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Abstract

Age-related macular degeneration (AMD) is the most common cause of blindness among the elderly. AMD patients have
elevated levels of membrane attack complex (MAC) in their choroidal blood vessels and retinal pigment epithelium (RPE).
MAC forms pores in cell membranes. Low levels of MAC result in an elevation of cytokine release such as vascular
endothelial growth factor (VEGF) that promotes the formation of choroidal neovascularization (CNV). High levels of MAC
result in cell lysis and RPE degeneration is a hallmark of advanced AMD. The current standard of care for CNV associated
with wet AMD is intravitreal injection of anti-VEGF molecules every 4 to 12 weeks. Such injections have significant side
effects. Recently, it has been found that membrane pore-forming proteins such as a-haemolysin can mediate their toxic
effects through auto- and paracrine signaling and that complement-induced lysis is amplified through ATP release followed
by P2X receptor activation. We hypothesized that attenuation of P2X receptor activation may lead to a reduction in MAC
deposition and consequent formation of CNV. Hence, in this study we investigated topical application of the purinergic P2X
antagonist Pyridoxalphosphate-6-azophenyl-2’,4’-disulphonic acid (PPADS) as a potential treatment for AMD. We found that
4.17 mM PPADS inhibited formation of HUVEC master junctions and master segments by 74.7%. In a human complement
mediated cell lysis assay, 104 mM PPADS enabled almost complete protection of Hepa1c1c7 cells from 1% normal human
serum mediated cell lysis. Daily topical application of 4.17 mM PPADS for 3 days attenuated the progression of laser
induced CNV in mice by 41.8% and attenuated the deposition of MAC at the site of the laser injury by 19.7%. Our data have
implications for the future treatment of AMD and potentially other ocular disorders involving CNV such as angioid streaks,
choroidal rupture and high myopia.
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Introduction

Age-related macular degeneration (AMD) is the most common

cause of blindness among the elderly, affecting approximately 1 in

3 people over the age of 65 [1]. AMD begins with the appearance

of lipoproteinaceous deposits known as drusen between the retinal

pigment epithelium (RPE) and Bruch’s membrane [2,3,4]. This

stage of the disease is generally referred to as ‘dry’ AMD. In

approximately 10% of patients, dry AMD progresses to the ‘wet’

form of the disease, involving the growth of new blood vessels from

the choroidal vasculature into the subretinal space (choroidal

neovascularization, CNV). These immature new blood vessels leak

fluid, leading to formation of a macular edema (reviewed in [2]). If

left untreated, wet AMD leads to degeneration of retinal tissues

and eventually blindness.

Factors implicated in AMD include age, oxidative stress, diet,

smoking and activation of complement (reviewed in [1]). Through

a yet unclear mechanism, these factors can lead to an elevation of

vascular endothelial growth factor (VEGF) in the eyes of AMD

patients [5,6,7]. Hence, wet AMD patients are currently treated

with anti-VEGF antibodies including ranibizumab (lucentis),

bevacizumab (avastin) or anti-VEGF receptor aflibercept (Eylea)

[8,9]. However, these therapies are administered by direct

(intravitreal) injection into the eye. In addition to being

uncomfortable, intravitreal injections are associated with retinal

detachment, increased intraocular pressure and endophthalmitis

[10,11]. While these risks are relatively low, they accumulate over

the lifetime of the patient. Moreover, these therapies are

administered every 4 to 12 weeks. This frequency of administra-

tion leads to a significant burden for the elderly, leading to a

reduction in personal freedom, a reduction in quality of life and

subsequent depression [12,13]. Cumulatively, these factors result

in a reduction in patient compliance [12]. Therefore, there is

currently an unmet need for the development of a therapy for

AMD that can be applied non-invasively and in a manner

convenient to patients, i.e. topically.

Although AMD is a complex disease, approximately 50% of the

heritability of AMD can be accounted for by a polymorphism in

the complement regulator Factor H [14,15,16]. Activation of

complement terminates upon the formation of the membrane
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attack complex (MAC)- a pore formed in the membrane that leads

to cell lysis [17]. MAC is elevated in the choroidal blood vessels

and RPE of AMD patients [18]. A polymorphism in C9 that

prevents the complete formation of MAC protects against the

onset of wet AMD [19]. Expression of CD59, the major inhibitor

of MAC is reduced in the RPE of advanced AMD patients [20].

We have previously shown that expression of CD59 in the eyes of

the most commonly used mouse model of CNV leads to a

reduction in MAC and a consequent reduction in CNV [21].

Previously, it has been shown that lysis by membrane pore-

forming proteins such as a-haemolysin, leukotoxin and a-toxin can

mediate their toxic effects through auto- and paracrine signaling

[22,23,24]. Subsequently, it has been found that complement

induced lysis of human erythrocytes is amplified through ATP

release followed by P2X receptor activation [25]. Pyridoxalpho-

sphate-6-azophenyl-2’,4’-disulphonic acid (PPADS) is a non-

selective purinergic P2X antagonist [26,27]. We wished to test

the hypothesis that PPADS is an effective inhibitor of MAC

deposition and CNV in a model of wet AMD. In addition, we

wished to test the hypothesis that unlike larger molecules such as

antibodies, PPADS may be an effective inhibitor of MAC

deposition and CNV by topical application. To complement our

in vivo studies, we also wished to examine the effects of PPADS on

tube formation by endothelial cells, complement mediated cell lysis

and MAC deposition in vitro. If successful, our results will have

significant implications for the treatment of AMD and perhaps

other diseases involving CNV, such as angioid streaks, choroidal

rupture or high myopia [28,29,30].

Results

PPADS inhibits formation of tubes by HUVECs
One commonly accepted model for AMD pathogenesis suggests

that prior to the formation of CNV, endothelial cells migrate from

the choroid and form tubes (neovascular membranes) in response

to elevated cytokines such as VEGF in the intraocular compart-

ment [31]. In order to determine whether PPADS can inhibit

endothelial cell tube formation, we performed human umbilical

vein endothelial cell (HUVEC) tube formation assays in the

presence and absence of PPADS. The ability of HUVECs to form

master junctions, master segments or meshes was scored using the

‘HUVEC angiogenesis analyzer’ plugin for Image J Software. We

found that the ability of HUVECs to form master junctions,

master segments and meshes was significantly reduced with

increasing levels of PPADS in a concentration dependent manner

(Figure 1A). Specifically, there was a 50% reduction in master

junctions, master segments and meshes at 2.187 mM, 2.315 mM,

3.062 mM PPADS respectively (Figure 1B). At higher concentra-

tions of PPADS (4.17 mM) master junctions and master segments

were reduced by 74.7% and meshes by 56.5% (Figure 1B, 1C). We

conclude that PPADS can inhibit the formation of tubes by

HUVECs.

PPADS Inhibits Complement Mediated Cell Lysis
Activation of complement terminates in the formation of the

MAC on the cell surface. Low levels of MAC increase cell

mitogenesis and VEGF release [32,33]. Higher levels of MAC

result in cell lysis. Elevated levels of MAC are found on the RPE of

AMD patients [18] and RPE loss is a hallmark of advanced AMD

known as geographic atrophy. In order to determine whether

PPADS can inhibit complement mediated cell lysis, we incubated

Hepa1c1c7 cells with 1% normal human serum (NHS) and

measured uptake of propidium iodide by FACS. Whereas 1% NHS

preconditioned with vehicle lysed 89.9863.14% of Hepa1c1c7

cells, 1% NHS preconditioned with 104 mM PPADS lysed only

2.8860.17% (p,0.0001) of Hepa1c1c7 cells (Figure 2A). PPADS

mediated inhibition of cell lysis was concentration dependent with

20.8 mM and 52 mM PPADS resulting in 81.6864.97%

(p = 0.1958) and 70.32610.57% (p = 0.0255) cell lysis respectively

(Figure 2B). At 208 mM PPADS, 1.85960.42% (p,0.0001) of

Hepa1c1c7 cells were lysed by NHS (Figure 2B). We conclude that

PPADS attenuates complement mediated cell lysis.

PPADS Inhibits Formation of MAC in vitro
MAC formation begins with the assembly of the C5b678

complex on the cell surface followed by recruitment of multiple C9

molecules to complete the formation of a pore (C5b9) [32,34,35].

In order to determine whether PPADS mediated inhibition of cell

lysis correlated with a reduction in the formation of MAC on the

cell surface, we incubated Hepa1c1c7 cells in 10% NHS

preconditioned with varying concentrations of PPADS and

measured levels of C5b9 deposited on the cell surface by

immunocytochemistry. We found an inverse correlation between

the concentration of PPADS in the media and the amount of

C5b9 deposited on the cell surface (Figure 3A). Specifically, when

normalized against 0 mM PPADS, 52 mM, 104 mM and 208 mM

significantly decreased surface MAC deposition by 67.0366.81%

(p = 0.0002), 84.42616.9% (p = 0.0001) and 93.17611.67%

(p,0.0001), respectively (Figure 3B). 20.8 mM PPADS did not

significantly reduce MAC deposition (p = 0.6283, Figure 3B). We

conclude that PPADS attenuates formation of MAC in vitro.

PPADS Inhibits Formation of laser induced CNV
The most commonly used animal model of wet AMD is laser

induced CNV [31]. This model involves a disruption of the

Bruch’s membrane, which leads to the rapid generation of CNV

[31]. The model responds to a very large variety of inhibitors of

angiogenesis and hence while it has limitations, it has become the

‘industry standard’ model for testing the efficacy of molecules

intended to attenuate CNV [31]. Most frequently, drugs are

injected just prior or immediately after creation of the laser

induced rupture of Bruch’s membrane. In our studies, we wished

to examine whether topical application of 4.17 mM PPADS

immediately after the laser burn followed by daily topical dosing

for 3 days would attenuate the progression of CNV. Both eyes of

each mouse were treated either with PPADS or buffer NaCl. At

the end of the procedure, endothelial cells in the choroidal flat

mounts from PPADS or vehicle control mice were stained with

GSL-1 lectin (Figure 4A) and quantified using Image J software.

We found that PPADS attenuated the area of CNV by 41.868.7%

(p,0.0001, Figure 4B). We conclude that PPADS attenuates

endothelial cell migration in laser induced CNV.

PPADS Inhibits Deposition of MAC at the site of laser
induced CNV

Recent data indicate that MAC may be a key player in the

pathogenesis of AMD [18]. MAC is elevated in the RPE and

chroidal blood vessels of AMD patients [18] and inhibitors of

MAC are reduced on the surface of cells lost in advanced AMD

[20]. An inability to form MAC protects against wet AMD [19]

and an inhibition of MAC in animal models of wet AMD

attenuates the progression of CNV [21]. Mice were ‘treated’ with

PPADS or vehicle control as above and MAC deposition identified

using immunohistochemistry against C5b9 (Figure 5A). Area of

MAC deposition was quantified using Image J software. We found

that PPADS enabled a 19.767.5% (p = 0.0091) reduction in levels

Topical Application of PPADS Inhibits CNV
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Figure 1. PPADS inhibits formation of tubes by HUVECs. A) Representative phase contrast images of tubes formed in the absence of
supplements (negative control), in the presence of vehicle (0.9% NaCl) or vehicle plus 1.04 mM PPADS or 4.17 mM PPADS. B) Tabular summary of
mean values 6 SEM of master junctions, master segments and meshes in cells incubated with the indicated concentration of PPADS and calculated
IC50 for each marker. C) Dose dependent PPADS mediated reduction of master junctions, master segments and meshes. The punctuated line
indicates the extrapolated inhibition trend. IC50 values are indicated as intercept points in the trend line. Asterisks in each inset mark an example of a
measured junction, segment or mesh, respectively. Studies were performed a total of 4 times in triplicate.
doi:10.1371/journal.pone.0076766.g001

Figure 2. PPADS Inhibits Complement Mediated Cell Lysis. A) Representative flow cytometry plots indicating number of Hepa1c1c7 cells
taking up propidium iodide (PI) when incubated in 1% normal human serum (NHS) and various concentrations of PPADS (blue lines) or 0.9% NaCl
(red lines). B) Mean values 6 SEM of PPADS mediated reduction of NHS mediated cell lysis from 5 independent studies. Significant differences are
shown as capped lines between vehicle control (0.9% NaCl, 0 mM PPADS) and the various concentrations of PPADS (*** p,0.0005, ** p,0.005, *
p,0.05).
doi:10.1371/journal.pone.0076766.g002

Topical Application of PPADS Inhibits CNV
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of MAC relative to vehicle control (Figure 5B). We conclude that

PPADS attenuates MAC deposition in laser induced CNV.

Discussion

This is the first study examining topical delivery of PPADS as a

potential therapy for AMD. We have determined that PPADS can

inhibit endothelial tube formation, complement mediated cell lysis

and MAC deposition in vitro as well as inhibit MAC deposition and

laser induced CNV in vivo. Our results have potential implications

for the future treatment of AMD and possibly other ocular diseases

involving CNV, including angioid streaks, choroidal rupture and

high myopia.

Our studies were motivated primarily by the current limitations

in the treatment procedure utilized for wet AMD patients, which

require intraocular injection every 4 to 12 weeks under local

anesthesia [8]. Such injections have significant side effects

including retinal detachment, an increase in intraocular pressure,

endophthalmitis etc. and lead to a large bolus of drug in the

intraocular compartment immediately after the injection that

dissipates over time [10,11]. Given that VEGF plays significant

roles in maintenance of the retina, these large ‘pulses’ of anti-

VEGF molecules are detrimental to tissue homeostasis [36,37].

Since intravitreal injections are outpatient procedures, the cost to

the healthcare system is substantial given the very high prevalence

of wet AMD [13]. An alternative mode of drug delivery such as

self-administered topical drops is hence potentially very attractive.

Another motivation for our studies was to identify a drug that

may inhibit complement activation and specifically reduce MAC

deposition. A substantial amount of data is emerging suggesting

Figure 3. PPADS Inhibits Formation of MAC in vitro. A) Representative images of C5b9 labeling (red) of cells incubated with increasing
concentrations of PPADS. Nuclei are counterstained with DAPI (blue). B) Mean values 6 SEM of C5b9 staining intensity per cell at various
concentrations of PPADS. Values represent cumulative data from 4 independent studies. Significant differences are indicated as capped lines
between vehicle control (0.9% NaCl, 0 mM PPADS) and the various concentrations of PPADS (*** p,0.0005, ** p,0.005, * p,0.05).
doi:10.1371/journal.pone.0076766.g003

Figure 4. PPADS Inhibits Formation of laser induced CNV. A)
Representative images of GSL-1 stained CNV at day 7 post laser in a
mouse eye treated with 0.9% NaCl or 4.17 mM PPADS topically for 3
days post laser. B) Mean values 6 SEM of CNV area of 0.9% NaCl treated
eyes or 4.17 mM PPADS treated eyes at 7 days post laser. Studies were
performed 3 times with 5 mice in each group, n = 15, NaCl = 91 laser
spots, PPADS = 71 laser spots (*** p,0.0005).
doi:10.1371/journal.pone.0076766.g004

Figure 5. PPADS Inhibits Deposition of MAC at the site of laser
induced CNV. A) Representative images of C5b9 labeling at 7 days
post laser in eyes treated with 0.9% NaCl or 4.17 mM PPADS topically
for 3 days. B) Mean values 6 SEM of C5b9 intensity/area of 0.9% NaCl
treated eyes and 4.17 mM PPADS treated eyes 7 days post lasering.
Studies were performed 3 times with 5 mice in each group, n = 15,
NaCl = 91 laser spots, PPADS = 71 laser spots (** p,0.005).
doi:10.1371/journal.pone.0076766.g005

Topical Application of PPADS Inhibits CNV
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that an imbalance between complement activation and comple-

ment inhibition is responsible for the pathology associated with

AMD [14,16,38]. A Y402H polymorphism in complement Factor

H can explain approximately 43% of AMD cases [16]. AMD

patients that are homozygous (HH) have almost 70% higher levels

of MAC in their choroid and RPE relative to individuals that are

homozygous (YY) for the wild type allele [18]. Inhibitors of

complement such as CD46 or more specifically inhibitors of MAC

such as CD59 are down regulated in AMD patients [20]. Based on

these and other data, at least five inhibitors of complement are

currently undergoing clinical trials in the US [39]. Each of these

inhibitors is delivered by intraocular or systemic injection. Our

studies are the first to demonstrate inhibition of complement

activation and specifically a reduction in MAC in any disease

model through topical application of a drug. Given the potential

role of complement in AMD, it may be envisaged that dry AMD

patients could be treated prophylactically with PPADS or an

analog of PPADS in order to prevent the progression of dry AMD

towards wet AMD.

Several studies have previously examined the potential of topical

delivery of drugs for inhibition of CNV [40,41,42]. In our studies,

we applied PPADS at a concentration of 80 ng once per day for 3

days post laser and found a 40% reduction in CNV at 7 days post

laser. Vasostatin, an inhibitor of angiogenesis delivered at 50 ng

three times daily for 21 days has been shown to reduce CNV in

rats by approximately 50% [40,43]. Mecamylamine, a nicotinic

acetylcholine receptor antagonist has been shown to reduce laser

induced CNV by 35% at 100 mg twice a day for seven to 14 days

[42]. Aganirsen, an anti-angiogenic aptamer inhibits laser induced

CNV almost completely in African green monkeys at 86 mg when

applied twice daily for 2 days prior to laser and continued with

same regimen for an additional 14 days [41]. In some studies,

Pazopanib, a tyrosine kinase inhibitor has been shown to inhibit

laser induced CNV in rats but in some other studies no efficacy of

Pazopanib has been found [44,45,46]. A pazopanib analog,

GW771806 is currently undergoing clinical trials [46]. We

envisage that PPADS may offer some unique advantages over

other molecules, specifically when considering the systems being

targeted, i.e. complement activation, MAC deposition as well as

angiogenesis.

In this study we provide proof-of-concept for the use of PPADS

as an inhibitor of CNV. Future studies will examine the

pharmacokinetic, toxicity profile and modes of action of PPADS

following topical application to ocular tissues. For now, we

hypothesize that in our model of wet AMD, purinergic receptors

such as P2X are activated through the release of ATP from cells

damaged as a consequence of the laser burn [27]. P2X receptors

can also be activated however by oxidative stress, a phenomenon

reportedly ongoing in AMD [47,48]. Activation of purinergic

receptors may result in depolarization of cells through Ca2+ influx,

which may in turn induce expression of additional P2X receptors

[27,49]. Previously, it has been found that intraperitonal injections

of suramin or PPADS inhibit oxygen-induced preretinal neovas-

cularization by down-regulating P2X2 receptors in the inner

plexiform layer [50]. These collective studies suggest P2X receptor

involvement also in retinal disorders. PPADS is classified as a non-

hazardous chemical and no detailed toxicity data is currently

available. In conclusion, while significant additional studies remain

to be performed to identify the mode of action and safety of

PPADS as a topical therapy for AMD, here we have provided

proof of concept that PPADS or its analogs hold some promise in

the treatment of AMD.

Materials and Methods

Except where indicated, all chemicals and materials were

purchased from Fisher scientific company LLC, Suwanee, GA.

PPADS was dissolved to a stock concentration of 41.7 mM in

0.9% NaCl.

Cell culture
Human umbilical vein endothelial cells (HUVEC, Life Tech-

nologies Corporation, Carlsbad, CA) were maintained in 200PRF

(phenol red free) medium supplemented with 2% Low Serum

Growth Supplement (LSGS, Life Technologies Corporation,

Carlsbad, CA). Mouse Hepatoma cells (Hepa1c1c7) were

purchased from ATCC (Manassas, VA) and maintained in

Minimal Essential Medium (MEMa Life Technologies Corpora-

tion, Carlsbad, CA) supplemented with 10% fetal bovine serum

(FBS). Cells were propagated at 376C in a humidified 5% CO2-air

incubator.

Endothelial Tube Formation Assay
Tube formation assays were carried out according to the

Endothelial Tube Formation Assay (In Vitro Angiogenesis) protocol

(Life Technologies Corporation, Carlsbad, CA). Briefly, 96104

HUVECs were seeded per well on GeltrexTM (Reduced Growth

Factor Basement Membrane Matrix, Life Technologies Corpora-

tion, Carlsbad, CA) coated wells of a 24-well plate. HUVECs

cultured in 200PRF/2% LSGS served as negative controls and

vehicle controls contained a total of 0.0045% NaCl. Treatments

were performed by adding PPADS to final concentrations of

0.417 mM, 1.043 mM, 2.085 mM and 4.17 mM to 200PRF/2%

LSGS medium. After 16 hours the cells were analyzed and images

captured with an inverted microscope (IX51; Olympus, Center

Valley, PA). Number of master junctions, master segments or

meshes in each image were quantified using the ‘‘HUVEC

angiogenesis analyzer plugin’’ of ImageJ software.

Complement Mediated Cell lysis
FACS lysis assays were performed as previously described [21].

Briefly, Hepa1c1c7 cells were grown on T75 cell culture flasks in

MEMa containing 2% FBS to 70% confluency. Cells were

trypsinized, counted and aliquots of 56105 cells per assay were

incubated in gelatin veronal buffer (GVB) containing PPADS at

concentrations of 20.8 mM, 52 mM, 104 mM, 208 mM. Lysis was

induced with 1% normal human serum (NHS) for 1 hour at 37uC
with continuous gentle rotatory motion. GVB containing a total of

0.225% NaCl, which equals the NaCl content in PPADS

containing samples, served as control. Cell lysis was detected as

uptake of propidium iodide in 2.56104 cells by flow cytometry

(FACSCalibur, Becton Dickinson). Analysis was done with the

FlowJo software (Tree Star Inc., Ashland, OR).

Membrane Attack Complex (MAC) Deposition Assay
MAC deposition assays were carried out as previously described

[21]. In brief, 36104 Hepa1c1c7 cells were seeded per 8 well

chamber slides and grown in MEMa containing 2% FBS for 2

days. Medium was exchanged to GVB/10% NHS containing

PPADS at concentrations of 20.8 mM, 52 mM, 104 mM, 208 mM.

After incubation for 5 minutes at 37uC, the reaction was

terminated with ice-cold PBS and cells fixed in 4% formaldehyde.

For MAC detection, cells were blocked in 6% normal goat serum,

0.5% Triton X-100, 1x PBS (blocking solution). MAC was labeled

with a mouse anti-C5b9 antibody (ab66768, Abcam, Cambridge,

MA diluted 1:100 in blocking solution) and detected with a Cy3-

conjugated goat anti-mouse antibody (Jackson ImmunoResearch

Topical Application of PPADS Inhibits CNV
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Laboratories, West Grove, PA diluted 1:200 in blocking solution).

Nuclei were counterstained with DAPI. Images were captured

using an inverted microscope (IX51; Olympus, Center Valley, PA)

attached to a fluorescence unit. Integrated Cy3 densities and

DAPI signals were quantified using ImageJ software. The amount

of MAC deposition was defined as integrated density of C5b9

labeling (Cy3) per cell (DAPI).

Animals
This study was carried out in strict accordance with the

Statement for the Use of Animals in Ophthalmic and Vision

Research, set out by the Association of Research in Vision and

Ophthalmology (ARVO) and was approved by Tufts University

Institutional Animal Care and Use Committee (IACUC) protocol

B2011-150 and Tufts University Institutional Biosafety Committee

registration 2011-BRIA68. For experiments 6 weeks old C57Bl/6J

mice (Jackson laboratory, Bar Harbor, ME) were utilized. Animals

were anesthetized by intraperitoneal injections of a mixture

containing 0.1 mg/g body weight Ketamine (PhoenixTM,St

Joseph, MO) and of 0.01 mg/g body weight Xylazine (Lloyed,

Shenandoah, Iowa). Mice were kept constantly warm during

anesthesia. At indicated time points mice were sacrificed by CO2

inhalation, followed by cervical dislocation.

Laser Induced Choroidal Neovascularization (CNV)
Laser induced CNV was performed as previously described

[21]. Briefly, pupils of anesthetized mice were dilated with one

drop of 2.5% phenylephrine HCl (Bausch & Lomb Incorporate,

Tampa, FL) and one drop of 1% Tropicamide (Bausch & Lomb

Incorporate, Tampa, FL). To prevent injuries to the cornea one

drop of 2.5% Hypromellolose (Goniovisc, Wellhead, UK) was

applied and a cover slip attached. In each eye four laser spots were

generated using an argon laser (532 nm, IRIS Medical Light

solutions, IRIDEM, IRIDEX, Mountain View, CA) with 100 ms

pulse duration and 150 mW power per spot, and a spot size of

75 mm in diameter.

Topical application of PPADS
A total of 20 ml of a 4.17 mM PPADS solution was topically

applied to each eye of anaesthetized mice. Control mice received

20 ml of 0.9% NaCl (vehicle control). Treatment was performed

after laser burn for 3 consecutive days in intervals of 24 hours.

Mice were sacrificed 7 days after laser, eyes enucleated and passed

to histological processing.

Histological Processing and Immunolabeling
Cornea, iris, lens and the neuronal retina were removed from

enucleated eyes. Posterior eye cups were fixed by immersion in 4%

PFA and cut four times from the edge to the center to obtain flat

mounts. Specimens were blocked in PBS/2.5% BSA and stained

with FITC-conjugated Griffonia Simplicifolia Lectin I (GSL-I,

Isolectin B4, Vector laboratories, Burlingame, CA) 10 mg/ml in

PBS. Flat mounts were washed with PBS, re-blocked with blocking

solution (Jackson ImmunoResearch Laboratories, West Grove,

PA), incubated with a rabbit anti-human C5b9 antibody

(Complement Technology, Inc., Tyler, TX, diluted 1:200 in

blocking solution) and detected with a Cy3-conjugated goat anti-

rabbit antibody (Jackson ImmunoResearch Laboratories, West

Grove, PA diluted 1:400 in PBS). Flat mounts were imaged using

an inverted microscope (IX51; Olympus, Center Valley, PA)

attached to a fluorescence unit and images were captured using a

Qimaging RETIGA200R camera (Qimaging, Surrey, BC Cana-

da). Areas of GSL-I labeling (CNV areas) and signal intensities of

C5b9 labeled areas (MAC areas) were measured using ImageJ

software. Data points for MAC deposition are depicted as C5b9

intensities per C5b9 area ratios. C5b9 intensities were corrected

for background intensities before calculations.

Statistical Analysis
Statistical analysis was performed with the GraphPad5 software

(La Jolla, CA). Statistical significance between PPADS treatment

groups and control groups were determined by the unpaired

student’s t-test. For each in vivo experiment, 5 mice per group were

utilized. In vitro experiments were performed in duplicate. All

experiments were repeated at least three times. All data are

presented as mean 6 SEM.

Acknowledgments

We wish to thank Siobhan Cashman PhD for useful discussions during the

course of this study.

Author Contributions

Conceived and designed the experiments: KB MTB RKS. Performed the

experiments: KB EL. Analyzed the data: KB MTB. Contributed reagents/

materials/analysis tools: RKS. Wrote the paper: KB MTB RKS.

References

1. Lim LS, Mitchell P, Seddon JM, Holz FG, Wong TY (2012) Age-related

macular degeneration. Lancet 379: 1728–1738.

2. Bhutto I, Lutty G (2012) Understanding age-related macular degeneration

(AMD): relationships between the photoreceptor/retinal pigment epithelium/

Bruch’s membrane/choriocapillaris complex. Mol Aspects Med 33: 295–317.

3. Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV, Anderson DH, et al.

(2001) An integrated hypothesis that considers drusen as biomarkers of immune-

mediated processes at the RPE-Bruch’s membrane interface in aging and age-

related macular degeneration. Prog Retin Eye Res 20: 705–732.

4. de Jong PT (2006) Age-related macular degeneration. N Engl J Med 355: 1474–

1485.

5. Funk M, Karl D, Georgopoulos M, Benesch T, Sacu S, et al. (2009) Neovascular

age-related macular degeneration: intraocular cytokines and growth factors and

the influence of therapy with ranibizumab. Ophthalmology 116: 2393–2399.

6. Ferrara N (2010) Vascular endothelial growth factor and age-related macular

degeneration: from basic science to therapy. Nat Med 16: 1107–1111.

7. Saint-Geniez M, Kurihara T, Sekiyama E, Maldonado AE, D’Amore PA (2009)

An essential role for RPE-derived soluble VEGF in the maintenance of the

choriocapillaris. Proc Natl Acad Sci U S A 106: 18751–18756.

8. Keane PA, Sadda SR (2012) Development of Anti-VEGF Therapies for

Intraocular Use: A Guide for Clinicians. J Ophthalmol 2012: 483034.

9. Brand CS (2012) Management of retinal vascular diseases: a patient-centric

approach. Eye (Lond) 26 Suppl 2: S1–16.

10. Wu L, Martinez-Castellanos MA, Quiroz-Mercado H, Arevalo JF, Berrocal

MH, et al. (2008) Twelve-month safety of intravitreal injections of bevacizumab

(Avastin): results of the Pan-American Collaborative Retina Study Group

(PACORES). Graefes Arch Clin Exp Ophthalmol 246: 81–87.

11. Shima C, Sakaguchi H, Gomi F, Kamei M, Ikuno Y, et al. (2008) Complications

in patients after intravitreal injection of bevacizumab. Acta Ophthalmol 86:

372–376.

12. Casten RJ, Rovner BW (2013) Update on depression and age-related macular

degeneration. Curr Opin Ophthalmol 24: 239–243.

13. Goldstein JE, Massof RW, Deremeik JT, Braudway S, Jackson ML, et al. (2012)

Baseline traits of low vision patients served by private outpatient clinical centers

in the United States. Arch Ophthalmol 130: 1028–1037.

14. Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, et al. (2005) Complement

factor H polymorphism in age-related macular degeneration. Science 308: 385–

389.

15. Hageman GS, Anderson DH, Johnson LV, Hancox LS, Taiber AJ, et al. (2005)

A common haplotype in the complement regulatory gene factor H (HF1/CFH)

predisposes individuals to age-related macular degeneration. Proc Natl Acad Sci

U S A 102: 7227–7232.

Topical Application of PPADS Inhibits CNV

PLOS ONE | www.plosone.org 6 October 2013 | Volume 8 | Issue 10 | e76766



16. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, et al. (2005)

Complement factor H variant increases the risk of age-related macular
degeneration. Science 308: 419–421.

17. Davies A, Lachmann PJ (1993) Membrane defence against complement lysis: the

structure and biological properties of CD59. Immunol Res 12: 258–275.
18. Mullins RF, Dewald AD, Streb LM, Wang K, Kuehn MH, et al. (2011) Elevated

membrane attack complex in human choroid with high risk complement factor
H genotypes. Exp Eye Res 93: 565–567.

19. Nishiguchi KM, Yasuma TR, Tomida D, Nakamura M, Ishikawa K, et al.

(2012) C9-R95X polymorphism in patients with neovascular age-related
macular degeneration. Invest Ophthalmol Vis Sci 53: 508–512.

20. Ebrahimi KB, Fijalkowski N, Cano M, Handa JT (2013) Decreased membrane
complement regulators in the retinal pigmented epithelium contributes to age-

related macular degeneration. J Pathol 229: 729–742.
21. Cashman SM, Ramo K, Kumar-Singh R (2011) A non membrane-targeted

human soluble CD59 attenuates choroidal neovascularization in a model of age

related macular degeneration. PLoS One 6: e19078.
22. Skals M, Leipziger J, Praetorius HA (2011) Haemolysis induced by alpha-toxin

from Staphylococcus aureus requires P2X receptor activation. Pflugers Arch
462: 669–679.

23. Larsen CK, Skals M, Wang T, Cheema MU, Leipziger J, et al. (2011) Python

erythrocytes are resistant to alpha-hemolysin from Escherichia coli. J Membr
Biol 244: 131–140.

24. Munksgaard PS, Vorup-Jensen T, Reinholdt J, Soderstrom CM, Poulsen K, et
al. (2012) Leukotoxin from Aggregatibacter actinomycetemcomitans causes

shrinkage and P2X receptor-dependent lysis of human erythrocytes. Cell
Microbiol 14: 1904–1920.

25. Hejl JL, Skals M, Leipziger J, Praetorius HA (2013) P2X receptor stimulation

amplifies complement-induced haemolysis. Pflugers Arch 465: 529–541.
26. Lambrecht G, Friebe T, Grimm U, Windscheif U, Bungardt E, et al. (1992)

PPADS, a novel functionally selective antagonist of P2 purinoceptor-mediated
responses. Eur J Pharmacol 217: 217–219.

27. Coddou C, Yan Z, Obsil T, Huidobro-Toro JP, Stojilkovic SS (2011) Activation

and regulation of purinergic P2X receptor channels. Pharmacol Rev 63: 641–
683.

28. Georgalas I, Papaconstantinou D, Koutsandrea C, Kalantzis G, Karagiannis D,
et al. (2009) Angioid streaks, clinical course, complications, and current

therapeutic management. Ther Clin Risk Manag 5: 81–89.
29. Ament CS, Zacks DN, Lane AM, Krzystolik M, D’Amico DJ, et al. (2006)

Predictors of visual outcome and choroidal neovascular membrane formation

after traumatic choroidal rupture. Arch Ophthalmol 124: 957–966.
30. Montero JA, Ruiz-Moreno JM (2010) Treatment of choroidal neovasculariza-

tion in high myopia. Curr Drug Targets 11: 630–644.
31. Grossniklaus HE, Kang SJ, Berglin L (2010) Animal models of choroidal and

retinal neovascularization. Prog Retin Eye Res 29: 500–519.

32. Halperin JA, Taratuska A, Nicholson-Weller A (1993) Terminal complement
complex C5b-9 stimulates mitogenesis in 3T3 cells. J Clin Invest 91: 1974–1978.

33. Kunchithapautham K, Bandyopadhyay M, Dahrouj M, Thurman JM, Rohrer
B (2012) Sublytic membrane-attack-complex activation and VEGF secretion in

retinal pigment epithelial cells. Adv Exp Med Biol 723: 23–30.

34. Walport MJ (2001) Complement. Second of two parts. N Engl J Med 344: 1140–

1144.
35. Walport MJ (2001) Complement. First of two parts. N Engl J Med 344: 1058–

1066.

36. Ford KM, Saint-Geniez M, Walshe T, Zahr A, D’Amore PA (2011) Expression
and role of VEGF in the adult retinal pigment epithelium. Invest Ophthalmol

Vis Sci 52: 9478–9487.
37. Lazarus A, Keshet E (2011) Vascular endothelial growth factor and vascular

homeostasis. Proc Am Thorac Soc 8: 508–511.

38. Edwards AO, Ritter R, 3rd, Abel KJ, Manning A, Panhuysen C, et al. (2005)
Complement factor H polymorphism and age-related macular degeneration.

Science 308: 421–424.
39. Ambati J, Atkinson JP, Gelfand BD (2013) Immunology of age-related macular

degeneration. Nat Rev Immunol 13: 438–451.
40. Sheu SJ, Bee YS, Ma YL, Liu GS, Lin HC, et al. (2009) Inhibition of choroidal

neovascularization by topical application of angiogenesis inhibitor vasostatin.

Mol Vis 15: 1897–1905.
41. Cloutier F, Lawrence M, Goody R, Lamoureux S, Al-Mahmood S, et al. (2012)

Antiangiogenic activity of aganirsen in nonhuman primate and rodent models of
retinal neovascular disease after topical administration. Invest Ophthalmol Vis

Sci 53: 1195–1203.

42. Kiuchi K, Matsuoka M, Wu JC, Lima e Silva R, Kengatharan M, et al. (2008)
Mecamylamine suppresses Basal and nicotine-stimulated choroidal neovascu-

larization. Invest Ophthalmol Vis Sci 49: 1705–1711.
43. Bee YS, Sheu SJ, Ma YL, Lin HC, Weng WT, et al. (2010) Topical application

of recombinant calreticulin peptide, vasostatin 48, alleviates laser-induced
choroidal neovascularization in rats. Mol Vis 16: 756–767.

44. Yafai Y, Yang XM, Niemeyer M, Nishiwaki A, Lange J, et al. (2011) Anti-

angiogenic effects of the receptor tyrosine kinase inhibitor, pazopanib, on
choroidal neovascularization in rats. Eur J Pharmacol 666: 12–18.

45. Iwase T, Oveson BC, Hashida N, Lima e Silva R, Shen J, et al. (2013) Topical
pazopanib blocks VEGF-induced vascular leakage and neovascularization in the

mouse retina but is ineffective in the rabbit. Invest Ophthalmol Vis Sci 54: 503–

511.
46. Robbie SJ, Lundh von Leithner P, Ju M, Lange CA, King AG, et al. (2013)

Assessing a novel depot delivery strategy for noninvasive administration of
VEGF/PDGF RTK inhibitors for ocular neovascular disease. Invest Ophthal-

mol Vis Sci 54: 1490–1500.
47. Coddou C, Codocedo JF, Li S, Lillo JG, Acuna-Castillo C, et al. (2009) Reactive

oxygen species potentiate the P2X2 receptor activity through intracellular

Cys430. J Neurosci 29: 12284–12291.
48. Jarrett SG, Boulton ME (2012) Consequences of oxidative stress in age-related

macular degeneration. Mol Aspects Med 33: 399–417.
49. Wu T, Dai M, Shi XR, Jiang ZG, Nuttall AL (2011) Functional expression of

P2X4 receptor in capillary endothelial cells of the cochlear spiral ligament and

its role in regulating the capillary diameter. Am J Physiol Heart Circ Physiol 301:
H69–78.

50. Sarman S, Mancini J, van der Ploeg I, Croxatto JO, Kvanta A, et al. (2008)
Involvement of purinergic P2 receptors in experimental retinal neovasculariza-

tion. Curr Eye Res 33: 285–291.

Topical Application of PPADS Inhibits CNV

PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e76766


