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1. INTRODUCTION

There are currently 45 million people blind and I88lion people with low vision. The
global blindness prevalence was estimated to b&wi7 1990. Of this global burden of blindness
90 % is born by developing countries and 80 % isidable (preventable or treatable) with
applying existing knowledge and technology. Blingkhés also more prevalent in the older age
groups, largely as a result of non-communicableatiss. The number of blind increases every year
by 2 million and is expected to double by the y2@20 (Cunninghem et al. 2001, Resnikoff et al.
2001, Thylefors et al. 2001).WHO data on blindngssws that except for developed countries, in
spite of the progress made in surgical techniguemany countries during the last ten years,
cataract (47.9%) remains the leading cause of visyaairment in all areas of the world. Other
main causes of visual impairment in 2002 are gleac¢l2.3%), age-related macular degeneration
(AMD) (8.7%), corneal opacities (5.1%), diabetitimepathy (DRP) (4.8%), childhood blindness
(3.9%), trachoma (3.6%), and onchocerciasis (0.8Plg causes of avoidable blindness such as
primary cataract (50%), glaucoma (15%), cornealciigs (10%), trachoma (6.8%), childhood
blindness (5.3%) and onchocerciasis (4%) are mamawn in the least-developed countries (such
as countries of Sub-Saharan Africa) (Roodhoft 20812, www.who.int/blindness 2010), while in
the developed countries (such as UK and USA) thstroommonly recorded causes of blindness
were degeneration of the macula and posterior whbleh largely comprises AMD, glaucoma and
DRP (Bunce et al. 2006, www.nIm.nih.gov/medlinephesgazine/issues/summer08 2008).

It is remarkable that these latter-mentioned dse48MD, glaucoma, DRP) are all the diseases of
the retina which is the most vulnerable tissuenm ¢ye. Thus we can say that the main causes of
visual impairment in the developed countries aeediseases affecting the retina.

Ischemia and oxidative stress alone or as a pastbémia can be found in the pathogenesis
of several disease affecting large populationsevetbped countries. Such diseases are particularly
the cardiovascular, neurovascular diseases andadegenerative disorders. From the aspect of
ophthalmology, various ocular and systemic dise#isaslead to visual impairment or blindness
(e.g., central retinal artery occlusion, ophthalmschemic syndrome, diabetic retinopathy,
hypertension, glaucoma and AMD) are accompaniedebgal ischemia (Uckermann et al. 2005,
Osborne et al 2004, Feigl 2009). Furthermore, itjte bbsorption of the retina generates increased
formation of oxidative/nitrosative agents, whichyrause retinal injury as it can be observed in a
vision-threathening retinal disease, the age-rélatacular degeneration (AMD) (Liang et al 2003,
Winkler et al 1999, Cai et al 2000, Jarret et &80



It is noticeable that ischemia and oxidative stiesth can be found in the pathogenesis of
diseases leading the “toplist” of blindness in deseloped world (AMD, glaucoma, DRP). Hence,
it is of utmost importance to understand the evantslved in retinal injury caused by ischemia

and/or oxidative stress, both from the pathologaral the potential therapeutic point-of-view.
1.1. Retina

Embriologically the retina belongs to the centralvous system. Anatomically it is a very
thin (180-560 micrometer), delicate, and transparearembrane, with a surface area of
approximately 266 mf The retina is localised between the choroid dtréaus body and consists
of two distinct layers: the neurosensory retina traretinal pigment epithelium (Fig.1.). The dual
blood supply of the retina also reflects its embygaal origins and its rightful inclusion as a
specialised component of the central nervous systéhe main function of the retina is
transforming the light-stimuli from the outside Wwbmto a nerve impulse that reaches the brain via
the optic nerve.

The retina is loosely attached to the choroid ki@ retinal pigment epithelium (RPE), that
consists of a monolayer of hexagonal cells. Thennfanctions of the RPE are: vitamin A
metabolism, maintenance of the outer blood-retuaatier, phagocytosis of the photoreceptor outer
segments, absorption of light, heat exchange, foomeof the basal lamina, production of the
muccopolysaccharide matrix surrounding the outgmets, and active transport of materials in

and out of photoreceptors (Grunwald 2009).
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Fig.1. Light micrograph of human peripheral retina
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1.2. Ischemia

The word ischemia was coined by Virchow, who comebithe Greek iskho, meaning *“I
hold back”, with haima, meaning “blood”. Hencéschemia refers to a pathological situation
involving an inadequacy (not necessarily a compatk of) blood flow to a tissue, with failure to
meet cellular energy demands.

Retinal ischemia ensues when the retinal circutaisinsufficient to meet the metabolic
demands of the retina, the highest demands of iasyet (Cohen and Noell 1965, Anderson and
Saltzman 1964; Ames 1992). It may be caused byrgkeoeculatory failure such as severe left
ventricular failure and hypovolaemic shock, or ma@mmonly by local circulatory failure.
(Recchia et al. 2000, Brown 1991, Collaborators719@effries et al. 1993, Robinson et al. 1988)

In practice, the clinicians observe the morpholabaiterations and determine the rate of
function loss. Altough there are different signsretinal ischemia depending on the strength and
duration of the ischemic event, in general thempathological features are the following: the loss
of normal transparency, pallor or opacificationfteo wool spots, proliferative and degenerative
changes (von Graefe 1859, Ashton and Harry 1963)n@ald 2009). Parallel with the
morphological changes there are functional altenatias well (e.g., worsening of visual acuity,
ERG changes and defects of visual field) (Grozdahiel. 2003, Chui et al. 2009). These functional
and morphological changes are the consequencéimlreell injury caused by ischemia.

The ischemic injury reflects the effect of a selirforcing destructive cascade called
“ischemic cascade”, which is an extremely comple&t (completely understood) succession or
cascade of interrelated pathological changes awdhbmical responses at the cellular and
molecular level initiated by energy failure.

From the aspect of ischemia there are strikingetifices between the retina and the brain,
although they have common embriological origin aithres many functional and structural
characteristics. These striking differences arertiative resistance of the retina to an ischemic
insult compared to the brain and the regionaligtisivity of the retina to ischemia, with the aute
layers less sensitive than the inner layers. Thay meflect the peculiar metabolism and unique
enviroment of the retina and the variability in thmlance of excitatory and inhibitory
neurotransmitter receptors on a given retinal (@tborne et al 2004).

Altough knowledge of ischemic cascade derives mafmbm studies on brain tissues
(Kristian and Siesjo 1998; Lee et al. 1999; Lipt®99; Nishizawa 2001) the pathways leading to
ischemic retinal damage have been reviewed in akgrcellent review papers (Osborne et al 1999,

2004, Bek et al. 2009, Roth 2004, Fulton et al. B30BHowever, the most important potential
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mediators of cell death during retinal ischemia niegy the following (Fig.2.): hypoxia -as a
component of ischemia- induces the expression pbxia inducible factor-d (lyer et al. 1998)and

its target genes such as vascular endothelial gréactor (VEGF) and nitric oxide synthase (NOS)
(Bernaudin et al. 2002). Increased production ofG¥Eresults in disruption of the blood retinal
barrier leading to retinal edema (Marmor et al. 49aur et al. 2007). Enhanced expression of
NOS results in increased production of nitric oxid@ch may be toxic to the cells resulting in their
death (Fukumura et al. 2001, Mishra et al. 200P42@006; Zubrow et al. 2002a, 2002b, Neufeld
et al. 2002, Brooks et al. 2001). Excess glutamaliase in hypoxic-ischemic conditions causes
excitotoxic damage to the retinal cells throughvation of ionotropic and metabotropic glutamate
receptors (Benveniste et al. 1984, Dreyer et a@81%in et al. 1995). Activation of glutamate
receptors is thought to initiate damage in theneetty a cascade of biochemical effects such as
neuronal NOS activation and increase in intracatl@a2+ which has been described as a major
contributing factor to retinal cell loss (Nicotesad Orrenius 1998; Sattler and Tymianski 2001).
Excess production of proinflammatory cytokines (tith et al. 2004, Joussen 2002, 2004) and
free radicals (Hall and Braughler 1989, Chan 199496) also mediate cell damage.

Retinal ischemia

Enhanced VEGF  Enhanced NO Enhanced extracellular Enhanced productionof ~ Enhanced free
production production accumulation of inflammatory cytokines radical
glutamate production
Disruption of Activation of AMPA and
blood retinal NMDA receptors
bamer resulting in increased
l Ca* influx
|
Retinal edema —__ |

——
% Retinal cell death

Fig.2. Potential mediators of retinal cell death in ratihypoxia-ischemia



1.3. Oxidative stress

Oxidative stress represents an imbalance betweeprtdduction of reactive oxigen species
(ROS) and a biological system's ability to readigtoxify the reactive intermediates or to repag th
resulting damage. Oxidative stress contributesssué injury following irradiation, ATP depletion
and hyperoxia.

It has an important role in the pathogenesis ofrosegenerative diseases including
Alzheimer’s disease, Parkinson’s disease and Hgtatims disease (Kumar et al. 2010, Bonda et al.
2010, Yuan et al. 2010). It is thought to be linkedtertain cardiovascular disease, since oxidation
of LDL in the vascular endothelium is a precursorptaque formation. Futhermore it plays an
important role in the ischemic cascade due to oxyggerfusion injury following hypoxia. This
cascade includes both strokes and heart attack$a(8ual. 2010, Gamkrelidze et al. 2008)

In the eye oxidative stress can be found in théquanesis of diseases like keratoconus,
keratopathia bullosa, Fuchs-dystrophia ( Buddil.e2@02, Brown et al. 2004), cataracta in elderly
(varma and Hegde 2007), glaucoma simplex, ageeelathacular degeneration (AMD),
retinopathia prematurorum, uveitis and in diabetntl other types of retinal vasculopathies and
more (Szabo6 2009, Augustin 2010).

Reactive oxygen species (ROS) are generated inmiteechondria, along the respiratory
chain also under physiological conditions, respaesifor a few percentage (2-5%) of ROS.
However, in the lack of oxygen the rate of this R@heration increases drastically. Sources of
ROS can be the xanthine oxydase system, the leakhgdectrons from the mitochondrial
respiratory chain, the cyclooxygenase pathway a€ladonic acid metabolism, and the respiratory
burst of phagocyte cells. Some of the less readaiivihese species (such as superoxide) can be
converted into more aggressive radical speciesh(sscperoxynitrite) that can cause extensive
cellular damage (Szabé 2009).

The excessive formation of ROS leads to lipid pe&tation, protein oxidation and DNA
damage (Fig.3) (Packer et al. 1991, Pan and H@#41%akeda et al. 1996) all of these effects in
connection with the mitochondrial damage resultselh death: severe levels of oxidative stress can
cause necrosis, while even moderate levels of tx&latress can trigger apoptosis.

1.4. PARP

The PARP (poly(ADP-ribose) polymerase) -family emtty comprises 18 members.

PARP-1 is the best characterized and perhaps ttet important member of the PARP-family
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(Virag and Szabo 2002). The abundant nuclear enBARP-1 is activated by single- and double-
strand breaks of DNA. Upon binding to damaged DIRARP-1 forms homodimers and catalyses
the cleavage of NADinto nicotinamide and ADP-ribose to form long lrhes of ADP-ribose
polymers on glutamic acid residues of a numberaodét proteins including histons and other
nuclear proteins such as transcription factors BARP-1 itself (Heller et al 1995, Alvarez-
Gonzalez 1994) . This polymer has important signgatdle in the guiding of the repairing enzymes
of DNA to the site of DNA damage. For many decad®RP was mainly viewed as an enzyme
primarily involved in DNA repair and maintenance ggnomic stability. However, over the last
decade, an additional role of PARP has been idedtih the sequale of oxidative and/or nitrosative
stress. In this pathway (Virag and Szabo 2002grestve oxidative and/or nitrosative stress triggers
the extensive DNA breakage, overactivation of PAR consequent depletion of the cellular
stores of its substrate NAD+, impairing glycolysigebs cycle, mitochondrial electron transport,
eventually resulting in ATP depletion and consequesll dysfunction and death by necrosis.
Because the processes of apoptosis are ATP-depeniden understandable that over a certain
extent of PARP activation, processes of apoptasip due to lack of ATP and, the cell death
continues in necrosis instead of apoptosis. Heheektent of PARP-1 activation is crucial to the
outcome of the two types of cell death rate (Tlaied Autor 1991, Radovits et al. 2007). However,
several reports demonstrated the more complexabRARP. PARP activation facilitates other
components of the cell death machinery namely,attddstation of the mitochondrial membrane
systems (Halmosi et al. 2001; Hong et al. 20043)ear translocation of apoptosis inducing factor
(Yu et al. 2002), and activation of cell death potimg kinases such as c-Jun N-terminal kinase
(INK) (Xu et al. 2006). In addition, PARP activatisuppresses the cytoprotective phosphatidyl-
inositol-3 kinase (PI-3K)-Akt pathway (Veres et &003). Furthermore, PARP-1 plays an
important role in the transcriptional regulation ofiany inflammatory proteins including TNkE-
ICAM-1 and E-selectin (cell adhesion proteins), BIGMHC-II histocompatibility antigens. The
transcription factor NFkB plays a key role in thegulation of these proteins. PARP activity is
clearly required for the expression of this NFkBxeledent genes. Hence the PARP-1 is a cofactor
of NFKB in this process (Peralta-Leal et al. 2008)the transcriptional regulatory function of
PARP-1 may be relevant in the loosening of chromatihich achieved through the poly-ADP-
ribosilation the histones. The electrostatic rejpuldetween the negatively charged polymers and
the DNA relaxes the structure of chromatin, so thatgenes become available for the transcription
apparatus (Pacher and Szabo 2007).

The PARP-1 is involved in the development of dissaassociated with oxidative stress
with dual mechanism:
1. Excessive activation of the enzyme results Ihdeath caused by energy deficiency
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2. The enzyme is involved in the regulation the RBfelependent transcription of inflammatory
mediators

Therefore, in diseases where necrosis dominateskéstmyocardial infarction, arteria centralis
retinae occlusion) the former, while in the inflaaory type of diseases not accompanied by
massive cell death (colitis, diabetes, uveitifyrdis) rather the latter mechanism dominates.

The fact that pharmacological inhibition of the yme or the functional lack of PARP-1 in
knock-out animals offer resistance and protectgairest oxidative injury highlights the importance
of PARP-1 enzyme (Whalen et al. 1999, Mester et2@D9). Numerous of data support the
protective effect of PARP inhibitors against oxidatstress in different cell lines and in condison
like ischemia/reperfusion injury, neuronal ischenaaute lung inflammation, acute septic shock,
zymogen induced multi organ failure, diabetic paasrinjury. (Pan et Hori 1994, Eliasson et al.
1997, Liaudet et al. 2002, Soriano et al. 2006)

In the eye, blocking PARP activity has been showrhave protective effect in animal
models of uveitis, ischemic retinal injury and agdi oxidative stress in retinal cells in vitro

(Mabley et al. 2001, Goebel and Winkler 2006, CgiahLamm 2000, Jarrett and Boulton 2007).

Oxidative stress

I\

DMNA damage Protein Oxidation

|
/ \ Protein Degradation

‘Cytokines,
‘bacterial products

Inflammatory
Medialors  AF release  NADY/ATP
' depletion
Apoptosis Necrosis

Fig. 3. The central role of PARP-1 in oxidative/nitragatstress-related pathology.
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1.5. PACAP

Pituitary adenylate cyclase activating polypeptiB&ACAP) was first isolated from ovine
hypothalami. However, PACAP is localized not ontythe central but in the peripheral nervous
system and also in non-neural tissues such as endagands, cardiovascular and gastrointestinal
tract (similar to other “brain-gut peptides”) (Anura 1998, Vaudry et al. 2009). PACAP belongs to
the vasoactive intestinal peptide (VIP)/secretundggon family of peptides and shares 68% identity
with VIP. Despite the high similarity there arefdiences between VIP and PACAP: the adenylate
cyclase stimulating activity of PACAP has been shaavbe 1000-10000 times greater than that of
VIP and the distribution of these peptides is qdifeerent as well.

PACAP exists in two forms, with 27 and 38 aminada@sidues. In mammalian tissues, the
38 amino acid form of PACAP is dominant, constitigtapproximately 90% of the peptide (Miyata
et al. 1989, 1990). The primary structure of PAC3®is identical among all mammalian species
examined, and it also shows marked similarity watver vertebrates and nonvertebrates, with
differences in only 1-4 amino acids (Arimura 199B)is suggests that the structure of PACAP has
remained very conserved throughout phylogenesistandy reflect its importance in fundamental
functions in the nervous system.

The PACAP receptors belong to the family of G protmupled receptors with seven
transmembrane domains. There are two types of PA@&Eptors: PAC1 receptor which bind
PACAP with high affinity and VIP with a much lowaffinity and VPAC1 and VPAC2 receptors
which bind VIP and PACAP with similar affinities (#nura 1998, Vaudry et al. 2000). PAC1
receptor is coupled to adenylate cyclase and plodigalse C. Through adenylate cyclase
activation, it elevates cAMP, and activates protkimase A, which can activate the mitogen-
activated protein kinase (MAPK) pathways (Vaudralet1998).

The biological actions of PACAP are very diversen@dag others, the neuropeptide
influences reproductive functions, circadian rhythehermoregulation, feeding, depression,
memory, urinary reflexes, inflammatory reactionad alevelopment (Falluel-Morel et al. 2008,
Girard et al. 2008, Hagino 2008, Monaghan et a8082Magy and Csernus 2007, Racz et al. 2008Db,
Reichenstein et al. 2008, Vaudry et al. 2009, Yymiia and de Groat 2008).

PACAP has well-established neurotrophic and newteptive functions (Deguil et al. 2010,
Dejda et al. 2008, Ohtaki et al. 2008, Scharf et2@08, Somogyvari-Vigh and Reglodi 2004,
Vaudry et al. 2009). These effects have been pralsmin the retina (Atlasz et al. 2010b). In vitro
PACAP is protective against glutamate toxicity etimal neurons (Shoge et al. 1999). In retinal

explants, PACAP has been shown to be protectivensigdnapsigargin-induced photoreceptor cell
13



death and anisomycin-induced cell death in the oi#astic layer (Silveira et al. 2002). PACAP-
treated turtle eyecup preparations show electactvity for a significantly longer time (Rabl €t a
2002). In vivo, PACAP has been shown to be protecigainst optic nerve transection, glutamate-
and kainite-induced excitotoxic injury, and ischengegeneration (Atlasz et al. 2007b, 2009,
2010b, Babai et al. 2005, Seki et al. 2006, 2008).

14



2. STUDY OBJECTIVES/AIMS AND HYPOTHESIS

Although involvement of PARP activation in varioischemia models has been thoroughly

studied (Ferrer and Planas 2003; Meli et al. 20kX]a et al. 2005), only circumstantial evidences

are available for the role of PARP activation imartic hypoperfusion-induced neurodegenerative

processes (Cozzi et al. 2006). Therefore, the ditheopresent study was the following :

to demonstrate the activation of PARP as a majgulator of cell death in a chronic
hypoperfusion-induced retinal degeneration model rat (bilateral common carotid

occlusion induced retinal degeneration)

to evaluate the effect of PARP inhibition (by HO99&n this model by assessing chronic
hypoperfusion-induced morphological changes

to determine the activation state of critical kmasiscades, such as MAP kinases and PI-
3K-Akt in hypoperfusion-induced retinal degeneratio

In spite of the numerous studies showing theegtive effects of PACAP in the retina

(Shoge et al 1999, Babai et al 2005, Racz et abR0fb data are currently available on the

potential protective effect of PACAP against oxidatstress in pigment epithelial cells. Therefore,

it seemed reasonable to study whether PACAP istabilecrease cell survival in oxidative stress-

induced apoptosis of human pigment epithelial c@lie aim of present study was the following:

to elucidate the effect of PACAP on cultured hunpagment epithelial cells (ARPE-19

cells) in oxidative stress

to detect the effect of PACAP on apoptosis and assron cultured ARPE-19 cells by

Annexin V and propidium iodide staining

to detect the effect of PACAP on mitochondrial dapaation occurring in apoptosis by

using the JC-1 assay for flow cytometry
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3. PROTECTION AGAINST CHRONIC HYPOPERFUSION-
INDUCED RETINAL NEURODEGENERATION BY PARP
INHIBITION

3.1. Background

Impaired cognitive function in the elderly and iegenerative neurological diseases, such as
Alzheimer's disease and multiple sclerosis, has nbeessociated with chronic cerebral
hypoperfusion (de la Torre and Stefano 2000; ZIok@D05; Farkas et al. 2007; de Keyser et al.
2008). Moreover, the pattern of cerebral blood floms emerged as a predictive marker for the
progression into Alzheimer’s disease (de la Tong &tefano 2000; Zlokovic 2005), and was found
to be involved in the development of a subtypeoafaf demyelinating lesions (type Il lesions) in
multiple sclerosis (de Keyser et al. 2008). Protmhdnypoperfusion secondary to carotid artery
stenosis can also cause ocular ischemic syndromgafDand Green 1991), which is a devastating
disease seriously affecting quality of life in giderly.

Permanent bilateral common carotid artery occlug®CCAOQ) in rats has emerged as the

most successful animal model for studying the ¢$feaf chronic cerebral hypoperfusion on
cognitive dysfunction and neurodegenerative prae¢Barkas et al. 2007). It leads to a moderate
reduction of blood flow, causing subtle morpholadicbiochemical, and behavioral changes
(Osborne et al. 2004; Farkas et al. 2007; Kalesngkal. 2008). Among the numerous models of
retinal ischemia, BCCAO induces functional and nmotpgical damage in the rat retina such as
electrophysiological alterations, loss of the plapyl reflex, detectable neurodegenerative changes
both retinal or visual system level, as well asdingcopic and fluorescein angiographic findings
paralleling the retinopathy of carotid artery osthe disease in humans (Spertus et al. 1984; Vidal-
Sanz et al. 2000; Lavinsky et al. 2006). We hawamshearlier that local treatment with pituitary
adenylate cyclase-activating polypeptide or diadexdounteracted mitochondrial dysfunction, and
resulted in amelioration of BCCAO-induced retingeieeration in rats (Atlasz et al. 2007a, b).
In the retina, increased activation of PARP coniiitiy to retinal ganglion cell death in response to
optic nerve transection (Weise et al. 2001), ioimed in photoreceptor degeneration in the retinal
degeneration-1 transgenic mouse model (Paquet-Dwrtal. 2007) and oxidative stress-induced
apoptosis of ganglion cells (Li and Osborne 20BRP inhibition, on the other hand, has been
demonstrated to decrease retinal damage in N-mBHadpartate (NMDA)-induced cell death in

16



the retina (Goebel and Winkler 2006) and N-methytiMosourea-induced photoreceptor cell
apoptosis (Uehara et al. 2006).

3.2. Materials and methods

3.2.1. Animals

Animal housing, care, and application of experirmemirocedures were in accordance with
institutional guidelines under approved protocdie:(BA02/2000-20/2006, University of Pecs).

Animals were maintained under 12-h light/dark cyslth free access to food and water.

3.2.2. Bilateral Common Carotid Artery Occlusion ard HO3089 Treatment

Adult male Wistar rats (n = 19) weighing 250-30@/gre subjected to permanent bilateral carotid
artery occlusion (BCCAO). Under isoflurane anesthdsoth common carotid arteries were ligated
with a 3.0 filament through a midline cervical ision. Immediately following the BCCAO
operation and 4 times in a 2-week-period (postdperalays 0, 3, 6, 9, and 12), HO3089 (175
mmol in 3ul saline) was injected into the vitreous body o tight eye with a Hamilton syringe.
Animals were anesthetized before each treatment taedsame injection site was used in
consecutive drug or vehicle administrations in ortle minimize the complications. HO3089
(Alexy et al. 2004), a PARP inhibitor was a kindt gif Kalman Hideg (University of Pecs Medical
School). The left eye received the same volumeebiicke treatment, serving as control bilateral
carotid-occluded eyes. A group of animals underemtsthesia and all steps of the surgical
procedure, except ligation of the carotid arteneish saline or HO3089 treatment. These animals
served as sham-operated animals (n = 6). Animath @ye complications after consecutive
treatments (cataract, endophthalmitis) were exdudden further evaluation (n = 4).

3.2.3. Histological Analysis

Two weeks after the carotid occlusion, rats wei@iseed under isoflurane anesthesia. The eyes
were immediately dissected in ice-cold phosphatefeted saline and fixed in 4%
paraformaldehyde dissolved in 0.1 M phosphate b{8ema, Hungary). Tissues were embedded
in Durcupan ACM resin (Fluka, Switzerland), cu2aim, and stained with toluidine blue (Sigma,
Hungary). Sections were mounted in Depex medium examined in a Nikon Eclipse 80 i

microscope. Photographs were taken with a digitdDCcamera using the Spot program, from
17



central retinal areas of nearly same eccentricifiédes were then further processed with Adobe
Photoshop 7.0 program. Measurements were taken fhemdigital photographs with the NIH
Image 1.55 program. Samples for measurements defigen at least six tissue blocks prepared
from at least four animals (n = 4-5 measuremenpts fone tissue block). The following parameters
were measured: (i) cross-section of the retina filmenouter limiting membrane to the inner limiting
membrane (OLM-ILM); (ii) the width of the outer amther nuclear and outer and inner plexiform
layers (ONL, INL, OPL, IPL, respectively); (iii) éhnumber of cells in the ONL/500 Im2; (iv) the
number of cells/10@m section length in the ganglion cell layer (GCREsults are presented as
mean = SEM. Statistical comparisons were made u$iegANOVA test followed by Tukey-B’s
post hoc analysis.

3.2.4. Western Blot

Another group of rats underwent the same surgiaaigulure for bilateral carotid occlusion (n = 9)
or sham operation (n = 5) and retinas were rema¥eat 4 h in order to investigate the signaling
pathways that are activated within the first fewutsoafter an ischemic insult (Roth et al. 2003;
Merienne et al. 2007; Roduit and Schorderet 2088mples were processed for Western blot
analysis as described earlier (Racz et al. 200@mbtanes were probed overnight at 4°C with the
following primary antibodies: phosphospecific aAkt-1 Ser473 (1:1000 dilution; R&D Systems,
Budapest, Hungary), phospho-specific anti-GSK-3br9Sephospho-specific anti-ERK1/2
Thr202/Tyr204, phospho-specific anti-SAPK/IJNK Th81Byr185, phospho- specific anti-p38
MAPK (1:1000 dilution; Cell Signaling Technology, eerly, USA), anti-poly(ADP-ribose)
(1:1000 dilution; Alexis Biochemicals, NottinghatdK), and anti-aktin (1:5000 dilution; Sigma-
Aldrich Chemical Co., Budapest, Hungary). Membrawese washed six times for 5 min in Tris
buffered saline (pH = 7.5) containing 0.2% Tweeiompto addition of goat anti-rabbit or anti-
mouse horseradish peroxidase-conjugated secondatipody (1:3000; BioRad, Budapest,
Hungary). The antibody—antigen complexes were Viseh by means of enhanced
chemiluminescence. After scanning, results werentified by means of NIH ImageJ program. All
experiments were performed at least four timesdAth were expressed as mean + SEM. Statistical
comparisons were made using the ANOVA test followsd Bonferroni’'s post hoc analysis.
Differences with P values below 0.05 were considea®significant.
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3.3. Results

3.3.1. Histological Analysis

HO3089 treatment in sham-operated animals did aose any morphological alteration. BCCAO
resulted in severely reduced thickness of retiagéls compared to sham-operated saline-treated
controls (Figs. 4,5). All retinal layers bore thanks of severe degeneration and were significantly
thinner than sham-operated preparations (Fig. #ada consequence, the distance between OLM
and ILM was significantly decreased. Most markedurion in thickness was found in the IPL,
and a subtle, but significant change was obsemvddle OPL and ONL. Several empty cell body-
shaped spaces were seen in the layer of photooegeptkarya (Fig. 4b). The number of cells in
the ONL/500um2 was significantly reduced (Fig. 5b). In the IRlvenly distributed dense dots
were seen representing presumably degeneratingabigell terminals (Fig. 4b). Numerous cells in
the GCL also displayed severe degeneration (FiQ. fibis was well reflected in the reduced
number of cells in the GCL (Fig. 5¢).

Intraocular HO3089 treatment following BCCAO led donearly intact appearance of the retinal
layers (Fig. 4c¢). This is well supported by the ptaometric measurements (Fig. 5a, b, ¢). Although
the overall thickness of the retina was not fuldgtored, the thickness of the major retinal layers
was almost identical with that of the sham-operateninals and was markedly larger than that of
the BCCAO retinas (Fig. 5a). Differences betweenCBO and HO3089-treated retinas were
statistically significant in almost all retinal kg, except for the INL (Fig. 5a). The number dfsce

in the ONL in 10 fields of 50@m2 was lower in the BCCAO group compared to the
treated group (Fig. 5b). Quantitative analysis destrated that HO3089 administration protected
the cells also in the GCL (Fig. 5¢).
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3.3.2. Effect of PARP Inhibitor Treatment on Ischenm-Induced Poly-ADP-Ribosylation

Activation of PARP in the retina was revealed bygessing poly-ADP-ribosylation of target
proteins. Treatment of the eye with the PARP irtbib{HO3089) attenuated the BCCAO-induced
self-poly-ADP-ribosylation of PARP (Fig. 6) as wel that of other nuclear proteins (not shown)
as it was detected by Western blotting utilizingaaii-poly (ADP-ribose) antibody.
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Fig. 6. Effect of BCCAO and HO3089 treatment on PARP attdbn in the retina. PARP activation was assessed b
self-ADP-ribosylation of the PARP enzyme detectad anti-PAR immunoblotting. Representative blots tbfee
experiments as well as quantitative evaluatiorhefgixel densities are shown. Values are giveneanm SEM. Aktin
was used as a loading control. *P<0.05 versus shasaline and sham + HO3089-treated retinas; #P<0eb8us

BCCAO + saline-treated retinas
3.3.3. Effect of PARP Inhibitor Treatment on Ischenm-Induced Signaling Pathways

Phosphorylation of Akt-1 was significantly elevatetdowing HO3089 treatment in sham-operated
retinas, while that of its downstream target GSKwats slightly increased (Fig. 7). Ischemia itself
did not change the phosphorylation of these pretditowever, HO3089 treatment increased the
activation (phosphorylation) of Akt-1 and GSK-3hischemic retinas (Fig. 7).

ERK1/2 phosphorylation was close to the detectiont lin sham-operated saline-treated retinas,
while HO3089 treatment resulted in increased attwueof this MAPK kinase. Ischemia induced a
strong phosphorylation of ERK1/2 compared to shaeration and was further increased by
HO3089 treatment (Fig. 8). In the sham-operated,eye observed very low phosphorylation of
SAPK/JNK. Ischemia induced the activation of thisdse as it was revealed by its increased
phosphorylation (Fig. 8). However, administratioh HO3089 caused a dramatic decrease in

phosphorylation of SAPK/IJNK. A phosphorylation eatt similar to that of JNK was detected in
22



case of p38 MAPK. Minimal phosphorylation of thisnkse was observed in sham-operated
animals, and we found no difference between sam PARP inhibitor-treated retinas. Ischemia
induced a strong phosphorylation of p38 MAPK thatswsignificantly attenuated by HO3089
treatment (Fig. 8).
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Fig. 7. Effect of BCCAO and HO3089 treatment on Akt adfiwa in the retina. Akt activation was demonstrabgdts
phosphorylation and phosphorylation of its dowmain target, GSK detected by immunoblotting utitizin
phosphorylation-specific primary antibodies. Repreative blots of three experiments as well as tjadine
evaluation of the pixel densities are shown. Valaes given asmean + SEM. Aktin was used as a Igadimtrol.
*P<0.05 versus sham + saline and sham + HO308%uegetinas; **P<0.01 versus sham + saline-treaidihas;

#P<0.05 versus BCCAO +saline-treated retinas
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Fig. 8. Effect of BCCAO and HO3089 treatment on MAP kinasévation in the retina. Activation of ERK, JNKnd
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4. PACAP IS PROTECTIVE AGAINST OXIDATIVE STRESS IN
HUMAN RETINAL PIGMENT EPITHELIAL CELLS

4.1. Backgrounds

Most studies on retinoprotective strategies foaushe retinal layers derived from the inner layker o
the optic cup (Mester et al. 2009; Rojas et al.2@xabadfi et al. 2009), since these layers contai
the neurons arranged in three vertical layers. Hewethe outermost layer of the retina, the
pigment epithelial cell layer, is also a very imamt part of the retina. The integrity of the pigrhe
epithelial cells is critical for the photoreceptsurvival and vision (Bazan 2006, 2008).
Photoreceptor degeneration involves the closelyaated retinal pigment epithelial cells in several
ocular diseases, including age-related macularragéon (Bazan 2006; Kook et al. 2008).
Oxidative stress is one of the most common apopiasiucing factors in several organs from the
intestinal and cardiovascular systems to neuroelid,dncluding the extremely vulnerable sensory
organs (Ferencz et al. 2002; Racz et al. 2007b0;20audry et al. 2002). Not surprisingly,
oxidative stress-induced apoptosis has been showay a role also in pigment epithelial cell
death (Kalariya et al. 2008; Kook et al. 2008). Humpigment epithelial cells possess PAC1 and
VPAC receptors, as shown by PCR studies (Zhand. é2085). Vasoactive intestinal peptide, a
peptide related to PACAP, has been shown to haeetefon pigment epithelial cells: it induces
cAMP formation (Koh and Chader 1984), influenceslifgration (Kishi et al. 1996; Troger et al.
2003) and induces differentiation of retinal pigmecells from mesenchymal cells
(Vossmerbaeumer et al. 2009). A previous studyshasvn that PACAP inhibited the interleukin
1p-stimulated expression of interleukin-6 and -8 ammhocyte chemotactic protein-1 in ARPE-19

human pigment epithelial cells (Zhang et al. 2005).

4.2. Materials and Methods

4.2.1. Cell Culture

ARPE19 is an immortalized cell line of human reltipgment epithelium (RPE) that is used widely

to draw inferences about the behavior of adult huRBE (ahRPE)(Cai and Del Priore 2006). Cells

were obtained from American Type Culture Collectidhanassas, VA, USA). These cells were

cultured in DMEM/Ham’'s F12 supplemented with 10% SCpenicillin (100 U/mL), and
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streptomycin sulfate (10@g/mL). The cells were grown at 37°C in a humidifiéé CO2
atmosphere.

4.2.2. Cell Viability Test

ARPE-19 (1.5x104/well) cells were seeded in 96-weitroculture plate and cultured overnight
before treatment with increasing concentration 8032 (0.2 to 0.3 mM) and 10 nM PACAP1-38.
Untreated control cells were handled in a simigshion without H202. In order to test whether the
action of PACAP is specific, separate groups ob0rtM H202-treated cells were incubated with 1
uM PACAPG6-38 alone or together with 10 nM PACAP1-28ter the first set of experiments
proving the protective effects of PACAP, we tedtieel dose dependency of PACAP treatment on
the viability of ARPE-19 cells. Cells were expoged.25 mM H202 in the presence of 1 pMto 1
uM PACAP1-38. Furthermore, the experiment was reggkah the presence of inhibitors of
different signaling pathways. The inhibitors usesfev10uM PD 98059 (ERK inhibitor), 2M SB
203580 (p38 inhibitor), M JNK Inhibitor Il and 10uM Ly 294002 (Akt inhibitor).

Viability of cells was determined by the additiohMTT solution (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide, Sigma, Hungary)aal:10 volume ratio for 4 h at 37°C,
according to the manufacturer’s instruction (SigiHangary). The assay is based on the reduction
of MTT into a blue formazan dye by the functionalkouhondria of viable cells. Samples from
duplicate wells were transferred to a 96-well platel absorbance was measured by an ELISA
reader (Anthos Labtech 2010, Austria) at 550 nmpregenting the values in arbitrary unit. Results
are expressed as percentage of control valuesstietit analysis was performed by ANOVA test
and results were considered significant at p <.0.05

4.2.3. Annexin V and Propidium lodide Staining of he Cells

Ratio of apoptosis was evaluated after double-siginvith fluorescein isothiocyanate (FITC)-
labeled annexin V (BD150 Biosciences, Hungary) anobidium iodide (Pl) (BD Biosciences,
Hungary) using flow cytometry (FacsCalibur, BD Biences, USA). First, the medium was
discarded and the wells were washed twice withorgotNaCl solution. Cells were removed from
the plates using a mixture of 0.25% trypsin (Sigiangary), 0.2% ethylene-diamin tetra-acetate
(Serva, Hungary), 0.296% sodium citrate, and 0.6@&busn chloride in distilled water for 15 min at
37°C. Removed cells were washed twice in cold phatgpbuffered saline and were resuspended in
binding buffer containing 10 mM Hepes NaOH, pH 7440 mM NaCl and 2.5 mM CacCl2. Cell
count was determined in Burker's chamber for aghg\a dilution in which 1 ml of solution
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contains cells. One hundred microliters of buffe(cells) was transferred into 5-ml round-bottom
polystyrene tubes. Cells were incubated for 15 muith fluorescein isothiocyanate-conjugated
annexin V molecules and PI. After this period afubation, 40Qul of annexin-binding buffer (BD
Biosciences, Hungary) was added to the tubes asibled by the manufacturers. The samples were
immediately measured by BD FacsCalibur flow cytenéBD Biosciences, USA).

Results were analyzed by Cellquest software (BDs@ences, USA). Quadrant dot plot was
introduced to identify living and necrotic cellsdagells in early or late phase of apoptosis. Living
cells were identified as annexin V-FITC and PI-rieaga Apoptotic cells were branded as annexin
V-FITC-positive only and cells in late apoptosisreveecognized as double-positive for annexin V-
FITC and PI. Cells in each category were expreasdtie percentage of the total number of stained
cells counted.

4.2.4. JC-1 Assay for Flow Cytometry

JC-1 assay kit for flow cytometry was used to detggoptosis in cultured cells (Invitrogen,
Molecular Probes, Hungary). Cells were incubatethwiO ul of 200 uM JC-1 (2 uM final
concentration) for 30 min. Cells were washed ongeadding 2 ml of warm PBS to each tube of
cells. The cells were pelleted by centrifugatiorli€were resuspended by gently flicking the tubes
and 500ul PBS was added to each tube. The samples were drately measured by BD
FacsCalibur flow cytometer (BD Biosciences, USA)eTred/green fluorescence ratio was
introduced to identify living and apoptotic cell&C-1 exhibits potential-dependent accumulation in
mitochondria, indicated by a fluorescence emissiaift from green£529 nm) to red<590 nm).
Consequently, mitochondrial depolarization is ilatkd by a decrease in the red/greenfluorescence
intensity ratio. Cells in each category were exggdsas the percentage of the total number of

stained cells counted. Results were analyzed blg@t software (BD Biosciences, USA).

4.3. Results

4.3.1 Cell viability tests

Initial experiments were performed to assess tteeafacell viability loss on exposure of the cedtis

oxidative stress. Cells were treated with varioosed of H202 for 3 h, and cell viability was
determined with MTT assay. Similarly to findings bthers, ARPE19 cells were resistant to low
concentrations of H202 but rapidly lost viabilitytivan increase in H202 concentration (Qin et al.

2006). Exposure of the cells to 0.25 mM H202 fdr B2duced viable cells to approximately 50%
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of control. Therefore, we chose this concentrafimnour further experiments. PACAP1-38 or
PACAPG6-38 administration alone caused no changeselh viability. Treatment with 10 nM
PACAP for 3 h significantly increased the percentadj viable cells after exposure to oxidative
injury, which could be blocked by PACAP6-38 co-apalion (Fig. 9). Furthermore, we showed
that this effect was dose dependent: 1 pM 217 PAG2®did not lead to a significant increase in
cell survival; 10 and 100 pM could significantlyalease the effect of oxidative stress. Best result
was achieved by100 nM PACAP1-38 treatment (Fig. WH repeated the experiments with 10 nM
PACAP in the presence of various inhibitors of MAPK and PI3K/Akt pathways. It was found
that the coapplication of different MAPK inhibitodid not influence the protective effect of

PACAP, while the presence of PI3K/Akt inhibitor sificantly reduced this protective effect (data

not shown).
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Fig. 9. Effect of PACAP on the viability on H202-treatA&RPE-19 cells. ARPE-19 cells

were left untreated (control, ctr), were treatethvii0 nM PACAP1-38 alone (P), with 0.25 mM H202redpor with
10 nM PACAP1-38 (P), or PACAP1-38 andu! PACAP6-38 (PACAP inhibitor, P inh) for 3 h. Ceilabilities were
detected by MTT assay and expressed as a percaftagreated control cells. Data are expressadesn percentage
+ S.E.M. **P<0.001 compared to control; ##P<0.@mpared to H202 and H202 + P + P inh treatment
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4.3.2. Annexin V and propidium iodide staining of e cells

Annexin V and propidium iodide staining were useddetect apoptosis and necrosis in cultured
cells. In the late phase of apoptosis, cells ameatl with both dyes. Using this method, we found
that the control group had more than 96% of intaghg cells and only less than 4% of cells in the
necrotic and early, late phases of apoptosis (Aigsnd 12). An increase of apoptotic and necrotic
cells was observed in the H202-treated group witltoveer number of living cells. PACAP
administration alone caused no changes in the p&ge of living, necrotic, and apoptotic cells
compared to control values. Necrosis was slightgcrdased upon PACAP treatment, but
differences were not statistically significant. Hoxer, PACAP administration led to a significant
increase in the percentage of living cells andpra@ucible decrease in the rate of apoptosis (Figs.
11 and 12).
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4.3.3. JC-1 Assay for Flow Cytometry

JC-1 is for the detection of mitochondrial dep@ation occurring in apoptosis. Using the JC-1
assay for flow cytometry, we found that the congi@up and the group treated with PACAP alone
had more than 98% of living cells (Figs. 13 and. 1) increase of apoptotic cell number was
observed in the H202-treated group with a lower Ioemnof living cells. PACAP administration led
to a significant increase in the percentage ofngvicells and a decrease in the percentage of

apoptotic cells exposed to H202 (Figs. 13 and 14).
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5. DISCUSSION

Our first study shows that PARP inhibition is alite exert protective actions against
ischemia induced retinal degeneration. Oxidativesstinduced DNA damage triggers PARP
activation that was found to be a major regulatocedl death in various pathological conditions
(Halmosi et al. 2001; Pacher and Szabo 2008) inmujudiseases affecting the central nervous
system (Kauppinen and Swanson 2007). In the egegased activation of PARP has been shown
to contribute to several types of retinal degemematsuch as retinitis pigmentosa, diabetic
retinopathy, and NMDA-, N-methyl-N-nitrosourea- @chemia-reperfusion-induced cell death
(Lam 1997; Shojaee et al. 1999; Chiang and Lam 26@@il and Sharma 2004; Goebel and
Winkler 2006; Uehara et al. 2006). We used a muBGEAO model in order to determine the role
of PARP activation in chronic hypoperfusion-indugetinal degeneration. BCCAO was suggested
as an adequate model for chronic cerebral hypogeritrelated neurodegenerative diseases
(Farkas et al. 2007) including ocular ischemic sgnte (Lavinsky et al. 2006; Yamamoto et al.
2006; Kalesnykas et al. 2008). Additionally, thesgibility of direct unilateral administration ofeth
substances to the vitreous body eliminated moshefpharmacokinetic complications. Ischemic
insults are known to cause variable infarct/degsimr depending on several factors. Great
variability of ischemic outcome, in the brain amdthe retina as well, has been reported using
different strains of rats, mainly depending on @in@stomosis network (Oliff et al. 1997; Davidson
et al. 2000). We did not observe the lack of rétdegeneration following carotid occlusion in our
rat strain, and using the two sides of the sammalnias described in the present study, diminishes
individual differences by allowing comparison te tintreated contralateral eye.

We observed an about 15-fold increase in self-AbBsylation upon BCCAO indicating that
PARP activation may have mediated the chronic caltebypoperfusion-induced injuries. We
anticipated this finding since various aspects wpidative stress but DNA-breaks and PARP
activation during chronic hypoperfusion were puidid previously (Aliev et al. 2003; Kasparova et
al. 2005; Kim et al. 2008, He et al. 2009). Unitate administration of the
carboxaminobenzimidazol PARP inhibitor HO3089 aitded the BCCAO-induced PARP
activation, demonstrating that it could exert itsapnacological effect in the retina under our
experimental conditions. Besides suppressing PA&Ration, HO3089 treatment alleviated the
morphological changes associated with retinal deggion caused by BCCAO. This finding
suggests that PARP activation was a causative rféebind the chronic hypoperfusion-induced
retinal degeneration, that is a major regulatothef cell death process exactly as it was found in

various other models (Lam 1997; Shojaee et al. 1@9¢ang and Lam 2000; Halmosi et al. 2001,
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Patil and Sharma 2004; Goebel and Winkler 2006;atkelet al. 2006; Kauppinen and Swanson
2007; Pacher and Szabo 2008). Specificity and plesside effects of a pharmacological agent are
always an issue; however, PARP inhibitory propetyHO3089 was characterized previously
(Kovacs et al. 2006). We found that it effectiveiyhibited PARP enzyme at nanomolar
concentrations; therefore, the neuroprotectivecef® HO3089 in this model was most likely the
result of its inhibitory effect on PARP rather theside effect.
Besides inducing NAD+ and ATP depletion leadinghexrotic cell death, PARP activation was
shown to influence other components of cell deafichimery. Namely, PARP activation leads to
destabilization of mitochondrial membrane systehtalfiosi et al. 2001; Hong et al. 2004; Tapodi
et al. 2005), facilitates nuclear translocatiormpbptosis inducing factor (Yu et al. 2002; Xiaakt
2004; Li and Osborne 2008), activates cell deatimpting kinases such as JNK1 (Xu et al. 2006),
and modulates transcription factors and gene egjre$Aguilar-Quesada et al. 2007; Cohausz and
Althaus 2009; Krishnakumar et al. 2008). InhibitiohPARP can revert these processes, and in
addition, it can activate one of the most importeyiioprotective pathway, the PI-3-kinase-Akt
system (Vereset al. 2003; Tapodi et al. 2005). Wmd enhanced activation of this pathway upon
HO3089 treatment, indicated by increased phospatoyl of both Akt and its downstream target
GSK-3beta. This is in agreement with our previoagdhat treatment with PARP inhibitor led to
increased Akt and GSK-3beta activation in oxidastess- and ischemia-induced cellular damage
(Tapodi et al. 2005; Kovacs et al. 2006). Akt-méshigpathways are major cytoprotective signaling
pathways in the retina (Lai et al. 2002). Inhihitiof Akt activation increased the degree of retinal
injury (Fontaine et al. 2002; Nakazawa et al. 20Park et al. 2008), whereas increasing the
phosphorylation of Akt and its downstream targe§K&beta by neuroprotective strategies has
been demonstrated to protect the retina againgiugatypes of injuries, including retinal ischemia
(Lai et al. 2002; Weishaupt et al. 2004; Russo|e2@08). The signal transduction pathways
involving MAP kinases play key roles in cell suraivand adaptation in various tissues including
the retina (Zhang et al. 2002; Roth et al. 2003)cokding to our data, activation of ERK1/2 was
dramatically enhanced by BCCAO. ERK1/2 is involvedell differentiation and proliferation, and
it is generally considered to be a survival-promgtagent. Postischemic elevation of ERK is
usually associated with the stimulation of endogesnarotective mechanisms.Elevated activation of
ERK generally induces cytoprotection, although caxlittory data also exist showing proapoptotic
effects of the kinase pathway or no contributiorcédl death (Roth et al. 2003; Munemasa et al.
2005). In the retina, inhibiting ERK activation hasen reported to increase the degree of ganglion
cell death following ischemia/reperfusion injury @ptic nerve transection (Akiyama et al. 2002;
Kilic et al. 2005). Other reports also support atective role of ERK1/2 in the retina under
different stress condition€havarr 1a et al. 2007; Luo et al. 2007). We found that similarAtkt,
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ERK1/2 phosphorylation was increased upon HO308atiment over that of caused by BCCAO
alone; therefore, it is very likely that the PARMibitor-induced overactivation of these pathways
were important components of the neuroprotectifecebbserved in this model.

Retinal ischemia induced by elevation of intraocydeessure leads to activation of JNK and p38
MAP kinases within the first 6 h (Roth et al. 2008erienne et al. 2007; Roduit and Schorderet
2008). Long-term activation of MAP kinases has dsen reported in excitotoxic retinal damage,
with activation beginning 1-6 h after the NMDA tne#nt or the ischemic insult (Zhang et al.
2002; Munemasa et al. 2005). Our observationsrasetordance with these data since we found
activation of JNK and p38 MAP kinases 2-4 h afte€C@\O indicated by increased
phosphorylation of these kinases. JNK and p38 MA#ades generally mediate the effect of
cellular stress in the retina (Roth et al. 2003)okJ stressor effects, activation of these kinases i
observed, while their inhibition is generally prctige against various types of injuries. Blockadle o
p38 has been shown to provide significant protactigainst ischemic retinal damage (Roth et al.
2003). Similarly, blocking the activation of INKdp38 MAPK decreased retinal ganglion cell
death in NMDA retinotoxicity and in elevated intcadar pressure-induced ischemia (Ettaiche et al.
1999; Munemasa et al. 2005). PARP inhibition has ddeen shown to protect cells against
alkylating agent-induced stress via JNK inactivatiand thus, decreasing photoreceptor apoptosis
(Uehara et al. 2006). According to our data, theRPAnhibitor suppressed the BCCAO-induced
activation of JNK and p38 MAPK; therefore, thesechanisms could also contribute to the

alleviation of chronic hypoperfusion-induced dansggthe retina.

Our second study shows that PACAP is able to gxetective actions against oxidative stress in
human retinal pigment epithelial cells. In additi@nthe numerous studies providing evidence for
the protective effects of PACAP in the neuronaheetthis is the first study that demonstrates such
effects in the pigment epithelial cells. PACAP gioes have been identified earlier in several
neuronal layers of the retina. The selective PAGAE&eptors are responsible for approximately
80% of PACAP binding in the retina (Nilsson et 4894). Radioligand binding studies have
revealed the existence of PACAP receptors alstnénhuman fetal retina and in retinoblastoma
cells (Olianas et al. 1996, 1997). Detailed lodlan studies have revealed a strong expression of
PAC1 receptor mRNA in the ganglion cell layer, innaclear layer, and nerve fiber layer, while a
weaker expression in the inner and outer plexif@mad the outer nuclear layers and the outer
segments of the photoreceptors was observed ($eki £997, 2000). In culture, PAC1 receptor
expression has been shown in the Muller glial cellbere PACAP exerts several functions
(Kubrusly et al. 2005; Nakatani et al. 2006). Itiral pigment epithelial cells, PAC1 and VPAC1
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receptors have been identified by RT-PCR studiésuig et al. 2005). The same study has shown
that PACAP inhibited the interleukinpistimulated expression of interleukin-6 and -8 and
monocyte chemotactic protein-1 (Zhang et al. 200Be authors used the same human pigment
epithelial cell line (ARPE-19) that we used als@ur present study.

Pigment epithelial cells perform a wide varietyfohctions that are critical during the embryonic
development of the retina as well as throughouttdda to maintain normal vision (Grunwald
2009). Originally, the pigment layer of the retwas thought to function mainly as an absorptive
layer of stray light to enhance visual acuity. Hoee these cells play several other important roles
such as formation of the blood-retinal barrienngtiation of waste products, selective transport to
photoreceptors, processing of vitamin A in the &lstycle and phagocytosis of the photoreceptor
outer segments disks facilitating the renewal ef photoreceptors. By building a barrier between
blood and photoreceptors and by possessing spedadipical, basal, and lateral surfaces, pigment
epithelial cells also provide a protective layeriagt toxic and oxidative damage that would be
harmful for the photoreceptors. However, the réfmgment epithelium itself is constantly exposed
to external injuries, including oxidative stresfisimay lead to degeneration, dysfunction, or loss
of pigment epithelial cells. The balance betweenERfEell death and proliferation may be
responsible for several diseases of the underkgtiga (Roduit and Schorderet 2008). High oxygen
tension, exposure to light and the biochemical &sehvision generate significant oxidative stress
in the retina and the retinal pigment epitheliuma@da et al. 2005). Retinal pigment epithelial cells
have been implicated in several retinal diseasetjding age-related macular degeneration, which
is the leading cause of blindness among adults eweldped countries, and in proliferative
vitreoretinopathy, which is a major complicationsu#ting from retinal detachment (Grunwald
2009).

Our results indicate that PACAP has antiapoptdfieces in oxidative stress-induced cell death in
retinal pigment epithelial cells. This is in accande with other studies showing that PACAP
protects cells of different origin against oxidatigtress. Not only neuronal cells but also non-
neuronal cells have been demonstrated to react aetineased apoptotic rate when exposed to
PACAP. Such effects have been described in cesetmglhinule cells (Vaudry et al. 2002), cochlear
cell culture (Racz et al. 2010), endothelial céRacz et al. 2007b) and cardiomyocytes (Gasz et al.
2006; Racz et al. 2008a). The exact mechanismeobltiserved protective effect is not known at the
moment, but our results indicate the involvementhef Akt signaling pathway, since the survival-
promoting effect of PACAP was significantly redudedthe presence of the PI3K/ Akt inhibitor.
This is in agreement with previous observationswshg the involvement of the Akt signaling
pathway in the protective effects of PACAP (Racale2007a, 2008a).
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Based on our present results, it can be hypotheesthat such an effect is also present
endogenously. Numerous studies have shown that FPA@ERicient mice react to damaging insults
with increased susceptibility. For example, cer@beranule cells isolated from PACAP knockout
mice react to oxidative stress with a higher apiptate (Vaudry et al. 2005). In addition, PACAP-
deficient mice have increased neuronal damageam lischemia (Ohtaki et al. 2008) and axonal
regeneration is delayed in a model of axotomy (Aramg) et al. 2008). Recently, we have shown
that even kidney tubular cells isolated from PACddficient mice are more sensitive to oxidative
stress (Horvath et al. 2010). Retinal pigment egigh cells possess PACAP receptors, and an
earlier study has revealed that PACAP inhibits sanflemmatory cytokine expression in these
cells (Zhang et al. 2005). It is possible that PACK a survival-promoting factor also in retinal

pigment epithelial cells.
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6. CONCLUSION

The activation status of PARP in BCCAO model

* We provided evidence for establishing PARP actoratas a major regulator of the cell
death process in chronic hypoperfusion-induced ouggeneration. Activation of PARP in
the retina was revealed by assessing poly-ADP-ylatien of target proteins. Treatment of
the eye with the PARP inhibitor -HO3089- attenuatezl BCCAO-induced self-poly-ADP-
ribosylation of PARP.

The effect of PARP inhibitor -HO3089- on retinal mophology in BCCAO model

* We provide histological evidence for the retinopaive effect of PARP inhibition.
Intravitreal PARP inhibition -HO3089- treatmentléaving BCCAO led to a nearly intact

appearance of the retinal layers.This is well sujgoloby the morphometric measurements.

The involvement of different cell signaling pathwgs in the mechanism of PARP-

inhibition-induced neuroprotection in this model.

* We determined that activation of PI-3K-Akt and ERKWas cytoprotective, and inhibition
of JNK and p38 MAPK cytotoxic signaling pathways revevery likely involved in the

mechanism of PARP-inhibition-induced neuroproteatiiothis model.
In summary, based on these results PARP inhibitiag represent a molecular target in the clinical

management of ocular ischemic syndrome, and iroader sense, chronic hypoperfusion-induced

neurodegenerative diseases.
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Effect of PACAP on cell viability of human pigmentepithelial cells

 We showed that PACAP treatment diminished the efééccell death caused by.6,
treatment in retinal human pigment epithelial tiek. Furthermore, the effect of PACAP1-
38 could be blocked by PACAP6-38 (inhibitor of PARR-38) co-application

Concentration-dependency of PACAP

* We found that the protective effect of PACAP wasnamtration dependent. From the
concentration range of 1pM to 1uM, the best resals achived by 100 nM PACAP1-38
treatment.

Effect of PACAP in cell death

« PACAP administration led to a significant increasdhe percentage of living cells and a

reproducible decrease in the rate of apoptosislis treated with bD,.

Effect of PACAP on mitochondrial depolarization

* An increase of apoptotic cell number was observethé HO,-treated group with a lower
number of living cells. PACAP administration ledacignificant increase in the percentage

of living cells and a decrease in the percentaggoptotic cells exposed ta6h.

In summary, our present results show that PACAPahéiapoptotic effects against oxidative stress-
induced cell death in retinal human pigment epi#thetells, providing an additional piece of
evidence for the retinoprotective effects of PACARus PACAP may take part in future clinically

effective treatments of retinal diseases causeukimative stress.
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7. PRACTICAL MEANING / FUTURE PROSPECTS

Clinical observations often provide clues that stsgn directing research regarding the
pathogenesis of disease. Clinicians have knownmfany years that there is a strong correlation
between retinal ischemia and retinal neovasculéoizaThis led to the hypothesis that ischemic
retina releases a substance(s) that stimulatesaketieovascularization. Investigators began
searching for retina-derived factors that couldhstate proliferation and migration of endothelial
cells in vitro and angiogenesis in viwdascular endothelial growth factor (VEGF) fit theofile.
Several in vitro and in vivo expermients are perfed and confirmed the major role of VEGF in
the process of angiogenesis. As the biochemical 06lVEGF was elucidated, the antibody of
VEGF was introduced as a therapeutic agent inlthiea&l practice.

Undoubtedly, the inhibition of the growth factor &E was only the first step. There is already a
growing arsenal of new substances of differentseasn preclinical and clinical studiedithough
VEGEF is not always the primary point of attack, thain goals are the inhibition or modulation of
the members of VEGF-induced cascade.

There are extremely complex molecular mechanismistiacellular signaling that we still
do not know. Thus the identification and the elatioh of the role of these pathways are
particularly important since it leads to identiice of new drug targets and this can be the first
step in the development of new therapeutic agénsthe other hand, the “deeper” exploration of
the mode of action of new and existing drugs ghedlinician the chance to treat the patient more

effectively to save his/her vision.
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