shown that the PhNR originates from the
spiking activities of inner retinal neurons including the ganglion ceils and their axons. The aim of this
study was to determine whether there is any asymmetry in the amplitude of the PhNR elicited from the
upper and lower macular areas, and between the nasal and temporal macular areas in rhesus monkeys.
To accomplish this, we recorded focal macular PhNRs that were elicited by red hemi-circular stimuli
presented on a blue background. We show that the PhNR from the upper macular area was significantly
asymmetry larger than that of the lower macular area, and the PhNR of the nasal macula was significantly larger than
macula that of the temporal macula. These asymmetries were present in the focal PhNR elicited by both brief and
focal long duration stimuli, and the asymmetries were completely eliminated by an intravitreal injection of
monkey tetrodotoxin (TTX). These results suggest that the upper-lower and nasal-temporal asymmetries of PANR

Keywords:
electroretinogram
photopic negative response (PhNR)

in the primate retina are mainly caused by TTX-sensitive spiking activities of inner retinal neurons.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The photopic negative response (PhNR) is a slow, negative-going
wave of the photopic electroretinogram (ERG) that appears after
the b-wave. Studies by Frishman and colleagues have demonstrated
that the PhNR originates from the spiking activity of inner retinal
neurons including the retinal ganglion cells and their axons (Ran-
gaswamy et al., 2007, Viswanathan et al,, 1999, 2000).The PhNR has
been used in clinical studies to evaluate the inner retinal function
objectively in several diseases, including glaucoma (Colotto et al.,
2000; Drasdo et al.,, 2001; Machida et al., 2008; Viswanathan et al,,
2001), optic nerve diseases (Gotoh et al., 2004; Miyata et al., 2007;
Rangaswamy et al., 2004), and retinal vascular diseases (Chen et al.,
2006; Kizawa et al., 2006; Machida et al., 2004). In these studies,
the PhNRs were elicited mainly by full-field stimuli, and there have
been only a few studies where the PhNR were elicited from local-
ized retinal areas (Clotto et al., 2000; Fortune et al.,, 2003; Viswa-
nathan et al., 2000). In addition, there have been only two studies of
the focal PhNR with simultaneous fundus monitoring (Kondo et al.,
2008; Machida et al., 2008).

We have recently developed a new recording system of focal
PhNR (Kondo et al., 2008), which was modified from Miyake et al.,
1988. In this system, the examiner can monitor the position of the
stimulus spot on the fundus precisely during the recordings. In

* Corresponding author. Tel.: +81 52 744 2271; fax: +81 52 744 2278.
E-mail address: kondomi@med.nagoya-u.ac.jp (M. Kondo).

0014-4835/% - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.exer.2008.10.012

addition, a red stimulus spot was used on a blue background illu-
mination, because a recent study showed that this color combina-
tion was most effective in eliciting large PhNRs especially for weak
to moderate stimulus intensities (Rangaswamy et al., 2007). With
this system, we found that the amplitude of the PhINR of the focal
ERG was relatively large in the macular area (Kondo et al., 2008).
However, we did not examine whether there were any regional
variations or asymmetry in the amplitude of the PhNR in the
macular area of monkeys. We believe that when the focal macular
PhNRs are recorded from normal and diseased retinas, it is
important to know whether there are any regional variations or
asymmetries in the focal macular PhNR.

Thus, the purpose of this study was to determine whether the
focal PhNRs recorded from the upper and lower macular areas, and
nasal and temporal macular areas using a hemi-circular stimulus
were symmetrical. We show that there were distinct asymmetries
of the PhNR amplitude in both the vertical and horizontal direc-
tions in monkeys. We examined how these asymmetries of the
focal PhNR change after the spiking activities of the inner retinal
neurons are blocked by an intravitreal injection of tetrodotoxin
(TTX) in monkeys.

2. Methods
2.1. Animals

Five eyes of five rhesus monkeys (Macaca mulata) were studied.
The animals were sedated with an intramuscular injection of
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ketamine hydrochloride (7 mg/kg initial dose; 5-10 mg/kg per h
maintenance dose) and xylazine (0.6 mg/kg). The respiration and
heart rate were monitored, and hydration was maintained with
slow infusion of lactated Ringer solution. The cornea was anes-
thetized with topical 1% tetracaine, and the pupils dilated with
topical 0.5% tropicamide, 0.5% phenylephrine HCl, and 1% atropine.
All experimental and animal care procedures adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, and were approved by the Institutional Animal Care
Committee of the Nagoya University.

2.2. Stimulus and observation system

Our system for recording focal PhNRs has been described in detail
(Kondo etal., 2008). Briefly, an infrared fundus camera was modified
to observe the fundus and stimulate the retina. Light emitting diodes
(LEDs) were incorporated into the camera to be used for the stimulus
and background illuminations. The infrared television fundus
camera (Kowa VX-10, Tokyo, Japan) was modified to obtain a Max-
wellian stimulating system. The image from this fundus camera was
fed to a television monitor with a 45° view of the posterior pole of
the eye. The position of the stimulus spot on the fundus could be
moved by the examiner with a joystick, and the position was
monitored on the television monitor (Fig. 1, upper trace).

A red LED (Amax = 627 nm; LXK2-PD12-S00, Philips Lumileds,
San Jose, CA, USA) was used as the stimulus source, and a blue LED
(Amax = 450 nm; 1450, Epitex, Kyoto, Japan) was used for the
background illumination that covered a retinal area of 45°. A hemi-
circular red stimulus (15° in diameter) was used (Fig. 1, lower trace).

Upper

The luminance of blue background was fixed at 100 scot cd/mz,
which is known to be high enough to suppress the rod photore-
ceptors. The luminance of the red stimulus spot was 55 phot cd/m?,
and the stimulus durations were 10 and 150 ms. We have already
shown that the responses recorded with this system were focal
when the luminance of the red stimulus spot was <55 phot cd/m?
and presented on a steady blue background of 100 scot cd/m?
(Kondo et al., 2008). The strength of the brief flashes of 10 ms was
0.55 phot cd-s/m? in energy units. The stimulus repetition rate was
fixed at 2 Hz.

The luminances of the stimulus and background were measured
at the position of corneal surface, and then converted to the value at
the retinal surface. These luminances were measured with
a photometer (Model IL 1700; International Light, Newburyport,
MA, USA).

2.3. Recording and analyses

ERGs were picked-up with a Burian-Allen bipolar contact lens
electrode (Hansen Ophthalmic Development Labs, lowa City, USA),
and the ground electrode was attached to the ipsilateral ear. The
responses were amplified, and the band pass filters were set at 0.5
and 1000 Hz. The ERGs were digitized at 5 kHz, and 100~ 300
responses were averaged for each response (MEB-9100, Neuropack,
Nihon Kohden, Tokyo, Japan).

The amplitude of the PhNR was measured from the baseline to
the bottom of the negative trough after the b-wave for the brief
flashes of 10 ms, or was measured from the positive peak of the b-
wave to the negative trough after the b-wave for the long duration

Nasal

Fig. 1. Stimulus configuration for stimulating localized areas of the macula. Upper trace: Infrared fundus image of the monkey retina. The 15° hemi-circular stimulus is positioned
on the upper (left) and nasal macula (right) of a rhesus monkey. Lower trace: Image of the red stimulus spot on the blue background. This image was photographed by a digital

camera at the position of monkey’s eye.
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flashes of 150 ms as done in previous studies (Rangaswamy et al.,
2007; Viswanathan et al,, 1999). The amplitudes of the a- and b-
waves were measured from the baseline to the first negative trough
and from the negative trough to the next positive peak, respectively.

2.4. Injection of tetrodotoxin (TTX)

The intravitreal injection techniques have been described in
detail (Hood et al., 1999; Kondo et al., 2008; Ueno et al., 2004, 2006;
Viswanathan et al., 1999). The TTX was injected into the vitreous
with a 30-gauge needle inserted through the pars plana approxi-
mately 3 mm posterior to the limbus. The TTX (Kanto Chemical,
Tokyo Japan) was dissolved in sterile saline, and 0.05- 0.07 ml was
injected. The intravitreal concentrations of TTX was 4 pM assuming
that the monkey’s vitreous volume is 2.1 ml

Because the effect of TTX is maximal at about 60 min after the
drug injection, recordings were begun about 60 min after the
injections, and studies were completed within 3 h. The results that
are shown were recorded from eyes not previously treated.

2.5. Statistical analyses

The data were analyzed with the Stat View ver.5 computer
software. The amplitude of each ERG component (a-wave, b-wave,
and PhNR) from the upper and lower macular areas, or from the
nasal and temporal macular areas were compared using paired
t -tests. A difference was considered statistically significant when
P < 0.05.

3. Results
3.1. Asymmetry between upper and lower macular areas

Representative focal macular ERGs recorded from upper and
lower macula areas in a rhesus monkey (monkey #4) are shown in

Y. Kurimoto et al. / Experimental Eye Research 88 (2009) 92-98

Fig. 2A. The focal ERGs for brief-flashes (10 ms) and long-flashes
(150 ms) are presented in the upper and lower traces, respectively.
At first glance, the focal ERGs from the upper and lower macula
areas appear nearly the same. But when the two waveforms were
superimposed, the amplitude of the PhNR was slightly larger in the
upper macular than in the lower macular areas for both brief and
long duration stimuli (right most column of Fig. 2A).

The amplitudes of the PhNRs recorded from upper and lower
macular areas for five different animals are plotted in Fig. 2B. The
amplitudes from the upper macular area were larger than that
recorded from the lower macular area in all five animals, although
there was a large variation in the PhNR amplitude among the five
animals. The mean (+SEM) PhNR amplitude of the upper macular
area was 3.3 & 0.4 uV which was 27% larger than that of lower
macula at 2.6 + 0.4 pV for brief-flashes (P < 0.05). Similarly, the
mean (£=SEM) PhNR amplitude of the upper retina was 5.4 4+ 0.7 pV
which was 20% larger than that of lower retina at 4.5 + 0.5 nV for
long duration stimuli (P < 0.01).

The mean (+SEM) of the amplitudes for the a-wave, b-wave, and
PhNR are plotted in Fig. 2C. We noted that not only the PhNR
amplitude, but also the a-wave amplitude was significantly larger
in the upper macula than in the lower macula for brief-flashes
(P < 0.05).

3.2. Asymmetry of PhNR recorded from nasal and
temporal macular areas

Representative focal macular ERGs recorded from nasal and
temporal retinas in the same monkey shown in Fig. 2A (monkey #4)
are shown in Fig. 3A. We found that the amplitude of the PhNR
recorded from the nasal macular area was slightly larger than the
PhNR of temporal macular area for both brief and long duration
stimuli in all five animals (Fig. 3B). For short duration stimuli, the
mean (+SEM) PhNR amplitude of the nasal macular area was
3.3 £+ 0.4 pnV, which was 27% larger than that of temporal macular
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Fig. 2. Focal macular ERGs. (A) Representative focal macular ERGs recorded from the upper and lower macular areas in a rhesus monkey. ERGs for short duration (10 ms) and long
duration (150 ms) stimuli are presented in the upper and lower traces, respectively. (B) Plot of the PhNR amplitude from five different monkeys. (C) Mean (+SEM) of the amplitudes
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area at 2.6 & 0.2 pV. For long duration stimuli, the mean (+SEM)
PhNR amplitude of the nasal macular area was 5.5 + 0.6 uV which
was 25% larger than that of temporal macular area at 44 + 0.4 pVv.
All of these differences were statistically significant (P < 0.05).
The mean (+SEM) of the amplitudes for a-wave, b-wave, and
PhNR are plotted in Fig. 3C. Not only the PhNR, but the b-wave was
also significantly larger in the nasal macula than in the temporal
macula for both short and long duration stimuli (P < 0.05).

3.3. Effect of TTX on upper-lower asymmetry

We next wanted to determine how TTX-sensitive neural activ-
ities contributed to the asymmetry of PhNR in monkeys. For this,
we recorded the focal macular ERGs from different retinal locations
before and after an intravitreal injection of TTX in two monkeys.
Focal macular ERGs recorded from the upper and lower macular
area before and after an intravitreous injection of TTX from
a monkey (#4) are shown in Fig. 4A. As shown in Fig. 2, the PhNR
amplitude was slightly larger in the upper macula than in the lower
macula before the TTX injection (black waveforms). After the
injection of TTX, the amplitudes of PhNR were greatly reduced for
both short and long duration stimuli (blue and red waveforms).

The component removed by the TTX was isolated by subtracting
the post-TTX response from the pre-TTX response (green and
orange waveform). We found that the amplitude of TTX-sensitive
negative component was 55 and 33% larger in the upper macula
than in the lower macula for both short and long duration stimuli,
respectively (third column from the left). In another monkey
(monkey #5), the amplitude of this TTX-sensitive negative
component was 35 and 23% larger in the upper macular area than
in the lower macular area for both brief and long-flashes, respec-
tively (Fig. 4B).

Interestingly, waveforms of the remaining ERGs after TTX from
upper and lower areas became identical (second column from the

left of Fig. 4A). This was also true for another animal (monkey #5,
blue and red waveforms of Fig. 4B).

3.4. Effect of TTIX on nasal-temporal asymmetry

We also studied the effect of TTX on the nasal-temporal asym-
metry of the PhNR in two monkeys. Focal macular ERGs recorded
from the nasal and temporal macular areas before and after intra-
vitreal TTX injection (monkey #4) are shown in Fig. 5A. As in Fig. 4,
the amplitudes of PhNR were greatly reduced after the TTX injec-
tion for both short and long duration stimuli.

The component removed by TTX was isolated by subtracting the
post-TTX response from the pre-TTX response. We found that the
amplitude of the TTX-sensitive negative component was 42 and
31%larger in the nasal macula than in the temporal macula for both
short and long duration stimuli, respectively (third column from
the left). In another monkey (monkey #5), the amplitude of TTX-
sensitive negative component was 23 and 22% larger in the nasal
macula than in the temporal macula for both sort and long duration
stimuli, respectively (Fig. 5B).

Again, waveforms of the remaining ERGs after TTX from nasal
and temporal areas became identical (second column from the left
of Fig. 5A), and overlapped for two monkeys (second column from
the left of Fig. 5A, and blue and red waveforms of Fig. 5B).

4. Discussion

Our results demonstrated that there were significant asymme-
tries in the amplitude of PhNR in the macular area of monkeys. The
PhNR of upper macula was larger than that of lower macula, and
the PhNR of nasal macula was larger than that of temporal macula.
These asymmetries of the PhNR were present for both short and
long duration stimuli. The degree of the differences in the PhNR
amplitude was dependent on the stimulus duration and locations,
and ranged from 20 to 27% for the stimuli used in this study. To the
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best of our knowledge, this is the first demonstration that there is
upper-lower and nasal-temporal asymmetries of the PhNR
amplitudes in primates.

The asymmetries in the amplitudes were observed not only in
the PhNR but also in the a- and b-waves of the focal macular ERGs
(Figs. 2 and 3). One question then arises as to whether the larger
PhNRs in the superior and nasal macular areas may be due to the
larger signal inputs transmitted to the inner retina. To exclude this
possibility, we blocked the spiking activities of inner retinal neurons
by intravitreal injection of TTX. The results showed that after TTX,
there was no apparent asymmetry in the waveforms of focal
macular ERGs between the superior and inferior macular areas, and
between nasal and temporal macular areas (Figs. 4 and 5). In
contrast, subtracted TTX-sensitive components showed distinct
upper-lower and nasal-temporal asymmetries. These findings
were consistent for the two different monkeys tested. These
results suggested that the larger PhNRs at the upper and nasal
macular areas were not due to the larger signal inputs trans-
mitted to the inner retinal neurons, but were mainly caused by
TTX-sensitive spiking activity of inner retinal neurons.

Our results of asymmetry in the PhNR amplitude are in agree-
ment with previous histological studies in humans (Curcio and
Allen, 1990) and monkeys (Perry and Cowey, 1985; Silveira et al,,
1989, 1993). They reported that the ganglion cell density of the
upper retina is higher than that of lower retina, and ganglion cell
density of nasal retina was higher than that of the temporal retina,
including macular area. Curcio and Allen (1990) reported that the
ganglion cell density is about 15% higher in the nasal retina than at
equivalent eccentricities in temporal retina from 0.4 to 2.0 mm
eccentricity in human retinas. They also found that the ganglion cell
density is approximately equal between upper and lower retinas at
the eccentricities of 0.4 -2 mm, but the upper retina has 65% higher
ganglion cell density than inferior retina at eccentricities of 2
-4 mm. When we consider the size of a stimulus spot of 15°, which
corresponds to a retinal area of 2.8- 3.0 mm from the fovea, it is
reasonable to interpret that the asymmetry of PhNR amplitude
found in this study was mainly caused by the asymmetry of
ganglion cell density.

QOur results are also in agreement with other electrophysiological
studies. The amplitude of pattern ERG, which is also thought to
reflect the activity of ganglion cells and axons (Baker et al., 1988;
Maffei and Fiorentini, 1981; Maffei et al., 1985), was larger in the
upper retina than in the lower retina (Graham et al., 1994; Yoshii
and Padrmann, 1989). In addition, the amplitude of the pattern ERG
was greater in the nasal retina than in the temporal retina (Bopp,
1982; Porrello and Falsini, 1999; Yoshii and Pddrmann, 1989). These
findings combined with a recent study comparing the PhNR and
pattern ERG in monkeys (Viswanathan et al., 2000) supported the
idea that the PhNR and pattern ERG may be of similar cellular origin.

It is known that another inner retinal ERG component, the
oscillatory potentials (OPs), shows a distinct nasal-temporal
asymmetry in the retina of humans (Bearse et al., 2000; Miyake
et al,, 1989; Wu and Sutter, 1995) and monkeys (Rangaswamy et al.,
2003, 2006). In contrast to PhNR, the OPs are larger in the temporal
retina than in the nasal retina. Recent studies found that this nasal-
temporal asymmetry of OPs was greatly reduced in monkeys after
an intravitreal injection of TTX (Rangaswamy et al., 2003), monkeys
with experimental glaucoma (Rangaswamy et al, 2006), and
patients with glaucoma (Fortune et al., 2002). This nasal-temporal
asymmetry in OPs is thought to be related to summation or
subtraction of an optic nerve head component (ONHC) with local
retinal component, depending upon the distance of the local region
stimulated from the optic nerve head (Bearse et al., 2000; Zhou
et al,, 2007).

Hood et al. (1999) also studied the variation in the waveforms of
fast multifocal ERG in rhesus monkeys. They found that intravitreal

injection of TTX eliminated the variation and asymmetry in the
waveforms of fast multifocal ERG across the retina. From these
results, they suggested that the waveform variation and asymmetry
in the fast multifocal ERG are mainly caused by TTX-sensitive inner
retinal neurons.

What is the clinical relevance of this study? The focal PhNR has
been used to assess inner retinal function of local areas in clinical
situations (Drasdo et al., 2001; Machida et al.,, 2008). In the clinic,
the focal PhNR may be separately recorded from upper and lower
retinas, or from nasal and temporal retinas in patients with optic
nerve diseases or glaucoma. In such occasions, it is important to
remember that there are asymmetries in the PhNR amplitude in
normal subjects. Furthermore, investigations are needed to study
how local PhNRs are affected and how the asymmetry of PhNR
changes in clinical diseases.
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CONCENTRATION OF VASCULAR
ENDOTHELIAL GROWTH FACTOR IN
AQUEOUS HUMOR OF EYES WITH
ADVANCED RETINOPATHY OF
PREMATURITY BEFORE AND AFTER
INTRAVITREAL INJECTION OF
BEVACIZUMAB
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YOSHIKO TAKAIL MD, PuD, KOJII TAKEMOTO, MD, ATSUSHI NAKAYAMA, MD,
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Purpose: To determine whether an intravitreal injection of bevacizumab alters the
concentration of vascular endothelial growth factor (VEGF) in the aqueous humor of eyes
with retinopathy of prematurity.

Methods: Seven Stage 4 and three Stage 5 eyes of eight patients with retinopathy of
prematurity were studied. Bevacizumab (0.75 mg/0.03 mL/eye) was injected intravitreally
in six eyes of six patients after approval was obtained from the Institutional Review Board
of Nagoya University Hospital and an informed consent was signed by the parents.
Agueous humor was collected just before the surgery or before the intravitreal injection of
bevacizumab. Aqueous humor was also collected immediately before vitrectomy 4 to 48
days after the injection of bevacizumab. Aqueous humor was also collected from four
patients undergoing congenital cataract surgery as controls. The concentration of VEGF
was measured by enzyme-linked immunosorbent assay.

Results: In the 4 control eyes, the concentration of VEGF in 2 eyes was 156 and 158
pg/mL and was not detectable in the other 2 eyes. The average concentration of VEGF was
1,109 pg/mL in the active Stage 4 eyes and 3,520 pg/mL in the active Stage 5 eyes. After
bevacizumab injection, the unbound VEGF concentration was 60, 230, and 290 pg/mL in
3 eyes and not detectable in 1 eye.

Conclusion: Intravitreal bevacizumab resulted in a marked decrease in the unbound
VEGF concentration in eyes with retinopathy of prematurity.

RETINA 29:579-585, 2009

ascular endothelial growth factor (VEGF) is a which leads to retinal neovascularization. This is im-

dimeric glycoprotein that plays an important role
in angiogenesis and neovascularization.! The retina is
known to be ischemic in certain ocular diseases, such
as diabetic retinopathy and retinopathy of prematurity
(ROP), and the expression of VEGF is up-regulated,
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portant because the neovascularization can progress to
vitreous hemorrhage, proliferative membranes, and
retinal detachments (RDs).2~4 Thus, one of the strat-
egies to prevent these vision-threatening changes is to
block the upregulation of VEGF.
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Bevacizumab (Avastin; Genentech Inc., San Fran-
cisco, CA) is a humanized anti-VEGF monoclonal
antibody that has been used systemically to treat pa-
tients with cancer.> For the eye, an intravitreal injec-
tion of bevacizumab was found to be effective in
reducing the severity of ocular diseases such as neo-
vascular age-related macular degeneration,® retinal
vein occlusion,” and diabetic retinopathy.® Bevaci-
zumab has also been used as a preoperative adjunctive
therapy for proliferative diabetic retinopathy (PDR).?
Sawada et al'® have reported a marked decrease of
ocular unbound VEGEF level after an intravitreal in-
jection of bevacizumab in eyes with PDR suggesting
that the effectiveness of bevacizumab was due to a
reduction of the unbound VEGF level.

ROP is a major cause of serious visual impairment
in infants born prematurely, and the number of cases
of severe ROP is increasing with the increase in the
survival rate of the smallest pronatis.!! In most cases,
retinal photocoagulation is very effective in treating
eyes with ROP, and the photocoagulation leads to a
quiescent stage. However, despite this treatment,
some eyes progress to the advanced stages of ROP
with proliferative membranes and RDs. For severe
cases, vitrectomy must be performed to reattach the
retina, although surgeons must wait for the neovascu-
lar membranes to become quiescent, which greatly
hinders the prognosis of good vision.

VEGF plays a key role in progression of ROPs, and
Chung et al'? have reported that bevacizumab was
effective in treating eyes with ROP. This finding sug-
gested that preoperative bevacizumab can be an effec-
tive adjunctive therapy for ROP. To the best of our
knowledge, there have been only two studies on the
ocular VEGF level in eyes with ROP,13.14 and neither
of these reported the level of VEGF after an intravit-
real injection of bevacizumab.

Thus, the purpose of this study was to measure the
concentration of VEGF in the aqueous humor in eyes
with Stage 4 and Stage 5 ROP before and after an
intravitreal injection of bevacizumab.

Methods

Subjects

Approval for this study was obtained from the In-
stitutional Review Board of Nagoya University Hos-
pital, and an informed consent was obtained from the
parents. The procedures used in this study conformed
to the tenets of the Declaration of Helsinki.

Seven eyes at Stage 4 and three at Stage 5 of eight
patients with ROP were studied (Table 1). The mean
postmenstrual age of the patients was 41.1 weeks

(35-64 weeks). Bevacizumab at a dosage of 0.75
mg/0.03 mL was injected intravitreally in 6 eyes of 6
patients. An encircling or buckling procedure was
performed on four eyes at Stage 4 ROP. Vitrectomy
with lensectomy was performed on two Stage 4B and
on two Stage 5 ROP eyes after bevacizamab injection,
and in one Stage 5 ROP eye without an injection.
Aqueous humor was collected just before the sur-
gery from seven eyes at Stage 4 and three at Stage 5
eyes. Aqueous humor was also collected just before
the intravitreal injection of bevacizumab from two
eyes at Stage 4 and two at Stage 5. For control,
aqueous humor was also collected from three eyes
with congenital cataract and one eye with persistent
pupillary membrane that underwent surgery (1 male
and 3 female infants). The mean age of these patients
was 4.0 = 2.1 months with a range of 2 to 7 months.
Ophthalmoscopy showed that the fundus was normal
in these four eyes. Although the eyes used as control
were younger than that used in a previous report,™*
they were still older than the ROP eyes. This differ-
ence in the ages might have altered the VEGF level.

Ophthalmologic Examinations and Staging of
Retinopathy of Prematurity

Fundus and 15-MHz ultrasound biomicroscopy
(RION Inc., Kokubunji, Tokyo) examinations were
performed on all eyes in the outpatient clinic. Color
fundus photographs were taken with RetCam (Massie
Research Laboratories Inc., Dublin, CA). Fluorescein
angiography was performed under general anesthesia
using the fluorescein angiography unit of the RetCam
just before the sample collection.

The stage of the ROP was classified according to
international classification,!> and the vascular activity
was classified as active if the eye had 1) plus disease,
2) new vessels growing into the vitreous at the ridge of
a tractional RD area, or 3) combined effusive and
tractional RD.14

Sample Collection and Measurement of Vascular
Endothelial Growth Factor

Aqueous humor was collected under general anes-
thesia with a 27-gauge needle just before the surgery
or intravitreal injection of bevacizumab. The amount
of undiluted aqueous humor collected ranged from
0.02 mL to 0.1 mL. The samples were not analyzed at
the time of collection, but were stored in a deep
freezer at —80°C until use. The concentration of
VEGF was measured by enzyme-linked immunosor-
bent assay using a commercially available kit (Quan-
tikine: R&D Systems Inc., Minneapolis, MN), which
measures both human VEGF,,, and VEGF,4s. There



VEGF CONCENTRATION IN ROP « NONOBE ET AL

581

Table 1. Patient Characteristics and the Concentration of VEGF in Aqueous Humor

Gestational Postmenstrual Age VEGF Before or Without VEGF After

Patient No. Age (Weeks) Age (Weeks) (Months) Bevacizumab (pg/mL) Bevacizumab (pg/mL)
Control

1 2 156

2 2 ND

3 5 ND

4 7 158
Stage 4 ROP

1 22 39 564

2 26 37 944

3R 27 37 1,750

3L 27 37 1,890

4* 24 64 184

5 25 41t 60 (4 dayst)

6 22 35, 361 395 ND (4 dayst)
Stage 5 ROP

7 28 40, 41t 1,990 230 (7 dayst)

8L 23 36, 43t 5,050 290 (48 dayst)

8R* 23 45 370

*Inactive.

TPostmenstrual age when aqueous humor was collected after bevacizumab injection.

FDays after bevacizumab injection.
ND, not detectable.

were three samples in which the VEGF was not de-
tectable. However, as the amount of the samples col-
lected from each eye was different and less than 0.2
mL, the minimum amount necessary for the test, all of
the samples had to be diluted with Calibrator Diluent
RD6U before use. The sample from Control 2 was
diluted 10X, Control 3 was diluted 4 X, and ROP 6 after
bevacizumab was diluted 5X before the measurement.
Thus, the concentration of VEGF in these eyes, in which
VEGF was not detectable, might have been higher than
31 pg/mL, the minimum detectable limit of this kit.

Results

The concentration of VEGF in the aqueous humor
of 1 of the eyes with congenital cataract was 158
pg/mL, and it was less than the detection level in the
other 2 eyes. The concentration in an eye with a
persistent pupillary membrane was 156 pg/mL.

The concentration of VEGF in 10 eyes with ROP
ranged from 184 to 5,050 pg/mL, which is approxi-
mately 1.2X to 32X higher than that in the control
eyes (Figure 1). Aqueous humor was collected from
seven eyes at Stage 4 and three eyes at Stage 5. One
eye at Stage 4 and one at Stage 5 were vascularly
inactive. The mean concentration of VEGF in the
vascularly active ROP was 1,109 pg/mL in the 5 Stage
4 eyes (395, 564, 944, 1,750, and 1,890 pg/mL in the
Stage 4 eyes), and 3,520 pg/mL in the 2 Stage 5 eyes
(1,990 and 5,050 pg/mL). In the vascularly inactive
eyes, the VEGF level was 184 pg/mL in the 1 Stage 4

eye and 370 pg/mL in 1 Stage 5 eye. Thus, the
concentration of VEGF in the vascularly active eyes
tended to be higher than in inactive eyes, although
statistical analysis could not be performed due to the
small number of eyes (Figure 1).

Bevacizumab was injected into six active ROP
eyes, four at Stage 4 and two at Stage 5, and aqueous
humor was collected from two Stage 4 and two Stage
5 eyes 4 to 48 days after the injection just before
vitrectomy. In the Stage 4 eyes, the concentration of
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Fig. 1. Concentration of vascular endothelial growth factor (VEGF) in
the aqueous humor without or before bevacizumab injection in Stages
4 and 5 ROP and control eyes are shown.



