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Abstract: The effect of topical 2% carteolol on tissue circulation in the albino rabbit optic
nerve head (ONH) was investigated using a laser speckle tissue circulation analyzer. In the
first experiment, the normalized blur (NB) value, a quantitative index of tissue blood flow ve-
locity in the ONH, intraocular pressure (IOP), blood pressure (BP), and pulse rate were
measured under general anesthesia before as well as 30, 60, 90, and 120 minutes after a 20-pL
instillation of carteolol in one eye and the vehicle in the other eye in a masked, randomized
manner. In the second experiment, one eye of a rabbit received carteolol twice daily for 20
days and the fellow eye received the vehicle in a masked, randomized manner. The IOP was
measured every 5 days, and the NB in the ONH and [IOP were measured before treatment
and 2 hours after the last instillation on the 20th day. After a single instillation of carteolol,
pulse rate showed a maximum reduction of 15%, and IOP in the carteolol-treated eyes
showed a maximum decrease of 22%. The NB in the ONH and BP did not show any signifi-
cant change during the experiment. After 20-day treatment with carteolol, IOP showed a
maximum decrease of 25% in the carteolol-treated eyes and 21% in the vehicle-treated eyes.
The NB showed a significant increase of 15% (P < 0.01) in the carteolol-treated eyes and
11% (P < 0.01) in the vehicle-treated eyes. It was indicated that long-term topical carteolol
increased the blood velocity in the ONH tissue both in the carteolol- and vehicle-treated con-
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Introduction

Previous studies have indicated that compromise
of the tissue circulation in the optic nerve head
(ONH) may play a causal role in glaucomatous in-
jury in the ONH, although intraocular pressure
(IOP) has been consistently found to be one of the
most important risk factors in the development of
open-angle glaucoma.!* Therefore, the possible ef-
fects of antiglaucoma agents on ONH tissue circula-
tion are of great clinical importance.

Beta-2 receptors generally mediate relaxation of
vascular smooth muscle, and it is known that systemic
beta-antagonists induce vasoconstriction in various
tissues.**> Carteolol hydrochloride, a nonselective
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beta-adrenergic antagonist, might have a different ef-
fect on tissue blood flow from other beta-antagonists
such as timolol, since it has several vasodilative activ-
ities—intrinsic sympathomimetic activity (ISA) and
weak endothelium dependent vasodilative activity.®
Using laser Doppler velocimetry, Grunwald and
Delehanty!? reported that a single instillation of 1%
carteolol in human eyes showed no significant effect
on the centerline blood velocity in the large retinal
veins. To the best of our knowledge, however, there
are no reports on the effect of topical carteolol on
the tissue circulation in the ONH.

We have recently developed an apparatus equipped
with a diode laser for noncontact and two-dimen-
sional estimation of ocular fundus tissue circulation
utilizing the laser speckle phenomenon with which a
quantitative index of the tissue blood flow velocity in
an area of 0.42 X 0.42 mm of the ONH, normalized
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blur (NB) value, was measured with reproducibility
of about =10%.!! Further, we have already re-
ported that, using this apparatus, twice daily 20-day
instillation of 0.5% timolol'? or 0.5% betaxolol'?
caused a significant increase in ipsilateral ONH tis-
sue blood velocity in albino rabbits. The rabbit ONH
vasculature has some similar features with that of
humans or primates; the principle blood supply of
the rabbit ONH is derived from the short posterior
ciliary arteries by the arterial circle.'* In the present
study, we studied the effects of a single- or twice-
daily 20-day instillation of carteolol on ONH tissue
circulation in rabbit eyes using the same apparatus.
The NB in the ONH was found to correlate well with
the blood flow rate in the ONH, as determined by
using the hydrogen gas clearance method in albino
rabbits.!?

Materials and Methods
Laser Speckle Tissue Circulation Analyzer

The ONH tissue circulation was evaluated with a
laser speckle tissue circulation analyzer, details of
which have been described elsewhere.!1® The appa-
ratus consists of a fundus camera (TRC-WT3®, Top-
con, Tokyo) equipped with a diode laser (wave-
length = 808 nm) and an image sensor (100 X 100
pixels, BASIS type, Canon, Tokyo). A halogen lamp
illuminated the fundus where the laser beam was fo-
cused. The scattered laser light was imaged onto the
image sensor, which corresponds to a field of 0.62 X
0.62 mm in the rabbit ONH, where a speckle pattern
appeared. The difference between the average of the
speckle intensity (I..,) and the speckle intensity for
successive scannings of the image speckles at the pix-
els on the sensor plane was calculated, and the ratio
of I, to this difference was defined as NB. The NB
is nearly equivalent to the reciprocal of speckle
contrast described by Fercher and Briers!”!® and is
thought to be indicative of tissue blood velocity.
The results are displayed in a color graphic show-
ing the two-dimensional variation of the NB level
over the field of interest. The average of NB levels
in the measured field in the ONH was expressed as
NB,,. The coefficient of reproducibility of 5-minute
or 24-hour interval in vivo measurements of NB,, in
70 % 70 pixels, which corresponds to 0.42 X 0.42 mm
in the rabbit ONH, was approximately 10% for both
time intervals.!!

Drug

Carteolol hydrochloride 2% ophthalmic solution
was purchased from Otsuka Pharmaceutical Com-
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pany (Tokyo). The vehicle was kindly supplied by
the same company.

NB,, Measurement in the ONH

Albino rabbits weighing 2.5-3.0 kg were used and
handled in accordance with the ARVO Resolution
of the Use of Animals in Research. The animals
were entrained to a light schedule of alternating 12-
hour periods of light and dark (12L:12D, light on at
4:00 am) for at least 3 weeks prior to use. After dilat-
ing the pupil with one drop of Mydrin M® (0.4%
tropicamide, Santen Pharmaceutical, Osaka), the
image speckles from the largest square field in the
ONH free of visible surface vessels were recorded
to measure the NB,, value in the ONH tissue
(NB,vonmy) (Figure 1). Color fundus photographs
were taken to record the site of NB measurement re-
ferring to visible surface vessels near the measure-
ment field as markers to identify tissue sites.

Experimental Protocol

Effect of a single instillation. General anesthesia
was induced by intravenous injection of 30 mg/kg
pentobarbital sodium and maintained carefully with
additional small doses. The femoral artery was can-
nulated with a polyethylene catheter and connected
to a pressure transducer (DTX®, Spectramed, CA,
USA) for measurements of the femoral arterial
blood pressure and pulse rate. The mean femoral ar-
terial blood pressure (BP,,) was calculated according
to the formula:

Figure 1. Measurement field of normalized blur in the op-
tic nerve head (ONH) tissue. The image speckles from the
inferior field of ONH where no discrete vessels were visi-
ble (0.42 X 0.42 mm, [J) were recorded to measure the
normalized blur in the ONH tissue.
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BP, = BP,+ 1/3(BP,~BP,),

where BP, and BP, are diastolic and systolic femoral
arterial blood pressures, respectively. After dilating
the pupil with one drop of Mydrin M®, the NB,,onm)
was measured as described above. The average of six
measurements obtained at intervals of 1 minute was
adopted as the initial value.

In a masked manner, one eye of each animal re-
ceived 20 pL of 2% carteolol, and the fellow eye re-
ceived the vehicle at 6:00 M (carteolol group, n = 8).
To serve as a control, both eyes received the vehicle
of carteolol at 6:00 PM in another group of rabbits
that were anesthetized and treated in the same way
as in the carteolol group (control group, n = 8). Dur-
ing the experiment, NB,,onn)y and IOP in both eyes
of the carteolol group and one randomly chosen eye
of the control group as well as BP, and pulse rate
were monitored prior to instillation and at 30, 60, 90,
and 120 minutes after instillation. The IOP was mon-
itored with a calibrated applanation pneumotonom-
eter. Arterial Pg,, Pcg,, and pH were checked before
instillation and 60 and 120 minutes after instillation
using the pH/Blood Gas Analyzer, Model 170 (Corn-
ing Glass, Corning, NY, USA). Body temperature
was monitored with a rectal thermometer.

Effect of a 20-day topical treatment. The IOP was
measured in both eyes with a calibrated applanation
pneumotonometer after instillation of topical anes-
thesia (0.4% oxbuprocaine hydrochloride) at 8:00 pm
under dim light. General anesthesia was induced by
intravenous injection of 15 mg/kg pentobarbital so-
dium. The pupil was dilated as described above. Fif-
teen minutes after induction of general anesthesia,
the NB,,onm) in both eyes was measured as de-
scribed above, and the average of six measurements
obtained at intervals of 1 minute was adopted as the
initial value. Color fundus photographs were taken
to record the site of NB measurement.

From the next day on, one eye of each animal re-
ceived 20 L of 2% carteolol, and the fellow eye re-
ceived the vehicle twice daily (6:00 am and 6:00 pm)
for 20 days in a masked manner (carteolol group,
n = 27). To serve as a control, both eyes of another
group of rabbits, which were treated in the same way
as the carteolol group, received the vehicle twice
daily (6:00 am and 6:00 pm) for 20 days (control
group, n = 16). During the treatment period, the
light schedule was the same as described above, and
the IOP was measured under topical anesthesia in
both eyes of the carteolol group and one randomly
chosen eye of the control group at 8:00 pMm on the
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Sth, 10th, 15th, and 20th day under dim light. On the
20th day, after measuring the IOP under topical
anesthesia, general anesthesia was induced. The
NB,yonm) at the same site of ONH tissue was mea-
sured again as described above in both eyes of the
carteolol group and a chosen eye of the control
group. All measurements were carried out by inves-
tigators unaware of the treatment given the animals.

Calculations and Statistical Analysis

The results were presented as mean = SEM.
Paired Student’s r-tests or unpaired t-tests were ap-
plied to evaluate statistical significance. For multiple
comparisons, Bonferroni’s correction was used to
calculate P values. Significance levels of P <0.05
were considered statistically significant.

Results
Effect of a Single Instillation

Only those rabbits whose systemic condition pa-
rameters, except for the pulse rate, showed little
change during the experiments and were within the
normal range of healthy rabbits'®*® were accepted;
systemic parameters obtained in these rabbits are
summarized in Table 1. Figure 2 summarizes the
time course of NB,,, IOP, and pulse rate after instil-
lation of carteolol or vehicle. The IOP and pulse rate
showed no significant change in the control group.
The IOP in the carteolol-treated eyes was signifi-
cantly lower at 30, 60, 90, and 120 minutes compared
with that of the control group (P <0.05-0.01 with
Bonferroni’s correction), while the IOP in the vehi-
cle-treated eyes of the carteolol group showed no
significant difference from that in the control group.
The pulse rate in the carteolol group was signifi-
cantly lower between 30 and 120 minutes compared
with that of the control group (P <0.05-0.01). The
NB,, showed no significant change throughout the
experimental period in the carteolol-treated and
vehicle-treated eyes of the carteolol group and in
those of the control group.

Effect of a 20-Day Topical Treatment

The IOP in the control group showed no signifi-
cant change throughout the experimental period.
The IOP both in the carteolol-treated eyes and the
vehicle-treated eyes of the carteolol group was sig-
nificantly lower between 5 and 20 days as compared
with the control group (P <0.01 with Bonferroni’s
correction) (Figure 3). The values of NB,ong) in
the ONH tissue before and after 20 days of topical
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Table 1. Values of Systemic Condition Parameters Before and After Single Topical

Instillation of Carteolol or Vehicle

0 Min 30 Min 60 Min 90 Min 120 Min
Carteolol Group
BP,, (mm Hg) 90.9 £ 5.0 899 =47 90.6 5.2 85942 85.9 = 3.6
BT (°C) 388 =03 — 38203 — 384 =04
pH 7.35 + 0.03 — 7.37 £ 0.01 — 7.36 + 0.01
Pco; (mm Hg) 33.8+24 — 346+ 14 — 35212
Po; (mm Hg) 89.6 + 1.2 — 925+ 1.4 — 96.3 + 1.4
Control Group
BP,, (mm Hg) 96.3 +2.7 94.1 =28 945 =30 943 +27 94.0 = 3.1
BT (°C) 38502 — 383 x03 — 382+ 04
pH 7.38 = 0.03 — 739 £ 0.02 —_ 7.39 = (.02
Pco, (mm Hg) 32225 — 33928 — 33128
Po; (mm Hg) 904 = 1.8 — 92.1+23 — 93725

BP,, and BT indicate mean femoral arterial blood pressure and body temperature, respectively. Fig-
ures are mean = SEM (n = §).
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Figure 2. Time course (min) of the average normalized
blur (NB,,) (70 X 70) obtained from the optic nerve head
tissue, intraocular pressure, and pulse rate after a single in-
stillation of carteolol (@) or vehicle (O) in the carteolol
group and vehicle in the control group ({I). Each plot rep-
resents the mean value of eight rabbits. Error bars repre-
sent SEM. Asterisk (*) indicates P <0.05 by unpaired ¢-test
for difference from control and double asterisks (**) indi-
cate P <0.01.

treatment are summarized in Table 2. Baseline val-
ues of NB,,onm) in the ONH tissue were not signifi-
cantly different among the carteolol- and vehicle-
treated eyes of the carteolol group and eyes of the
control group. After treatment, the average change
from baseline in NB,,onn) Was not statistically sig-
nificant in the control group. In the carteolol group,
there was a significant increase in NB,yonny of
14.7% (P <0.01) and of 11.1% (P <0.01) as com-
pared with baseline both in the carteolol- and vehicle-
treated eyes, respectively. In comparison with the
eyes of the control group, NB,,onn after treatment
was significantly greater in the carteolol-treated eyes
(P <0.01 with Bonferroni’s correction) and in the
vehicle-treated eyes (P <0.05 with Bonferroni’s cor-
rection) of the carteolol group. The difference in
the NB,yonn) before and after treatment was sig-
nificantly larger both in the carteolol-treated eyes
(P <0.01 with Bonferroni’s correction) and vehicle-
treated eyes (P <0.05 with Bonferroni’s correction)
of the carteolol group than in the control group.

Discussion

Koelle et al*! reported that the penetration depth
of near-IR laser (wavelength = 811 nm) in the cat
optic nerve exceeds 1 mm. Thus, in the present appa-
ratus, the effective depth of sampling in the ONH
tissue will be greater than 1 mm, and some contribu-
tion from the retroscleral region (retrolaminal re-
gion in human eyes) to the measured NB is expected
in addition to that from the anterior ONH and
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Figure 3. Time course (day) of intraocular pressure after
topical instillation of carteolol (@) or vehicle (O) in the
carteolol group and vehicle in the control group ((J). Each
plot represents the mean value of 27 or 16 rabbits. Error
bars represent SEM. Double asterisks (**) indicate P
<0.01 by paired #test for difference from control.

scleral region. Sugiyama et al®® compared NB,,(onm)
determined by the present method with the ONH
tissue blood flow rate determined simultaneously by
the hydrogen gas clearance method in the same rab-
bit eye before and after inhalation of 10% carbon di-
oxide (CO,) or intravenous injection of a small
amount (1071° M/kg) of endothelin-1 (ET-1). Fifteen
minutes after inhalation of 10% CO, NB,yong) in-
creased by 16%, and the ONH tissue blood flow rate
determined with the hydrogen gas clearance method
increased by 14%. Fifteen minutes after intravenous
injection of 107! M/kg ET-1, NB,,onn) decreased
by 22%, and the ONH tissue blood flow rate deter-
mined with the hydrogen gas clearance method de-
creased by 17%. Furthermore, a significant correla-

Table 2. Average Normalized Blur (70 X 70) in Optic
Nerve Head Tissue Before Treatment and After 20-Day
Instillation of Carteolol

n Before 20 days A?
Carteolol 27 129 £ 0.3 14.8 £ 0.5° 1.9 £ 0.5°
Vehicle 27 135+ 05 15.0 + 0.4° 1.5+ 0.5¢
Control 16 135+03 132+ 04 -03+04

Carteolol indicates carteolol-treated eyes, while vehicle indi-
cates vehicle-treated contralateral eyes and control indicates eyes
in the control experiment. Figures are mean = SEM.

aA indicates the difference between the values on the 20th day
from those before treatment.

bp <0.01 (paired t-test) as compared with the value before
treatment.

¢p <0.01 (unpaired #-test with Bonferroni’s correction) as com-
pared with control.

dp <0.05 (unpaired t-test with Bonferroni's correction) as com-
pared with control.
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tion (r = 092, P <0.01) was found between a
relative change in NB,, and in the ONH tissue blood
flow rate determined with the hydrogen gas clear-
ance method. These results suggest that NB,,onm),
which is a quantitative index of blood velocity in
ONH tissue, also correlates with the ONH tissue
blood flow rate.

In the present study, NB,,onuy showed little
change after a single instillation of carteolol. On the
other hand, after 20 days of twice-daily carteolol treat-
ment, there was a significant increase in NB,yonm)
both in the carteolol- and the vehicle-treated con-
tralateral eyes. It is quite likely that systemically
absorbed carteolol reached a sufficient plasma con-
centration to act as a systemic beta-blocking agent in
the present study since a significant reduction in
pulse rate was encountered after a single instillation
of carteolol and a significant reduction in the IOP in
the vehicle-treated contralateral eyes was encoun-
tered after 20-day treatment. The vascular beta-2 re-
ceptor blocking effect itself generally induces vaso-
constriction,*>?2 Under the condition that the total
blood flow is not significantly changed, vasoconstric-
tion may increase the blood velocity and conse-
quently the NB. However, the above-cited result ob-
tained after ET-1 injection speaks against this
possibility: vasoconstriction induced by ET-1 re-
duced both NB and blood flow rate as determined
with the hydrogen gas clearance method in the
ONH." Rather, the increase in the NB is thought to
be indicative of not only the tissue blood velocity but
also the blood flow rate through the ONH. There-
fore, the beta-blocking effect itself is rather unlikely
to be involved in the present finding.

Hester et al®® reported that carteolol has weak
vascular-relaxing properties similar to Ca?* channel
blockers in porcine long posterior ciliary artery at
the concentration of 100 uM or higher. After 20-day
instillation of carteolol in one eye of a pigmented
rabbit, the concentration of the drug in the ONH
was reportedly on the order of 5 pM,?* which is
probably too low for carteolol to exert its weak di-
rect vascular-relaxing property.?® Thus, the results of
the long-term carteolol instillation may be attributed
to effects other than a beta receptor blocking effect
by systematically absorbed rather than those by lo-
cally penetrating carteolol.

Carteolol is characterized by the presence of ISA 6
with which the agent can reduce peripheral vascular
resistance.”® Janczewski et al’ reported that car-
teolol releases endothelium-derived relaxing factor
(EDREF) or prostacyclin at a concentration of 1078 M
or higher, through which it exerts vasodilating ac-
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tions. According to Fujio and Shimizu,?* the concen-
tration of carteolol in rabbit plasma after a 3-week
instillation of 2% solution twice daily was 60 ng/mL
or 2.05 X 1077 M. Therefore, it seems possible that
20-day carteolol instillation given as in the present
study increases ONH blood velocity through its ISA-,
EDRF-, and/or prostacyclin-releasing effect. The
discrepancy of the results between a single and 20-
day instillation experiment may be explained by
much lower carteolol concentration in the plasma af-
ter a single instillation as compared with that after
20-day instillation.?*?¢ Further, induction of pento-
barbital anesthesia generally caused vasodilation in
various ocular tissues in albino rabbits including the
optic nerve.?” A total dose of pentobarbital used in
the single-instillation experiment was twice more
than that used in 20-day treatment. The discrepancy
may be partly attributed to a higher dose of pento-
barbital, resulting in a vasodilative effect that might
have masked the NB,,onm)-increasing effect of car-
teolol in the single-instillation experiment.

In summary, the present study showed that long-
term carteolol instillation caused a significant in-
crease of the tissue blood velocity in the ONH both in
the carteolol- and vehicle-treated contralateral eyes
in albino rabbits. Although its precise mechanisms

are still unknown and caution must be taken in specu- .

lating about the results of the effects of carteolol on
ONH blood flow in humans, the finding here may
have clinical relevance in the treatment of glaucoma.

This work was supported in part by a Grant-in-Aid for Develop-
mental Scientific Research (B) No. 01870074 from the Ministry of
Education, Science, Sports and Culture of Japan.
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