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Abstract: This study aimed to characterize a technique that assesses the outflow facility (C) efficacy of five kinds
of IOP-lowering drugs commonly used clinically in enucleated porcine Eyes. Eyes were perfused at 15 mmHg with
GPBS first to establish the baseline outflow facility (C;). Then the anterior chamber contents were exchanged for
GPBS with corresponding concentration eye drops (4.9x10° nM Brimonidine, 41.1 nM Latanoprost, 3.4x10% nM
Levobunolol, 3.0x10% nM Brinzolamide, 8.3x10% nM Pilocarpine) in five groups (n = 6 each), while 6 eyes received
GPBS alone as control. The mean stable facility obtained after drug administration (C,) was continuously recorded.
The changes between C,and C, (AC = C,-C,)) were analyzed. Finally, for drugs among the five experiment groups with
statistical significance, the concentration was reduced 3 times, otherwise the drugs’ concentration was increased to
10 times to confirm its effectiveness further using the same methods (n = 6 each). We found that the average base-
line outflow facility was 0.24+0.01 ylmin*mmHg™*. C increased significantly in Brimonidine and Latanoprost groups,
even the concentration of Brimonidine and Latanoprost was decreased 3 times (P < 0.05). However, there was no
significantly increase in Levobunolol, Brinzolamide, Pilocarpine and control group (P > 0.05), but when drugs’ con-
centration was increased to 10 times, the C value of Pilocarpine decreased significantly (P = 0.04). No significant
washout effects in porcine eyes were observed. To conclude, outflow facility efficacy of five drugs in enucleated por-
cine eyes may provide a reference for clinical medicine. A constant-pressure perfusion technique should be useful
to evaluate effect of pharmacologic agents or surgical manipulations on aqueous humor dynamics.
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Introduction

Glaucoma is characterized by a progressive
loss of retinal ganglion cells, a characteristic
optic neuropathy and patterns of visual field
loss in the more advanced stages. It is a multi-
factorial disease with several recognized risk
factors, of which elevated intraocular pressure
(IOP) is a primary contributing factor caused by
increased aqueous outflow resistance [1, 2].
Lowering IOP by medications or surgery is the
only therapeutic modality currently available.
Therefore, to precisely describe and under-
stand the regulation of IOP and its mechanism
in the eyes is very important for glaucoma
research. Notably, the source of increased out-
flow resistance in primary open angle glauco-
ma (POAG) has not yet been identified. Studies
of the hydrodynamic and morphological corre-

lation of decreasing outflow facility (C), which is
defined as the reciprocal of the resistance to
aqueous humor outflow as it exits the anterior
chamber of the eye, associated with acute and
chronic experimental elevation of IOP, have
partly improved our understanding of the patho-
genesis of this disease [3, 4]. For the screening
of potential new compounds, five in vitro mod-
els have been used: monolayer cell culture,
whole eyes, explant culture, and anterior seg-
ment culture; both stationary and perfusion
systems. In the case of perfusion techniques,
IOP and one-way flow of aqueous can be main-
tained [5]. In the present study, total C is mea-
sured, which is equal to the arithmetic sum of
trabecular outflow facility and uveoscleral out-
flow facility. By comparing C before (C;) and
after (C,) I0P-lowering drug administration from
the same eye, we try to assess the effects of
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carpine) commonly used clini-
cally in porcine Eyes. Though
the analysis of the results,
may it can provide a reference
for clinical medicine, and to
assess whether this experi-
mental approach can be use-
ful to evaluate effects of phar-
macologic agents or surgical
manipulations on aqueous
humor dynamics in porcine
and other animal models.
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Figure 1. Experimental set-up of the perfusion system. The computer- con-

trolled perfusion system consisted of a computer control system (Labview
version 7.1), a syringe pump, a pressure transducer, an exchange reservoir,

a collection reservoir and a calibration reservoir.

the five pharmacologic agents (Brimonidine,
Latanoprost, Levobunolol Brinzolamide and
Pilocarpine) on aqueous humor outflow facility,
as well as to demonstrate the utility of this
approach.

Due to the anatomical differences between
humans and animals, human eyes would con-
stitute the most relevant test material in out-
flow studies; however, their use is limited by
their difficult availability. Monkey, bovine, and
porcine eyes have been used in whole-eye
studies [4-12]. Many previous studies with por-
cine eyes have shown that the domestic pig is
suitable for a variety of ophthalmologic studies
[7, 8]. The porcine eye was chosen for this study
because of its easy availability and low costs.
The anterior chamber volume was 300 pl and
the globe size was almost equal to the human
eye. In addition, the porcine eye contains a
shallow scleral sulcus with a wedge-shaped
mass of corneoscleral tissue comparable in
size to human trabecular meshwork (TM) [8].
Ultrastructural investigations have indicated
that subendothelial regions and the cribriform
of porcine TM have an architecture similar to
that of primate TM [12].
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Animal procedures were con-
ducted in compliance with
the association for research
in vision and ophthalmology
(ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research.

Sixty-six fresh enucleated porcine eyes were
obtained from a local abattoir (Jiading,
Shanghai, China), the pigs were 4-5 months
old, weighing approximately 70 kg. The eyes
delivered were dlivered to our laboratory within
3 hours postmortem. Eyes with discernible
damage or accumulated blood in the limbus or
anterior chamber (AC) were excluded. The per-
fusate was Dulbecco’s phosphate-buffered
saline (Ph = 7.3; Invitrogen, Grand Island, NY)
containing 5.5 mM D-glucose (collectively
referred to as GPBS) that was passed through a
0.2 um cellulose acetate filter prior to use.
0.15% Brimonidine (Allergan, USA); 0.005%
Latanoprost (Pfizer Manufacturing Belgium
NV); 0.5% Levobunolol (Allergan, USA); 2%
Brinzolamide (Alcon Laboratories Ltd, UK);
Pilocarpine (Akorn, USA).

Perfusion procedure
Details of the mechanical setup of the perfu-

sion system were described previously [4].
Briefly, the perfusion system consisted of a per-

Int J Clin Exp Med 2015;8(5):7184-7191



Outflow facility efficacy of five drugs

Table 1. Summary of facility neasurements, before and after drug
treatments (mean + SEM, ul-min'l'mmHg'l, n = 6)

‘ AC AC%

Group* C, C, P value
(C,C,)  AC/C,x100%

GPBS 0.25+£0.01 0.24+0.03 -0.01+0.02 -5.22+6.75 0.600

Brimonidine 0.25+0.02 0.33+0.04 0.07+0.02 26.65+6.32 0.010*
Latanoprost 0.24+0.03 0.37+0.04 0.12+0.02 54.2+11.5 0.001*
Levobunolol 0.24+0.02 0.25+0.02 0.01+0.01 4.07+4.45 0.390
Brinzolamide 0.22+0.01 0.23+0.02 0.01+0.02 1.23+6.79 0.770
Pilocarpine  0.24+0.02 0.25+0.01 0.01+0.01 2.32+6.06 0.380

*5.5 mM GPBS and GPBS with corresponding concentration eye drops (4.9x10° nM
Brimonidine, 41.1 nM Latanoprost, 3.4x10° nM Levobunolol, 3.0x10° nM Brinzo-
lamide and 8.3x10° nM Pilocarpine?). For 4.9x10° nM Brimonidine and 41.1 nM
Latanoprost showed statistical differences between C; and C,, their concentration
was reduced 3 times, while other drugs concentration was improved 10 times to
confirm its effectiveness further. Pre-operation (C;), Post-operation (C,); P < 0.05.

Table 2. Summary of facility measurements, before and after drug
treatments (mean = SEM, pl-min'l'mmHg'l, n = 06)

‘ AC AC%

Group* C, C, P value
(C,C,)  AC/C,x100%

GPBS 0.25+0.01 0.24+0.03 -0.01+0.02 -5.22+6.75 0.600

Brimonidine 0.26+0.01 0.30+0.02 0.04+0.01 16.15+5.48 0.025%
Latanoprost 0.26+0.02 0.32+0.02 0.06+0.01 22.83+5.57 0.005%
Levobunolol 0.26+0.02 0.28+0.02 0.02+0.01 5.27+3.18 0.157
Brinzolamide 0.24+0.02 0.26+0.03 0.02+0.01 8.62+7.20 0.302
Pilocarpine  0.24+0.02 0.22+0.02 -0.02+0.01 -10.10+2.22 0.004%

*5.5 mM GPBS and GPBS with corresponding concentration eye drops (4.9x103%/3
nM Brimonidine, 41.1/3 nM Latanoprost, 3.4x10* nM Levobunolol, 3.0x10* nM
Brinzolamide and 8.3x10* nM Pilocarpine). Pre-operation (C,), Post-operation (C,);

cornea into each eye and
connected to the perfusion
chamber. This needle was
carefully threaded through
the pupil and the needle tip
positioned within the posteri-
or chamber to prevent deep-
ening of the AC that would
otherwise lead to an artificial
increase in outflow facility
[5]. A second needle was
inserted intracamerally into
the AC and connected to the
collection reservoir. During
the perfusion, the collection
reservoir tube was clamped
except during exchanges.
During exchanges, I0P was
maintained at 15 mmHg by
raising the perfusion reser-
voir 2 mmHg higher than 15
mmHg above the corneo-
scleral limbus, and decreas-
ing the collection reservoir 2
mmHg lower than 15 mmHg
so that the contents of the AC
would flow to the collection
reservoir. A volume of 5 ml
fluid was exchanged which
took about 10 minutes. This
amount (5 ml) was chosen for

5P < 0.05.

fusion chamber and a collection chamber; the
perfusion chamber was linked to a pressure
transducer (Honeywell model 142 PC;
Honeywell Sensing and Control, Freeport, IL),
and connected electronically to a computer
control system. The computer-controlled
syringe pump delivered a variable flow rate (Q)
to the anterior chamber to maintain a desired
IOP. Outflow facility (C = Q/IOP) was measured
at 10 Hz, ensemble averaged over a 10-second
window, and electronically recorded every 10
seconds by LabView version 7.1 (National
Instrument, USA), the characteristic of the ocu-
lar perfusion system is shown in Figure 1.

Extraocular tissue was removed from porcine
eyes, which were submerged to the limbus in
phosphate-buffered saline (PBS) at 34°C. A
23-gauge infusion needle was inserted intra-
camerally through the peripheral transparent
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exchange based on our pre-
vious experiment, in which
the amount of microspheres
almost completely disappeared in the perfus-
ate from the AC [4].

Sixty-six enucleated porcine eyes were random-
ly divided into eleven groups. First, all eyes
were perfused at 15 mmHg constant pressure
with GPBS at least 30 minutes to establish a
stable baseline C,. The perfusion pressure was
set by adjusting the height of the reservoir
above the surface of the eye. Assuming an epi-
scleral venous pressure of 8 to 10 mmHg, this
perfusion pressure would simulate an in vivo
IOP of 22 to 25 mmHg [9]. Then the anterior
chamber contents were exchanged for GPBS
with corresponding concentration eye drops
(4.9x10° nM Brimonidine, 41.1 nM Latano-
prost, 3.4x10% nM Levobunolol, 3.0x10% nM
Brinzolamide and 8.3x10% nM Pilocarpine) in
five groups (N = 6 each), We chose this concen-
tration based on ciliary body and iris tissue con-

Int J Clin Exp Med 2015;8(5):7184-7191



Outflow facility efficacy of five drugs

0.45 *

0.40
0.35 I
0.30

0.25 I I I I
0.20 J
0.15 G
0.10 -
0.05

0.00 !

C (ul.min"'.mmHg"")

GPBS Bri i 1
(4.9%10° nM) (41.1 nM)

Levobunolol  Bri Pilocarpine
(3.4x10°nM)  (3.0x10° M) (8.3x10° nM)

Figure 2. Changes in outflow facility between pre-operation, C, and post-
operation, C,. An significantly increase in C was observed in 4.9x10° nM
Brimonidine and 41.1 nM Latanoprost groups compared with their own base-
lines (n = 6, paired ttest, P < 0.05). In contrast, perfusion with 3.4x103
nM Levobunolol, 3.0x10° nM Brinzolamide, 8.3x10° nM Pilocarpine, GPBS
groups had no significant differences in outflow facility compared to their
own baselines (n = 6, paired t-test, P > 0.05). No clear washout effect (i.e.,
a time-dependent increase in outflow facility) was observed (calculated as a
mean of the hourly recorded stable outflow facilities) in the GPBS group (n =
6, paired t-test, P = 0.60). P < 0.05.
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Figure 3. Changes in outflow facility between pre-operation, C, and post-
operation, C,. An significantly increase in C was observed in 4.9x10%/3 nM
Brimonidine and 41.1/3 nM Latanoprost groups compared with their own
baselines (n = 6, paired t-test, P < 0.05). In contrast, perfusion with 3.4x10*
nM Levobunolol, 3.0x10* nM Brinzolamide groups had no significant differ-
ences in outflow facility compared to their own baselines (n = 6, paired t-test,
P > 0.05), while, 8.3x10* nM Pilocarpine showed statistical decrease in C (n
= 6, paired t-test, P < 0.05). 5P < 0.05.

the washout effect. Finally,
the subsequent perfusion of
all eyes with corresponding
perfusate was at a fixed vol-
ume (0.3 ml) and C, was con-
tinuously recorded through-
out the experiment.

Statistical analysis

Statistical analysis was per-
formed with statistical soft-
ware SPSS (Version 17.0;
SPSS Inc., USA). The data
were expressed as mean +
SEM. The comparison of dif-
ference for outflow facility
between C, and C, was done
by a paired two-sample t-test,
while the difference for out-
flow facility within the same
drug (changes in AC and AC%)
in different concentration was
compared with independent
t-test. P < 0.05 were consid-
ered to be statistically sig-
nificant.

Results

Outflow facilities of the eleven
groups were shown in Tables
1 and 2. The average baseline
facility (C,) was 0.25+0.01
pl-mintmmHg?! (mean + SEM)
in control eyes tested at 15
mmHg. No significant wash-
out effect (i.e., a time-depen-
dent increase in outflow facil-
ity) was observed in the GPBS
group (P = 0.60).

centrations of five drugs observed in topically
treated nonhuman primates [13-17], which is
the same as Win’s study [18]. While 1 group (N
= 6) received GPBS alone as control. Finally, for
drugs among the five experiment groups with
statistically significant changes, the concentra-
tion was reduced 3 times, otherwise the drugs
concentration was increased to 10 times to
confirm its effectiveness further using the
same methods. Because whether porcine eyes
exhibit washout is still controversial [5, 9, 19],
the control group was included to account for
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In 4.9x10° nM Brimonidine and 41.1 nM
Latanoprost treatment groups, AC_ . =
0.07£0.02  plkmin*mmHg? (26.65+6.32%),
AC_., = 0.12+0.02 plmin*mmHg* (54.20%
11.59%), C increased significantly in Bri-
monidine (P = 0.010) and Latanoprost (P =
0.001) groups compared with their own base-
lines (Figure 2), even the concentration of
4.9x10° nM Brimonidine and 41.1 nM
Latanoprost was decreased 3 times, it showed
the same tendency statistical differences
between C, and C, (P = 0.025, P = 0.005).

Int J Clin Exp Med 2015;8(5):7184-7191
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Discussion

In this study, we used an ex
vivo method with the perfused
porcine eye suitable for test-
ing clinical antiglaucomatous
drugs on aqueous humor out-
flow facility. In our study, the
mean baseline outflow facility
was 0.25+0.01 pl-min*mmHg
1 (mean * SEM; n = 6) in con-

® Drug'

sk Drug?

‘ trol eyes perfused at 15

mmHg, which is very similar to
I the 0.25+0.01 pyl-min*mmHg
Pilocarpine 1 reported by Vaajanen and
his coworkers [5]. According
to the literature, the basal out-
flow facility in the enucleated
porcine eye has been between
0.25+0.01 and 0.50+0.20
plmintmmHg? [5, 9, 19-21].
Several reasons may partially
explain these differences.
Different body weight of pigs
(70 kg in the present study
versus 80kg or some papers
not described in detail) and
regional differences of pig
eyes sources (Asia in the pres-
Drug? ent study versus Europe).

® Drug’

%
[_‘ Animal models in all perfusion
+ methods are associated with
a time-dependent increase in

T outflow facility, which has not
Rilocarpine found in human eyes in vitro
[22]. This phenomenon is
referred to as washout, in
accordance with the hypothe-

amide, 8.3x10°nM Pilocarpine). Drug? (4.9x103/3 nM Brimonidine, 41.1/3 sis that the progressive

nM Latanoprost, 3.4x10* nM Levobunolol, 3.0x10* nM Brinzolamide and
8.3x10* nM Pilocarpine) (n = 6, independent t-test, P < 0.05). P < 0.05.

However, there was no significantly increase in
3.4x10° nM Levobunolol, 3.0x10° nM
Brinzolamide, 8.3x10° nM Pilocarpine and the
control group (P = 0.390, P =0.770, P = 0.380
and P = 0.600), when drugs’ concentration was
increased to 10 times, Levobunolol, and
Brinzolamide groups showed no statistical dif-
ferences between CO and Cl, but high concen-
tration of Pilocarpine decreased C significantly
(P = 0.04) with AC = -0.02+0.01 pl-min®
mmHg?* (-10.10+2.22%) (Figures 3-5).
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decrease in resistance is the
result of a perfusion-induced
washing away of extracellular
material from the outflow pathway tissue [22,
23]. The typical washout effect in porcine eyes
has been between 6% and 26% [5, 19, 24].
However, Wagner and coworkers [9] observed
no significant washout effect in their porcine
whole-eye studies. In our study, No significant
washout effect (i.e., a time-dependent increase
in outflow facility) was observed either (calcu-
lated as a mean of the hourly recorded stable
outflow facilities) in the GPBS group (P = 0.60).
We suggest that the subsequent perfusion at a

Int J Clin Exp Med 2015;8(5):7184-7191
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fixed volume (0.3 ml) and the total perfusion
time in the GPBS group was therefore at most
180 minutes, the volume and time were not
enough to cause washout effect, and also
strong traction was carefully avoided during
enucleation so as not to damage sensitive eye
structures.

Five IOP-lowering glaucoma medications were
evaluated for their effects on C in the enucle-
ated porcine eyes. We confirmed that the pros-
taglandin FP agonist latanoprost (41.1 nM),
thea -adrenergic agonist brimonidine (4.9x10°
nM) increased C value by 54.20+11.59% and
26.65+6.32%, similarly to previous studies
tested by topical ocular delivery of 1 to 2 drops
of the drug formulations in mouse eye [25, 26],
while, there was no significantly different
increase in C value when perfusing the
B-blocker levobunolol (3.4x10% nM), the
carbonic anhydrase inhibitor brinzolamide
(3.0x10% nM), and the cholinergic agonist pilo-
carpine (8.3x10° nM). These results are in
agreement with the findings of Millar et al.
Latanoprost is a selective FP receptor agonist
and it has been reported to increase uveo-
scleral outflow by remodeling the extracellular
matrix in the ciliary muscle and affect intracel-
lular pathways that control cell contractility
[27]. It may also increase the conventional out-
flow facility through changes in the TM [13]. In
our study, the C value of latanoprost group sig-
nificantly increased, followed by brimonidine
group, even the concentration of 41.1 nM
Latanoprost and 4.9x10° nM Brimonidine was
decreased 3 times, it showed the same tenden-
cy statistical differences between C  and C,
(22.83+£5.57%, P = 0.025; 16.15+5.48%, P =
0.005). Levobunolol and brinzolamide are com-
pounds known to suppress aqueous humor for-
mation, accordingly, it was ineffective in the
porcine eye in the concentration based on cili-
ary body and iris tissue concentrations
observed in topically treated nonhuman pri-
mates, there was insignificant as though the
concentration of the drugs (Levobunolol and
brinzolamide) was improved 10 times in the
absence of a functioning circulatory system.
Topical application of pilocarpine onto the
human glaucomatous eyes lowers IOP, most
commonly accepted mechanism of action for
muscarinics involves receptor-mediated con-
traction of the ciliary muscle. Ciliary muscle
contraction presumably creates tension on the
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TM and surrounding tissues. This tension may
ultimately effect an enlargement of the inter-
trabecular spaces, thereby resulting in a
decreased resistance to aqueous fluid outflow
and a subsequent decrease in IOP [28]. Another
muscarinic agent, carbachol, has been shown
to induce contraction in isolated TM strips [29].
This direct effect on the TM may very well con-
tribute to a portion of the outflow action of this
class of compounds. In our study, 8.3x10% nM
pilocarpine perceived no alteration in C value
with statistical significance at 15 mmHg, while
8.3x10* nM npilocarpine led to a significant
decrease in measured outflow facility. Our find-
ings predict that high concentration of pilocar-
pine decreased C by inducing a contractile
response in trabecular meshwork cells without
affecting uveoscleral outflow pathway because
of the ciliary muscle poorly developed in nonpri-
mates (such as pig, cat) and there is no clear
anatomical connection between the ciliary
muscle and the drainage tissues [12].

Techniques for measuring C value have been
reported for more than 50 years. In the first
report, Bafany [30] described a two-level, con-
stant-pressure perfusion technique for measur-
ing C in the vervet monkey. In this technique,
total C (C_ ) is measured, which is equal to the
arithmetic sum of trabecular outflow facility
(C,..), uveoscleral outflow facility (C), and
inflow facility (Cps is decreased aqueous humor
secretion rate with increasing IOP). However, in
practice, Cps is generally disregarded because
they are reported to represent only approxi-
mately 10% of C_, [31]. C,_, and C, are some
10- to 20-fold more pressure dependent than
Cps. Thus, when determined by this C,_ is nor-
mally assumed to be equalto C,_ and C . Since
publication of paper, this approach for measur-
ing C has been adapted for use in several other
species-for example, human beings [1, 3, 22],
the cynomolgus monkey [4, 23, 30], the pig [5,
7-9, 24], the bovine [6, 10, 11]. We applied the
whole-globe perfusion system similar to that of
Sit’s application in 1977 [32]. The advantages
of a constant-flow perfusion method over the
more traditional Bafany’s constant-pressure
perfusion technique are minimal cost and ease
of data acquisition. In addition, the small size of
the mouse eye with minute changes in fluid vol-
ume movement requires greater sensitivity and
further magnifies the problem. For the con-
stant-pressure perfusion used in the present

Int J Clin Exp Med 2015;8(5):7184-7191
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study, a strain gauge is not required, because
flow is induced with a reliable micro dialysis
perfusion pump at the desired pressures (we
used 15 mmHg). The resultant pressure gener-
ated is determined with a pressure transducer
with an output signal in volts (rather than micro-
volts) with a baseline sufficiently stable for the
study period. The apparatus can be set up in a
limited bench space, elaborate vibration-damp-
ening and electrical shielding are unnecessary.
The procedure is technically straightforward,
with a low failure rate (~5%) once the necessary
skills have been acquired. This method also
allows determination of the pressure-flow rate
relationship using several infusion flow rates.
We point out that recent studies have success-
fully exploited this technique to demonstrate
the potential role of pharmacologic agent in
outflow facility [4, 6].

In summary, in this study, a constant-pressure
perfusion technique was used to assess out-
flow facility efficacy of five drugs in enucleated
porcine eyes which may provide a reference for
clinical medicine. This experimental approach
should be useful to evaluate effects of pharma-
cologic agents or surgical manipulations on
aqueous humor dynamics in porcine and other
animal models.
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