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Abstract

Chronic inflammation is a key pathogenic process in age-related macular degeneration (AMD).
Amyloid-beta (AB) is a constituent of AMD drusen and promotes the activation of NLRP3
inflammasome which facilitates the production of cytokines. We investigated the role of
transcription factor NF-xB in the activation of inflammasome in the RPE and the effect of
vinpocetine, a dietary supplement with inhibitory effect on NF-xB. ARPE19/NF-xB-luciferase
reporter cells treated with Ap demonstrated enhanced NF-xB activation that was significantly
suppressed by vinpocetine. Intraperitoneal injection of vinpocetine (15 mg/kg) inhibited NF-xB
nuclear translocation and reduced the expression and activation of NLRP3, caspase-1, IL-1p,
IL-18, and TNF-a in the RPE of adult rats that received intraocular Ap, as measured by retinal
immunohistochemistry and Western blot. Cytokine level in the vitreous was assayed using
multiplex suspension arrays and revealed significantly lower concentration of MIP-3a, IL-6,
IL-1a, IL-1p, IL-18, and TNF-a in vinpocetine treated animals. These results suggest that the NF-
xB pathway is activated by A in the RPE and signals the priming of NLRP3 inflammasome and
the expression of pro-inflammatory cytokines including the inflammasome substrates IL-1f and
IL-18. NF-xB inhibition may be an effective approach to stem the chronic inflammatory milieu
that underlies the development of AMD. Vinpocetine is a potentially useful anti-inflammatory
agent that is well-tolerated in long term use.
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1. Introduction

Age-related macular degeneration (AMD) is a leading cause of visual impairment among the
elderly in developed countries (The Eye Diseases Prevalence Research Group, 2004).
Advanced AMD accounts for the majority of vision loss and manifests as choroidal
neovascularization (wet form) or geographic atrophy (dry form). Chronic, subclinical
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inflammation in the outer retina is thought to promote AMD pathogenesis long before
symptom onset (Anderson et al., 2002; Hageman et al., 2001). Extracellular deposits beneath
the retinal pigment epithelium (RPE), known as drusen, are hallmarks of AMD and contain
protein and lipid components capable of stimulating inflammation (Hageman et al., 2001;
Mullins et al., 2000; Jiang et al., 2012). Amyloid-beta (AB), a peptide found in senile
plaques in the brain in Alzheimer’s disease (AD), is a constituent of drusen and is believed
to contribute to the inflammatory state in the outer retina (Anderson et al., 2004; Johnson et
al., 2002).

AB is a physiologic peptide that exists in two forms: the 1-42 form is associated with AD
plaques while the 1-40 form is more prevalent in the eye and drusen (lIsas et al., 2010;
Prakasam et al., 2010). Ap 1-40 activates inflammatory/immune response pathways but not
acute toxicity in RPE cells, in keeping with the insidious onset of AMD (Kurji et al., 2010).
More recently, the pro-inflammatory effect of Ap 1-40 was verified /7 vivo using an
intravitreal injection model that demonstrated upregulation of NLR family, pyrin domain
containing 3 (NLRP3) inflammasome associated products (interleukin 1 beta (IL-1p),
IL-18), cytokines (IL-6, tumor necrosis factor alpha (TNF-a.)), and increased microglia
activation (Liu et al., 2013). The NLRP3 inflammasome is an intracellular multi-protein
complex that recruits and cleaves caspase-1 when activated; this inflammasome complex
with activated caspase-1 in turn cleaves IL-1f and IL-18 pro-peptides into their mature
forms (Halle et al., 2008; Martinon et al., 2002; Tarallo et al., 2012). A host of diverse
molecules have been identified as activation signals, including pathogen-associated
molecular patterns (PAMPs) such as pore-forming toxins, environmental irritants, danger-
associated molecular patterns (DAMPS) such as ATP, crystals, and proteins such as Ap (Di
Virgilio. 2013; Masters and O’Neill. 2011; Tschopp and Schroder. 2010). A is being
investigated as a potential target for dry AMD (Ding et al., 2011), however, concomitant
suppression of inflammation, specifically the inflammasome, may be a novel approach in
attenuating the stimulus that underlies the early development of AMD and preventing its
progression to vision-threatening late stages.

Vinpocetine is a modified vinca alkaloid extracted from the periwinkle plant, widely used as
dietary supplement in Europe and Asia for cognitive impairment and cerebrovascular
diseases (Szatmari and Whitehouse. 2003; Tamaki and Matsumoto. 1985). Recent evidence
demonstrates that it possesses an anti-inflammatory property via the suppression of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB) activation in a variety of cell
types (Jeon et al., 2010). Compared to traditional steroids and non-steroidal anti-
inflammatory drugs (NSAIDs), vinpocetine has no known significant side effects, thus
making it an attractive alternate anti-inflammatory agent for long term use. The role of NF-
xB in ocular tissue has not been studied in the context of AMD, but it is believed that NF-
kB pathways supply the necessary signals to prime the NLRP3 inflammasome complex for
activation as well as the production of pro-peptides that are substrates for the inflammasome
(Bauernfeind et al., 2009; Segovia et al., 2012). As a potent pro-inflammatory transcription
factor, NF-xB is classically activated in response to cellular insult by TNF-a (Bouwmeester
et al., 2004) via intermediate Kinases and in turn, regulates the expression of cytokines
including TNF-a. (Blackwell and Christman. 1997). TNF-a. is upregulated by the RPE and
retina in the presence of AR (Liu et al., 2013) and is capable of causing damage to
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photoreceptor cells (Nakazawa et al., 2011). Therefore, further investigation into the effect
of NF-xB inhibition on the expression of inflammatory mediators is essential towards a
better understanding of AMD pathogenesis and therapy.

We aimed to characterize the response of NF-xB to AR stimulation in the eye and examine
the effect of vinpocetine on NLRP3 inflammasome activation and pro-inflammatory
cytokine expression. We focused on the RPE cells in particular because they are the key
homeostatic regulator in the outer retina and their dysfunction is hypothesized to be one of
the first steps in the development of AMD. Targeting the NF-xB pathways may suppress
early events associated with inflammasome activation, and provide an avenue for future
treatment strategies for chronic inflammatory retinal diseases such as AMD.

2. Methods

2.1. Peptide and vinpocetine preparation

AP 1-40 oligomeric peptide (American Peptide, Sunnyvale CA) was prepared according to
previously described methods (Kurji et al., 2010) and stored in 1.4 ug/uL aliquots.
Vinpocetine (67358-1G) was purchased from AK Scientific Inc (Union City CA).
Vinpocetine was dissolved in dimethyl sulfoxide (DMSO) as vehicle at a stock concentration
of 5 mg/ml and diluted to the desired concentration based on published figures for /n vitro
(Pereira et al., 2000) and /n vivo activity (Jeon et al., 2010).

2.2. Establishment of ARPE19/NF-xB-luciferase reporter cell line

To measure NF-xB activation, an NF-xB specific reporter expression plasmid was
constructed: the NF-xB specific promoter was composed of six tandem NF-xB consensus
binding sites and a minimal CMV promoter fragment. Following the NF-xB specific
promoter is a luciferase reporter gene. The entire NF-xB reporter unit was cloned into an
eukaryotic expression vector pcDNA3.1(+). ARPE19 cells (ATCC® CRL-2302™) at passage
4 were seeded in a 6-well plate and cultured for 24 h. At the time of transfection, cell
confluence was approximately 80%. The ARPE19 cells were transfected by 2 ug of NF-xB-
luciferase expression plasmid using 4 uL of FuGene HD (Roche Applied Science,
Indianapolis IN). The transfected cells were subcultured in diluted cell concentration and
selected by G418 (1 mg/mL) in culture medium for four weeks. The monoclonal stable
reporter cells resistant to G418 selection were expanded and tested for the response to
rhTNF-a stimulation. The monoclonal stable cells with the best response to rhTNF-a
stimulation were used for subsequent experiment.

2.3. In vitro evaluation of NF-xB activation and the effect of vinpocetine

To verify the inhibitory effect of vinpocetine on NF-xB in ocular cell type, we compared
vinpocetine to BAY11-7082, a classic inhibitor of NF-xB (Lee et al., 2012). ARPE19/NF-
kB reporter cells were seeded in a 24-well plate and cultured overnight. The reporter cells
were washed twice with PBS and pretreated with vinpocetine (50 uM) or Bay11-7082 (10
uUM) in DME/F12 medium without serum at 37 °C in 5% CO, for 1 h, followed by addition
of the known NF-xB stimulus TNF-a (2.5 ng/mL) into the medium above and cultured for 8
h.
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To assess the effect of vinpocetine on RPE’s response to AR, three treatments were prepared:
AB 1-40 (1 uM) containing 2.5% DMSO, vinpocetine (50 uM) containing 2.5% DMSO, and
1 uM ApB 1-40 combined with 50 UM vinpocetine containing 2.5% DMSO. 2.5% DMSO
served as vehicle control. All treatments were prepared in DME/F12 medium without serum.
Reporter cells were incubated with each treatment at 37 °C in 5% CO», for 8 h. The
transcriptional level of the luciferase gene that is downstream of the NF-xB responsive
element is a sensitive surrogate indicator of NF-xB activation state (Lemon and Tjian. 2000;
Napetschnig and Wu. 2013), therefore NF-xB activation was quantified by luciferase mMRNA
level via g-PCR. Total RNA was isolated from tissue using RNAqueous-4PCR kit (Ambion,
Austin TX) and reverse transcribed into cDNA using the High Capacity RNA-to-cDNA
Master Mix (Invitrogen, Carlsbad CA). 130 ng total RNA from each treatment group was
used with the following luciferase primers: forward: TCACAGAATCGTCGTATGC;
reverse: CGTGATGGAATGGAACAAC. g-PCR was carried out on the 7500Fast SDS
(Applied Biosystems, Carlsbad CA) with the following cycling conditions: 95 °C for 30 s,
50 °C for 30°s, 72 °C for 45 s, 40 cycles. Melting curve analysis was automatically
performed immediately after amplification. Each treatment group was compared to vehicle
control and the results expressed in mRNA fold change normalized to housekeeping gene
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) using the 2722CT method.

2.4. Animal treatment studies

Animal procedures were carried out according to the protocol reviewed and approved by the
University of British Columbia Animal Care Committee and conformed to the Canadian
Council on Animal Care guidelines. All animal studies were performed in accordance with
the Resolution on the Use of Animals in Research of the Association of Research in Vision
and Ophthalmology. Five and half month-old female Long-Evans rats (Charles River
Laboratory, Wilmington MA) weighing an average of 450 g were used. Animals were raised
on standard rodent diet and housed with environmental enrichment in 12 h-light/dark cycle.
Anesthesia was induced with 5% halothane in 70/30 mixture of N,O and oxygen, and
maintained with 1.5% halothane throughout surgical procedures. On Day 0, a single
intraocular injection of Ap 1-40 (7 ug) was performed on all animals according to described
procedures (Liu et al., 2013). Treatment group received vinpocetine (7= 13) at a dosage of
15 mg/kg body weight, and control group received converted volume of DMSO (7= 13), as
intraperitoneal (IP) injection 1 h prior to the intraocular injections, and then repeated daily
for three subsequent days. Animals were sacrificed on Day 4 and eyes were immediately
enucleated and frozen (for Western blot and vitreous analysis) or fixed in 4%
paraformaldehyde in Dulbecco’s phosphate buffered saline (Invitrogen, Carlsbad CA) for
48-72 h prior to tissue processing for immunohistochemistry.

2.5. Immunohistochemistry

Fixed eye tissues were embedded in paraffin, oriented in the sagittal plane and cut at 4 um
thickness through the axis defined by the pupil and the optic nerve per established protocol
(Ning et al., 2008). Antibodies against NF-xB p65 subunit, IL-1p, IL-18, TNF-a, NLRP3,
and caspase-1 were used to stain the paraffin sections. Antibody dilution and specifications
are listed in Table 1. Sections were deparaffinized and rehydrated by standard procedures.
All sections underwent antigen retrieval in proteinase K solution (20 ug/ml, pH 8.0; Sigma
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Aldrich, St. Louis MO) for 10 min at room temperature except for NF-xB. NF-xB sections
underwent antigen retrieval in 10 mM sodium citrate buffer and microwave heating for 20
min at high power (800 W). Sections were then washed 3 times in phosphate buffered saline
(PBS, pH 7.4), treated with 0.3% H,0, for 15 min, and blocked for 20 min with 3% normal
serum diluted in 0.3% Triton-X (TX)-100-PBS solution to minimize nonspecific staining.
Tissue sections were then incubated in specific primary antibodies diluted in serum and PBS
with 0.3% TX-100 for 1 h at room temperature and then overnight at 4 °C. Negative controls
were obtained by treating the sections with an irrelevant 1gG isotype at the same
concentration in place of the primary antibody incubation. After incubation in the primary
antibodies, sections were thoroughly washed and incubated in secondary antibodies for 30
min at room temperature and rinsed 3 times in PBS, followed by incubation in avidin biotin
peroxidase complex (ABC Standard Elite kit; Vector Laboratories, Burlingame CA)
according to the manufacturer’s protocol. Next, sections were developed in Vector VIP
peroxidase substrate (Vector Laboratories, Burlingame CA) or 3 amino-9-ethylcarbazole
peroxidase substrate (AEC; Vector Laboratories, Burlingame CA) chromogenic reactions for
2-5 min. Sections developed in VIP (purple labeling) were counterstained with Methyl
Green (Vector Laboratories, Burlingame CA) for 1 min at room temperature then rinsed,
dehydrated and coverslipped with Permount (Thermo Fisher Scientific, Waltham MA) for
light microscopy. Sections developed in AEC (red labeling) were counterstained with
Mayer’s Hematoxylin (Sigma Aldrich, St. Louis MQ) for 1 min at room temperature and
then rinsed and coverslipped with aqueous mounting medium VectaMount (Vector
Laboratories, Burlingame CA).

Sections from each animal in the two groups (AP + vehicle and Ap + vinpocetine, n=5 per
group) were processed at the same time to allow direct comparisons of chromogenic
intensity. Four sections were examined per animal for each antibody in a masked fashion.
Within each section, an intact, 1500 um linear strip of retina centered on the optic nerve was
evaluated with a 40x objective lens (Eclipse 80i; Nikon, Tokyo, Japan). As NF-xB
translocates to the nucleus when the NF-xB pathway is activated, we counted
immunoreactive NF-xB nuclei in the RPE layer. Both positively labeled nuclei and non-
labeled nuclei were counted in each 1500 um field, and a mean percentage of labeled nuclei
(compared to total nuclei) was obtained.

Semi-quantitative analysis for caspase-1, NLRP3, IL-18, IL-1p and TNF-a was carried out
in a masked manner. Within each 1500 um field, the RPE, Bruch’s membrane (BM), and
choroid (CH) were analyzed. Immunostaining intensity was scored from 0 to 3. A score of 0
indicates no detectable staining above background as determined by comparison with the
negative control sections. The most intense immunoreactivity was classified as a score of 3.
For intermediate intensity levels, a score of 1 was given to samples with the weakest
immunolabeling, while a score of 2 represented intermediate immunolabeling. Examples of
semi-quantitative scoring are shown on Figs. 2 and 3. The mean semi-quantitative score of
AP + vinpocetine was normalized to that obtained from Ap + vehicle, which was set at
100% (Figs. 2 and 3).
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2.6. Western blot

Western blot was employed to further distinguish the proportion of active and inactive
caspase-1 in the treatment groups. Vehicle and vinpocetine treated rat retina/RPE/choroid
tissues were isolated microsurgically and immersed in 200 pL of ice-cold RIPA buffer
(Thermo Scientific, Rockford IL) containing protease inhibitor cocktail (Roche Diagnostics,
Indianapolis IN). The tissues were completely homogenized using rotor-stator homogenizer
and supernatant was obtained by centrifugation at 14,800 g for 10 min at 4 °C. Total protein
concentration was quantitated using BCA Protein Assay kit (Thermo Scientific, Rockford
IL). Protein samples were treated in reducing conditions (2xSDS loading buffer with 2% B-
mercaptoethanol) and boiled at 100 °C for 5 min. The treated samples were directly
subjected to 5-12.5% SDS-PAGE. 50 pg of total protein was loaded in each lane. /=5 for
SDS-PAGE from each group. The gel was transferred to a PVDF membrane and the
membrane was blocked in blocking buffer (PBS containing 5% skim milk and 0.2%
Tween-20) at room temperature for 1 h. The membrane was then incubated in blocking
buffer containing 1:1000 diluted primary mouse antibody against caspase-1 (R&D Systems,
Minneapolis MN) at 4 °C for overnight. Finally, the membrane was incubated in blocking
buffer containing 1:1000 diluted secondary anti-mouse antibody conjugated with HRP
(R&D systems, Minneapolis MN) at room temperature for 2 h. Standard enhanced
chemiluminescence (ECL) method (Thermo Scientific, Rockford IL) was used to detect the
intensity of full length (45 kD) and cleaved (20 kD) caspase-1 protein bands from vehicle
and vinpocetine treated samples. For the purpose of GAPDH detection as loading control,
the same membrane from the caspase-1 study was stripped in stripping buffer (TrisHCL
(pH: 6.8): 1 mM, SDS: 1%, p-mercaptoethanol: 1%) at room temperature for overnight. The
above blotting method was repeated with 1:10,000 diluted primary mouse antibody against
GAPDH (EMD Millipore, Billerica MA). The intensity of cleaved caspase-1 (20 kD) and
GAPDH (36 kD) protein bands was measured using software ImageJ (NIH, Bethesda MD).
The final relative intensity of cleaved caspase-1 (P20) was normalized with respect to the
corresponding GAPDH intensity.

2.7. Suspension array assay

An ELISA-based cytokine assay was carried out by the Bio-Plex 200 System (Bio-Rad
Laboratories, Hercules CA). As part of the /n vivo experiment, rat vitreous was collected
during dissection and aliquoted (7= 8). Samples, standards and blanks were prepared
according to manufacturer’s instructions. Signals were generated using biotinylated
detection antibody and streptavidinphycoerythrin (SAPE). Raw median fluorescent intensity
(MFI) data was captured and analyzed using Bio-Plex Manager software 4.1 (Bio-Rad
Laboratories, Hercules CA), under a standard high photomultiplier tube setting. Vitreous
cytokine concentrations were determined in pg/mL. Normalized fold change was calculated
as a ratio of cytokine concentrations in the A + vinpocetine group over Ap + vehicle group.
The negative reciprocal of this result is plotted, ie. fold change less than -1 indicates higher
cytokine concentration in the vehicle group than vinpocetine group.
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2.8. Statistical analysis

3. Results

For the /in vitro NF-xB activation study, comparisons were made between vehicle control
and the vinpocetine treatment groups, respectively. In addition, the A only group was
compared to AP + vinpocetine group. Similarly, the TNF-a only group was compared to
TNF-a + BAY and TNF-a + vinpocetine groups. Statistical analysis of results of q-PCR
studies was performed using one-tailed Student’s #test (GraphPad Software, Inc., La Jolla
CA) and significance level at p< 0.05.

Statistical analysis for semi-quantitative data from IL-1p, IL-18, TNF-a, NLRP3, and
caspase-1 immunohistochemistry in the /n vivo studies was undertaken using the non-
parametric Mann-Whitney U'test, with significance set at p < 0.05 (GraphPad Software,
Inc., La Jolla CA). The statistical analysis for NF-xB p65 subunit was performed on the cell
counts of positively labeled relative to unlabeled nuclei in the RPE layer. The Mann—
Whitney U'test was used to determine the significance which was set at p < 0.05.

Western blot data of full length and cleaved forms of caspase-1 were analyzed by first
normalizing the 20 kD band luminescence to that of GAPDH band, and then comparisons
between AB + vehicle and Ap + vinpocetine groups were undertaken. Mann—Whitney test
was used to determine statistical significance which was set at p < 0.05.

Suspension array data was obtained via the Bio-Plex Manager software 4.1 (Bio-Rad
Laboratories). The cytokine concentration in the AP + vinpocetine group was compared to
that of AP + vehicle group and a Mann-Whitney test was used to determine statistical
significance, with p < 0.05 considered significant.

3.1. NF-xB activation is induced by Ap and suppressed by vinpocetine in vitro

The mechanism of NF-xB inhibition by vinpocetine has been examined in blood and
epithelial cell types (Jeon et al., 2010) but not in an ocular cell. To investigate NF-xB
activation, we transfected ARPE19 with an NF-xB-luciferase plasmid, selected and
established a reporter cell line. When challenged by TNF-a,, a known stimulator of NF-xB,
ARPE19/NF-xB reporter cells demonstrated a robust NF-xB response (Fig. 1A), consistent
with the nature of RPE as an active cell with pro-inflammatory capabilities. Vinpocetine
markedly suppressed this response, as did BAY11-7082, a classic NF-xB inhibitor (Fig. 1A),
suggesting that ARPE19 is susceptible to vinpocetine, and vinpocetine is as effective as
BAY11-7082.

Given that NF-xB is readily activated in ARPE19 cells, we next investigated whether NF-xB
is involved in AB-mediated inflammatory pathway. ARPE19/NF-xB reporter cells treated
with 1 pM AR showed a 1.92 + 0.25 fold increase (mean + SD, p< 0.01) in NF-xB
activation (Fig. 1A) compared to DMSO control group. In contrast, the group treated with
both Ap and vinpocetine showed significantly reduced NF-xB activation relative to the Ap-
alone group (0.91 + 0.21 fold, p< 0.05), to a level comparable to that of the control group.
Treatment of RPE cells with 50 pM vinpocetine without Ap decreased the level of NF-xB
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activation below control (0.49 + 0.05 fold, p< 0.01) (Fig. 1A). This likely reflects inhibition
of constitutive NF-xB activation that is present in ARPE19/NF-xB reporter cells.

3.2. NF-xB activation is induced by Ap and suppressed by vinpocetine in vivo

Next, we followed up the cell culture study by assessing the activation of NF-xB in vivo
using rats that received intraocular A and IP injection of either vinpocetine or vehicle.
Intraocular injection has been shown to effectively deliver Ap peptide to the outer retina and
RPE in earlier studies without the confounding effect of mechanical disturbances to the RPE
layer due to subretinal delivery (Liu et al., 2013). Parenteral route for vinpocetine
administration was chosen due to its good blood-brain (and hence blood-ocular) penetration,
and poor oral bioavailability (Polgar et al., 1985). Using a primary antibody against the
phosphorylated p65 subunit of NF-xB, we probed the RPE layer in retinal cross section. NF-
kB is sequestered in the cytoplasm in the inactive state and translocates into the nucleus
when activated by phosphorylation. The nuclear presence of the p65 subunit therefore is an
indicator of NF-xB activation. The control group receiving intravitreal Ap and a vehicle IP
injection (AP + vehicle) demonstrated intense NF-xB labeling within the RPE nucleus
(arrows, Fig. 1B, left bottom). In contrast, the treatment group that received intravitreal A
and a vinpocetine IP injection (Ap + vinpo) showed a predominance of nuclei without
intranuclear NF-xB immunolabeling (Fig. 1B, left top). The absence of nuclear translocation
indicates a lack of NF-xB activation in the RPE in the vinpocetine treated animals.
Quantitative analysis revealed that vinpocetine treatment reduced the number of NF-xB
positive RPE nuclei by 50% (Fig. 1B, right). Similar effects of vinpocetine treatment have
been noted in microglia (Zhao et al., 2011), vascular smooth muscle cells, umbilical vein
endothelial cells and lung epithelial cells (Jeon et al., 2010).

3.3. Vinpocetine reduced the expression of NLRP3-related genes and pro-inflammatory
cytokines in vivo

The NLRP3 inflammasome is a critical cellular apparatus for the detection of noxious
stimuli, including AB, and the subsequent production of mature pro-inflammatory cytokines
to defend against cellular insults (Halle et al., 2008; Masters and O’Neill, 2011). NF-xB has
been proposed as a prerequisite priming mechanism for inflammasome activation
(Bauernfeind et al., 2009; Segovia et al., 2012). Based on the premise that NLRP3
inflammasome activation relies on NF-xB, we evaluated whether vinpocetine can inhibit
inflammasome and its ability to produce cytokines.

We first assessed for the expression of cytosolic protein caspase-1 in retinal tissues.
Caspase-1 is synthesized as a pro-peptide and must be cleaved in the inflammasome
complex to become the active species. Analysis of retinal sections in the AB+vinpo group
revealed that vinpocetine reduced total caspase-1 immunoreactivity (both cleaved and full
length caspase-1) by more than 50% in the RPE (Fig. 2A). We next examined NLRP3
protein within RPE cytoplasm. Following vinpocetine treatment, there was a dramatic
decrease of 80% in NLRP3 immunolabeling intensity compared to vehicle treatment (Fig.
2B, left). Inspection of the RPE layer revealed relatively weak immunoreactivity in the Ap +
vinpo group compared to the conspicuous cytoplasmic labeling of NLRP3 in the AB +
vehicle group (Fig. 2B, right).
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IL-18 and IL-1p are end products of NLRP3 inflammasome activation and are secreted by
the RPE. Bruch’s membrane and the choroid were included in the analysis of secreted
cytokines given their close proximity to the RPE and role in progressive AMD changes.
IL-18 immunoreactivity in the Ap + vinpo group was greatly reduced in the RPE, choroid,
and Bruch’s membrane (Fig. 2C, left). Immunohistological sections of the Ap + vehicle
group showed prominent IL-18 labeling intracellularly in the RPE and in the choroidal cells
and in BM (Fig. 2C). The immunolabeling pattern of IL-1f closely mirrored that of IL-18;
vinpocetine treatment significantly decreased immunohistochemical levels of IL-1p in the
RPE and choroid (Fig. 2D). Lower level of these cytokines within the cellular cytoplasm and
in the extracellular matrix suggests suppression of both the pro-peptides and the secreted
mature protein products in animals treated with vinpocetine.

3.4. Vinpocetine decreased TNF-a expression

The NLRP3 inflammasome is one of many pro-inflammatory pathways regulated by NF-xB.
In vivo stimulation of RPE with Ap also provoked increased expression of TNF-a, a
powerful cytokine associated with NF-xB signaling (Blackwell and Christman. 1997) but
not dependent on inflammasome processes. TNF-a has important ocular effects, thus we
assessed the effect of vinpocetine on Ap-induced TNF-a expression. Immunohistochemistry
results demonstrated that vinpocetine significantly inhibited the production of TNF-a to less
than 50% of the vehicle control level in the RPE, choroid and BM (Fig. 3A).
Immunohistochemistry demonstrated intense TNF-a labeling in the RPE cytoplasm, the
cytoplasm of choroidal cells and in the extracellular matrix including BM (Fig. 3C).
Sections from the vinpocetine treatment group demonstrated significantly less TNF-a
immunoreactivity in the outer retinal layers (Fig. 3B). This observation supports the
inhibitory effect of vinpocetine on non-inflammasome associated NF-xB pathways, in
keeping with its putative mechanism of action.

3.5. Western blot verifies suppression of caspase-1 activation

Quantitative analysis of NF-xB translocation to the RPE nucleus and the semi-quantitative
analysis of cytokines in immunohistochemical studies point to a strong inhibitory effect of
vinpocetine on NF-xB and its downstream pathways in the outer retina. However, because
retinal immunohistochemistry could not distinguish between the pro- and cleaved forms of
caspase-1, it was not clear if inflammasome activation was suppressed by vinpocetine
treatment. To further study this, Western blot was performed on cell lysates from retinal
tissues obtained from AP + vinpo and AR + vehicle treated rats. Cleaved caspase-1 bands
(20 kD) were significantly reduced in the vinpocetine treatment group, indicating
suppression of inflammasome activation (Fig. 4A). Normalizing the 20 kD band
luminescence to the housekeeping gene GADPH eliminates potential difference in amount
of total protein loaded. The cleaved caspase-1 protein is dramatically diminished by 86%
compared to the vehicle treated group (p < 0.05, Fig. 4B).

3.6. Vinpocetine led to decreased intravitreal cytokine concentration

The over-expression of pro-inflammatory cytokines generated by Ap is not only present
locally in the outer retina but also evident in the vitreous (Liu et al., 2013). Here we
measured the effect of vinpocetine on secreted cytokines in the vitreous. The levels of
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cytokine in the vitreous from animals that received Ap and vinpocetine was compared with
those that received Ap and vehicle and the results normalized as fold change (Fig. 5). IL-1B
(-3.00 + 0.15 fold) and 11-18 (-2.54 £ 0.35 fold), mature secreted products associated with
NLRP3 inflammasome activation, were all statistically significantly lowered in vitreous
from the AB + vinpo group, consistent with immunohistochemical results demonstrating a
lowering of these cytokines by vinpocetine treatment. Four other cytokines and chemokines
demonstrated statistically significant and greater than 2.0 fold reduction by vinpocetine:
MIP-3a (-5.39 £ 0.23 fold), IL-6 (-4.74 £ 0.58 fold), IL-1a (—4.19 + 0.41 fold), and TNF-
a (-2.12 £ 0.19 fold). These cytokines represent NF-xB activation products and
chemokines that are produced by RPE, and immune cells such as lymphocytes and
microglia, and function in different arms of the immune response pathway (Chang and
Dong. 2011; Chen et al., 2011b; Dinarello. 2009).

4. Discussion

New evidence is emerging to support the role of specific inflammatory mechanisms in
response to drusen components and how these pathways may contribute to the development
of AMD. Although the majority of disease burden from vision loss derives from the
advanced forms of AMD, it is known that drusen accumulation starts decades earlier and
may promote a chronic state of parainflammation in the outer retina (Hageman et al., 2001;
Lin et al., 2013; Xu et al., 2009). Therefore, effective early AMD intervention requires the
understanding of these inflammatory events and the identification of valid cellular targets.
The present study focuses on a novel therapeutic agent, vinpocetine, in an animal model of
the subclinical stages of AMD, and expands on our earlier findings by further exploring the
pro-inflammatory effect of a drusen component, Ap, on the RPE. In this model, a single
intravitreal injection of a drusen component, A, results in a pro-inflammatory milieu and
inflammasome activation in the outer retina that emulates features that are hypothesized to
exist in early AMD, without inducing features of late AMD such as cell death (geographic
atrophy) or angiogenesis (choroidal neovascularization) (Liu et al., 2013). By using an
intravitreal, rather than a subretinal delivery, unnecessary complications due to mechanical
disruption of the RPE layer are avoided in this model.

NF-xB is an important transcription factor that facilitates a wide range of cellular processes
pertaining to inflammation, immune response, cell survival and proliferation. Given that
inflammation is considered a driving force behind the development of AMD, it is logical to
consider NF-xB as a potential key mediator of pathogenesis. Indeed, our results support that
AB, a physiologic peptide in drusen, stimulates NF-xB activation in the RPE (Fig. 1). NF-
xB is constitutively expressed by the RPE and is activated by diverse signals such as
monocytes co-culture (Bian et al., 2003), TNF-a,, IL-17A (Chen et al., 2011a), and Alu-
RNA (Kerur et al., 2013). Vinpocetine was highly effective at suppressing Ap-induced NF-
xB activation in the RPE both Jn vitroand in vivo. Vinpocetine (trade name Cavinton®) is a
dietary supplement widely used in Europe and Asia for prevention against stroke and
memory loss (Medina. 2010) due to its vasoactive and neuroprotective properties (Nivison-
Smith et al., 2014). More recently it was shown to inhibit NF-xB-associated inflammatory
pathway by inactivating IKK (Jeon et al., 2010). IKK normally phosphorylates the inhibitory
IxB molecule, which then releases NF-xB to enter the nucleus. Thus, by inactivating IKK,
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vinpocetine in effect would keep NF-xB sequestered in the cytoplasm. Our results
demonstrated that vinpocetine inhibited NF-xB activation and nuclear translocation /n vitro
and /n vivo, in keeping with the aforementioned mechanism (Fig. 1). These results suggest
that NF-xB plays an active role in the pro-inflammatory state induced by drusen components
in the outer retina and is suppressed by vinpocetine.

NLRP3 inflammasome is implicated in a growing list of conditions including sepsis, gout,
diabetes mellitus and atherosclerosis (Strowig et al., 2012). Numerous studies have
established a role for NLRP3 inflammasome in promoting inflammation and RPE damage in
response to factors associated with macular degeneration such as lysosomal destabilization
(Tseng et al., 2013), oxidative stress (Kauppinen et al., 2012), and Alu RNA (Tarallo et al.,
2012). The present study highlights drusen component A as an important stimulus for
inflammasome activation in the RPE, in keeping with similar observation of Ap’s effect in
microglia (Halle et al., 2008).

Although vinpocetine is not known to directly interfere with NLRP3 inflammasome
assembly or activation, it effectually suppressed inflammasome activation and the
production of cytokines in our study (Fig. 2), presumably in a NF-xB-dependent manner.
The NLRP3 inflammasome is tightly regulated and its activation requires two signals
(Masters and O’Neill, 2011). NF-xB is an essential priming signal that promotes the
expression of inflammasome components as well as that of the substrates IL-1p and IL-18
(Bauernfeind et al., 2009). AB oligomers and other misfolded proteins can serve as the
second, activating signal that triggers inflammasome assembly (Masters and O’Neill, 2011).
By preventing NF-xB activation, vinpocetine inhibits the expression of downstream
pathways. Our data demonstrated a decrease in the synthesis of NLRP3 protein, which
logically should lead to less inflalmmasome complex assembly and the recruitment of
caspase-1. Without being incorporated into the NLRP3 complex, pro-caspase-1 cannot be
cleaved and remains in its full-length form (Fig. 4). Consequently, NLRP3 inflammasome
overall is inactive and there is less IL-1p and IL-18 being secreted locally (Fig. 2C, D).

In addition to blocking inflammasome activation, vinpocetine has a suppressive effect on a
multitude of cytokines due to the central position of NF-xB in the immune-response
cascade. We determined that vinpocetine decreases the intracellular labeling (Fig. 2) of
IL-18 and IL-1pB in the RPE and secreted in the vitreous (Fig. 5), indicating a reduction in
the pro-peptides and further disabling of the NLRP3 inflammasome pathway. NF-xB
inhibition also impaired the secretion of non-inflammasome related cytokines in the
vitreous, including TNF-a (Fig. 3), IL-6 IL-1a., and MIP-3a. (Fig. 5). TNF-a propagates
NF-xB activation and its presence in the outer retina has been shown to facilitate
photoreceptor death (Nakazawa et al., 2011). IL-6 is a powerful cytokine that mediates
inflammatory response in a variety of disease states and is implicated in the progression of
AMD (Seddon et al., 2005). IL-1a is a homolog of IL-1p but is cleaved by the protease
calpain instead of caspase-1 (Kavita and Mizel. 1995), although more recent evidence
suggests there is a partial association between IL-1a and NLRP3 inflammasome (YYazdi et
al., 2010). MIP-3a exerts chemotaxic effect on lymphocytes and was highly elevated in the
vitreous post-intravitreal A injections in rats (Liu et al., 2013). Taken together, these
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affected cytokines may act on different aspects of the inflammatory pathway in all cells of
the retina.

Among the limitations of the present study, the time course of this study did not allow us to
delineate the effect of a chronic inflammatory cytokine exposure on RPE physiology or any
potential benefit of vinpocetine long term (ie. greater than 4 days). As such, further studies
with an expanded time frame are needed to assess the utility of vinpocetine in early AMD.
While this study demonstrated that vinpocetine inhibited Ap-induced NF-xB activation,
additional questions remain. The pathway by which AB activate NF-xB remains under
investigation; recent evidence suggests that receptor for advanced glycation endproduct
(RAGE) and Toll-like receptor 4 (TLR4) are involved in AP recognition and subsequent NF-
xB signaling (Kim et al., 2013; Meneghini et al., 2013). NF-xB is a non-specific
transcription factor that is not only involved in chronic inflammation related to degenerative
changes but also important in acute inflammatory response to cellular insults such as
infection or injury, as well as in wound healing. Complete inhibition of this crucial
transcription factor may affect other cellular processes with unforeseen consequences.
However, given vinpocetine is presently used as a dietary supplement in Europe and Asia
(Medina, 2010), a clinical evaluation of these populations may provide the answer to the
long term sequelae of an NF-xB inhibitor.

5. Conclusion

In our earlier study, we found that the transcription factor NF-xB is implicated in RPE’s
response to AR by providing the priming signal for NLRP3 inflammasome activation and the
synthesis of pro-inflammatory cytokines. Systemic vinpocetine, a well-tolerated anti-
inflammatory agent, inhibited NF-kB activation in the RPE as well as NF-xB-dependent
processes including inflammasome activation and cytokine production. NF-xB is a key
upstream regulator of the inflammatory pathways that is not only activated by A but is
likely involved in the RPE’s response to other pathological, age-related stimuli and drusen
components such as carboxyethylpyrrole (CEP) and advanced glycation endproduct (AGE)
(Lin et al., 2013). NF-xB inhibition may be a useful approach to control the chronic
inflammation that is believed to drive the degenerative processes in early AMD, but more
studies are needed to ascertain other cellular changes that may be affected by long-term
inhibition of this important transcription factor.
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Fig. 1.
NF-xB activation is stimulated by Ap and inhibited by vinpocetine in the RPE. (A)

ARPE19/NF-xB-luciferase reporter cells were first challenged with TNF-a to determine
NF-xB activation in this cell type, and if this response is susceptible to inhibition. Data are
presented as mRNA fold change normalized to control conditions. TNF-a (2.5 ng/mL)
stimulation resulted in a 7-fold increase in NF-xB activation in ARPE19 reporter cells. An
established NF-xB inhibitor, BAY11-7082 (10 uM), suppressed NF-xB activation by more
than 3 fold. Vinpocetine (50 uM) also inhibited TNF-a-induced NF-xB activation by more
than 3 fold. Stimulation with AB (1 uM) resulted in a nearly-2 fold increase in NF-xB
activation and co-treatment with vinpocetine (50 pM) diminished this NF-xB activation.
Treatment with vinpocetine alone reduced NF-xB activation level to less than that of control.
Data are represented as the mean and error bars denote standard deviation (SD). Statistical
analysis was performed using a one-tailed Student’s #test, *p < 0.05, **p < 0.01. (B) Adult
rats received an intravitreal injection of 5 pL of 1.4 pg/uL Ap 1-40 (oligomeric form) and an
intraperitoneal injection of either vinpocetine (15 mg/kg) or vehicle (2.5% DMSO).
Immunohistochemistry was used to highlight NF-xB labeling intensity and nuclear
translocation of NF-xB in the RPE. The AR + vehicle group demonstrated intense red AEC
labeling of NF-xB concentrated in the RPE nucleus (arrows), while AB + vinpo group
displays minimal NF-xB immunoreactivity. Tissue sections were counterstained with
hematoxylin resulting in blue nuclei, and the combination of blue counterstain with red AEC
chromogen results in purple nuclei signifying activated NF-xB in the A + vehicle retina.
Note that Ap + vinpo retina illustrated blue (not purple) nuclei, identifying lack of nuclear
translocation of NF-xB. Scale bar: 10 pm. Total number of RPE nuclei and NF-xB
immunopositive nuclei were counted in 4 retinal cross sections per animal (7= 5 per group).
Histogram represents the mean and error bars denote standard error of mean (SEM).
Statistical analysis was performed using Mann-Whitney U'test, *p < 0.05, **p < 0.01. (For
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interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2.

Vinpocetine reduced the expression of NLRP3-related components and pro-inflammatory
cytokine products /n vivo. (A) Immunoreactivity of total caspase-1 (pro-peptide and cleaved
forms) is reduced by vinpocetine in the RPE of Ap-treated animals (AP + vinpo), compared
to the vehicle group (Ap + vehicle). The semi-quantitative immunoreactivity score in A +
vinpo rats was normalized to that obtained from the A + vehicle group which was set at
100% in all graphs. (B) Vinpocetine suppressed the amount of NLRP3 protein in the RPE of
Ap-treated animals compared to the vehicle group. Representative pictures from A + vinpo
rats and AP + vehicle rats are shown (right). Positive immunoreactivity of RPE (arrows) is
purple due to VIP chromogen. Nuclei appear green due to counterstaining with Methyl
Green. Representative semi-quantitative scoring is shown in the lower right corner of the
micrograph (white) and indicate immunoreactivity intensity, from 1 (weakest) to 3 (most
intense). (C) Vinpocetine caused a 60-80% decrease in 1L-18 level in the outer retina (RPE,
Bruch’s membrane (BM) and choroid (CH)) compared to the vehicle group. Representative
micrographs reveal prominent IL-18 immunoreactivity within the RPE (purple, arrows) in
AP + vehicle animals. In contrast, the cross section from AP + vinpo animals exhibited
minimal IL-18 immunoreactivity. (D) The immunoreactivity of IL-1p in the RPE and
choroid is suppressed by vinpocetine in Ap-injected eyes. Scale bar: 10 pm.
Immunoreactivity was scored in 4 retinal cross sections per animal (7= 5 per group).
Histogram represents mean and SEM. Statistical analysis was performed using a Mann-—
Whitney Utest, *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3.

Vinpocetine decreased non-inflammasome-related cytokine TNF-a. expression. (A)
Vinpocetine significantly reduced the immunoreactivity of TNF-a in the RPE, choroid (CH)
and Bruch’s membrane (BM) by approximately 60%. (B, C) Representative micrographs
from AP + vinpo rats and AP + vehicle rats are displayed. The positive immunoreactivity is
shown in purple due to the VIP chromogen. The nuclei appear green due to the
counterstaining with Methyl Green. Representative semi-quantitative scoring is shown in the
lower right corner of the micrographs (white) and indicates immunoreactivity intensity, with
“0” indicating background levels (observed in control cross sections in which the primary
antibody was replace with a non-specific 19gG), and “3” indicating the highest
immunoreactivity intensity level. Intense TNF-a labeling was seen in the RPE cytoplasm,
the cytoplasm of choroidal cells and in the extracellular matrix including BM from Ap +
vehicle animals (C), while the immunoreactivity in A + vinpo eye demonstrated
significantly less TNF-a immunoreactivity in the outer retinal layers (B). Scale bar: 10 um.
Immunoreactivity was scored in 4 retinal cross sections per animal (7= 5 per group).
Histogram represents the mean and SEM. Statistical analysis was performed using a Mann—
Whitney Utest, *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4.
Western blot of caspase-1 shows a significant reduction in the cleaved portion of the peptide

in the vinpocetine-treated group (n7=5 per group). (A) Protein lysate (including neuroretina,
RPE and choroid) from Ap + vehicle group shows intense bands at 45 kD and 20 kD,
corresponding to the uncleaved (pro-peptide) and cleaved (active) forms of caspase-1,
respectively. Vinpocetine markedly reduced the 20 kD band intensity consistent with a
decrease in caspsase-1 activation. GAPDH (36 kD) was used to visualize protein loading
levels. (B) Standard ECL method was used to quantify the 20 kD band luminescence
normalized to that of GAPDH. The cleaved (active) caspase-1 peptide is reduced by greater
than 80% in the A + vinpo group compared to the Ap + vehicle group. Histogram
represents the mean and SEM. Statistical analysis was performed using a Mann Whitney U
test, *p < 0.05.
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Fig. 5.
Vinpocetine reduces secreted cytokines in the vitreous after AB injection. Vitreous from

vinpocetine and vehicle-treated animals (/7= 8 per group) were pooled, and assayed using an
ELISA based suspension array. Fold change was obtained by dividing the concentration of
cytokine (in pg/mL) in the vehicle group by that of the vinpocetine group; negative sign
denotes a downregulation due to vinpocetine treatment. Concentrations of secreted MIP-3a,
IL-6, IL-1a, IL-1B, 1L-18, and TNF-a were reduced by at least 2-fold in the A + vinpo
group. Histogram represents the mean and SEM comparisons of the Ap + vinpo and Ap +
vehicle. Statistical analysis was performed using a Mann Whitney U'test, *p < 0.05.
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Table 1
List of primary antibodies.
Antigen Type Dilution  Specificity Source and catalog no.
Phosphorylated NF-xB p65 Rabbit Polyclonal 1:75 Detects Ser 276 residue in phosphorylated ~ Santa Cruz Biotechnology,
NF-xB p65 of mouse, rat and human Dallas, TX; sc-101749
origin.
Interleukin-1 beta (IL-1pB) Goat Polyclonal 1:400 Detects rat IL-1 B/IL-1F2 in cultured cells ~ R&D Systems,
or tissue sections Minneapolis, MN;
AF-501-NA
Interleukin-18 (IL-18) Rabbit Polyclonal 1:100 Detects IL-18 of mouse, rat and human Santa Cruz Biotechnology,
origin. Dallas, TX; sc-7954
NLR family, pyrin domain Goat Polyclonal 1:1000 Recognizes the C-terminus of human AbD Serotec (Bio-Rad),
containing 3 (NLRP3) NLRP3. Cross-reacts with rat. Hercules, CA; AHP1774
Caspase-1 Rabbit Monoclonal ~ 1:300 Recognizes human caspase-1 amino acid Abcam, Cambridge, UK;
250 to C-terminus (both pro-peptide and abh108362
cleaved peptide). Cross-reacts with rat and
mouse.
Tumor necrosis factor-alpha Rabbit Polyclonal 1:1000 Detects TNF-a existing in forms of Type Abcam, Cambridge, UK;
(TNF-a) 11 membrane protein and extracellular ah66579
soluble protein in human, mouse and rat.
Caspase-1 (WB) Mouse Monoclonal ~ 1:1000 Recognizes P20 subunit of human R&D Systems,
caspase-1. Cross-reacts with rat and Minneapolis, MN;
mouse. MABG6215
GAPDH (WB) Mouse Monoclonal ~ 1:10,000 Recognizes 36 kD monomeric subunit of EMD Millipore, Billerica,
rabbit GAPDH. Cross-reacts with rat. MA; CB1001
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