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Figure 1. Device and vasohibin-1 release. (A) Schematic image of transscleral sustained vasohibin-1 delivery. We evaluated its effects via
transscleral approach for rat laser-induced choroidal neovascularization (CNV). The device consists of a drug pelletized with PEGDM, a reservoir made
of TEGDM, and a controlled-release membrane made of PEGDM that contains collagen microparticles. (B) Photograph showing a drug pellet and the
delivery device containing a drug pellet. (C) Image of a device placed on the sclera of a rat eye at 3 days after implantation. The amount of vasohibin-
1 in the PBS was measured at 1, 7, 14, and 28 days after starting incubation. The representative results of western blotting and the result of ELISA are
shown in (D) and (E), respectively. We collected the samples at only the given time points and replaced only the equal volume of PBS. The released
vasohibin-1 amounts accumulated for 6, 7, and 14 days. [The pellet samples collected at Day 1 (shown as 1d) were diluted five times due to their
concentration before they were evaluated by western blotting]. NVDD: non-vasohibin-1 (vehicle) delivery device, VDD: 1 pM vasohibin-1 delivery
device, 10VDD: 10 pM vasohibin-1 delivery device, Pellets: vasohibin-1 pelletized at the same concentration of 10VDD (without reservoir and cover).

doi:10.1371/journal.pone.0058580.g001

injection of ketamine hydrochloride (35 mg/kg) and xylazine
hydrochloride (5 mg/kg), and the animals’ pupils were dilated
with topical 2.5% phenylephrine and 1% tropicamide. Oxybu-
procaine hydrochloride (0.4%) was also used for local anesthesia.
In all in vivo experiments, the animal’s left eye was used as a control.

2 Implantation of VDDs, Pellets, and Intravitreal
Vasohibin-1 Injection. Devices were implanted subconjunc-
tively in the right eyes of the rats (Table 1). A 4-mm long
conjunctival incision was made along the limbus in the upper
temporal position. The devices were inserted into the subconjunc-
tival space using forceps, with the drug-releasing surface facing the
sclera. The device was placed between the optic disc and the
equator, in the posterior quadrant, using no suture to anchor it
into place. The conjunctival incision was closed with 9-0 silk and
antibiotic ointment was applied to the eyes. Vasohibin-1 protein
(0.24 pM) was injected using a 10-pL glass syringe (Hamilton;
Reno, NV) 4 days after the experimental CNV procedure. The
left eyes were used as untreated controls.

The rats were anesthetized, pupils were dilated, and a fundus
examination was performed immediately after the surgery.
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Experiment 1: Monitoring the Implanted Devices and
Pellets

To monitor the device and drug release, fluorescein isothiocya-
nate (FITC) dextran (FD40; Sigma-Aldrich) pelletized with
PEGDM was prepared and used as a control drug. The FD40
was dissolved in PBS at a concentration of 250 mg/mL and
loaded in the device in the same way as vasohibin-1. Eight SD rats
were included in this experiment; 4 rats received the FD40
delivery device (FD40DD) and 4 rats received only pelletized
FD40.

Experiment 2: Immunohistochemistry after Device
Implantation

Immunostaining for vasohibin-lwas performed 2 weeks after
device implantation. Twelve SD rats were used as follows (T'able 1):
4 rats received vehicle (non-vasohibin-1) in the delivery device on
the sclera (NVDD), 4 rats received 1.5 pL of 10 pM vasohibin-1 in
the delivery device (10VDD), and 4 rats received 1.5 pL of 10 uM
vasohibin-1 pellets implanted on the sclera. Immunohistochemis-
try was performed as reported previously [25].

Animals were euthanized using overdoses of ketamine hydro-
chloride and xylazine hydrochloride. The eyes were enucleated
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Table 1. In Vivo Study Demographics.

Number of Position of
animals Strain  Treatment Methods implant
Experiment 1

4 SD Untreated FD40DD Sclera

4 SD Untreated FDA40 Pellet  Sclera
Experiment 2

4 SD Untreated NVDD Sclera

4 SD Untreated 10vDD Sclera

4 SD Untreated Pellet Sclera
Experiment 3

6 8D CNV NVDD Sclera

6 BD CNV VDD Sclera

6 BD CNV 10VDD Sclera

6 BD CNV Pellet Sclera

6 BD CNV Vehicle Vitreous
6 BD CNV Vasohibin-1  Vitreous
SD: Sprague-Dawley rats, BN: Brown Norway rats, CNV: choroidal
neovascularization, NVDD: non-vasohibin-1 delivery device, 10VDD: 10 uM
vasohibin-1 delivery device.

doi:10.1371/journal.pone,0058580.t001

and fixed for 12 hours in 4% paraformaldehyde (PFA) at 4°C.. The
anterior segment and lens were removed from each eye. The
posterior segment was cryoprotected at 4°C through successive 12-
hour incubations in 10%, 20%, and 30% sucrose dissolved in
saline. The tissues were immersed in OCT compound (Tissue-
Tec; Sakura Finetec USA, Inc., Torrance, CA, USA) and frozen
in acetone in a dry-ice bath. The frozen posterior segment was
sectioned at the center of the implanted area at a thickness of 5 pm
for each section, using a cryostat. We examined eight continuous
sections per eye. The sections were incubated in rabbit polyclonal
antibody against human vasohibin-1, followed by FITC-conjugat-
ed anti-rabbit IgG (1:200; Dako, Glostrup, Denmark) for
30 minutes. The sections were washed three times with PBS
between each step. Negative controls (4 rats) incubated with just
FITC-conjugated anti-rabbit IgG were also prepared. Slides were
counterstained with 4, 6-diamino-1-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, USA) and photographed using
a fluorescence microscope (Leica FW4000, Ver. 1.2.1; Leica
Microsystems Japan, Tokyo, Japan).

Experiment 3: Choroidal Neovascularization Study

A total of 36 BN rats were used (Table 1). The devices and
pellets were implanted on the same day as the CNV procedure.
The rats were divided into six groups (6 rats in each group): rats
with NVDD, rats with 1.5 puLL of 1 uM vasohibin-1 in the delivery
device (VDD), rats with 1.5 pL. of 10 pM vasohibin-1 in the
delivery device (10VDD), rats with 1.5 pL of 10 pM vasohibin-1
pellets implanted on the sclera, rats with intravitreal injection of
5 pL of vehicle, and rats with an intravitreal injection of 0.24 pM
vasohibin-1 protein occurring 4 days after the experimental CNV
procedure. The amount of intravitreal vasohibin-1 used and the
day of the injection were determined based on our previous data
[25]. The intravitreal injections were performed using a 10-pL
glass syringe (Hamilton), and the needle was passed through the
sclera just behind the limbus into the vitreous cavity.

3 CNV procedure. A green argon laser was used to rupture
the choroidal membrane using a slit-lamp delivery system (Ultima
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2000SE; Lumenis, Yokneam, Israel) with a contact lens [31]. The
laser settings were: 50 m diameter for 0.1 sec duration, at an
intensity of 650 to 750 mW. Six laser burns were made around the
optic disc (Fig. 1A). Each burn was confirmed to have induced sub-
retinal bubbles, indicating a rupture of Bruch’s membrane.

In addition to the routine ophthalmological examinations,
fluorescein angiography (FA) with an imaging system (GENESIS-
Df; Kowa, Tokyo, Japan) was performed at 1 and 2 weeks after
the CNV laser burn, and choroidal flat mounts of the CNV site
were performed at 2 weeks after the procedure. Two retinal
specialists (HO and TA) and one non-specialist (NN) evaluated the
angiograms for FA grading evaluation in a blinded manner using
a grading system [32], where 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 hyperfluorescence in the
transit and leakage in the late phase beyond the treated areas. The
camera was a handheld retinal camera for photographing humans,
and the fact that rat eye optics differ from that of humans made
the process somewhat difficult. Intense fluorescein leakage also
made the results of photographs as faint. The laser burn sometimes
made subretinal hemorrhages that were shown as fluorescein
blockage. These results may have influenced the evaluation. We
tried to focus on the laser burn as much as possible to not influence
the evaluation. Further we also tried to synchronize evaluations as
much as possible to avoid significant bias due to fluorescein
leakage. Total grades were analyzed for statistical significance.

4 Fluorescein-Labeled Dextran Perfusion and Choroidal
Flat-Mount Preparation. The size of the CNV lesion was
measured on choroidal flat mounts to examine the effect of the
vasohibin-1 delivery device (n =6 eyes/group and each eye had 6
laser spots). Fourteen days after the CNV procedure, the rats were
perfused with 5 mL PBS containing 50 mg/mL fluorescein-
labeled dextran (FITC-dextran, MW: 2x10°% Sigma-Aldrich).
Results of mouse CNV experiments [25] indicated that laser-
induced CNV lesions were most active at 14 days after laser
application and gradually self-resolved more than 28 days after the
laser burn. This data was supported by our previous study of laser-
burned monkey eyes [28].

We enucleated the eyes in the current study at 14 days after the
CNV laser procedure, after euthanizing the animals per the
previously described method. The eyes were removed and fixed
for 30 minutes in 4% phosphate-buffered PFA. The cornea and
lens were removed and the entire retina was carefully dissected
from the eyecup. Radial cuts (4 to 6) were made from the edge to
the equator, and the eyecup of the RPE-choroid-sclera (R-C-S)
complex was flat mounted in Permalfuor (Beckman Coulter;
Fullerton, CA, USA) with the scleral side facing down. Flat mounts
were examined by fluorescence microscopy (Leica FW4000, Leica
Microsystems Japan), and the total area of each CNV zone
associated with each burn was measured. The CNV lesions were
identified by the presence of fluorescent blood vessels on the
choroidal/retinal interface circumscribed by a region lacking
fluorescence. This process duplicated past reported procedures
[33,34]. Two retinal specialists (HO and TA) and one non-
specialist (NN) evaluated the size of the dextran-fluorescein
perfused CNVs in a blinded manner, as described above.

Statistical Analyses

Analysis of variance (ANOVA) with Tukey’s test was used to
examine differences in the leakage and severity of the CNVs in the
fluorescein angiograms and the area of the choroidal flat mount.
Endothelial tube formation was also evaluated by this method. P-
values less than 0.05 were considered significant.
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Results

In Vitro Vasohibin-1 Release from the Device

Each result is shown as mean * SD of three different
experiments in Figure 1E. A prominent initial increase was
observed in vasohibin-1 pellets (Pellet) and it appeared to almost
plateau at 7 days after the start of incubation. A minor increase
was observed in the vasohibin-1 delivery devices (VDD) with an
almost level release observed over the 28 days of incubation. If we
examine the amount released from the device (4x4x1.5 mm)
between Days 7 and 28, the amount released was estimated to be
0.31 nM/day in the 10VDD group, 0.070 nM/day in the VDD
group, 0.088 nM/day in the pellets, and 0 in the NVDD group
(Fig. 1E) in a closed incubation system, when we used 500 mg/mlL
COLs for the permeable PEG/COLs membranes. These calcula-
tions were performed from the fitting line between 0 and 28 days.
In rat experiments, the release amount would be less, because we
used a smaller device for rats than used in the i vitro release assay.
The larger device used in the i vitro release assay in Fig. 1E had
5.44 times (12.25 mm?® vs 2.25 mm?) larger drug-releasing surface
area and 3.42 times faster releasing rate than that of the
transplanted device used in rats, from the results of Fig. S1. The
total amount of vasohibin-1 released from the 10VDD devices
during the CNV suppression experiment in rats was estimated
grossly to be approximately 4.28 nM over 2 weeks. The total
amount of vasohibin-1 during the 2 weeks was estimated as about
14.6 nM from the results of Figure 1E, and was divided by 3.42,
which is the difference in releasing rate between in vitro release
assay and @ viwo experiments, although the effective amount of
vasohibin-1 in CNV suppression would be smaller than 4.28 nM,
due to drug elimination from the eye. These results were
confirmed by western blotting analysis; Figure 1D shows the
representative results at Days 1, 7, 14, and 28. A greater amount of
vasohibin-1 was observed in the 10VDD and pellet groups than
was seen in the NVDD and VDD groups. The results of the pellet
group at Day 1 (1d in Fig. 1D) was obtained after diluting the
samples five times, because the concentration was too high to be
shown by western blotting. However, the size of the pellets was
much smaller after 7 days of incubation.

Endothelial Tube Formation

Endothelial tube formation of HUVECs cultured on the NHDF
layer was assessed using anti-human CD31 immunostaining
(Fig. 2). We used a range of native vasohibin-1 concentrations
(from 0 to 10 nM, using 2 nM VEGF) for the preliminary
experiments. After the initial examination, the cells were fixed and
stained using anti-human CD31. Figures 2A~2G show represen-
tative photographs of the experimental results. Figure 2E shows
the results of released vasohibin-1 (0.56 nM) from the devices with
2 nM VEGF. Figure 2H shows the average of each experiment;
significantly fewer CD31-positive points were observed in released
vasohibin-1-treated wells when compared to those of the vehicle
released from the NVDD (p = 0.000001) or VEGF-treated control
(p=0.000002). Vasohibin-1 released from the device showed
activity comparable to the native vasohibin-1.

Macro Examination

FD40 was detected in the device (Figs. S2A and $S2B show color
and fluorescein photographs, respectively) or in pellets (Figs. S2G
and S2H) at the implant site through the conjunctiva in the live
rats. When we enucleated the eyes at a week after device
implantation, mild fibrosis was observed around the devices
(Fig. $2C) and around the pellets (Fig. S2I). Fluorescein photog-
raphy demonstrated the presence of FD40 in the device, with little

PLOS ONE | www.plosone.org

Transscleral Sustained Vasohibin-1 Delivery Device

fluorescein in the conjunctiva and surrounding tissues (Fig. S2D,
arrow). FD40 was also detected in the sclera after removal of the
device (Figs. S2E and S2F, arrow). Conversely, FD40 pellets
showed strong fluorescein on the conjunctiva and surrounding
tissues, as was seen for the pellet itself (Fig. S2J, arrow).
Furthermore, little fluorescein was observed on the sclera after
removal of the device (Figs. S2K and S2L, arrow). Similar
conditions were observed when we examined the tissues at
2 weeks after device and pellet implantation; fluorescence was
observed over a wider area for those specimens where the device
was implanted compared to results at Week 1 (data not shown).

Immunohistology of Vasohibin-1

In immunostained eyes, vasohibin-1-positivity was found in only
the 10VDD group (Fig. 3B), but not in the NVDD group (Fig. 3A)
or the negative control without the first antibody (Fig. 3D), mainly
at the region where vasohibin-1 releasing devices were placed.
Pellets showed strong local immunoreactivity, but no immunore-
activity in the retina (Fig. 3C). Vasohibin-1 positivity was observed
in the neural retina and optic nerve (white arrows in Fig. 3B).
Strong immunoreactivity was observed in the choroid, RPE, and
at the inner layer (such as the ganglion cell layer [GCL]) by
magnified photographs after device implantation (Fig. 3E).

Leakage from CNV

Fluorescein angiography results of each group at 1 week after
the laser CNV procedure are shown in Figure 4A. The results
show that an intravitreal injection of vasohibin-1 on Day 4 after
the CNV procedure led to a significant reduction of FA scores
when compared to those of NVDD (p=0.00014), pellet
(p=0.020), and vehicle injection (p=0.040) (Fig. 4B). The
10VDD implantation led to a significant reduction of FA scores
when compared to the result of the NVDD group (p =0.00006).
The VDD implantation led to a significant reduction of FA scores
when compared to those of NVDD (p=0.000017), pellet
(p=10.012), and vehicle injection (p = 0.026). Although FA scores
of the 10VDD group seemed to be smaller than those of the pellet
(p=0.065) and vehicle injection (p=0.12), the results were not
significant. Figure 5A shows the FA results at Week 2 in each
group. Significantly lower FA scores were observed for the
vasohibin-1 intravitreal injection group when compared to those
of NVDD (p=0.000022), and vehicle intravitreal injection
(p=0.0065). Further, significantly lower FA scores were observed
in the 10VDD group when compared to those of NVDD
(p=0.000003) and vehicle injection (p = 0.0080) (Fig. 5B). Signif-
icantly lower FA scores were also observed in the VDD group
when compared to those of NVDD (p=0.000058) and vehicle
injection (p=0.011).

Flat-mount Examination of the CNV Site

Choroidal flat mounts were prepared 2 weeks after device
implantation; representative results of each group are shown in
Figure 6A. The area of the CNV was 27,288+7,975 ;.Lm2 for the
NVDD group; 23,532%13,120 |,Lrn2 for the VDD group;
17,382+715 um? for the 10VDD group; 30,502+780 wm? for
the vasohibin-pellet group; 26,9009,067 [,Lm2 for the intravitreal
vehicle injection group, and 12,731%4,113 pm? for the intravi-
treal vasohibin-1 injection group (Fig. 6B). The CNV area was
smaller in eyes that were treated with 10VDD or intravitreal
vasohibin-1 injection compared to the other treatments. A
significantly smaller CNV area was observed in the 10VDD
group when compared to those of the NVDD (p = 0.0004), pellet
transplantation (p=0.0011), and intravitreal vehicle injection
groups (p =0.000015). A significantly smaller CNV area was also
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Figure 2. The activity of vasohibin-1 by an endothelial cell tube formation assay. The activity of vasohibin-1 was confirmed by an in vitro
endothelial cell tube formation assay. Vasohibin-1 suppressed the HUVEC tube formation in a dose-dependent manner. Representative results of
HUVEC tube formation treated with 2 nM VEGF combined with 0 (A), 0.2 (B), 2 (C), and 10 nM vasohibin-1 (D) are shown. Bars indicate 100 um. The
released vasohibin-1 from the device showed comparable results to native activity (E). Significant suppression of HUVEC tube formation was
observed in released vasohibin-1 when compared to those treated with NVDD (F) and with only 2 nM VEGF without vasohibin-1 (G). (H) shows the
average of each experiment; significantly fewer CD31-positive points were observed in released vasohibin-1-treated wells when compared to those of
the vehicle released from NVDD (p<0.0001) or the VEGF-treated control (p<<0.0001). The vasohibin-1 released from the device showed activity
comparable to the native vasohibin-1. Vertical bar indicates total length of tube formation. NVDD: non-vasohibin-1 (vehicle) delivery device, 10VDD:
10 uM vasohibin-1 delivery device.

doi:10.1371/journal.pone.0058580.9002

observed in eyes injected with intravitreal vasohibin-1 when vehicle injection groups (p=0.000001) (Fig. 6B). No significant
compared to those of the NVDD (p=0.000006), VDD difference was observed when we compared the VDD with those

(p =0.0036), pellet transplantation (p = 0.000023), and intravitreal
A B
GCl
INL
ONL
RPE
Choroid
Figure 3. Immunohistochemistry of vasohibin-1 after device implantation. The immunohistochemistry results of vasohibin-1 after NVDD,

10VDD, and pellet implantation are shown. No immunoreactivity was observed after NVDD transplantation (A) and negative control without first

antibody (D). 10VDD shows vasohibin-1 immunoreactivity at the device implant area (B). White arrows show the immunoreactivity in the retina and
optic nerve at low magnification. Diffuse immunoreactivity was observed in the sclera, choroid, RPE, and retina at greater magnification (E). Strong
immunoreactivity was observed in the ganglion cell layer (GCL) and retinal pigment epithelium (RPE), as well as in the sclera and choroid. INL and
ONL indicate the inner and outer nuclear layers. These results were not observed in the NVDD group (A) or the negative controls (D and F). Strong
immunoreactivity was observed in the pellet (asterisk) and in the tissues surrounding the implanted pellet (C). Yellow arrows indicate the positions
where devices or pellets were placed. Devices were removed before sectioning, but pellets were not removed before sectioning. Bars: 200 um (A-D),
and 50 pm (E, F).

doi:10.1371/journal.pone.0058580.g003
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Figure 4. Fluorescein angiography 1 week after CNV laser procedure. (A) Representative results of fluorescein angiography (FA) in each
group at 1 week after CNV laser procedure. The groups were treated with NVDD (a), VDD (b), 10VDD (c), vasohibin-1 pellet (d), intravitreal vehicle
injection (Vehicle iv) (e), or intravitreal vasohibin-1 injection (Vasohibin-1 iv) (f). (B) Fluorescein angiography scores for each of the six laser spots in
each eye are plotted and calculated for each group. Significantly lower FA scores was shown in the Vasohibin-1 iv group when compared to those of
NVDD (p =0.00014), pellet (p=0.02), and Vehicle iv (p = 0.040). Significantly lower FA scores are also observed in the 10VDD group when compared to
the NVDD group (p = 0.00006). Significantly lower FA scores are also observed in the VDD group when compared those of NVDD (p =0.00017), Pellet
(p=0.012), and intravitreal vasohibin-1 injection (p =0.026). Significant differences are shown as asterisks. NVDD: non-vasohibin-1 (vehicle) delivery
device, VDD: 1 uM vasohibin-1 delivery device, 10VDD: 10 puM vasohibin-1 delivery device, Pellet: vasohibin-1 pelletized at the same concentration of
10VDD (without reservoir and cover).

doi:10.1371/journal.pone.0058580.g004

of NVDD (p=0.7374), pellet transplantation (p=0.3616), and therapy and anti-TNFo antibody have shown excellent results in

intravitreal vehicle injection (p =0.7178) groups. the treatment of refractory eye diseases (such as Behcet’s disease),
although this regimen also requires repeated cycles of therapy
Discussion [36,37]. When our devices were cultured in PBS, vasohibin-1 was

released over time, with activity equivalent to that seen with native
vasohibin-1. These positive results were also observed with brain-
derived neurotrophic factor (BDNF) and 40 kDa dextran, as
reported previously [24]. Our implantable device showed
sustained protein release over time. The relatively large standard

Attention has been paid to sustained drug delivery in the
treatment of AMD because regimens including intravitreal anti-
VEGF injection require repeated injection and may lead to
adverse side effects [9,35]. Sustained delivery of large molecules
such as antibodies may be attractive, because not only anti-VEGF
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Figure 5. Fluorescein angiography 2 weeks after CNV laser procedure. (A) Representative results of fluorescein angiography in each group
at 2 weeks after CNV laser procedure. The groups were treated with NVDD (a), VDD (b), 10VDD (c), vasohibin-1 pellet (d), intravitreal vehicle injection
(Vehicle iv) (e), intravitreal vasohibin-1 injection (Vasohibin-1 iv) (f). (B) Significantly lower FA scores was shown in the Vasohibin-1 iv group when
compared to those of NVDD (p=0.000022), and Vehicle iv (p=0.0065). Significantly lower FA scores are also observed in the 10VDD group when
compared to the NVDD group (p=0.00003) and intravitreal vehicle injection (p=0.011). Significant differences are shown as asterisks. NVDD: non-
vasohibin-1 (vehicle) delivery device, VDD: 1 pM vasohibin-1 delivery device, 10VDD: 10 pM vasohibin-1 delivery device, Pellets: vasohibin-1

pelletized at the same concentration of 10VDD (without reservoir and cover).

doi:10.1371/journal.pone.0058580.9005

deviation in the 10VDD group may be indicative of imperfect
device preparation. From the results of western blotting, the
10VDD group showed a mild initial release of drug, although the
level was far less than seen in the pellet-only group. Technical
improvements in delivery device design may overcome these
problems. This is an attractive device designed with sustained
protein delivery for the treatment of eye diseases.
Subconjunctival drug administration produces better drug
penetration than eye drops and is less invasive than intravitreal
injection. However, conjunctival and episcleral blood and
lymphatic flows have been reported to be the main limiting
factors for posterior segment drug distribution by subconjunctival

PLOS ONE | www.plosone.org

drug administration [38—40]. Our results also showed that
implantation of pelletized vasohibin-1 alone (with no reservoir)
produced much less vasohibin-1 immunoreactivity than seen with
10VDD implantation. Implanted between the sclera and con-
junctiva, our device was designed to release the drugs only to the
scleral side of the eye, so a limiting factor of drug diversion to the
conjunctival blood flow may be reduced. Carvalho et al [41]
reported that their tightly-sutured, one-side-open device delivered
higher amount of sodium fluorescein than others, although they
used small molecules with their device. From the histological
analysis of our experimental procedure, we saw no signs of
inflammation or adverse effects in the eye that could be attributed

8 March 2013 | Volume 8 | Issue 3 | e58580



*k sk

Transscleral Sustained Vasohibin-1 Delivery Device

*K

70000 e e k2.3

*k

NVDD VDD 10vDD Pellet

Vehicle iv Vasohibin-1
iv

Figure 6. Flat-mount examination of the CNV site. The areas of choroidal neovascularization with devices, pellets, and intravitreal injection of
recombinant vasohibin-1 protein. (A) Representative choroidal flat-mount photographs of the groups treated with NVDD (a), VDD (b), 10VDD (c),
vasohibin-1 pellet (Pellet) (d), intravitreal vehicle injection (Vehicle iv) (e), intravitreal vasohibin-1 injection (Vasohibin-1 iv) (f) eyes at 2 weeks after the
CNV laser procedure. Mean values of actual areas are shown in the text. Bars: 200 um. (B) Significantly smaller CNV areas were observed in the 10VDD
group when compared to those of the NVDD (p=0.0004), Pellet (p=0.0011), and Vehicle iv groups (p =0.000015). Significantly smaller CNV areas
were observed in eyes treated with Vasohibin-1 iv when compared to those treated with NVDD (p = 0.000006), VDD (p = 0.0036), Pellet (p =0.000023),
or Vehicle iv (p=0.000001). NVDD: non-vasohibin-1 (vehicle) delivery device, VDD: 1 pM vasohibin-1 delivery device, 10VDD: 10 pM vasohibin-1

delivery device, Pellet: vasohibin-1 pelletized at the same concentration of 10VDD (without reservoir and cover).

doi:10.1371/journal.pone.0058580.g006

to device implantation, except for a mild fibrosis observed around
the devices at 2 weeks post-surgery. We also found that the devices
removed from the rats where fibrosis was noted showed continuing
vasohibin-1 release and comparable activity when we cultured the
removed device/tissues in PBS (data not shown).

Vasohibin-1 was observed on the retina at 2 weeks post-
implant, principally noted in the regions where the devices were
implanted. Some of the regions showed strong immunoreactivity
for vasohibin-1, especially at the retinal pigmented epithelium
(RPE) and the retinal ganglion cell layer (GCL); the first finding
may be due to being the main outer blood-retinal barrier, while
the second may be due to the vitreous-retinal barrier [42].
Vasohibin-1 released from the device may be stored in cells in
these regions and later released to other regions of the retina or
vitreous.

Our results demonstrated that vasohibin-1 can be delivered by
our device into the retina transsclerally. Amaral et al also reported
transscleral protein (pigment epithelium-derived factor and
ovalbumin) delivery into the retina, although they used un-
controllable drug release via a matrix-type implant [10]. Drug
released from their device was not delivered unidirectionally.
Although there is a blood-retinal barrier, the penetration of such
large molecules into the eye may not be so surprising. When we
consider the phenomenon of some type of cancer-associated
retinopathy, auto-antibodies against retinal cells or retinal-specific
antigens have been reported to cause retinal dysfunction [43-43].
The elimination of proteins is reported to be one to two orders of
magnitude slower than that of small molecules via the sub-
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conjunctival and episcleral blood flow [46], with similar results
reported for the choroidal blood flow [21]. This fact may also help
protein delivery to the retina with the use of our device.
Although we have not studied vasohibin-1 release from the
device for more than 2 weeks i vivo because of the experimental
design, more than 80% of the vasohibin-1 was present in the
device at the end of the experimental procedure. The devices
removed at the end of the experiment were still releasing
vasohibin-1 (data not shown), indicating that it might be possible
to use the implanted device for a longer time. These data could
also indicate that we may be able to use a smaller device than
those used in this experiment to deliver the same amount of drug.
Fluorescein angiography examination showed significantly
lower scores in the eyes that received intravitreal vasohibin-1
than those of the intravitreal vehicle-injected eyes. The effects of
vasohibin-1 were also confirmed from the flat-mount experiments.
These results were same as those previously noted in mice [23].
Our 10VDD device delivered vasohibin-1 to the retina transscler-
ally, with results comparable to those seen with intravitreal
vasohibin-1 injections. With a less invasive method than that of
intravitreal injection and the added advantage of continuous drug
delivery, our device may be able to replace invasive intravitreal
drug injections. Although there was no significant difference
between 10VDD and VDD when we evaluated by FA,
a statistically significant effect was observed in only 10VDD, but
not VDD when we performed the flat-mount examination. One of
the reasons these two do not match exactly may be due to the
uncertainty about the FA evaluation, as not only blockage by
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hemarrhage, but also tissue staining and/or leakage sometimes
make evaluation difficult [47]. Further study is needed to
determine the exact amounts of vasohibin-1 released from the
device, the kinetics of drug distribution, the correlation between
drug amount and ocular distribution, and the effects of this
regimen on NV, as well as the appropriate duration of vasohibin-
I release.

Choroidal neovascularization has been reported to be produced
by choriocapillaris of the choroidal blood flow [48]. Many effects
of choroidal blood flow or RPE may stimulate CNV formation
into the retina [49]. Drusen, a preclinical feature of age-related
macular degeneration, also stimulates CNV  formation [50].
Transscleral anti-CNV drug delivery will be more reasonable
than that of intravitreal injection not only from the points of safety,
but also from the aspect of CNV pathophysiology. The RPE and
RPE-choroid complex are reported to be one to two orders of
magnitude slower in drug penetration {21]. When we put our
device on the sclera, the drug can pass through the sclera and
reach the choreid and RPE earlier than the retina. Between the
choroid and neural retina, anti-CNV drugs released from our
device may suppress on-going CNV formation. Suprachoroidal
bevacizumab was reported to be delivered to the RPE, choroid,
and photoreceptors, whereas intravitreal injection *distributed
more to the inner retina [11]. Olsen et al stressed the importance
of delivery of a sustained-release formulation of large molecules to
the suprachoroidal space [11]. Our device will offer a safer
therapeutic method than those previously reported, especially in
the treatment of AMD.

Conclusion

We developed a sustained delivery device for the release of
vasohibin-1 in the eye. The released vasohibin-1 showed activity
comparable to vasohibin-1 delivered via other methods. When we
placed the device on the rat sclera, we found vasohibin-1 released
to the sclera, retinal pigment epithelium, and retina. Transscleral
vasohibin-1 delivery significantly reduced laser-induced CNV that
are comparable as those of effects seen with intravitreal vasohibin-
1 injection in the rat eye. Our device will offer a safer therapeutic
method than intravitreal injections.

Supporting Information

Figure S1 The size of the devices. The size of the device was
4 mmx4 mmx1.5 mm for the vasohibin-1 releasing assay (A,
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To describe how a high fat diet (HFD) and hyperglycemia initiate a sequence of calpain activation and oxidative
stress associated with neuro-degenerative changes in diabetic retinopathy (DR), hyperglycemia was induced
with streptozotocin in mice lacking the gene for calpastatin (CAST KO), and in mice lacking the gene for the tran-
scription factor NF-E2 related factor 2 (Nrf2 KO). All animals were fed a HFD. Retinal ganglion cell (RGC) density
was estimated by labeling with fluorogold and immunohistochemistry. A potent calpain inhibitor, SNJ-1945, was
administered daily until the animals were sacrificed. In vitro, oxidative stress-induced RGC loss was evaluated in
a high glucose culture medium with and without SNJ-1945. Retinal mRNA of calpain-1 and calpain-2 was mea-
sured by quantitative RT-PCR. Pre-apoptotic substrates of cleaved a-fodrin and synaptophysin protein were

Keywords:
Diabetic retinopathy
Retinal ganglion cell

Calpain quantified by immunoblot analysis. Axonal damage was examined in transverse sections of the optic nerve. A
Oxidative stress HFD and hyperglycemia significantly increased RGC and axonal degeneration 3 weeks into the experiment.
SyﬂapfOPhYSi_ﬂ Levels of cleaved a-fodrin were increased. In the CAST KO mice, the neurotoxicity was augmented significantly.
Neuroprotection Gene manipulation of CAST and orally administered SNJ-1945 successfully modified calpain levels in the retina
and prevented RGC death. In vitro, a high-glucose culture of retinal cells without antioxidants showed more
RGC death than that with antioxidant treatment. The expression of synaptophysin was significantly suppressed
by SNJ-1945 treatment. These results suggest that calpain plays a crucial role in metabolic-induced RGC degen-
eration caused by hyperglycemia and oxidative stress. Antioxidant and calpain inhibition offers important oppor-
tunities for future neuroprotective treatment against RGC death in various metabolic stress-induced diseases

including DR
© 2012 Elsevier Inc. All rights reserved.
Introduction is clear evidence that hyperglycemia can cause abnormal neurological

Diabetes mellitus (DM) affects approximately 285 million individ-
uals worldwide (Shaw et al., 2010), and in developing countries, over
95% of all cases are type 2 diabetes (Hu, 2011). Around 21% of those
patients will have some kind of retinopathy at the first time of diag-
nosis (Fong et al., 2004). Despite years of clinical and laboratory in-
vestigations, diabetic retinopathy (DR) remains the leading cause of
blindness among diabetic patients (Resnikoff et al., 2004). Clinical di-
agnosis of DR still requires detection of vascular pathology, but there
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manifestations after only 2-weeks (Hancock and Kraft, 2004; Kizawa
et al., 2006).

In the clinic, the amplitude of photopic negative response (PhNR),
elicited by weak stimuli under dark-adapted conditions and driven main-
ly by retinal ganglion cells (RGCs) (Frishman et al,, 1996), is reduced
among diabetic patients, correlated with the degree of optic nerve dam-
age (Kizawa et al., 2006). Measuring the thickness of circumpapillary ret-
inal nerve fiber layer (cpRNFL), which serves as an index for the viability
of RGC, with optical coherence topography (OCT), has also been noted to
thin with the progress of DR (Costa et al., 2002). Furthermore, asymmetry
of the cpRNFL has been observed by OCT in type 2 diabetes patients with
no detectable ophthalmoscopical retinopathy (Chihara et al., 1993). At
the cellular level, RGCs in postmortem human diabetic retinas have
shown increased markers of apoptosis (Abu-El-Asrar et al, 2004).
Taken together, this evidence shows that RGCs undergo apoptosis in



