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Abstract:

Ischemic proliferative retinopathy develops in various retinal disorders, including retinal vein occlusion, diabetic retinopathy and

retinopathy of prematurity. Ischemic retinopathy remains a common cause of visual impairment and blindness in the industrialized

world due to relatively ineffective treatment. Oxygen-induced retinopathy (OIR) is an established model of retinopathy of

prematurity associated with vascular cell injury culminating in microvascular degeneration, which precedes an abnormal

neovascularization. The retina is a tissue particularly rich in polyunsaturated fatty acids and the ischemic retina becomes highly

sensitive to lipid peroxidation initiated by oxygenated free radicals. Retinal tissue responds to physiological and pathophysiological

stimuli by the activation of phospholipases and the consequent release from membrane phospholipids of biologically active

metabolites. Activation of phospholipase A� is the first step in the synthesis of two important classes of lipid second messengers, the

eicosanoids and a membrane-derived phospholipid mediator platelet-activating factor (PAF). These lipid mediators accumulate in

the retina in response to injury and a physiologic role of these metabolites in retinal vasculature remains for the most part to be

determined; albeit proposed roles have been suggested for some. The eicosanoids, in particular the prostanoids, thromboxane A�

(TXA�) and PAF are abundantly generated following an oxidant stress and contribute to neurovascular injury. TXA� and PAF play an

important role in the retinal microvacular degeneration of OIR by directly inducing endothelial cell death and potentially could

contribute to the pathogenesis of ischemic retinopathies. This review focuses on mechanisms that precede the development of

neovascularization, most notably regarding the role of lipid mediators that partake in microvascular degeneration.
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factor, PG – prostaglandin, PGH� – prostaglandin synthase,

PLA�� – phospholipase A�, PTX – pertussis toxin, PUFA –

polyunsaturated fatty acids, RBF – retinal blood flow, ROS –

reactive oxygen species, ROP – retinopathy of prematurity, TP

– thromboxane A� receptor; TXA� – thromboxane A�, TXS –

thromboxane synthase, VEGF – vascular endothelial growth

factor
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Introduction

The retina is an integral part of the central nervous

system communicating directly with the brain via

ganglion cell axons passing through the optic nerve.

The retina shares many functional and structural char-

acteristics with the brain. One striking difference be-

tween the retina and brain however, is the relative re-

sistance of the retina to an ischemic insult, which may

reflect its peculiar metabolism and unique environment

[132]. Mammalian retinal ischemia results in irreversi-

ble morphological and functional changes. Ischemic

retinopathy develops when the retinal blood flow is in-

sufficient to match the metabolic needs of the retina,

the highest demands of any tissue. At the cellular level,

ischemic retinal injury consists of a self-reinforcing de-

structive cascade involving neuronal depolarisation,

calcium influx, and oxidative stress initiated by energy

failure and increased glutamatergic stimulation [187].

Retinal phospholipids, fatty acid products includ-

ing eicosanoids and related products have important

roles in ocular physiology and pathophysiology. Lipid

mediators generated in the retina by oxidative path-

ways play essential roles in vascular homeostasis and

disease by activating signal transduction pathways

that control a variety of cellular functions, including

visual functions, vascular tone, and gene expression

[109, 112]. Several enzyme families generate oxi-

dized lipids, and a number of these are either constitu-

tively expressed or inducible in the endothelium.

These enzymes may also generate low levels of lipid-

derived radicals in the vasculature following escape

of substrate radicals from the active site [43]. Lipid

oxidation enzymes are often up-regulated in ischemic

retinopathies, with several lines of evidence suggest-

ing that they play a central role in the pathogenesis of

the disease process itself [226].

A number of animal models and analytical tech-

niques have been used to study retinal ischemia, and

an increasing number of treatments have been shown

to interrupt the “ischemic cascade” and attenuate the

detrimental effects of retinal ischemia [187]. Thus far,

however, success in the laboratory has not been trans-

lated to the clinical setting. Difficulties regarding the

route of administration, dosage, and adverse effects

may render certain experimental treatments clinically

unusable. Furthermore, neuroprotection-based treat-

ment strategies have so far been disappointing. Given

the increasing understanding of the events involved in

ischemic neuronal injury it is hoped that clinically effec-

tive treatments for retinal ischemia will soon be available.

Extensive reviews on retinal angiogenesis have

been documented [29, 93]. This review will focus on

a crucial preceding predisposing event, namely micro-

vascular obliteration. The first section of this paper

will describe the retinal circulation and how it is regu-

lated. This will be followed by a discussion on retino-

vascular susceptibility to oxygen and current experi-

mental models. Finally, we will review some new in-

sights into the role of oxidative stress-induced lipid

mediators in mechanisms of retinal microvascular

dysfunction and potential therapeutic strategies.

A- RETINAL CIRCULATION AND ITS ONTOGENIC

REGULATION

Retinal circulation

Retinal circulation is responsible for the delivery of

oxygen and nutrients to different structures of the ret-

ina without interfering with visual functions. To

achieve this complex task in mammals, humans, and

other primates, two separate vascular systems partake

in the process, i.e. the retinal vascularization and the

uveal or choroidal vascularization [132].

Branches of the central retinal artery which arise

directly from the ophthalmic artery are responsible for

the retinal vascularization. It supplies the inner two-

thirds of the retina through three layers of capillary

networks including the radial peripapillary capillaries

(RPCs), and a superficial and deep layer of capillaries

[118]. The latter supply two-thirds of the inner retina,

while the outer third is supplied by the high flow

choroid circulation. By passing centrifugally from the

optic disc to the periphery, the retinal circulation

shows progressive slowing of linear flow rate in arte-

rioles and capillaries. Therefore, retinal circulation is

characterized by a low blood flow and a high level of

oxygen extraction; arteriovenous difference in pO2 is

about 40% [119]. To ensure a selective exchange of

substances between the blood and surrounding tis-

sues, retinal vascular endothelial cells are nonfenes-

trated, tightly-joined, and form an inner blood-retinal

barrier between the retinal capillaries and the retinal

tissue. The second source of blood supply to the retina
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are the choroidal blood vessels. Choroidal arteries

arise from posterior ciliary arteries and branches of

Sinn’s circle, located around the optic disc, which

break up into fan-shaped lobules of capillaries that

supply the choroids [116]. This network of capillaries,

named choriocapillaris, plays a crucial role by provid-

ing nutrients and oxygen to the retinal pigment epithe-

lium (RPE) and to the photoreceptors in the outer part

of retina, which exhibit high oxygen consumption.

Retinal blood vessel development begins during

the fourth month of gestation in the human fetus and

is only completed after 40 weeks (at term) [216]. In

the rodent, the retinal vasculature develops postna-

tally and extends to fill the peripheral avascular retina

which occurs by a combination of vasculogenesis and

angiogenesis [166, 168]. During the development of

the retinal vasculature, vessel growth is guided by

glial cells that secrete hypoxia-induced vascular endo-

thelial growth factor (VEGF) [202, 238]. Superficial

retinal vessels form by vasculogenesis starting at the

optic nerve and developing along a gradient from pos-

terior to anterior retina. Vessels sprout from superficial

retinal vessels and invade into the retina to form the in-

termediate and deep capillary beds by angiogenesis.

Once vascular beds are formed, they are remodeled

based on oxygen tension within the tissue [21]. Remod-

eling of vessels is likely to be a form of angiogenesis

and certainly involves hypoxia-regulated genes [255].

Therefore, in infants born prematurely, retinal vascu-

larization is incomplete and constitutes a peripheral avas-

cular zone that varies with gestational age whereas the

choriocapillaris, which is already established, suppies the

developing outer neural retina [11, 38, 39, 62, 79].

Regulatory determinants of retinal and

choroidal circulations in the adult and

the newborn

The presence of mechanisms that regulate retinal cir-

culation may well reflect important survival strategies

for the retina which are not yet understood. As in

most tissues, the regulation of the circulation is com-

plex. Many different local and systemic factors can

exert an influence. Local physical (e.g. variations in

perfusion pressure) and metabolic factors (e.g. varia-

tions in pO2, pCO2 and pH) attempt to adapt flow to

local needs, while systemic factors (circulating hor-

mones and the autonomic nervous system) regulate

the distribution of the cardiac output over different

vascular beds. Although the eye has a rich autonomic

innervation, nerve endings only extend to the uvea

and the extraocular part of the retinal blood vessels,

while intraocular segments of the retinal blood vessels

are not adrenergically, cholinergically, or peptidergi-

cally innervated [83, 122, 147, 257]. Since the retinal

tissue lacks vascular innervation retinal arterial tone is

largely regulated by local factors.

Autoregulatory responses of RBF and ChBF to

changes in perfusion pressure

The flow through a vascular bed is determined by

both perfusion pressure and vascular resistance. The

mechanism which provides the ability of the retinal

vessels to keep blood flow constant despite changes in

perfusion pressure or, the ability of a tissue to adapt

blood flow to metabolic needs, is termed autoregula-

tion [104]. In the adult, retinal blood flow (RBF) is

maintained constant over a wide range of perfusion

pressure from 45 mmHg to 145 mmHg whereas RBF

is autoregulated over only 45 mmHg to 85 mmHg in

the newborn [9, 11, 62, 110, 114, 213, 215, 243].

Choroidal blood flow (ChBF) is also autoregulated in

the adult over a wide range of perfusion pressure but

there is almost complete absence of autoregulation of

ChBF in the newborn [62, 91, 110, 113–115, 133,

134, 206, 260]. Consequently, during an acute rise in

perfusion pressure, RBF and ChBF of the newborn

cannot be maintained constant, resulting in potentially

toxic increased delivery of oxygen to the retina [4, 62,

110, 127, 140, 142, 230].

RBF and ChBF autoregulatory response to

oxygen tension

Ocular blood flow autoregulation also operates in re-

sponse to changes in blood oxygen tension. Observa-

tions suggest that variations in oxygen tension are

mainly compensated by RBF autoregulatory mecha-

nisms. Thus, several studies have shown that hypoxe-

mia causes an increase in RBF [88, 191]. In response

to hyperoxia, the retinal vasculature constricts compa-

rably in the adult and the newborn [24, 37, 62, 90,

115, 133, 134, 214, 229]. On the other hand, com-

pared to the adult, choroidal vessels of the newborn

do not constrict in response to hyperoxia, thus causing

increased delivery of potentially toxic levels of oxy-

gen to the newborn retina [62, 110, 115, 212, 223,
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224]. Since immature retinal tissues lack developed

antioxidant systems, hyperoxygenation favors peroxi-

dation which in turn leads to microvascular injury and

consequently ischemia. This physiological cascade of

events ultimately predisposes the newborn to the de-

velopment of a vasoproliferative retinopathy, com-

monly termed retinopathy of prematurity (ROP) [62,

110, 115].

RBF and ChBF regulation by carbon dioxide

Changes in carbon dioxide tension play a significant

role in the regulation of RBF and ChBF, such that one

can observe a 300–400% rise in blood flow in re-

sponse to a two-fold increase in CO2 tension from

normal values [10]. A rapid rise in ocular circulation

induced by acute hypercapnia has been shown to be

prostaglandin-dependent. During sustained hyper-

capnia this increase in prostaglandin, mostly PGE2,

induces endothelial NO synthase expression, which

releases NO and in turn mediates the delayed

hypercapnia-induced rise in ocular hemodynamics

[60]. This marked hypercapnia-induced ocular hy-

peremia is clinically relevant since hypercapnia is as-

sociated with ROP in humans and experimental ani-

mals [122]. Thus, both the acute and sustained phases

of hypercapnia are somewhat prostaglandin-dependent.

Hypocapnia on the other hand leads to a modest de-

crease in RBF and ChBF.

Response to autoregulatory stimuli: retinal and

systemic endothelial factors

During the last decade our understanding of the blood

flow regulation in healthy and/or diseased eyes has

been improved by research targeting the role of the

vascular endothelium in RBF autoregulation [48, 105,

112, 200]. It is now well established that vascular en-

dothelial cells produce different vasodilating and

vasoconstricting factors under basal conditions and in

response to varying physiologic stresses such as

changes in blood pressure, vessel wall stress, and

metabolic changes as elevation of oxygen (hyperoxia)

[73]. These factors may originate from both vascular

and/or perivascular retinal tissues and may include

messenger molecules such as nitric oxide, adenosine,

endothelin, and a number of bioactive lipid mediators

including prostaglandins and other eicosanoids,

platelet-activating factor (PAF) and isoprostanes [33,

62, 73, 96, 112, 144, 152, 170, 184, 188, 201, 247].

The perinatal period is associated with abundant

generation of prostaglandins, and these have been

found to impact upon vasomotor tone. The major con-

sequences of this excess amount of prostaglandins in

the newborn seems to be created by the production of

a dominant mediator, notably NO; this effect is de-

pendent upon PGD2 and PGE2 which in turn governs

the perinatal expression of endothelial NO synthase in

the neural vasculature [80, 81]. Moreover, NO exerts

part of its vasomotor effects via PGI2 in the eye [108].

Accordingly, the immature subject forms excess NO

which hinders the normal autoregulatory response of

the choroid and leads to excess delivery of O2 to the

retinal tissue; this effect relies upon an intimate inter-

play between NO and prostaglandins [114, 115].

B- RETINOVASCULAR SUSCEPTIBILITY TO OXYGEN

AND AN EXPERIMENTAL MODELS

Oxygen-induced ischemic retinopathy:

an experimental model for retinopathy

of prematurity

Retinopathy of prematurity

As indicated above the immature retina poorly regu-

lates oxygen delivery to its tissue, leading to excess

oxygenation. This excessive retinal oxygenation plays

a significant role in the pathogenesis of ROP, a major

cause of blindness in children [95, 190]. Both the ab-

solute oxygen tension of gas used and the duration of

its administration are believed to be important compo-

nents in the genesis of the retinopathy. ROP develops

in two distinct phases [46]. First, when the retina is

exposed to high concentrations of oxygen, normal

vascular development ceases and large areas of the

newly formed immature retinal vessels obliterate,

which altogether compromise perfusion and leads to

ischemia [37]. This vasoobliterative ischemic phase is

paramount in predisposing to the subsequent neovas-

cularization. The second phase is characterized by an

attempt of the tissue to compensate for the resulting

ischemia, leading to an exaggerated intravitreal prere-

tinal neovascularization. The latter event may ulti-

mately lead to retinal detachment and vision loss. Of

the various factors implicated in this ischemic-

hypoxia-induced neovascular phase VEGF-A plays

a dominant role [6, 12, 199].

172 �����������	��� 
������ ����� ��� �����	� 
��
��



Oxygen-induced retinopathy

Oxygen-induced retinopathy (OIR) is an in vivo model of

ROP and reproduces many features of the human condi-

tion [6, 58, 71, 89, 101, 102, 165, 166, 175, 197, 207,

209, 210]. In this model, young pups are exposed to hy-

peroxia during which retinal vascular development is hin-

dered and vasoobliteration takes place; upon replacing

pups to normoxia, the inner retina relatively devoid of

vasculature triggers an angiogenic response which leads

to excessive abnormal preretinal neovascularization, as

seen in ROP and diabetic retinopathy. This model has

been tested in a number of species, and the extent of neo-

vascularization is further aggravated by frequently oscil-

lating O2 tensions between hypoxic and mildly hyperoxic

ranges; OIR is most commonly reproduced in the rat and

mouse [59, 167, 195, 207, 226, 232]. As observed in

ROP, OIR culminates in arrest in vascular development

and microvascular degeneration, which precedes abnor-

mal neovascularization [18, 59, 143, 165, 166, 208]. The

process begins in isolated retinal capillaries that become

acellular and nonperfused, a process called vasooblitera-

tion or vasoattenuation. It further extends to groups of

capillaries, and then advances centripetally to involve the

arterioles and their side branches [84]. Vessel regression

in ischemic retinopathies represents an exaggeration of an

otherwise natural response to oxygen surplus. Normally,

the tissue responds to excess oxygen by trimming its

microvasculature to the extent that oxygen supply is reset

to match the metabolic requirements of the tissue. It is

noteworthy that the choroidal vasculature, which is com-

pletely formed at birth, is unaffected by the hyperoxic in-

sult. In essence, OIR is an oxidative insult to a developing

vasculature which leads to cessation in normal vascular

development, microvascular degeneration, ischemia, and

sight-threatening exaggerated angiogenesis [18, 47, 183,

193]. Although abundant studies have explored the fac-

tors responsible for neovascularization, the mechanisms

of the cardinal preceding microvascular degeneration are

only now in the process of being uncovered.

Susceptibility of the perivascular and

vascular retinal tissues to oxidative stress

Reactive oxygen species in retinal tissue

There are many types of radicals, but those of greatest

concern to biological systems are derived from oxy-

gen, and known collectively as reactive oxygen spe-

cies (ROS). Oxygen-derived radicals are generated

constantly as part of normal aerobic life. They are

formed, among other sources, in the mitochondria, as

oxygen is reduced along the electron transport chain.

When generated in excess under oxidative stress con-

ditions, oxygen-derived radicals can disrupt a broad

range of important cellular components containing

lipids, proteins and nucleic acids; consequently cyto-

toxicity can occur. Of relevance, the retina is a tissue

rich in mitochondria which is able to maintain a very

high rate of oxidative metabolism, even under normal

oxygen conditions [97]. To maintain the high oxygen

consumption, an abundant oxygen supply is mainly

ensured by the choroidal circulation which is charac-

terized by a high blood flow. Therefore, the specific

organization of the ocular circulation could contribute

to enhance the susceptibility of the retinal tissue to

oxidative stress under hyperoxic conditions in the im-

mature subject. In addition, the retina contains a large

amount of molecular photosensitizers, which upon

photic excitation generate free radicals [69, 74, 218,

228]. Furthermore, in newborns, in contrast to the

adult, there is more free iron in neural tissue to readily

catalyze oxidizing reactions [172, 235].

In addition to the mitochondrial respiratory chain,

ROS are also formed as necessary intermediates in

a variety of normal biochemical reactions. In fact,

a variety of enzymes and transporters contribute to the

generation of free radicals. These include the endothe-

lial cell xanthine oxidase, NADPH oxidase, cyclooxy-

genase (COX), nitric oxide synthase (NOS) and to

a lesser extent the lipoxygenase pathways. Interest-

ingly, COX and NOS activities are high in the neona-

tal period and have been shown to contribute in con-

cert to peroxidation in ocular tissues. Likewise, there

exists a positive feedback interaction between free

radicals and COX activity in ocular tissues, such that

during oxidative stress, the COX pathway is an im-

portant producer of free radicals and in turn is also ac-

tivated by them [63].

Effects of reactive oxygen species on retinal

blood vessels

ROS play an important role in the retinal vasooblit-

eration associated with OIR [183, 194, 204]. Oxidant

stress can induce retinovascular injury by reducing

tissue perfusion caused by significant vasoconstric-

tion and/or by affecting platelet aggregation, as well

as through direct cytotoxic effects [1, 15, 192, 209,
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234]. In addition, oxygen-derived radicals and their

metabolites affect retinal vasomotor tone and those

changes depend on the types of blood vessels, the

types and concentrations of free radical, and the de-

velopmental stage. For example, peroxides cause at

lower concentrations a small vasodilatation but as

their concentration rises, this vasodilatation readily

switches to a marked TXA2-dependent constriction

[2, 4, 63]. Of interest, such peroxide-induced vaso-

dilatation has been invoked during RBF and ChBF

autoregulatory adjustments, mediated via a prostaglandin-

dependent mechanism [110]. In addition, peroxide-

induced constriction is more pronounced and sus-

tained in the immature subject compared to that ob-

served in adult subjects due to increased and unop-

posed (by PGI2) TXA2 generation [2, 4]. This shift in

ratio of PGI2 towards TXA2 has previously been ex-

plained by an endoperoxide steal whereby PGH2 gener-

ated by endothelium is used by platelet thromboxane syn-

thase to generate TXA2 in the presence of lipid peroxides

[49, 173]. Thus peroxidation not only impacts on tissue

integrity but also significantly governs ocular hemody-

namics in the developing subject [63].

Lipid peroxidation substrates in retinal tissue

Among the most established toxic effects of ROS is

damage to cellular membranes, which is initiated by

a process known as lipid peroxidation. A common target

for peroxidation is polyunsaturated fatty acids (PUFAs)

present in membrane phospholipids. Lipid peroxidation

of retinal membrane PUFAs results in loss of membrane

function and structural integrity [13, 16]. For reasons

that remain unclear, retinal endothelial cells seem par-

ticularly susceptible to peroxidation-induced injury,

whereas pericytes, smooth muscle cells, and perivascu-

lar astrocytes are relatively resistant [22, 71, 106, 139].

The retina is highly susceptible to lipid peroxida-

tion since 20% of its dry weight is composed of lipids

containing a high level of different PUFAs including

docosahexaenoic acid (DHA; 22:6�-3), arachidonic

acid (AA; 20:4�-6) and choline phosphoglyceride.

The entire retina contains very high levels of DHA

[85, 149]. DHA is crucial in the visual process and

therefore, accounts for about 25–50% of the total es-

terified fatty acids that are mainly concentrated in the

rod photoreceptor outer segments [243]. Furthermore,

lower levels of DHA have been reported in the human

macular region (central part of the retina and most im-

portant for visual functions) compared with the pe-

ripheral retina. This suggests that the greater oxidant

challenge of the macula consumes DHA [248]. AA repre-

sents about 5–15% of total esterified fatty acids in phos-

pholipids, and is a precursor for vasoactive prostaglandins,

whereas choline phosphoglycerides comprise almost half

of vertebrate retinal phospholipids [30, 237]. This very

high proportion of long-chain PUFAs found in all phos-

pholipid classes is a feature unique to retinal lipids.

Retinal vessels, in contrast to parenchyma, contain

saturated fatty acids like stearic acid as well as un-

saturated ones including AA and DHA which exist in

equal amounts [75, 140, 149]. But the important DHA

precursor, eicosapentaenoic acid (20:5�-3), is not de-

tected in retinal vessels.

Antioxidant systems in the newborn retina

Antioxidants are molecules which can safely interact

with ROS and terminate the chain reaction before vi-

tal molecules are damaged. The concentration of all

the major components of the antioxidant systems in

neonates, which include heme oxygenase-1, metal-

lothionein, Cu-Zn superoxide dismutase, catalase, vi-

tamins C and E, and glutathione peroxidase, have

been shown to be reduced in retinal tissues [87, 159,

181, 203]. Therefore, premature infants, exhibiting

underdeveloped antioxidant defenses, are particularly

sensitive to the toxic effects incurred by relative ex-

cesses in oxygen [43, 241]. Altogether, a limited abil-

ity of the newborn to autoregulate, the abundant un-

saturated fatty acids in retina, and the reduced antioxi-

dant systems, renders the ocular vasculature of the

newborn more vulnerable to oxidative damage.

C- EFFECTS OF LIPID MEDIATORS IN RETINAL

MICROVASCULAR DYSFUNCTION

Retinovascular injury, leukocyte invasion

and generation of lipid mediators

Ischemic-reperfusion injuries as seen in proliferative

retinopathies such as ROP are associated with retinal

vascular leakage, capillary nonperfusion, and endo-

thelial cell damage, which are temporary and spatially

associated with retinal leukocyte stasis [127, 129,

130, 173]. A rate-determining role for leukocyte-
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endothelial cell adhesion in the initiation and propa-

gation of reperfusion injury is supported by reports

describing retinal microvascular dysfunction and tis-

sue injury following ischemia and reperfusion in ani-

mals receiving neutralizing antibodies directed against

certain leukocyte adhesion receptors, and in mutant

mice that are genetically deficient in these adhesion

receptors [126, 129, 130]. Of relevance, the high ac-

tivity of NADPH oxidase of neutrophils partakes in

generation of ROS. These in turn activate retinal cells

to augment the oxidative process and ultimately re-

sulting in cell death.

Phospholipase A
2
: biological properties,

expression and regulation in the retina

Phospholipase A2 (PLA2) belongs to a family of en-

zymes that catalyzes the hydrolysis of sn-2 fatty acids

from membrane phospholipids. PLA2s are involved in

a complex network of signaling pathways that link re-

ceptor agonists, oxidative agents, and proinflamma-

tory cytokines to the release of several biologically

active phospholipid metabolites such as AA, eicosa-

noids, PAF, and lysophospholipids. PLA2s acting on

membrane phospholipids have been implicated in in-

tracellular membrane trafficking, differentiation, pro-

liferation, and apoptotic processes [55].

There is a wealth of evidence that the major en-

zyme PLA2 is activated by oxidative stresses [103,

138, 141, 157]. PLA2 is activated by ischemia/reper-

fusion in the retina and via the released mediators

contributes to free radical formation [29, 30, 43, 44,

64, 198].

Based on their biological properties, there are more

than 19 different isoforms of PLA2 in mammalian

systems, and they can be classified into 4 main types:

the secretory enzymes (sPLA2), the cytosolic PLA2

(cPLA2), the Ca2+-independent (iPLA2), and the se-

lective acetyl hydrolases of PAF. These groups of

PLA2 enzymes differ from each other in terms of sub-

strate specificity, in their overall structure, Ca2+ re-

quirements, pH optima, lipid modification and sus-

ceptibility to pharmacologic inhibition.

The secretory (s) PLA2s are low molecular weight

and comprise 10 groups: IB, IIA, IIC, IID, IIE, IIF,

III, V, X, and XIIA [179]. Upon activation, sPLA2

bind to receptors, and may act as intercellular signal-

ing modulators. sPLA2 enzymes exhibit no preference

for AA in the sn-2 position of phospholipids. Two

structural features are of functional interest: the cata-

lytic site and the interfacial binding site that interact

with multiple phospholipids at target membranes;

sPLA2 must first anchor to the membrane in order to

gain access to its substrate. The catalytic site is very

well conserved between sPLA2 enzymes, and calcium

is an essential catalytic cofactor [36, 76].

Cytosolic PLA2 (cPLA2) or group IV, is of high mo-

lecular mass (85 kDa), and is ubiquitously expressed in

the cytosolic fraction of nearly all cell types studied.

This enzyme preferentially hydrolyzes phospholipids

at the sn-2 position of glycerophospholipids containing

AA. cPLA2 activity is also calcium-dependent; in addi-

tion, Ca2+ binding induces translocation of cPLA2

from the cytosol to the perinuclear membranes [120].

The Ca2+-independent PLA2 (iPLA2) or group VI

enzyme, shares characteristics with the sPLA2 and

with the cPLA2. iPLA2 exhibits no apparent substrate

specificity for AA containing phospolipid. iPLA2

shares the size (85 kDa), intracellular localization,

and possibly elements of the catalytic mechanisms

with cPLA2. A distinctive element of the iPLA2, in

addition to the absence of a Ca2+ requirement, is that

it contains eight ankyrin motifs at the N-terminus half

of the molecule which favors its activation by oligo-

merization [26, 146, 231, 251]. The PAF acetylhydro-

lase (PAF-AH) or group VII catalyzes hydrolyis of the

sn-2 ester bond of PAF and related proinflammatory

phospholipids and thus attenuates their bioactivity.

PLA2s are present in the retina [23, 32, 97, 128].

The distribution of phospholipase activity was re-

ported to be present in retinal lysosomes, microsomes,

mitochondria, and in rod outer segment membranes

(ROS) [53, 240]. Calcium independent and calcium

dependent PLA2 activities have been found in these

ROSs and PLA2 exhibits a preference for phosphati-

dylcholine and phosphatidylethanolamine substrates

enriched in PUFA. The sPLA2-IB location was de-

scribed in the inner photoreceptor layer, the plexiform

layers, the cytoplasm of the ganglion cells, as well as

the retinal pigment epithelium. The existence of genes

encoding six subgroups of sPLA2 (sPLA2-IB, -V, -X,

-IIE, -IIA, and -IIF) in mammalian (rat) retina was re-

cently shown; differences in expression are observed

such that for instance sPLA2-X exhibits lower expres-

sion than other sPLA2s [137].

In retinal ROS protein phosphorylation (by protein

kinase C and protein kinase A) and dephosphorylation

modulates PLA2 activities in isolated ROS [54]. Evi-

dence has accumulated to suggest that PLA2 is acti-

vated by G-proteins. The predominant changes in ex-
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pression of specific PLA2 such as sPLA2-X during

certain photic-induced retinal injuries suggest particu-

lar roles during pathophysiological conditions. The

type of PLA2 modulated during ischemic proliferative

retinopathies has yet to be determined. All in all, PLA2

is a key class of enzymes involved in the generation of

important lipid mediators, of notable relevance in this

review, prostanoids, prostaglandin-like isoprostanes and

PAF. The following sections discuss how these three

classes of potent inflammatory lipid mediators partake

in an interactive as well as a sequential cascade in the

pathogenesis of ischemic vasoproliferative retinopathy.

Arachidonic acid-derived bioactive

mediators

Prostaglandins and TXA
2

synthesis from AA by

cyclooxygenases

Great progress has been made in describing the synthesis

of most known prostanoids by retinal tissues [3, 65, 109,

162, 189]. COX catalyzes the first steps in prostaglandin,

thromboxane and prostacyclin synthesis. Once AA has

been liberated, it is converted by COX to the cyclic endo-

peroxide, PGG2, via an intermediate radical. Then, the

COX peroxidase activity generates PGH2 from PGG2.

The next prostanoid produced from PGH2 is largely de-

pendent on the enzymes produced by the retinal cell and

may generate five different prostanoids (PGD2, PGE2,

PGF2�, PGI2, and TXA2 [254].

COX enzymes are membrane-bound hemoproteins

and include two isozymes encoded from two separate

genes, COX-1 and COX-2, which share similar en-

zyme kinetics [27, 145]. In the retina, COX-1 and

COX-2 activities contribute equally to the production

of neonatal prostanoids [27, 109, 145]. Almost ubiq-

uitously expressed, COX-1 is the constitutive form

that is responsible for the low prostaglandin synthesis

required for cell homeostasis while the inducible

form, COX-2, is synthesized de novo in response to

a wide range of extracellular and intracellular stimuli

in the course of inflammation or other cellular

stresses. Both COX-1 and COX-2 are located on the

luminal surface of the endoplasmic reticulum and in

inner and outer nuclear membranes [38, 39, 100, 254].

In the retinal tissue, COX-2 is abundantly present in

synaptic regions of human, mouse, and rat [226].

Oxidative stress such as ischemia-reperfusion in

the retina results in increased formation of ROS, and

in turn augments the synthesis of AA-derived

prostanoids [163, 110, 117, 125]. Catalysis of PGH2

formation by COX involves a radical at the active site

on tyrosine at position 385 which needs to be regener-

ated by peroxides during the peroxidase step for con-

tinued activity of the enzyme. In the usual setting, the

endoperoxide PGG2, can serve as the electron donor

resulting in PGH2 formation to generate the tyrosyl

radical and in turn initiate COX activation [29, 205].

Indeed, COX has been shown to generate peroxides to

a significant extent in the retina and peroxidation con-

tributes significantly to the development of ROP [110,

157, 193]. The peroxides favor TXA2 production over

that of prostaglandins [4, 63] because of inherent

characteristics of TXA2 synthase and reductive cofac-

tor requirements (glutathione and NADPH) for PGI2,

PGE2, PGD2 and PGF2� synthases. The decreased

ability of the newborn to dispose of ROS, perhaps,

could favor a greater activation of TXA2 synthesis by

peroxides in the neonatal subject. Because ischemia

precedes angiogenesis, a potential mechanism by

which retinal neovascularization associated with re-

tinopathy of prematurity might occur is by a peroxide-

induced generation of the potent vasoconstrictor and

microvascular cytotoxic agent, thromboxane (see below).

Following the vasoobliterative phase, preretinal

neovascularization sets in. Although VEGF plays

a dominant role in this latter process, other mecha-

nisms have also been suggested to facilitate the ef-

fects of VEGF. Interestingly, recent elegant studies on

local retinal oxygenation using functional magnetic

resonance imaging fail to reveal neovascularization in

hypoxic areas, and suggest that hypoxia per se may

not be sufficient (albeit implicated) in triggering the

impending neovascular phase [261]. COX-2 is one of

the immediate-early gene products in the ischemic

retina [164], and along with another relevant

immediate-early gene product, namely microsomal

PGE2 synthase-1, is induced in the nerve fiber layer of

retinas of humans with diabetes and vascular obstruc-

tion, and in animals after the hyperoxic phase, hence

during hypoxic-ischemic phases. In these instances,

induction of COX-2 occurs mostly in astrocytes. The

latter release PGE2, which acts on cognate receptors

on adjacent endothelial cells [226]. Consistent with

the time-dependent and propitious localization of

COX-2, molecularly distinct inhibitors of this enzyme,

the o-acetoxyphenyl hept-2-ynyl sulfide (APHS) and
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etodolac, markedly diminished preretinal neovascu-

larization, whereas COX-1 inhibition was ineffective

[131, 211, 226]. Moreover, administration of PGE2 by

acting specifically on its EP3 receptor (see below) re-

versed the antiangiogenic effects of COX-2 inhibitors

in the retina [148, 225, 245]. Interestingly, the angio-

genic effects of EP3 were found to be elicited by suppres-

sion of the anti-angiogenic thrombospondin-1 and its re-

ceptor CD36, thus favoring the action of the major

pro-angiogenic VEGF. Thus, during the vasooblitera-

tive phase, possibly due to preferential coupling of

COX-1 with TXA2 synthase, TXA2 generation is fa-

vored and in turn elicits vasoobliteration; whereas

during the subsequent vasoproliferative phase, COX-2

is induced and through preferential coupling with mi-

crosomal PGE2 synthase leads to PGE2 formation

which by acting on its EP3 receptor facilitates neovas-

cularization [61, 180, 226].

Prostanoids signal transduction

Prostanoids act on G-protein-coupled receptors classi-

fied as FP for PGF2�, DP for PGD2, IP for PGI2, TP

for TXA2, and EP for PGE2. EP receptors have been

further subdivided into EP1, EP2, EP3 and EP4 sub-

types; in addition, 9 isoforms of EP3 have been cloned

in humans. EP receptors, mainly of the EP3 subtype,

are the most diverse of the prostaglandin receptors

and are found in nearly every tissue. Activation of FP

and EP1 receptors increases inositol 1,4,5-triphosphate

(IP3) production and that of EP2, EP4 and IP increases

adenosine 3’,5’-cyclic monophosphate (cAMP) for-

mation. Stimulation of EP3 receptors may decrease

cAMP formation or increase IP3 production [253, 254].

The retinal microvasculature contains all prostanoid

receptors with the exception of EP4. The retinal vas-

cular effects of prostaglandin E2 (PGE2) are mediated

mainly by EP1 and EP3 receptors. EP2 activation by

PGE2 is relatively small which density is greater in

adult than in newborn [5]. A decrease in retinal vaso-

constriction to PGE2 and PGF2� in the newborn was

found to be mostly associated with a reduction in cor-

responding receptors and receptor coupled second

messengers when compared to the adult [3]. The neo-

natal deficiency in ocular FP, EP1 and EP3 receptors,

which are coupled to vasoconstriction, was found to

be secondary to their homologous down-regulation by

high prostaglandin levels in the perinatal period. Con-

sistently, in response to a rise in perfusion pressure,

PGE2 and PGF2� are abundantly released by the ocu-

lar vasculature causing vasoconstriction in the adult

whereas they exert negligible effects in the newborn

[11, 35]. However, inhibition of COX for 24 h in new-

born animals results in an upregulation of PGE2 and

PGF2� receptors, receptor-coupled transduction mecha-

nisms and vasomotor response to values comparable to

the adult, as well as an improvement in ocular blood

flow autoregulation [111].

Effects of prostanglandins on the retinal circulation

The retina and its vasculature predominantly generate

PGI2, rather than PGE2, which is generated by most

other neural and nonneural tissues. Although, in gen-

eral, the responses of the retinal vasculature resemble

those of other surface neural vessels the retinal vascu-

lature exhibits distinct vasomotor responses to a vari-

ety of agents, including prostanoids and peroxides.

The vasomotor effects of prostanoids are dependent

on their nature, the type of tissues, and their develop-

ment [223]. Differential effects of some of the prosta-

glandins in the vasculature should also take into ac-

count their receptor types and couplings. As indicated

above, retinal arteries and veins of newborn animals

respond minimally to the vasoconstrictor PGE2 and

PGF2�, in contrast to those of the adult [5, 182, 185,

233]. However, newborn retinal arteries and veins

contract markedly to the thromboxane receptor ago-

nist U46619. Because PGE2 and PGF2� cause mini-

mal vasoconstriction in newborn compared with

adults, the balance of prostaglandin action is shifted

towards PGI2 and possibly PGD2-elicited relaxation

[5, 182].

On the other hand, PGI2 and PGD2 which are re-

leased to a lesser extent in adult, cause greater relaxa-

tion in the newborn. Interestingly, the age-dependent

difference in response to constrictor prostaglandins

(PGE2 and PGF2�) is greater than that to dilators

(PGI2 and PGD2). Hence, developmental divergence

in the vasomotor and the vasoconstrictor actions of

prostaglandins seem to contribute to the ontogenic

differences in RBF autoregulation [62, 112, 115].

Role of TXA
2

in retinal microvascular degeneration

TXA2 exerts known functions that may play a role in

vasoobliteration, especially platelet aggregation and

vasoconstriction [86, 262]. Platelet aggregation is in-

volved in other forms of ischemic retinopathies [72].

Nevertheless, studies of oxidant stress on impaired
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ocular hemodynamics and on OIR reveal an early en-

dothelial cytotoxicity that is independent of platelet

aggregation, although this can be detected later [3, 17,

19, 20, 58, 63, 165]. The degree of retinal vasocon-

striction evoked by TXA2 is unlikely to result in va-

soobliteration, as supported by the effects of other im-

portant retinal vasoconstrictors such as PGF2�, which

are equally released under oxidant stresses but did not

cause cell death [5, 63]. Hence, effects of TXA2 on

endothelial cytotoxicity independent of platelet aggre-

gation and vasoconstriction probably also contribute

to the retinal vasoobliteration associated with OIR. In-

deed, inhibition of TXA2 formation or action pre-

served retinal microvascular integrity in the OIR

model [34]. In addition, TXA2 generation caused

a time- and concentration-dependent cell death of reti-

novascular endothelial cells while other primary

prostanoids did not cause cell death [34]. TXA2-induced

cytotoxicity to retinovascular endothelial cells was

rather direct, rapid (� 4 h) and relatively cell type se-

lective [34, 236].

This TXA2-dependent retinovascular endothelial

cell death was found to be mostly by necrosis and to

a lesser extent by apoptosis. The nuclear condensation

and DNA fragmentation were observed in � 8% of

cells and inhibition of major effector caspases only

slightly reduced TXA2 mimetic-induced cell death.

On the other hand, the TXA2 mimetic U-46619

caused a time-dependent increase in plasma mem-

brane disruption (propidium iodide incorporation, and

LDH release) suggestive of necrosis. Nonetheless, be-

cause of the relatively long lag time (24 h) between

TXA2 mimetic treatment and detection of cell death,

one cannot totally exclude a form of cell death inter-

mediate between apoptosis and necrosis as proposed

for other cells and termed necrapoptosis [151, 229].

The mechanisms for TXA2-induced cytotoxicity of

retinal vascular endothelial cells are in the process of

being explored. Increased cellular calcium mobiliza-

tion and incorporation by TXA2 can induce both ne-

crotic and apoptotic cell death processes [14].

Changes in cellular calcium can activate specific

phospholipases and proteases, disrupt mitochondrial

permeability transition pores, which results in arrest

in ATP production, and stimulate the generation of

ROS, which can in turn sustain a self-destructive cy-

cle [56, 186, 246]. Interestingly, we found that treat-

ment of retinovascular endothelial cells with U-46619

caused a fourfold increase in hydroperoxides and,

more importantly, the induced cell death was pre-

vented by the antioxidant U-74389G [164]. In sum-

mary, TXA2 has an important role in the retinal

microvascular degeneration of OIR. During oxidative

stresses, TXA2 is generated more abundantly in the

newborn than in the adult. In addition, TXA2-induced

constriction is more pronounced in fetus and newborn

than in adult. TXA2 has been found to mediate the ef-

fects of major stable products of peroxidation, the iso-

prostanes (to be discussed in section “Prostanoid-like

isoprostanes”). TXA2 may contribute to this process

by directly inducing retinovascular endothelial cell

death. These compromising actions of TXA2 are further

facilitated during oxidant stresses, especially in the imma-

ture subject relatively devoid of antioxidants. Collec-

tively, findings support a role for TXA2 in microvascular

endothelial degeneration associated with ROP and likely

other ischemic retinopathies.

Prostanoid-like isoprostanes

Isoprostanes are a family of compounds produced

from AA via a free-radical-catalyzed mechanism [176].

At present, 4 series of AA-derived isoprostanes have

been discovered: F2-, E2-, D2- and thromboxane-

isoprostanes. An abundantly produced isoprostane

in vivo is 8-iso-prostaglandin F2 (8-iso-PGF2a) (or

15-F2t-isoprostane) and, in view of its commercial

availability, the one most studied has been 8-iso-

PGF2� [178]. In contrast to prostaglandins synthe-

sized by COX, the isoprostanes are formed in situ on

esterified phospholipids and are released in free form,

presumably by phospholipases. In oxidant stresses,

formation of isoprostanes exceeds that of COX-

derived prostaglandins. Numerous forms of iso-

prostanes are concomitantly generated during oxida-

tive stress. The preferential increase of one form over an-

other has been reported for isoprostanes containing differ-

ent prostane rings. For instance, D2/E2 isoprostanes levels

have been found to augment to a greater extent during hy-

peroxic stress than F2-isoprostanes [177].

In the mammalian retina, 15-F2t-isoprostanes and its

metabolite (2,3-dinor-5,6-dihydro-15-F2t-IsoP) evoke

vasoconstriction by stimulating TXA2 formation from

neurovascular cells [144]. Equivalent inhibition of the

constrictor effect of 8-iso-PGF2� by the PLA2 blocker

OPPC, the COX inhibitor indomethacin, and the throm-

boxane synthase inhibitor CGS-12970 suggests that 8-

iso-PGF2� acts on the synthesis of thromboxane, rather

than on its receptors, by stimulating the release of AA,

which is metabolized by COX into prostanoids of which
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thromboxane dominates in importance. In addition, the

data suggest that 8-iso-PGF2� elicits retinal vasoconstric-

tion by releasing endothelin and more importantly the

prostanoid thromboxane from retinal parenchymal and

endothelial cells after Ca2+ entry into cells possibly

through non-voltage-dependent Ca2+ channels [124, 144].

The commonality of this mechanism of action of these

isoprostane isomers might suggest (but not prove) that

they all may exhibit actions via a similar receptor path-

way, which seems to involve that of the TXA2 receptor,

consistent with the requirement of this receptor to medi-

ate most vasomotor effects evoked by F2-isoprostanes; on

the other hand the molecular identity of the binding site of

isoprostanes has yet to be identified.

A potential role for 8-iso-PGF2� in retinal microvascu-

lar cell death was recently proposed. 8-Iso-PGF2� was

found to cause cell death of isolated retinal microvascula-

ture (� 25 µm). A similar vascular degeneration was also

detected by injecting in vivo into the preretinal vitreous

8-iso-PGF2� in young rat pups. The mechanisms of this

cell death seem largely mediated by TXA2 [34].

Altogether, isoprostanes not only compromise retinal

circulation by diminishing blood flow, but also seem to

contribute to the oxidant stress-induced vascular injury as

seen in ischemic retinopathies. Since isoprostanes repro-

duce many effects of oxidant stress, they may serve as

mediators in peroxidation-induced actions. Data suggest

that the effect of 8-iso-PGF2� on retinal vasculature is

mediated mostly by cyclooxygenase-generated forma-

tion of thromboxane and, to a lesser extent, by endo-

thelin, probably through non-voltage-gated cation

channels. Because isoprostanes are produced in the

retina during oxidant stress, it is possible that 8-iso-

PGF2� may contribute to the pathogenesis of ische-

mia- reperfusion retinal injury such as in ROP and

diabetic retinopathy.

Platelet-activating factor

PAF biosynthesis

PAF, an 1-0-alkyl-2-acetyl-sn-glycero-3-phosphocholine,

is a biologically active membrane-derived phos-

pholipid mediator able to exert both physiological and

pathological responses at picomolar and nanomolar

concentrations. PAF is not stored in a preformed state

but is rather rapidly synthesized in a highly regulated

fashion by cells or tissues in response to a cell-

specific stimulus. Cells and tissues that synthesize

PAF include endothelial cells from all vascular beds,

leukocytes, platelets, lungs, and brain [25, 50, 66,

158, 250]. Many PAF-molecular species are generated

either by enzymatic controlled synthetic reactions or

from uncontrolled reactions of oxidative fragmenta-

tion of PUFA to PAF-like lipids. The structural re-

quirements for biological activities of PAF are highly

specific and the lipid structure that possesses the most

activity is the alkyl palmitic form. PAF may be syn-

thesized via two synthetic pathways namely, de novo

or remodeling pathway.

The de novo pathway is thought to maintain basal

levels of PAF under unstimulated conditions and to

maintain normal cellular function. Therefore, it is re-

sponsible for the constitutive synthesis of PAF and is

regulated only by the availability of substrates. As the

name implies, the de novo pathway synthesizes newly

generated phospholipids in three enzymatic steps. On

the other hand, the remodeling pathway is mainly in-

volved in the calcium-dependent synthesis of PAF by

stimulated cells, such as inflammation, in two enzy-

matic steps. This pathway involves a chemical modi-

fication in the structure of a pre-existing molecule as-

sociated with cellular membranes. The activation of

cPLA2 by calcium catalyzes the hydrolysis of 1-alkyl-

2-arachidonoyl-glycero-phosphocholine at the sn-2

position to yield the immediate PAF precursor 1-alkyl-

sn-glycero-3-phosphocholine (lyso-PAF) and free

fatty acid usually arachidonic acid. Lyso-PAF is then

acetylated by a specific lyso-PAF acetyltransferase

using coenzyme A as a donor to give rise to biologi-

cally active PAF. Evidence from cPLA2 knock-out

mice show that the activation of the cPLA2 enzyme is

essential for triggering the remodeling pathway and in

generating lyso-PAF [228, 259].

The ratio of PAF produced enzymatically versus

non-enzymatically is unknown although this would

probably depend on the cell type and the time expo-

sure to the source of oxygen radicals. Furthermore,

given the unstable nature of PAF it is often problem-

atic to measure these molecules in vivo.

PAF precursors in retina

Choline phosphoglycerides are the precursor of PAF.

In the intact retina and in the neural retina, the

alkylacyl-glycero-3-phosphocholine and alkenylacyl-

glycero-3-phosphocholine comprise 1.2% and 1.5%,

respectively, of the total choline phosphoglycerides,
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whereas the rod outer segments contain twice the pro-

portion of the precurs or of PAF and no detectable

plasmalogens (1-O-alk-1’-enyl-2-acyl glycerophos-

pholipids). On a mole percent basis, AA was higher in

neural retinal alkenylacyl-glycero-3-phosphocholine

(27%) compared to alkylacyl-glycero-3-phosphocholine

(18%) and diacyl-glycero-3-phosphocholine (5%).

However, alkylacyl-glycero-3-phosphocholine from

rod outer segments was enriched in docosapentaenoic

acid (18%) while arachidonic acid was in the 3–4%

range. In the neural retina, alkyl-arachidonoyl-

glycero-3-phosphocholine is a source of both PAF and

AA which may contribute to inflammatory episodes

in retinal pathology [28].

PAF signal transduction

PAF acts via a single specific receptor that is a mem-

ber of the family of G-protein coupled seven trans-

membrane receptors, PAFR [107, 127]. PAFRs are

distributed on platelets and numerous cells, notably

leukocytes, smooth muscle, and endothelium [51].

PAF has been reported to transmit paracrine and auto-

crine signals and in some systems, intracrine signals

reflecting the many physiological and pathological re-

sponses exerted by this lipid mediator [7, 8, 50, 67,

77, 127, 156, 174, 217]. The potency of PAF, its broad

actions, and the potentially deleterious events associ-

ated with its signaling, together invoke the rationali-

zation of a tight regulation of PAF synthesis [51].

Effects of redox-activated PAF in retinovascu-

lar degeneration

PAF is abundantly generated after oxidant stress and con-

tributes to retinal neurovascular injury [7, 8, 67, 77, 156,

174, 217]. PAF also has a synergic effect on oxidant stress

by increasing the generation of oxygen radicals [57, 136].

An important role for PAF in retinal vasooblitera-

tion in OIR was recently suggested by the relative

preservation of microvasculature (ADPase-positive)

by molecularly distinct PAF receptor antagonists in-

cluding BN52021, CV-3988, PCA-4248 and THG315

[33]. A major finding was the direct and relative selec-

tivity of PAF-induced cytotoxicity to retinovascular

endothelial cells; umbilical, dermal, and aortic endo-

thelial cells, and retinal pericytes were hardly af-

fected. PAF evoked-toxicity was not only observed in

vitro on cultured endothelial cells but also ex vivo on

freshly isolated retinal microvessels (< 30 µm, mostly

endothelial cells) of distinct species. A similar PAF

receptor density in retinovascular and umbilical vein

endothelial cells could not explained an increased vul-

nerability favoring retinovascular endothelial based

on a limited expression of PAF receptors in the other

cell types tested [174].

Retinovascular endothelial cell death induced by PAF

is not primarily due to apoptosis. Cells exposed to PAF

did not present any DNA fragmentation (TUNEL) or cas-

pase activity classically related to apoptotic cell death.

However, cells presented propidium iodine incorporation

and lactate deshydrogenase activity which are markers of

major damages to the cell membrane and markers of ne-

crosis. Nonetheless, because of the relatively long lag

time (24 h) between PAF treatment and detection of cell

death, one cannot totally exclude a form of cell death in-

termediate between apoptosis and necrosis, which has

been termed necrapoptosis, (or programmed necrosis) as

proposed for other cells [151, 221].

Interaction between PAF and prostanoids

Some of the cellular effects of PAF could be mediated

by AA metabolites generated after PAF-receptor inter-

action with the COX and lipoxygenase pathways

[169, 220]. The binding of PAF to its receptors initi-

ates biochemical sequences that culminate in the re-

lease of additional lipid mediators. An arachidonoyl-

dependent PLA2 is activated to release AA from

membrane phospholipids, especially phosphatidyl-

choline and ethanolamine. AA is then predominantly

metabolized by the cyclooxygenase pathway to pros-

taglandins F2, E2 and D2, and TXA2. PAF intracellular

actions may also induce transcription of COX, pre-

sumably the ‘inducible’ form COX-2. Both vasomotor

and cytotoxic effects of PAF in the developing subject

seem to be mediated to a large extent by TXA2 [33,

123]. Thus PAF which is generated concomitantly

with TXA2 during an oxidant stress, and also amplifies

formation of the latter, seems to directly contribute to

the retinal vasoobliteration in ischemic retinopathies.

Lipid mediator intracrine signaling

through nuclear receptors

The mechanism of action of lipid mediators (e.g.

prostanoids and PAF) and lipid signaling molecules

arising from their activities is thought to be primarily
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dependent on their interaction with specific cell sur-

face receptors that belong to the heptahelical trans-

membrane spanning G protein-coupled receptor

(GPCR) superfamily. Interestingly, accumulating evi-

dence supports a perinuclear/nuclear localization of

GPCR where they can modulate gene expression

through a series of biochemical events [41, 45, 82, 92,

98, 100, 153, 154, 161, 174, 244, 262]. Despite the

growing evidence that establishes GPCRs at the cell

nucleus, nuclear receptor activity has only been de-

scribed for only a few, including endothelin and

angiotensin II [38, 39, 42, 82, 150, 163, 249]. We will

briefly summarize this novel concept related to nu-

clear GPCRs stimulated by lipids; extensive reviews

already document this concept [40, 100, 161].

Localization of functional prostaglandin E
2

receptors in the nuclear envelope

There is compelling evidence for the existence of nu-

clear GPCRs of lipidic ligands, namely for PGE2 re-

ceptors (EP1, EP3 and EP4) in a variety of cells and

tissues, in both newborn and adult animals [38, 39].

Radioligand binding studies revealed that the kinetics

of PGE2 binding to plasma membrane and nuclear

membrane fractions isolated from pig newborn brain,

adult uterus, and adult rat liver were similar; these tis-

sues are known to express high levels of PGE2 recep-

tors. However, in each tissue, the relative distribution

of EP receptors in plasma membrane and nuclear

membrane differed. A perinuclear localization of EP1,

EP3 and EP4 receptors was visualized by indirect im-

munocytofluorescence in cultured porcine newborn

cerebral microvascular endothelial cells, in trans-

fected human embryonic kidney (HEK) 293 cells

over-expressing these receptors, in fibroblast Swiss

3T3 cells over-expressing EP1 receptor and in HEK

293 cells expressing EP1 receptor fused to green fluo-

rescent protein. High resolution immunostaining of

EP1, EP3 and EP4 receptors revealed their presence in

the nuclear envelope of cultured porcine endothelial

cells and in situ in adult rat brain (cortex) endothelial

cells and neurons [38, 39].

Physiological relevance of functional perinuclear

prostanoid receptors is strengthened by localization of

ligand-generating enzymes, namely cPLA2, COX-1,

and COX-2, in the vicinity of receptor sites at the nu-

clear envelope [222, 234]. The nuclear membrane EP

receptors were found to increase the transcription of

two target genes (iNOS, c-fos), that are known to be

stimulated by PGE2. Nuclear calcium transients were

also modulated by stimulation of nuclear EP receptors

and this appears to involve pertussis toxin (PTX)-se-

nsitive G proteins [38, 39]. Of importance, a recent

study identified for the first time distinct functional

roles for the nuclear envelope G protein-coupled EP3

receptor from those on plasma membrane. The nu-

clear EP3 receptor was found to regulate expression of

the major constitutive gene for endothelial nitric ox-

ide synthase (eNOS) via a PTX-sensitive EP3, which

involves activation of formely undescribed perinu-

clear Ca2+-dependent K+ channels as well as phospha-

tidylinositol 3-kinase, MAP kinase kinase, and NF-�B

pathways [99]. In contrast to the nuclear EP3 receptor,

the one at the plasma membrane exerted distinct func-

tions, notably acute vasoconstriction. The presence of

functional nuclear EP3 receptors that regulate eNOS

expression provides an unprecedented explanation as

to developmental perinatal changes and hypercapnia-

induced modulation of eNOS expression mediated via

nuclear EP3.

Nuclear functional platelet-activating factor

receptors

Since PAF is a potent inducer of COX-2 we pro-

ceeded to investigate if this transcription was also me-

diated via activation of its cognate nuclear PAF recep-

tor. This rationale was based on evidence that the ma-

jority of newly generated PAF was retained within

cells. Indeed, confirmation of existence of other func-

tional lipid-stimulated GPCRs, namely for PAF as

well as lysophosphatidic acid, has recently been dis-

closed [98, 160]. Isolated nuclei from microvascular

endothelial cells were found to generate PAF-

molecular species in response to H2O2. Using multi-

disciplinary approaches (flow cytometry, nuclear

radioligand binding studies, immunoblotting, confo-

cal microscopy), in porcine brain microvascular endo-

thelial cells, PAF receptors were shown to co-localize

both at the nuclear envelope and inside the nucleus

[160]. Furthermore, in situ localization determined by

immunogold electron microscopy revealed receptor

expression both at the nuclear envelope of endothelial

cells and neurons as well as at the nuclear matrix

mostly confined to euchromatin structures.

Comparable immunoreactivities and molecular

masses for receptors at the plasma membrane and on

isolated nuclei suggested that PAF receptors at the nu-

cleus are intact entities similar to those at the plasma
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membrane. Despite receptor similarities, separate

functions for the intracellular and cell surface recep-

tors have been suggested using agents that putatively

distinguish these receptors [31, 155]. Specifically, im-

mediate effects have been proposed to be mediated by

cell surface receptors, whereas regulation of expres-

sion of specific genes may be dependent upon intra-

cellular receptors, consistent with the presence of sig-

naling effectors in nuclei, including G proteins, ionic

channels, phospholipases, adenylate cyclase, kinases,

and NF-�B [52, 68, 77, 94, 135, 219, 222, 242, 256].

Recent observations unequivocally confirmed distinct

signaling mechanisms between the cell surface and

nuclear PAF receptors such that the surface receptor

was coupled to G�q and that at the nucleus interacted

with G�i [160]. Finally, stimulation specifically of the

nuclear PAF receptor was found to induce transcrip-

tion of major pro-inflammatory genes involved in the

pathogenesis of ROP, namely COX-2 and iNOS.

Summary

Besides to their well-known conservatives roles as

structural elements (amphiphilic lipids of the cell

membranes) and as energetic reserve (essentially tri-

glycerides), a number of lipids function as “second

messengers”. The addition of oxygen to lipids is an

important process developed by biological systems to

generate a wide spectrum of compounds both by en-

zymatic and non-enzymatic mechanisms. The abun-

dant content of unsaturated fatty acids in the retina makes

this tissue particularly susceptible to peroxidation. Lipid

peroxidation exerts a significant role in the genesis of sev-

eral retinopathies, such as ROP and of diabetes.

Peroxide-induced activation of COX, resulting in

the generation of thromboxane A2, compromise retinal

hemodynamics circulation (partly TXA2-dependent)

and vascular architecture and integrity by causing

marked vasoconstriction leading to ischemia, which

in turn alters retinal function and predisposes to neo-

vascularization. In addition, in the perinate, COX ac-

tivity is high, and as a result produces increased levels

of prostaglandins. The increased production of prosta-

glandins in the perinate augment ocular blood flow

and results in an excess increase in oxygen delivery to

an immature retina partly devoid of antioxidant de-

fenses. The ensuing peroxidation leads to ischemia

which predisposes to abnormal preretinal neovascu-

larization, a major feature of ischemic retinopathy.

The stable products of peroxidation, the biologi-

cally active isoprostanes and possibly others such as

the isofurans and isoketals reproduce effects of per-

oxidation. The isoprostanes elicit not only a potent

retinal vasoconstriction but also cytotoxicity predomi-

nantly by activating the COX pathway and particu-

larly TXA2 synthase, resulting in the generation of

thromboxane from retinal parenchymal and endothe-

lial cells. But oxidized AA are readily cleaved off

phospholipids to yield lysophospholipid which in turn

can be acetylated and converted to PAF. The latter

mediator also exerts endothelial cytotoxicity and thus

amplifies effects of isoprostanes.

Finally the discovery of nuclear GPCRs for prosta-

glandin and PAF receptors provides a novel mecha-

nism of GPCR signaling specifically a pathway oper-

ating within the nucleus rather than having a seem-

ingly less direct and more unwieldy molecular

mechanism which would transfer signal from the cell

surface to the cell’s interior. In addition, distinct local-

ization of GPCRs may dictate different mechanisms

for the same receptor to manifest its various func-

tions. Plasma membrane receptors elicit acute re-

sponses while nuclear receptors would participate in

the intracrine mode of actions of phospholipids in

regulating gene transcription.
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