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A transscleral drug-delivery device, designed for the administration of protein-type drugs, that consists
of a drug reservoir covered with a controlled-release membrane was manufactured and tested. The
controlled-release membrane is made of photopolymerized polyethylene glycol dimethacrylate (PEGDM)
that contains interconnected collagen microparticles (COLs), which are the routes for drug permeation.
The results showed that the release of 40-kDa FITC-dextran (FD40) was dependent on the COL
concentration, which indicated that FD40 travelled through the membrane-embedded COLs. Addition-
ally, the sustained-release drug formulations, FD40-loaded COLs and FD40-loaded COLs pelletized with
PEGDM, fine-tuned the release of FD40. Capsules filled with COLs that contained recombinant human
brain-derived neurotrophic factor (rhBDNF) released bioactive rhBDNF in a manner dependent on the
membrane COL concentration, as was found for FD40 release. When capsules were sutured onto sclerae
of rabbit eyes, FD40 was found to spread to the retinal pigment epithelium. Implantation of the device
was easy, and it did not damage the eye tissues. In conclusion, our capsule is easily modified to
accommodate different release rates for protein-type drugs by altering the membrane COL composition
and/or drug formulation and can be implanted and removed with minor surgery. The device thus has
great potential as a conduit for continuous, controlled drug release.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction surface area and high degree of hydration, the sclera is permeable

to drugs of different sizes (up to ~70kDa) [5]. Transscleral drug-

The design of drug-delivery systems targeting the retina is
a most challenging ophthalmological task. The principal delivery
route currently in use is topical eye drop administration, but it
delivers only low drug levels to the retina, and systemic drug
delivery, e.g., intravenous delivery of Cytovene, a ganciclovir-type
antiviral agent for cytomegalovirus [1], can produce toxic side
effects. Although intravitreal delivery allows for high concentra-
tions of a drug to be delivered directly to the retina, the necessary
surgical procedure often requires repeated injections that can cause
cataracts, retinal detachment, infection, and/or vitreous hemor-
rhage [2]. Therefore, transscleral delivery has emerged as a more
attractive method for treating retinal disorders because it can
deliver a drug locally and is less invasive [3,4]. Because of its large
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delivery systems that range in size from microparticles to poly-
meric implants have been tested [6]. However, most of these
systems are made of biodegradable polymers. Drug release profiles
for biodegradable devices generally have a tri-phasic release
profile, i.e., an initial burst, a diffusional release phase, and a final
burst [7]. This complex profile occurs because the polymers erode
with time and, by doing so, affect drug dissolution. Thus, a non-
biodegradable device that contains a drug reservoir sealed with
a semipermeable membrane allows for sustained release and
reduces the sizes of the bursts [8].

Neuroprotection from retinal degenerative diseases by neuro-
trophic factor delivery to the retina remains a challenge for
ophthalmology [9]. Intraocular administrations of brain-derived
neurotrophic factor (BDNF) [10], ciliary neurotrophic factor [11],
and basic fibroblast growth factor [12], have been shown to rescue
degenerating photoreceptor cells in animals. Additionally, we have
demonstrated that the implantation of genetically modified iris
pigment epithelial cells that secrete BDNF to the subretinal space
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protect photoreceptors against phototoxicity [13]. However, suit-
able devices that specifically deliver neurotrophic factors continu-
ously to the retina and with minimal invasiveness have yet to be
developed. Therefore, we aimed to develop a membrane-based
capsule that is implantable on the sclera (Fig. 1A) and would
prolong the controlled delivery of BDNF or other protein-type drugs
to the retina with zero-order kinetics. The designed capsule
consists of two parts, a molded triethylene glycol dimethacrylate
(TEGDM) reservoir to contain the drug and a new type of
controlled-release membrane sealed around the top of the reser-
voir (Fig. 1B). TEGDM is a biomedical material that has been clini-
cally used as a dental filler for the restoration of teeth [14]. The
controlled-release membrane was produced by photopolymerizing
a mixture of polyethylene glycol dimethacrylate (PEGDM) and
collagen microparticles (COLs) (PEGDM/COL membrane). PEGDM
has been successfully used by us [15] and several other groups
[16,17] both in vitro and in vivo as a bio-inert scaffold material that
can be easily molded into different substrate shapes and then
annealed by UV crosslinking. The COLs are hydrogels containing
a chemically crosslinked 0.8% (w/v) collagen network [ 18], which is
permeable to molecules with molecular weights of <200 kDa.
Drugs diffuse through the interconnected COLs embedded in the
membrane. Additionally, the capsule can contain various formula-
tions and dosages of a drug so that it can be used for many different
biomedical applications. Herein, we report the fabrication, char-
acterization, and implantation on rabbit sclerae of this transscleral

a) PEGDM/COL membrane

b) TEGDM Chamber

drug-delivery device and demonstrate its applicability for the
administration of protein-type drugs to the retina.

2. Materials and methods
2.1. Fabrication of the PEGDM/COL membrane

Mixtures (900 pl) of PEGDM prepolymer (M, 750, Aldrich), 1% 2-hydroxy-2-
methylpropiophenone, and COLs at concentrations of 0, 100, 300, or 500 mg/ml
were poured individually into acrylic molds (3 = 3 = 0.1 cm) and photopolymerized
with UV light that had an intensity of 11.5 mJjcm? for 90 s (Lightningcure LCS,
Hamamtsu Photonics) to produce membranes with thicknesses of 100 pm. COLs
(average diameter, 8.7 um) were prepared as described [18]. Briefly, 10 ml of a 1%
(w/v) collagen solution (Nippon Meat Packers) was emulsified in 50 ml of liquid
paraffin containing 0.3% (v/v) surfactant and stirred (600 rpm) at room temperature
for 5 min. To crosslink the collagen, 1 ml of 50% (v/v) water-soluble carbodiimide
(Dojindo) in water was added to the emulsified mixture and stirred (600 rpm) for
1 h. Then, 50 ml of 50% (v/v) ethanol was added into the mixture and mixed for
5min to separate the COLs from the oil phase. The mixture was centrifuged at
3000 x g for 5 min, and the supernatant was discarded. Ethanol (50% v/v) was mixed
with the COL pellet, and then the suspension was centrifuged (3000 x g for 5 min).
After removing the supernatant, phosphate-buffered saline (PBS) was mixed with
the COL pellet and then the suspension was centrifuged (3000 x g for 5 min). This
procedure was repeated 3 times to remove residual ethanol.

2.2, Preparation of drug formulations

Three formulations that contained the drug mimic, 40-kDa fluorescein iso-
thiocyanate dextran (FD40) plus PBS (Fso), in COLs (Feq), or in COLs pelletized with
PEGDM (Fpe1) were prepared. For the preparation of Fyq, FD40 (Sigma) was dissolved
in PBS at a concentration of 10 mg/ml. For the preparation of Fey, PBS solutions of
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Fig. 1. (A) A transscleral drug-delivery device, designed for the administration of protein-type drugs. The photograph shows a capsule that contained FD40-loaded COLs pelletized
with PEGDM and has a hole for suturing the capsule onto the sclera. (B) The capsule consists of a drug reservoir made of TEGDM and a controlled-release membrane made of
photopolymerized PEGDM that contains COLs (PEGDM/COL membrane), which are the route for drug permeation. The capsule was designed so that various drug formulations could

be contained in the reservoir.
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COLs, which were obtained by centrifugation at 3000 = g for 30 min, were stirred in
an equal volume of PBS that contained FD40 (20 mg/ml) for 24 h, and then the COLs
were washed and centrifuged (3000 = g for 5 min) three times with PBS. For the
preparation of Fpe, the FD40-loaded COLs in PBS (20 mg/ml FD40) were mixed with
an equal volume of the PEGDM prepolymer and UV cured for 3 min. All drug
formulations had the same amount of FD40 (10 mg/ml).

2.3. Fabrication of the capsule

A schematic of the capsule fabrication is shown in Fig. 1B. A poly-
dimethylsiloxane master mold for the reservoir was first fabricated via a micro-
fabrication technique that used an AutoCAD design and a micro-processing machine
(Micro MC-2, PMT Co.). TEGDM prepolymer (M, 286.3; Aldrich) was UV cured in the
mold for 3 min and peeled off to obtain a TEGDM reservoir. After loading a drug, the
membrane was sealed to the reservoir by UV curing TEGDM prepolymer, which in
polymerized form served as the adhesive, for 3 min.

24. SEM analysis

Samples were fixed with 2.5% glutaraldehyde and dehydrated first with ethanol
and, subsequently, with isoamyl acetate. The samples were then dried fully in
a critical point dryer (HCP-2; Hitachi Koki), coated with Pt using an ion coater
(L3505-C; Anelva), and subjected to SEM. The SEM apparatus (VE-9800; Kyence) was
operated at 5—=20kV.

2.5, In vitro release study

Modified Transwells were prepared by replacing their original porous
membranes with PEGDM/COL membranes of various compositions (Fig. 52). Each
drug formulation (100 pl) was placed in a Transwell and the complete systems were
incubated in 400 ul of PBS at 37 “C. To estimate the amounts of FD40 that had
diffused out of the Transwells, the fluorescent intensities of the PBS solutions were
measured spectrofluorometrically (Fluoroscan Ascent; Thermo). For the release
study that used recombinant human BDNF (rhBDNF), the capsules (reservoir inte-
rior, 5 % 5 x 2.2 mm; capsule exterior, 10 x 10 x 2.4 mm) were each filled with 40 ul
of rhBDNF-loaded COLs in PBS and sealed with a membrane with a COL concen-
tration of 0, 100, 300, or 500 mg/ml, and incubated in 1 ml of PBS at 37 °C. The
amount of released rhBDNF was measured using the reagents of a BDNF-ELISA kit
(Invitrogen) according to the manufacturer’s instructions. Each test result is repor-
ted as the mean =+ 5D of three samples.

2.6. Western blotting

Immortalized retinal ganglion cells (RGC5 cells; a generous gift from Dr. N.
Agarwal, University of North Texas Health Science Center, Fort Worth, TX) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (1 g glucose/l, Gibco)
containing 10% fetal bovine serum (FBS; Gibco), t-glutamine (4 mm, Gibco), and
a penicillin (100 U/ml)/streptomycin (100 mg/ml) solution (Sigma). RGC5 cells were
plated into culture dishes (diameter; 60 mm, TPP) at a density of 1 x 10* cells/cm?®
and incubated in DMEM for 24 h. After starving the cells in DMEM that did not contain
FBS (DMEM-f) for 12 h, the cells were exposed to conditioned DMEM-f that contained
rhBDNF that had been released from a capsule into the medium (see below) or that
had been spiked with rhBDNF (0, 0.1, 1, and 10 ng/ml) for 1 h. Cells were then scraped
from the culture support and lysed with the reagents of a Proteo]ET Cell Lysis kit
(CosmoBio). Protein concentrations were determined using BCA protein assay kit
reagents (Pierce). Electrophoresis was performed using 4—15% Tris-glycine gels
(Biorad). Proteins were transferred to PVDF membranes using a semidry transferring
system (Biorad). The membranes were blocked with 5% ECL blocking agent (GE
Healthcare) and then incubated with a primary antibody against phosphorylated
MAPK (1:1000; Cell Signaling) and subsequently with the secondary antibody,
horseradish peroxidase-linked IgG (1:5000; Cell Signaling). After stripping the
membranes of the antibodies for 10 min using the reagents of a Western Re-Probe kit
(Jacksun Biotech), the membrane was probed, in a similar manner, for total MAPK
(anti-MAPK antibodies, 1:1000; Cell Signaling). Bands were visualized using an
enhanced chemiluminescence system (ECL Plus, GE Healthcare). Conditioned media
were prepared as follows. Capsules that contained rhBDNF-loaded COLs were incu-
bating in DMEM-f at 37 “C. The medium was replaced with fresh DMEM-f at day 3 and
atweek 1,2, 3, and 4.

2.7. Implantation study

We used the eyes of six rabbits, each of which weighed between 1.8 and 2.5 kg.
All animals were handled in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research after receiving approval from the
Institutional Animal Care and Use Committee of the Tohoku University Environ-
mental & Safety Committee (No.22MdA-220). The rabbits were anesthetized with
ketamine hydrochloride (35 mg/kg) and xylazine hydrochloride (5 mg/kg). Their
ocular surfaces were anesthetized with a topical instillation of 0.4% oxybuprocaine
hydrochloride. A paralimbal conjunctival incision was made 5-8 mm from the

temporal limbus. The capsules, which were loaded with Fp,, were sutured onto the
left eyes at the sclerae with 10-0 nylon. The right eyes served as controls. At the third
day of implantation, fluorescent images were captured using a handheld retinal
camera for fluorescein angiography (Genesis-D, Kowa) to document the fluores-
cence distributions around the capsules and the sclerae. After implantation for 1
month, capsules from three rabbits were carefully removed and subjected to SEM.
For histological examination, the other three rabbits were killed with an overdose of
pentobarbital sodium 3 days after implantation, and their eyes were enucleated and
frozen immediately in liquid nitrogen. After mounting the cryostat sections in
a medium that contained 4,6-diamidino-2-phenylindole (Vectashield, Vector Lab),
the distribution of FD40 was observed by fluorescent microscopy (DMIG00OB, Leica).

2.8. Statistical analysis

Experimental data are presented as means = SDs. The results were evaluated by
the Student t-test. Differences were considered significant if P < 0.05.

3. Results and discussion
3.1. Device fabrication

The capsule consists of a separately fabricated PEGDM/COL
membrane and a TEGDM reservoir (Fig. 1B). The membrane was
prepared by UV curing a mixture of PEGDM and COLs. PEGDM is
almost impermeable to macromolecules with molecular weights
>40 kDa (see below); therefore, the COLs provide the route for drug
permeation. Scanning electron microscopy (SEM) images were
acquired to visualize the surfaces of membranes with different COL
concentrations. The COLs are the round particles seen in Fig. 2A—C,
and the surface density of these particles is proportional to the
concentration of COLs in the corresponding unpolymerized
PEGDM/COL mixture (Fig. S1). Additionally, cross-sectional SEM
images showed the presence of interconnecting COLs when the COL
concentration was >300 mg/ml (Fig. 2D—F). The interconnecting
COLs increased in density with the concentration of the COLs.
Therefore, we assumed that the drug-release rate could be
controlled by changing the COL density in the membrane. Because,
conventionally, semipermeable membranes are made by forming
pores within the membrane i.e., solvent casting/salt leaching [19],
phase separation [20], emulsion freeze-drying [21], and bubble
formation [22], our method is different and therefore pioneering.
For this type of membrane, there is no need to remove remaining
porogens (COLs) after polymerization because the COLs act as the
route for drug release.

The TEGDM reservoir was microfabricated using a poly-
dimethylsiloxane master mold. Because photopolymerized TEGDM
is impermeable to macromolecules (see below), the reservoir is
a barrier that forces unidirectional drug release. After loading the
drug, the membrane was placed over the reservoir and TEGDM
prepolymer was UV cured along the reservoir/membrane inter-
section to provide a seal. Cross-sectional SEM images indicated that
a tight seal was formed (Fig. 2G). The drug mimic, FD40 in PBS, did
not leak from a capsule that consisted of a standard TEGDM
reservoir and a PEGDM membrane that lacked COLs; therefore, the
capsule had been completely sealed. The capsule was designed to
contain various drug formulations and dosages. In this study, sus-
tained-release drug formulations were encapsulated to prolong
drug release by limiting the rate of drug dissolution within the
reservoir (see below).

3.2. Release controllability

To demonstrate that drug release could be controlled by both
the membrane and the drug formulation, modified Transwell
inserts were each fitted with a membrane of defined COL concen-
tration (Fig. S2) and loaded with one of three formulations: FD40 in
PBS (Fsol, Fig. 3A), FD40 in COLs (Fe, Fig. 3B), or FD40 in COLs
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Fig. 2. Representative SEM images of (A—C) the surface and (D—F) cross sections of PEGDM/COL membranes that had COL concentrations of (A, D) 100 mg/ml, (B, E) 300 mg/ml, and
(C, F) 500 mg/ml. The COLs are the round particles that form interconnecting structures throughout the membrane. Arrows point to COLs embedded in the membranes. (G) A cross-
sectional SEM image of the capsule seal site that shows the formation of a tight seal. Arrowheads point to the seal site between the membrane and the capsule exterior. Bars: 20 pm.

pelletized with PEGDM (COL/PEGDM pellet) (Fpe, Fig. 3C). The COLs
and the COL/PEGDM pellets, designed to be sustained-release drug
formulations, were suspended in PBS. After placing the Transwells
in PBS, FD40 release was monitored by assessing the increase in
fluorescence in the external PBS solution with time. The results
showed that the release of FD40 was always dependent on the COL
concentration (Fig. 3A—C), which indicated that FD40 travelled

through the membrane-embedded COLs. At the COL concentration
of 100 mg/ml, the release kinetics was almost the same as the
control (0 mg COL/fml). As shown by SEM analysis, almost no
interconnected COLs existed in the 100 mg COL/ml membrane.
When the membranes had been prepared with a COL concentration
of 300 mg/ml, drug release followed zero-order kinetics. Addi-
tionally, Feq and Fpe behaved as sustained-release drug
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Fig. 3. Release of FD40 in vitro. The permeability of FD40 through PEGDM/COL membranes was studied using modified Transwells for which the PEGDM/COL membranes replaced
the original Transwell membranes. The dependence of the release kinetics on the initial COL concentration for (A) FD40 in PBS (Fo), (B) FD40-loaded COLs in PBS (Fcq), and (C)
FD40-loaded COLs pelletized with PEGDM in PBS (Fj). The concentrations of the COLs were 100 mg/ml (circles), 300 mg/ml (triangles), and 500 mg/ml (squares). The release rate
for FD40 through a membrane that did not contain COLs was almost the same as one that contained COLs at a concentration of 100 mg/ml. Error bars represent the standard
deviations of three samples (error bars that are not visible are smaller than the symbols). The Means + 5Ds are shown. *P < 0.05 for 300 mg/ml vs. 500 mg/ml **P < 0.05 for 100 mg/

ml vs. 300 mg/ml.
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formulations as they fine-tuned the release of FD40 in comparison
with that of F,, perhaps because the COL and COL/PEGDM pellets,
which cannot permeate the membrane, caused the reservoir solu-
tions to have lower FD40 concentrations, which, in turn, decreased
the steepness of the FD40 gradient from the reservoir to the exte-
rior PBS solution. Therefore, the Feo and Fye formulations, as sus-
tained drug-release systems, improved the ability to control FD40
release by limiting the rate of FD40 dissolution, with the membrane
controlling the diffusion rate via the COL tunnels. Consequently, the
release of a drug can be controlled by the COL concentration in the
membrane and the drug formulation.

3.3. Release mechanism

To further characterize the FD40 diffusion mechanism, we
determined the diffusion coefficients for FD40 through 0.8% (w/v)
crosslinked collagen (D), PEGDM (D), TEGDM (D), and water (D).
D, Dy, and D were calculated using the FD40 diffusion rates through
the gels (Fig. $3), and D, was calculated using the Stokes—Einstein
equation [23]. Because D, (45.2 um?/s) was 1000 times larger than
D, (0.045 um?[s) and was smaller than Dy, (67.9 pm?/s), it appears
that FD40 diffused through interconnected COLs in the membranes.
If the COLs in the membrane are not interconnected, dead-ends are
probably present that would inhibit the rate of drug release to the
outside. However, once the COL density increases above a perme-
ation threshold (>100 mg COL/ml), which was estimated by SEM as
noted above (Fig. 2D—F), the COLs should be sufficiently inter-
connected that the number of dead-ends is reduced, and perme-
ability is thereby increased. Because D; was zero, FD40 cannot
diffuse through the TEGDM reservoir, which enables unidirectional
drug release.

3.4. In vitro BDNF release and bioactivity

To evaluate the release of the neurotrophic factor rhBDNF,
capsules were filled with COLs that contained the protein and were
tightly sealed with a membrane with a COL concentration of 0, 100,
300, or 500 mg/ml Fig. 4A presents the zero-order kinetic profiles
found for rhBDNF release during a 6-week assay period. Apparently,
the release kinetics of rhBDNF can be fine-tuned by varying the
concentration of the COLs in a membrane in much the same
manner as was found for FD40. Additionally, media that had been
preincubated with capsules that contained rhBDNF induced the
phosphorylation of mitogen-activated protein kinase (MAPK) in
RGC5 cells when incubated with those cells as shown by western
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blotting of the cell extracts (Fig. 4B). BDNF is known to upregulate
the expression of phosphorylated MAPK in retinal tissue [24]. In the
present study, rhBDNF was found to phosphorylate MAPK in RGC5
cells in a dose-dependent manner by incubating the cells with
media spiked with rhBDNF (Fig. 4C), which demonstrated that,
when released from the capsule, rhBDNF retained its full activity.

Among the known neurotrophic factors, BDNF is the most
potent survival factor for damaged retinal ganglion cells [10,25,26].
However, BDNF is currently administrated to the retina by intra-
vitreal or subretinal injections in PBS [26], adenovirus vectors
containing the BDNF gene [26,27], or genetically modified cells that
secret BDNF [13,28]. Direct injections, however, result in extreme
patient discomfort and complications arise caused by repeated
injections or surgical procedures [2]. Because our capsule can
contain various drug formulations, the encapsulation of the
adenovirus vectors and the genetically modified cells might be
possible and, as such, would represent a less invasive path than is
currently available.

3.5. Implantation study

Our next challenge was to evaluate the capsule's ability to
deliver a protein-type drug to the retina via the sclera. Capsules that
had a reservoir (2.6 x 2.6 x 0.6 mm) filled with Fpe; Were sutured to
the sclerae of three rabbits’ left eyes with 10-0 nylon (Fig. 5A). The
capsules abutted the sclerae but did not penetrate the conjunctivae
or adjacent areas. Fig. 5B shows a fluorescent image of FD40 within
a capsule, and Fig. 5C shows the release of FD40 locally at the sclera
but not at the conjunctiva. This unidirectional release should
reduce drug elimination by conjunctival lymphatic/blood clear-
ance, thereby resulting in more effective delivery to the retina [29].
One month after implantation, the capsules remained sutured and
neither the PEGDM of the membranes (Fig. 5D) nor the reservoirs
had eroded (Fig. 54). The COLs in the membranes also survived with
little biodegradation (Fig. 5D), most likely because the collagen
molecules were stabilized by chemical crosslinking [18]. Although
the capsules were loosely covered with connective tissue by the
end of the trial, they were easily removed from the implant site.
Routine ophthalmological examinations showed no eye-related
toxic effects. Intense FD40 fluorescence in the sclerae adjacent to
the implantation sites was observed (Fig. 5E). Furthermore, FD40
had migrated to the retinal pigment epithelium (RPE) and adjacent
regions (Fig. 5F), which indicated that transscleral delivery of FD40
to the retina had been achieved. To the best of our knowledge, this
is the first report that a macromolecule can be delivered to the
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Fig. 4. Release of rhBDNF in vitro. (A) rhBDNF-loaded COLs in PBS were added to capsule reservoirs that sealed with a membrane with a COL concentration of 100 mg/ml (circles),
300 mg/ml (triangles), or 500 mg/ml (squares), and the release of rhBDNF was monitored using the reagents of a BDNF-ELISA kit. The release rate of rhBDNF through a PEGDM/COL
membrane that contained 100 mg COL/ml was almost the same as one that contained no COLs. Means + 5Ds are shown. *P < 0.05 for 300 mg/ml vs. 500 mg/ml **P < 0.05 for
100 mg/ml vs. 300 mg/ml. (B) Western blots of RGC5 cells extracts probed with antibody against phosphorylated MAPK (P-MAPK) and total MAPK. (C) The control study showed
that rhBDNF could induce MAPK phosphorylation in RGC5 cells in a dose-dependent manner by incubating the cells with media spiked with rhEDNF.
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Fig. 5. Episcleral implantation of a capsule. (A) Image of a capsule sutured to the sclera of a rabbit eye 3 days after implantation. An arrowhead indicates the suture site, Fluorescent
images around the sclera (B) immediately before and (C) after removal of the capsule 3 days after implantation. Fluorescence is visible as the white areas. (D) SEM image of a COL
(asterisks) in the membrane of a used capsule that was removed 1 month after implantation. The COLs were not biodegraded. (E, F) The distribution of FD40 (green) in the retina
and sclera around the implantation site 3 days after implantation (arrow: capsule). Cell nuclei were stained with 4,6-diamidino-2-phenylindole (blue). FD40 reached the retinal
pigment epithelium. Abbreviations: sclera (5C), retinal pigment epithelium (RPE), choroid (CO), and retina (RE). Bars: 4 mm (A, B, and C), 10 yum (D), 400 pm (E), and 100 pm (F).

retina via a reservoir-based transscleral drug-delivery system,
although quantification of the drug distribution still needs to be
done. Proteins, as large as 50—75 kDa, penetrate into the choroid/
RPE upon periocular injection [30]. Therefore, it may be possible to
also deliver BDNF by the transscleral route. Given that the distri-
bution of FD40 was somewhat concentrated at the RPE and adja-
cent regions, our device may be effective especially for lesions that
surround the RPE. The capsule could also be used to deliver anti-
angiogenic drugs, e.g., Lucentis and Macugen (for the treatment of
age-related macular diseases) [31], to a lesion, e.g., the choroidal
neovascular membrane, because delivery by this route will be less
invasive and safer than are conventional intravitreal injections. Our
non-biodegradable capsule should therefore be suitable for the
transscleral delivery of protein-type drugs that require chronic
suppressive-maintenance therapy over several weeks or months.
In summary, our capsule design incorporates features, outlined
below, that have been absent from intraocular drug-delivery
implant systems previously developed. First, the drug release
kinetics can be controlled by changing the drug formulation and/or
the membrane COL density so that the initial and final bursts are
suppressed, which extends the release period. Second, the capsule
is a scleral implantable device. To date, two ocular drug-delivery
systems, Vitrasert [32] and Retisert [33], which are intravitreal
sustained-release implants of ganciclovir and fluocinolone aceto-
nide, respectively, have been marketed. Although these devices
release the drugs at relatively constant rates, they must be surgically
implanted in and later removed from the vitreous, which may cause
complications or patient discomfort. Our capsule can be implanted
and removed almost noninvasively by minor surgery. Third, most
transscleral drug-delivery systems are designed to deliver low
molecular weight drugs; however, ours appears able to deliver
drugs of much greater molecular weights, i.e., protein-type drugs.
Recent clinical trials and research have shown that many proteins
are effective as drugs [9]. However, none of the available devices can
deliver protein-type drugs in a controlled-release manner to the
retina. Our capsule can be easily modified to accommodate different
release rates for protein-type drugs by altering the membrane COL
composition andfor drug formulation. Although this report
demonstrated the release of only FD40 and BDNF, it should be

possible to load and release low molecular weight drugs, protein-
type drugs, and even drugs produced by encapsulated cells. The
capsule thus has great potential for use in biomedical applications.
Our future work will focus on preclinical animal studies to further
assess the safety and effectiveness of the capsule.

4. Conclusion

This study reports the design and testing of a transscleral drug-
delivery system that is implantable in the episclera and allows for
controlled release of BDNF or other protein-type drugs with zero-
order kinetics. Our microfabricated capsule consists of a drug
reservoir sealed with a controlled-release membrane that contains
interconnected COLs, which are the routes for drug permeation.
The drug release kinetics can be controlled by changing the drug
formulation and/or the membrane COL density so that the size of
the bursts is reduced, which extends the release period. The capsule
is designed to contain various drug formulations and dosages,
allowing for a wide range of biomedical applications. The device
thus has great potential as a conduit for continuous, controlled drug
release.
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Appendix

Figure with essential color discrimination. Fig. 4 of this article
have parts that are difficult to interpret in black and white. The full
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color image can be found in the online version, at doi:10.1016/j.
biomaterials.2010.11.006.

Appendix. Supplementary data

Supplementary data related to this article can be found online at
doi:10.1016/j.biomaterials.2010.11.006.
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REDUCTION OF LASER-INDUCED
CHOROIDAL NEOVASCULARIZATION
BY INTRAVITREAL VASOHIBIN-1 IN
MONKEY EYES

HIDEYUKI ONAMI, MD,*+ NOBUHIRO NAGAI, PuD,* SHIGEKI MACHIDA, MD,%
NORIHIRO KUMASAKA, MS,* RYOSUKE WAKUSAWA, MD,T YUMI ISHIKAWA, MS *
HIKARU SONODA, PuD,§ YASUFUMI SATO, MD,{ TOSHIAKI ABE, MD*

Purpose: To determine whether intravitreal vasohibin-1 will reduce the grade of the
choroidal neovascularization in monkey eyes.

Methods: Choroidal neovascularizations were induced in 12 monkey eyes by laser
photocoagulation. Three monkeys were evaluated for the safety of the vasohibin-1
injections, 6 monkeys for the effects of a single injection, and 3 monkeys for repeated
injections of vasohibin-1. Ophthalmoscopy, fluorescein angiography, focal electroretino-
grams, and optical coherence tomography were used for the evaluations. The level of
vascular endothelial growth factor in the aqueous was determined by enzyme-linked
immunosorbent assay. Immunohistochemistry was performed.

Results: An intravitreal injection of 10 pg of vasohibin-1 induced mild intraocular
inflammation. Eyes with an intravitreal injection of 0.1 xg and 1.0 ug of vasohibin-1
had significant less fluorescein leakage from the choroidal neovascularizations and
larger amplitude focal electroretinograms than that of vehicle-injected eyes. Similar
results were obtained by repeated injections of 0.1 ug of vasohibin-1. Immunohisto-
chemistry showed that vasohibin-1 was expressed mainly in the endothelial cells within
the choroidal neovascularizations. The vascular endothelial growth factor level was not
significantly altered by intravitreal vasohibin-1.

Conclusion: The reduction of the laser-induced choroidal neovascularizations and
preservation of macular function in monkey by intravitreal vasohibin-1 suggest that it
should be considered for suppressing choroidal neovascularizations in humans.

RETINA X:1-10, 2012
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Age—related macular degeneration (AMD) is one of
the most common sight-threatening disease in
developed countries." A choroidal neovascularization
(CNV) is a typical finding in eyes with the wet-type
AMD, and the CNV can lead to subretinal hemorrhages,
exudative lesions, serous retinal detachment, and disci-
form scars.” Many different types of treatments have been
used to treat AMD, for example, laser photocoagulation,3
surgeryf‘" transpupillary themnothempy,6 photodynamic
therapy,7 and intravitreal injection of anti-vascular endo-
thelial growth factor (VEGE).*? Each of these treatments
has advantages and disadvantages, and the best treatment
of AMD has still not been determined.

Different pro- and antiangiogenic factors play impor-
tant roles in the development and progression of
CNVs.'® Among the proangiogenic factors, VEGF has
been shown to play a major role.'’ Thus, anti-VEGF

pyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.

therapy is being used to successfully treat CNVs in
patients with AMD.3? However, this method requires
repeated injections that can lead to irritation, infection,
and other adverse side effects.'® In addition, not all
patients respond to the therapy."® Thus, other types of
therapy need to be developed to treat AMD eyes with
a CNV.

Vasohibin-1 is a VEGF-inducible molecule
expressed by human cultured endothelial cells (ECs)
and has antiangiogenic properties.14 Its expression is
selectively induced in ECs not only by VEGF but
also by several other proangiogenic factors such as
basic fibroblast growth factor.'> Vasohibin-1 inhibits
the formation of EC networks in vitro, corneal neo-
vascularization,14 and retinal neovascularization in
a mouse model of oxygen-induced ischemic retinopa-
thy.'® Vasohibin-1 is found in the vitreous and in
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proliferative membranes of patients with diabetic reti-
nopathy. The level of vasohibin-1 is significantly cor-
related with the VEGF level in the vitreous of patients
with proliferative diabetic retinopathy.!” Vasohibin-1
is also expressed in the CNV.membranes of patients
with AMD.'® Eyes with lower vasohibin-1/VEGF
expression ratios tend to have larger CNV lesions,
whereas those with higher vasohibin-1/VEGF ratios
have subretinal fibrosislike lesions.'®

We have found that the laser-induced CNVs were less
active in mice injected intravitreally with vasohibin-1
than those injected with the vehicle. * Thus, the purpose
of this study was to determine the effect of intravitreal
vasohibin-1 on the laser-induced CNVs in monkey
eyes. We shall show that the intravitreal vasohibin-1
was safe and reduced the degree of the CNVs in mon-
key eyes.

Methods

Animals

The procedures used in the animal experiments
followed the guidelines of the The Association for
Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research,
and they were approved by the Animal Care Committee
of Tohoku University Graduate School of Medicine.
Twelve Japanese macaque monkeys (Macaca fuscata)
between ages 4 and 6 years and weighing between
4.2 kg and 10.1 kg were used (Table 1). For all proce-
dures, the monkeys were anesthetized with an intramus-
cular injection of ketamine hydrochloride (35 mg/kg)
and xylazine hydrochloride (5 mg/kg), and the pupils
were dilated with topical 2.5% phenylephrine and 1%
tropicamide. Oxybuprocaine hydrochloride (0.4%) was
also used for local anesthesia. Three monkeys were
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Table 1. Monkey Eyes Used in This Study

Vasohibin Number of
(mg) Eyes Inflammation

Nontreated o] 1 0/1
0.01 1 (741

0.1 1 01

1 1 01

10 1 11

100 1 i

Laser 0 3 0/3
application 0.01 3 0/3
0.1 3 0/3

1 3 1/3

Laser 0 3 0/3
application 0.1 3 0/3
Total 24 3/24

Inflammation shows clinical inflammation signs that were
observed during the experiments.

used to evaluate the safety of intravitreal vasohibin-1,
6 monkeys for dose dependency of a single injection
of vasohibin-1, and 3 monkeys for repeated injections of
vasohibin-1.

Experimental Choroidal Neovascularization

An argon green laser was used to rupture of the
choroidal membrane using a slit-lamp delivery system
(Ultima 2000SE; Lumenis, Yokneam, Israel) with
a contact lens.”® The laser settings were as follows:
50-um diameter, 0.1-second duration, and 650-mW to
750-mW intensity. Five laser burns were made around
the macula within 15° of the fovea. The foveola was not
treated. Each burn was confirmed to have induced sub-
retinal bubbles indicating a rupture of Bruch membrane.

Expression and Purification of Human
Vasohibin-1 Polypeptide

Human vasohibin-1 was purified from Escherichia
coli as described.”’ Human vasohibin-1 was isolated
as a thioredoxin fusion protein. The fusion protein was
dialyzed and digested with blood coagulation Factor Xa
(Novagen, Darmstadf, Germany). The released vasohi-
bin-1 was collected, eluted, and dialyzed against 20 mM
glycine—HCI buffer (pH 3.5). Then, the vasohibin-1 was
resolubilized with 50 mM Tris—HCI buffer containing
50 mM NaCl, 5 mM tris(2-carboxyethyl)phosphine,
0.5 mM ethylenediaminetetraacetic acid, 5% glycerol,
and 4.4% N-lauroylsarcosine (pH 8.0) and was dialyzed
against 20 mM sodium phosphate buffer at pH 8.0. This
buffer was also used as the vehicle.

The protein concentration was determined by the
Bradford method with a protein assay kit (Bio-Rad
Laboratories, Hercules, CA), with bovine serum
albumin as a standard protein.

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.
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Intravitreal Injection of Recombinant
Vasohibin-1 Polypeptide

Vasohibin-1 was injected intravitreally in 3 groups
of monkeys (Table 1). The first group of 6 eyes did not
have a laser burn and received a single injection of
vehicle, or 0.01, 0.1, 1, 10, or 100 ug of vasohibin-
1750 pL of vehicle. The second group of 12 eyes of
6 monkeys (3 eyes for each concentration) received
a single injection of vehicle or 0.01, 0.1, and | ug
of vasohibin-1/50 uL of vehicle 4 days after the laser
burn. The third group of 3 eyes had 3 injections of
0.1 pg of vasohibin-1/50 uL of vehicle in the right
eyes and 50 uL of vehicle in 3 fellow eyes on 0, 4, and
7 days after the laser burn. We examined the natural
course of laser-induced CNVs in mice, and the CNVs
were most active around Day 1[4 after the laser burn,
and then gradually regressed, especially 28 days
after laser burn. When we injected vasohibin-1 into
the vitreous of mice after laser burns, we found that
the injection of vasohibin-1 on Day 4 after the laser
burn was most effective, followed by Days 7 and 1.
Other days were less effective. In addition, immuno-
histochemical studies for vasohibin-1 in the mouse
CNV membranes showed that the later the laser burn,
the more vasohibin-1 staining was observed.'? So we
decided to do the repeated vasohibin-1 injections on 0,
4, and 7 days after the laser burn (relatively early days
after laser burn).

For the intravitreal injections, the monkeys were
anesthetized and pupils were dilated. The intravitreal
injections were made with a 30-gauge needle attached
to a 1-mL syringe. The needle was inserted through
the sclera into the vitreous cavity ~1.5 mm posterior
to the limbus while observing the eye with an operat-
ing microscope. The fundus was examined after the
injection to confirm that the retina and lens were not
damaged.

Ophthalmic Examinations

In addition to the routine ophthalmologic examina-
tions, fluorescein angiography (FA) with an imaging
system (GENESIS-Df; Kowa, Tokyo, Japan),
optical coherence tomography (OCT, RS3000;
NIDEK, Tokyo, Japan), and focal and full-field
electroretinography (ERG) were performed on the
selected days. Fluorescein angiography was per-
formed 1, 2, and 4 weeks after the laser photocoag-
ulation. Two retinal specialists (R.W. and T.A))
graded the angiograms in a masked way using
a grading system®”: Grade 1, no hyperfluorescence;
Grade 2, hyperfluorescence without leakage; Grade
3, hyperfluorescence in the early or middle phase
and leakage in the late phase; and Grade 4, bright

Copyright © by Ophthalmic Communicaticns Society, In

hyperfluorescence in the transit and leakage in late
phase beyond the treated areas.

The central macular thickness was determined from
the macular thickness maps (3.45 mm in diameter) of
the scans by OCT 4 weeks after the laser photocoag-
ulation. The volume of the lesion was also calculated
using the same program.

The pupils were maximally dilated for the ERG
recordings 4 weeks after intravitreal vasohibin-1 injec-
tions. The ERGs were amplified and digitally band-
pass filtered from 0.5 Hz to 500 Hz for the full-field
ERGs and from 5 Hz to 500 Hz for the focal ERGs
(PuREC; Mayo, Aichi, Japan). The animals were dark
adapted for at least 30 minutes before the full-field
ERG recordings. The light for the stimulus was
obtained from light-emitting diodes (EW-102; Mayo
Co., Nagoya, Japan) embedded in a contact lens
electrode. The intensity and duration of the stimuli
were controlled by an electronic stimulator (WLS-20;
Mayo Co.). Chlorided silver plate electrodes were
placed on the forehead and right ear lobe as reference
and ground electrodes, respectively. The intensity of
the stimulus was 1,000 cd/m? and the duration was
3 milliseconds.

Focal ERGs were recorded 4 weeks after the laser
photocoagulation with a focal ERG system (PuREC;
Mayo; ER-80; Kowa) that was integrated into an
infrared fundus camera. This system was developed
and described in detail by Miyake et al.**** The stim-
ulus spot was 15° in diameter and was placed on
the macula by viewing the ocular fundus on a monitor.
The intensity of the stimulus was 1,000 cd/m?, and the
background light was 1.5 cd/m?. The stimulus duration
was 100 milliseconds. A Burian—Allen bipolar contact
lens electrode (Hansen Ophthalmic Laboratories, Iowa
City, IA) was inserted into the anesthesized conjuncti-
val sac to record the focal ERGs. A chlorided silver
electrode was placed on the left ear lobe as the ground
electrode. Two hundred to 300 responses were averaged
at a stimulation rate of 5 Hz.

The a-waves were measured from the baseline to the
trough of the first negative response, and the b-wave
from the first trough to the peak of the following
positive wave. The amplitudes of a-waves and
b-waves from the three untreated monkeys were used
as control. The number of monkeys used in this
experiment was not added to the total number of
monkeys.

Immunohistochemistry

Immunostaining for vasohibin-1was done on eyes
with laser-induced CNVs 28 days after the laser
application. From the results of CNV experiments on

. Unauthorized reproduction of this article is prohibited.
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mice,'? the laser-induced CNV lesions were self-
resolved >28 days after the laser burn. Thus, we
decided to enucleate the eyes 28 days after the laser
burn, although there may be differences between mice
and monkeys. The eyes were enucleated and fixed in
4% paraformaldehyde overnight, and the anterior seg-
ment and lens were removed. The posterior segment
was embedded in paraffin, and 3-pum serial sections
were cut, and adjacent sections were stained with
hematoxylin and eosin.

The immunohistochemical staining for vasohibin-1
was performed with the peroxidase method and for
cytokeratin by the alkaline phosphatase method. Mouse
monoclonal antibodies against vasohibin-1 (1:400) and
mouse monoclonal anti-pan cytokeratin (1:200; Sigma-
Aldrich, St. Louis, MO) were applied to the sections
overnight at 4°C. Then the sections were incubated in
biotin-conjugated anti-mouse immunoglobulin (Histfine
SAB-PO(M) kit; Nichirei, Tokyo, Japan). The slides for
vasohibin were incubated with peroxidase-conjugated
streptavidin ~ (Histfine SAB-POM) kit; Nichirei),
and the slides for cytokeratin were incubated with alka-
line phosphatase—conjugated streptavidin  (Histfine;
Nichirei). HistoGreen (HISTOPRIME HistoGreen sub-
strate kit for peroxidase; Ab Cys SA) was used for the
chromogen of vasohibin, and VECTOR RED (alkaline
phosphatase substrate kit 1; Vector, Burlingame, CA)
was used for the chromogen of cytokeratin. The slides
were counterstained with hematoxylin. For control, pre-
immune mouse immunoglobulin G was used instead of
the primary antibody.

Enzyme-Linked Immunosorbent Assay for Vascular
Endothelial Growth Factor

Aqueous was collected by a 30-gauge needle from
the anterior chamber of each monkey 4 weeks after the
laser photocoagulation. The level of the VEGF peptide
was quantified by enzyme-linked immunosorbent assay
according to the manufacturer’s instructions (R & D
Systems, Mckinley, MN; Quantikine Human VEGF
immunoassay) using 50 ul. of aqueous. The intensity
of the color of the reaction products was measured with
a MAXline microplate reader (Molecular Devices Cor-
poration, Palo Alto, CA). The measurements were made
in duplicate, and the mean was used. The concentration
of VEGF was expressed as the amount of protein in
picograms per milliliter (pg/mL.).

Statistical Analyses

Analysis of variance with Scheffe test for post hoc
analysis was used to examine the differences in the
leakage and intensity of the CNVs in the fluorescein
angiograms, amplitudes of the ERGs, mean central

thickness, and volume of the CNV. The differences
were also compared using the Student two-sample -tests.

Results

Safety Evaluations and QOutcomes

Before any of the procedures, the retina and choroid
were normal in all the monkeys. Then 6 nontreated
eyes were injected intravitreally with vehicle or 0.01,
0.1, 1, 10, or 100 ug of vasohibin-1/50 L. After 0.01,
0.1, and 1 pg of vasohibin-1, the appearance of the
retina and choroid did not differ from that of the
vehicle-injected eyes. When 10 pg or 100 pg/50 uL
of vasohibin-1 polypeptide was injected, a mild
inflammation (Grade 1)* was detected in the vitreous
on the day after the injection. The inflammation was
less with 10 ug than with 100 pg of vasohibin, and the
inflammation was resolved in 2 days after 10 pg and
in 1 week after 100 pg (Table 1). When we injected
1 ug/50 uL of vasohibin-1 once in the laser-treated
eyes, 1 of the 3 eyes developed inflammation in the
aqueous. An inflammation was not observed when
0.1 ug of vasohibin-1 was injected even after 3 injec-
tions. When we injected 50 uLL of vehicle with almost
the same amount of endotoxin (400 U/mL) as that of
100 g of vasohibin-1, no inflammation was detected.
These results indicated that mild inflammation can
develop with =10 pg of vasohibin-1 injection into
the vitreous in nontreated monkey eyes.

The amplitudes of the a- and b-waves of the full-
field ERGs of eyes injected with 0.01 pg to 100 ug
of vasohibin-1 did not differ significantly from
the vehicle-injected eyes. The a-wave amplitudes
ranged from 87.3 uV to 180.3 uV (average, 119.3 =
36.6 uV) before and from 100.7 uV to 195.8 uV
(average, 131.3 £ 53.7 uV; P = 0.444) after the vaso-
hibin-1 injection. The b-wave amplitudes ranged from
219.6 wpV to 3406 uV (average 2506 =
547 wV) before and from 240.8 pV to 3452 pV
(average 274.4 + 82.0 puV, P = 0.801) after the
vasohibin-1 injection.

Effect of Different Concentrations of Vasohibin-1

After the laser photocoagulation, we injected vehi-
cle or 0.01, 0.1, or 1 ug of vasohibin-1/50 uL of
vehicle in 3 eyes of each dosage for a total of 12 eyes
(Table 1). From the results of safety evaluations, we
selected the maximum amount of vasohibin-1 as | ug
of vasohibin-1/50 uL of vehicle. Representative
results of FA at 1, 2, and 4 weeks after the laser
application for each dose of vasohibin-1 are shown
in Figure 1. Color fundus photographs and focal ERGs
recorded at 4 weeks are also shown.

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 1. Representative FAs, fundus photographs, and focal ERGs from 6 monkey eyes are shown. Vehicle or 0.01, 0.1, 1 pg of vasohibin-1/50 uL of
vehicle was injected intravitreally, and representative results at 1, 2, and 4 weeks after laser treatment are shown (see quantitative values in Figure 2,
A-D). The FA images are those at around 10 minutes after the fluorescein injection. Color fundus photographs were taken 4 weeks after the laser
application. Focal ERGs recorded 4 weeks after the laser photocoagulation are shown in the right column for each eye.

The CNV activity was scored using the FA
grading system22 for all five laser spots in each
eye. The FA score for each spot was summed and
compared with each other (Figure 2A). Our findings
showed that there was significantly less leakage
after 0.1 pg of vasohibin-1 than that for vehicle
(P = 0.016) and for 0.01 pg (P = 0.035) of vaso-
hibin-1 at 1 week. Significantly less leakage after
0.1 g of vasohibin-1 than that of vehicle was also
observed at 4 weeks (P = 0.0307). Because | ug of
vasohibin-1 showed mild inflammation in | eye, we
did not analyze the CNV in these eyes. The percent-
age of eyes with FA scores of 4 is also listed
in Figure 2B. Our results showed that 45% of
vehicle-treated eyes had Grade 4 leakage, and it
was 45% in 0.01 ug of vasohibin-l-treated eyes,
7% with 0.1 pg of vasohibin-l-treated eyes, and

by Ophthalmic Communications Society,
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none in the 1-ug vasohibin-1-treated eyes (only 2
eyes) at 1 week. Similarly, the percentage of eyes
with Grade 4 leakage was 27%, 13%, 7%, and 0% at
2 weeks and 20%, 20%, 0% and 0% at 4 weeks after
the vasohibin-1 injection (Figure 2B).

The amplitudes of the a-waves of the focal
ERGs after 0.0l pg of vasohibin-1 were signi-
ficantly smaller than those of the controls (P =
0.041) (Figure 2C). The amplitudes of the b-waves
of the focal ERG b amplitudes in the vehicle-injected
eyes (P = 0.0085) and in the 0.01-ug vasohibin-1-
injected eye (P = 0.0184) were significantly smaller
than those of the controls (Figure 2D). The results of
inflammation, FA leakage, and ERG amplitudes led
us to select 0.1 pg of vasohibin-1 as the optimal
concentration for intravitreal injection to reduce the
laser-induced CNV in our monkeys.

Unauthorized reproduction of this article is prohibited.
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Effects of Repeated Injections of Vasohibin-1

Next, we examined the effects of repeated intravitreal
injections of 0.1 g of vasohibin-1/50 pL of vehicle in
the right eyes on 0, 4, and 7 days after the laser appli-
cation while the fellow eyes received an injection of
the vehicle on the same days. We studied three eyes
in each group. Representative fundus photographs.
FAs, and OCT images after vehicle alone are shown
in Figure 3 (A and B) and after 0.1 g of vasohibin-1/
50 pL of vehicle in Figure 3 (C and D). The FA scores
were significantly lower in the vasohibin-l-injected
eyes than in the vehicle-injected eyes at 4 weeks (P =
0.009; Figures 3 and 4A). At | week and 2 weeks after
the vasohibin-1 injections, the FA scores were not sig-
nificantly different (P = 0.07). The percentage of eyes
scored as Grade 4 was 13.3% at 1 week, 26.7% at
2 weeks, and 26.7% at 4 weeks in the vehicle-treated
eyes, whereas no Grade 4 eyes were observed in the
0.1 pg of vasohibin-1/50 uL of vehicle-treated eyes at
any time (Figure 4B).

Although statistical significance was not observed
in the a-wave amplitude of the focal ERGs, statisti-
cally significant larger b-wave amplitudes were
observed in the vasohibin-I-treated eyes than that
of vehicle (P = 0.039) (Figure 4, C and D).

Optical coherence tomography examinations showed
that the retinal pigment epithelium and Bruch mem-
brane were disrupted in the laser-treated eyes at | week
and 2 weeks after the laser application (Figure 3, B
and D) as was found in histologic preparations.” At
4 weeks, an retinal pigment epithelium-like membrane
appeared over the CNV lesion (Figure 3, B and D).

o b wave (uV) amplitude
2 = N W & ot o

This line was shown to be cytokeratin positive. The
OCT images showed that the size of the CNV
increased gradually especially in vehicle-treated eyes
as was seen in the FA images.

Optical coherence tomography also showed that
the macular thickness (Figure 4E) and volume (Figure
4F) of the CNV lesions after 0.1 ug of vasohibin-1/50
pL of treated eyes was ~30% less than the vehicle-
treated eyes in the central 1 mm. When we examined
the volume of the central 6 mm, no difference was
observed between the vasohibin-I-treated and vehicle-
treated eyes.

Histology and Immunostaining of
Choroidal Neovascularization

Histopathologic analyses showed that the retina and
choroid surrounding the CNV had normal architecture
in both the vehicle and vasohibin-1-treated eyes as
reported.”® The vehicle-treated eyes after the laser
application showed a disruption of the Bruch membrane
and retinal pigment epithelium complex. and the eyes
had different degrees of fibrous tissues and vessels
(Figure 5, C and E). Eyes treated with vasohibin-1
tended to have smaller CNV than that of vehicle-treated
eyes.

Cytokeratin labeling demonstrated that retinal pig-
ment epithelial cells from the edges of the wound had
proliferated and covered the laser wound to different
degrees. Although a disruption of the cytokeratin label-
ing was present in the vehicle-treated eyes (Figure 3,
D and F), we could not find any significant difference
from that of the vasohibin-I-injected eyes. Different

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 3. Fluorescein angiograms, ocular coherence tomographic images, color fundus photographs, and focal ERGs are shown. Vasohibin-1 (0.1 pg/
50 L) was injected into the vitreous of the right eyes 3 times on 0, 4. and 7 days after laser application. and the same amount of vehicle was injected
into left eyes on the sume days. Photographs show the fundus just after the laser application and the day of enucleation. Fluorescein angiographs

recorded 1.
shown in the same vertical columns for the indicated day (B) and (D).

numbers of macrophage-like cells were also observed in
the neural retina.”’

In immunostained eyes, vasohibin-1 positivity was
found mainly in the CNV especially on the ECs in the
CNV (Figure 5B). The regions surrounding the CNV
showed little vasohibin-I—positive staining. Some
monkeys showed no vasohibin-1 expression by immu-
nohistochemistry even in the CNV at 28 day after laser
application. Positive staining for vasohibin-1 appeared
to be greater in the more active CNVs (Figure 5A), and
it was more obvious in nontreated monkey eyes,
although we could not determine whether the staining

was significantly greater because only 3 monkey eyes
were studied.

Vascular Endothelial Growth Factor in Aqueous
During Experiments

The level of VEGF was determined by enzyme-
linked immunosorbent assay. The average VEGF
level in the aqueous in the vasohibin-l-injected

by Ophthalmic Communica

2, and 4 weeks after laser application. Photographs of the right (A) and left (C) eyes are shown. The results of OCT on the indicated days are

eyes was 15.3 pg/mL, and it was 20.6 pg/mL in
the vehicle-treated eyes at 4 days after laser appli-
cation. The average VEGF level in the vasohibin-1-
and vehicle-treated eyes were 7.0 pg/mL and 8.9
pg/mL, respectively, at 4 weeks after laser appli-
cation (Figure 6). For both times, the differences
were not significant.

Discussion

Our results demonstrated that when 10 g or 100 g
of vasohibin-1 was injected intravitreally into non-
treated normal monkey eyes, a mild anterior chamber
inflammation developed. No signs of inflammation or
any adverse effects were found when <I ug of vaso-
hibin-1 was injected into nonlaser treated eyes,
although we used only 1 eye for each dose. However
when 1 pg of vasohibin-1 was injected into laser-trea-
ted eyes, a mild inflammation developed in | of the
3 eyes. Inflammation has also been reported in monkey

itharized reproduction of this article is prohibited.
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Fig. 4. Results of FA, focal ERG. and OCT are shown. A. Significantly less FA leakage was observed after 0.1 pg/50 L of vasohibin-1 than after
vehicle treatment at 4 weeks. B. Distribution of Grade 4 FA eyes for each group. C and D. Average amplitudes of the a-waves (C) and b-waves (D) of
the focal ERGs. E and F. Average central macular thickness (CMT) and the central 3.4 mm and volume of area of either vasohibin-1-treated (blue) or
vehicle-treated (red) eyes before (base) and 1. 2. and 4 weeks after laser application. Lower thickness and volumes were observed in the vasohibin-1-

treated monkeys. Data are the standard deviations.

eyes after intravitreal injections of fragments of
mouse and human chimera antibodies against
VEGEF. 22?7

Fluorescein angiography examination after vasohibin-1
injection in laser-treated eyes showed significantly
lower FA scores in eyes that received 0.1 pg and
I pg of vasohibin-1 than the vehicle-injected eyes,
although the number of eyes may have affected the
statistics. Fluorescein leakage from the laser spots close
to the macula was greater than that of the other laser
spots. These results are compatible with the results of
Shen et al.”® who also found that the laser spot was
larger and the leakage was greater for lesions closer
to the macula. We also found that fluorescein leakage
was different among monkeys. even though we applied
the same amount of vasohibin-1.%* This variability may
be because the body weight ranged from 4.1 kg to 10.1
kg and age from 4 years to 6 years among the monkeys.

After we injected 0.1 ug of vasohibin-1 3 times in
the right eyes and vehicle into the left eyes of 3
monkeys, we found significantly less fluorescein
leakage in the vasohibin-1—treated right eyes than in
the vehicle-treated eyes. The results of focal ERGs
and OCT were well correlated with the results of FA
findings, although the quantitative values were not
significantly different.

Taken together, these results showed that intra-
vitreal vasohibin-1 is able to reduce the activity of the
laser-induced CNV in monkeys. With 3 injections of
0.1 pg of vasohibin-1, the results were not so different
from that of only | injection at 4 days after the laser
application. This may indicate that there may be an
optimum time for the vasohibin-1 to affect the course
of the laser-induced CNV. Alternatively, the results
may be related to the half-life of vasohibin-1.

We found that vasohibin-1 was expressed on ECs
especially those in the CNV lesions. Careful exami-
nations showed that vasohibin-1 expression was
limited to the CNV lesion and may not show extensive
expression in other regions under normal physiologic
conditions. Although we have not followed the
expression of vasohibin-1 during the course of CNV
development in monkeys, vasohibin-1 expression may
be enhanced in the new vessels as was reported.?” The
vasohibin-1 expression appeared stronger in non-
treated monkey eyes, although this could not be quan-
tified. Vasohibin-1 has been reported to be present on
the ECs only in the stroma of tumors and not in the
noncancerous regions of the tissue in surgically
resected tissues of the same patient.” These findings
suggest that vasohibin-1 may be expressed mainly in
the new vessels as it was in our laser-induced CNVs.
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Fig. 5. Fluorescein angiograms 4 weeks after laser application or vehicle injection are shown. A. Immunohistochemistry for vasohibin-1 (B), the same

eye as shown in (A) at the red line, is shown. Arrows indicate vasohibin-1 labeling. Vasohibin-1 expression is concentrated on the vessels around the
CNV (arrows). but markedly less than in the CNV. Vaoshibin-1 expression was observed at active CNV (red line in A). The subretinal space is an
artifact of histologic processing. Cytokeratin labeling is also shown with vasohibin-treated eye (D) and vehicle-treated eye (F). Arrows show labeling of
cytokeratin, Bar = 50 pm. C and E. Hematoxylin and eosin staining of vasohibin-1-treated and vehicle-treated eyes, respectively. are shown. Bar =
100 pm. Cytokeratin labeling shows that retinal pigment epithelium covers CNV in the vasohibin-1-treated eyes (D), and a disruption of cytokeratin

labeling is observed in vehicle-treated eye (F).

Hosaka et al*? reported that exogenous vasohibin-1

blocked angiogenesis and maturation of not only
the cancerous tissue but also the surrounding ves-
sels and, thus, enhanced the antitumor effects of

60
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Fig. 6. Concentration of VEGF in aqueous in laser-treated monkey
eyes 4 days and 4 weeks after laser application is shown. Vertical axis
shows VEGF concentration in picograms per milliliter, and horizontal
axis is the day of examination. Vascular endothelial growth factor
in vasohibin- |-treated eyes (blue boxes) and vehicle-treated eyes (red
boxes) show no significant difference at any times.

vasohibin-1. Intravitreal injection of vasohibin-1
may also suppress angiogenesis in CNVs by the
same mechanism.

The amount of VEGF in the aqueous in the
vasohibin-1-treated eyes did not differ from that in
vehicle-treated eyes. Thus, Zhou et al*° reported that
external vasohibin-1 had no effect on the level of VEGF
when they used adenovirus encoding human vasohibin-1
on mouse corneal neovascularization induced by
alkali burn. They also reported that vasohibin-1 may
downregulate the VEGF receptor 2 (VEGFR2). Shen
et al'® also reported a downregulation of VEGFR2 by
vasohibin-1 during mouse ischemic retinopathy. Our
previous studies have also shown a downregulation
of VEGFR2 by external vasohibin-1 in laser-induced
mouse CNVs.'” Thus, vasohibin-1 may reduce the ac-
tivity of a CNV by partially downregulating VEGFR2
in the eyes. If this is correct, vasohibin-1 may not affect
the favorable aspects of VEGF such as its neuroprotec-
tive effect,” especially if VEGF works through
VEGFRI1 rather than VEGFR2. Vasohibin-1 also can
be used with anti-VEGF antibody for CNV therapy.
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