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SUMMARY 

The retinal pigment epithelium (RPE) constitutes the outer blood retinal barrier at 

the posterior segment of the eye. The RPE provides metabolic support to the 

photoreceptors in the neural retina. A breakdown in the barrier supported by RPE is a 

hallmark in several retinopathies including proliferative vitreoretinopathy, choroidal 

neovascularization and macular edema. Characteristic to all epithelial cells, mature RPE 

cells display a polarized phenotype both in culture (ARPE-19 cells) and in vivo, with 

specific apical and basolateral domains. This provides a testable model to study the RPE 

in vitro. The purpose of this study was to characterize the RPE as a source for endothelin-

1, using both in vitro and in situ models. 

Endothelins (ET-1,-2, and -3) are known regulators of vascular tone, that are 

produced at sites close to their target. ET -1, being a potent vasoconstrictor may be 

involved in regulating blood supply to the choroid and the neural retina. We identified the 

RPE to be a major source for endothelin-1 (ET -1) in situ in the human retina as well as in 

pigmented and albino rat retinas. Additionally, using a cell-culture model of mature 

polarized ARPE-19 cells, we studied the synthesis and expression of ET -1 in response to 

muscarinic receptor stimulation, TNF-a. and more recently to thrombin. We have 

identified other components involved in the synthesis and turnover of ET -1 in ARPE-19 



cells including the proprotein convertase- furin, endothelin-converting enzyme-1 and its 

isoforms and the endothelin receptor B subtype. ARPE-19 cells grown on collagen filters 

helped determine if secretion of ET -1 was polarized or discriminative towards either the 

apical or basolateral surface. 

We consistently observed changes in cell shape and tight junction disassembly in 

ARPE-19 cells following TNF-a and thrombin addition. Additionally, thrombin caused 

an increase in preproET -1 mRNA at earlier time points that was dependent on the rho

kinase (ROCKl/2) pathway. We report a novel signaling mechanism for regulating 

preproET -1 mRNA and mature ET -1 secretion in ARPE-19 cells that involves the 

thrombin receptor (protease activated recepotor-1/PAR-1) dependent activation of the 

rho/ROCKl/2 signaling pathway that may also be involved in thrombin induced changes 

in the cytoskeleton. 

In conclusion, the RPE may be an important source for ET -1 at the posterior 

segment of the eye, secretion of which is greatly enhanced by substances that promote 

breakdown of blood retinal barriers, inflammation and changes in the RPE cytoskeleton. 

ET -1 secreted by the RPE, under physiological conditions may provide an autoregulatory 

mechanism for controlling blood flow at the outer blood retinal barrier. Excessive ET-1 

secretion following breakdown of the barrier may either promote wound repair or may 

mediate further damage to the retina, the substrates of which are presently unknown. 

Future experimental approaches are planned to address these possibilities. 
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ABBREVIATIONS AND DEFINITIONS 

ARPE-19: Adult Retinal Pigment Epithelial Cells from a 19-year-old donor 
ARVO: Association for Research in Vision and Ophthalmology 
BAB: Blood-Aqueous Barrier 
BigET -1: Big Endothelin-1 
BRB: Blood-Retinal Barrier 
[Ca2+]i: Intracellular Calcium 
CCh: Carbachol 
4-DAMP: Muscarinic Receptor subtype 3 selective antagonist 
DAPI: Nuclear Stain 
DIC: Differential Interference Contrast 
ECE: Endothelin Converting Enzyme 
EM: Electron Microscopy 
ET -1: Endothelin-1 
ETA: Endothelin Receptor A 
ET 8 : Endothelin Receptor B 
GPCR: G-protein Coupled Receptor 
ir-ET-1: Immunoreactive ET-1 
mRPE: mature or polarized ARPE-19 cells 
MI-5: Muscamic Receptor subtypes 1-5 
NO: Nitric Oxide 
NPE: Non-pigmented Ciliary Epithelium 
PAR 1-4: Protease Activated Receptor subtypes 1-4 
PE: Pigmented Ciliary Epithelium 
PLC: Phospholipase C 
PKC: Protein Kinase C 
pPAR-1: Peptide agonist for PAR-I receptor (SFLLR) 
pPAR-4: Peptide agonist for PAR-4 receptor (A YPGKF) 
ProET -1: Proendothelin-1 
ppET -1: Preproendothelin-1 
PZE: Pirenzepine, Muscarinic receptor subtype 1 selective antagonist 
Q-PCR: Quantitative Polymerase Chain Reaction 
RIA: Radioimmunoassay 
ROCK: Rho-Kinase or Rho-associated Kinase 
Ro 31-8425: Nonselective Protein Kinase C (or pan-PKC) Inhibitor 
RPE: Retinal Pigment Epithelium 
RPE65: RPE protein-65kD (resident protein used as a marker for RPE) 
RT-PCR: Reverse Transcriptase Polymerase Chain Reaction 
TJ: Tight Junction 
TNF-a: Tumor Necrosis Factor-a 
TNF-Rl: TNF-Receptor type-1 
U73122: Phospholipase C inhibitor 
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yRPE: young or non-polarized ARPE-19 cells 
Y27632: Rho Kinase Inhibitor 
Z0-1 : Zona Occludens-1 
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CHAPTER 1 

INTRODUCTION 

The introduction is divided into three broad sections- the first section provides an 

overview on the biology of endothelins, the second section provides a brief introduction 

to ocular blood circulation and blood-ocular barriers and the third section describes the 

retinal pigment epithelium (RPE) as one of components of the blood-ocular barrier and 

the clinical relevance associated with it. 

I. Endothelin Biology 

[Prasanna G., Narayan S., Krishnamoorthy R.R., and Yorio T. Eyeing Endothelins: a 

cellular perspective. Mol. Cell. Biochem. 283: 71-88, 2003] 

Endothelins {ET) belong to the class of well-conserved neuropeptides that are 

ubiquitously present in vertebrate systems and in other diverse species including the 

marine mollusk aplysia. 1
• 

2 Signaling events following its cognate receptor activation 

sustains a spectrum of essential functions from development and migration in the fetus 3
-
6 

to vascular homeostasis and proliferation in the adult.7
-
9 Endothelin-1, the first of the 

three isoforms originally isolated from porcine aortic endothelial cells10 was found to be a 

potent vasoconstricting agent. Following its initial discovery, several groups have 

reported and confirmed their presence (transcript and/or translated products) at other sites 

including the brain,JI,I2 eye,13
-
15 heart, 16

-
18 lung,13 kidney,19 intestine and bladder.13

•
20 

The spatiotemporal expression of ET along with its receptors is indicative of its 

absolute functional requirement at these sites. Endothelin and its receptors are required 

13 

'! 



for proper migration of neural crest cells and differentiation postmigration.6
• 

21 Ablating 

endothelin or its receptors have generated lethal phenotypes that include developmental 

abnormalities 4
' 

6
' 

21 and cardiovascular defects.21
' 

22 Endothelin along with certain other 

proinflammatory cytokines, nitric oxide and reactive oxygen species constitute the 

growing list of the 'usual suspects' implicated in several pathologies including myocardial 

infarction, congestive heart failure, atherosclerosis, hypertension, stroke and more 

recently, in glau~oma?3 

Like most neuropeptides, endothelins are expressed in minimal amounts including 

areas besides the cardiovascular system. Its role in areas like the hypothalamus 12 and the 

retina 24 remain largely unascertained. Because of these reasons and because endothelin 

levels are elevated in several pathologies both systemically and locally, it is important to 

understand how these peptides are produced and regulated. 

!so forms of Endothelin 

The ET family ofpeptides comprise mainly three isoforms, ET-1, -2 and-3.25 All 

three isoforms are derived from separate genes and undergo post-translational proteolytic 

processing yielding the mature peptide that is 21 amino acids in length. 16 The isoforms 

share similar characteristics that include an N-terminal domain and a hydrophobic C-

terminal domain. There are two cysteine bridges that link residues 1 and 15 and residues 

3 and 11. Residues at position 2, 4-7 and 14 make up for variable regions of these 

peptides. The hydrophobic tail comprising residues 16-21 are highly conserved between 

the three isoforms with a terminal tryptophan (Trp21) residue important for activity. 16
• 

26 

14 



Synthesis of Endothelins 

The biogenesis of endothelin is believed to occur in three steps that involve 

successive proteolytic processing from a larger precursor to a smaller form of the peptide. 

The precursor, preproendothelin-1 (ppET-1) mRNA is translated into a 212 amino acid 

product. 27 The first 17 amino acids represent a signal sequence that gets cleaved by a 

signal peptidase to form proET-1. A dibasic amino acid convertase with furin-like 

specificity cleaves proET -1 at the paired basic amino acid residues Lys51-Arg52 and 

Lys91-Arg92 to form big ET-1.28 The cleavage at Arg92 is essential for processing of big 

ET-1 to its mature form- ET-1 catalyzed by endothelin converting enzyme-1 (ECE-1).29 

The processing of big ET-2 to ET-2 involves cleavage at the Trp-Val bond while the 

conversion of bigET -3 to ET -3 involves the Trp-Ile bond. ECE is a zinc ·dependent 

phosphoramidon-sensitive metalloprotease that hydrolyzes big ET -1 at the Trp21
-Val22 

bond to yield the 21 amino acid form of mature ET -1.30
-
32 ECE shares significant 

homology with the membrane-bound neural endopeptidase-24.11 (NEP/E-

24.11/neprilysin) and Kell blood group protein.33 E-24.11 regulates the levels of peptides 

in several tissues.34 

The general consensus supports the finding that ECE is a type II integral 

membrane (plasma membrane and/ or vesicular membrane) protein with its large C

terminal catalytic domain facing the extracellular region, 35
' 

36 and may thus act as an 

ectoenzyme. The catalytic domain of ECE-1 comprises almost 90% of the protein (681 

residues), tethered by a single membrane spanning domain of 21 residues and a 

cytoplasmic N-terminal domain which is 51-56 residues long.32 The enzyme is highly 

15 



glycosylated (approximately 33%) with ten putative glycoslation sites in the extracellular 

catalytic domain. Unlike E-24.11, functional ECE exists as a disulfide-linked homodimer 

in the catalytic domain of subunit MW 120-130 kD.37
• 

38 Alternative splice variants of 

ECE-1 i.e. ECE-1a, lb, and lc have been reported and they differ in their N-terminus.39
• 

4° Consistent with this finding, there appears to be no significant difference in substrate 

specificity or kcat for big ET conversion between the three ECE-1 isoforms.41 

CCh, TNF-u, Thrombin 

' + ppET-1 mRNA _ .......... PreproET-1 (212 a.a) 

-------- ~ Signal Peptidate 

PtoET-1 (196 a.a) ! Furb11Propm...,...,...-

a;g ET·~(38 a.~E-1 

ET-1 (21 a.a) 

/""' ETA receptor 

Biogenesis of ET -1 

Storage and Exocytosis of Endothelin 

Secretory proteins and neurotransmitters are stored in small or large dense core 

vesicles that discharge their contents into extracellular space either constitutively or 

16 



following stimulation.42 They are transported from the site for synthesis-the rough 

endoplasmic reticulum to the golgi cisternae where they undergo post-translational 

processing and finally to the plasma membrane where vesicular fusion and subsequent 

fission results in exocytosis.43 Protein transportation and secretion may be achieved either 

via a constitutive pathway involving constant release and/or a regulated pathway 

involving stimulated and instantaneous release. The constitutive pathway is regulated at 

the level of transcription and involves de novo synthesis.44 

Secretion of endothelin can be either constitutive and/or regulated.45 

Immunoreactive-ET -1 was found to be localized in the rough endoplasmic reticulum, 

golgi cisternae, golgi vesicles and smaller storage vesicles beneath the plasma membrane 

of endothelial cells suggesting that ET -1 is synthesized and segregated in the rough 

endoplasmic reticulum, transported to golgi complex, packed and condensed into golgi 

vesicles and secreted by exocytosis.46 The microtubular system has been implicated in the 

transport of storage vesicles and granules containing synthesized ET -1 to the cell 

surface.47 

Endothelin-like immunoreactivity was detected in secretory vesicles in bovine 

aortic and human coronary artery endothelial cells implicating constitutive secretion.48
• 

49 

Vascular endothelial cells contain elongated storage granules called Weibel-Palade 

bodies50 that are involved in regulated exocytosis.51 Weibel-Palade bodies store several 

vasoactive substances including von Willebrand factor (vWF),52 P-selectin,53 calcitonin 

gene-related peptide 54
, big endothelin, endothelin 48

' 
55

' 
56 and other substances including 

CD63/lamp3,57 tissue-type plasminogen activator58 and a1,3-fucosyltransferase VI.59 It 

17 



has been proposed that vWF itself may be involved in the formation of Weibel Palade 

b d. 60 61 d . 
o 1es ' an may act as a chaperone for targetmg selective proteins that are 

structurally unrelated, including P-selectin and IL-8 into these granules62•
48

• 55 have 

proposed that these storage granules specific for endothelial cells may also represent a 

site for the conversion of big ET to mature ET. In human umblical vein endothelial cells, 

big ET-1 along with ECE-1 were found to co-localize with vWF in Weibel Palade 

bodies.45 The presence of big ET-1 and ET-1 in both secretory vesicles and Weibel 

Palade bodies implies that ET-1 and/or big ET-1 can be released in a constitutive and 

regulated manner. 

Polarity of endothelin secretion 

Studies have shown that secretion of ET -1 is polarized in endothelial cells. 

Masaki ( 1989) had proposed a polar secretion of the peptide by endothelial cells towards 

the underlying intimal smooth muscle implicating a paracrine role for endothelin. 63 

Almost 80% of ET-1 was released from the basolateral (abluminal) compartment in 

human umblical vein endothelial cells (HUVECs) cultured in acellular amniotic 

membranes64 and in procine cerebral endothelial cells.65 This is in agreement with the 

observation that ET -1 released in this manner can act on the underlying vascular smooth 

muscle and modulate vasomotor tone. 66 

The Rho family of small GTPases that belong to the ras superfamily have been 

implicated in regulation of actin cytoskeletal organization, vesicular trafficking 

,exocytosis and establishment of cell polarity.67 Thrombin, a known activator of 

endothelin-1 synthesis and secretion 47 has been shown to regulate endothelial cell 

18 



permeability by way of actin stress fiber assembly and increase in intercellular gap 

formation. 68 It has been shown that thrombin mediated effects on ET -1 production in 

HUVECs is rho and mitogen-activated protein kinase (MAPK) dependent69
. These 

observations indicate the possibility that during inflammation involving a breakdown of 

the tight junction barrier and perturbation of polarity by thrombin or other chemokines, it 

is feasible to cause a greater release of ET -1 in the luminaVapical side. 

Signals for Endothelin Synthesis and Secretion 

Several physiological or pathophysiological stimuli can cause the release of 

endothelin by way of the regulated pathway. Cytokines including TGF-~,70 IL-1,71 

TNFa,72
• 

73 interferon-y (IFN-y/4 and thrombin75 can induce both transcription as well as 

release of ET -1. The above studies have implicated Ca2
+ and/or protein kinase C (PKC) 

to be involved in the transcriptional regulation of preproET -1. An increase in intracellular 

Ca2
+ has been also shown to regulate both the expression of preproET -1 as well as ET -1 

secretion. Ca2+ released from intracellular stores along with calcium-calmodulin 

complexes can elicit phosphorylation of the myosin light chain that can result in 

cytoskeletal rearrangement favorable for transport and exocytosis of secretory vesicles.76 

Natriuretic factors including atrial natriuretic peptide (ANP) and brain derived natriuretic 

peptide (BNP) 77 along with nitric oxide donors have been shown to inhibit secretion of 

ET-1 from endothelial cells.78 These reports have implicated a cGMP dependent pathway 

to be involved in the inhibition ofET-1 secretion. Nitric oxide (NO) has also been shown 

to displace ET-1 from its receptor.79 Heparin has also been shown to inhibit thrombin 

19 



mediated perproET -1 transcription and ET -1 secretion presumably by inhibiting IP3 

receptors and subsequent Ca2
+ mobilization and PKC activation in endothelial cells. 80 

Phosphoramidon, a non-selective metalloprotease inhibitor has also been shown to 

decrease ET-1 production via its direct inhibitory effect on ECE.81 

Small G-proteins have been implicated in vesicular exocytosis and recently it was 

shown that Ra1, a small GTPase is associated with Weibel-Palade bodies.82 Ral associates 

with GDP (ral-GDP bound state) when inactive. Stimuli that promote intracellular Ca2+ 

mobilization events ( eg. thrombin) results in activation of a Ca2
+ dependent calmodulin 

complex that in tum binds to ral-GDP associated with Weibel-Palade bodies. This 

association promotes GTP exchange on ral by a ral-guanine exchange factor (ralGEF) 

and interacts downstream with effectors like RLIP76, a GTPase activating protein for 

Cdc42 and Rae. GTP hydrolysis on Cdc42 or rae may promote cytoskeletal 

rearrangement and regulated exocytosis ofWeibel-Palade bodies. 51
' 

83 

ET Receptors, Signaling and Trafficking of ET receptors. 

Endothelin receptors belong to the family of G-protein coupled receptors (GPCR) 

and exist mainly as ETA and ETa receptor subtypes. 84 Signaling via the ETA receptor 

mediates the vasoconstrictive action of ET -1 85 while ETa mediated actions on endothelial 

cells result in vasodilation caused by nitric oxide (N0).86 ETa receptors are also involved 

in the clearance of circulating ET -1 and is referred to as the 'clearance receptor' for ET-

1.87• 88 Human ETA and ETa receptors share 55% homology indicating that signaling 

events following stimulation of each of the subtype may be distinct and may be 

differentially regulated by other interacting proteins. 
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Cellular adaptation to prolonged stimuli acting on GPCRs occurs by way of 

receptor desensitization and/or internalization. This may be particularly vital in ET

receptor mediated signaling because under physiological conditions ET binds irreversibly 

to its receptors. 89 Phosphorylation of serine-threonine residues in the C-terminal tail of 

activated GPCRs is implicated in receptor desensitization.90
• 

91 The G-protein receptor 

kinase (GRK.), specifically GRK2 has been shown to cause phosphorylation and 

subsequent desensitization of both ETA and ET 8 receptors in an agonist dependent 

manner.92 GRK-mediated receptor phosphorylation subsequently facilitates binding of~

arrestin to the receptor, resulting in uncoupling of the receptor from its G-protein and 

receptor internalization ensues in a dynaminl clathrin mediated manner.93
-
95 Bremnes 

(2000)96 have shown that both ETA and ET 8 receptors undergo ~-arrestin2-

dynaminlclathrin-dependent receptor internalization following GRK-mediated 

phosphorylation in transfected chinese hamster ovary (CHO) cells. The study also 

revealed different subcellular trafficking routes for ETA and ET s receptors. Internalized 

ETA receptors were targeted to the pericentriolar recycling compartment while ET s 

receptors were sorted to the lysosome and degraded. The differential adaptation of ET 

receptors to the same stimuli i.e. endothelin, may explain the prolonged vasoconstrictive 

effects mediated by ETA receptors due to maintenance/ recycling of receptors on the cell 

surface as opposed to the clearance of circulating endothelin mediated by ET s by 

subsequent internalization and degradation in lysosomes. 

Truncation and domain-swapping experiments of ET -receptors revealed the 

differential sorting mechanisms were due to the differences in their C-terminal tails.97 
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Novel roles for arrestin-mediated signaling are emerging. Recent studies show that 

arrestins may not only be involved in signal termination but may also act as a scaffolding 

protein for GPCR-dependent activation ofMAPKs.98
• 

99 (3-arrestin mediated regulation of 

the Ral-GDS-Ral pathway may also regulate the chemoattractant formyl-Met-Leu-Phe 

(fMLP) receptor-induced granule exocytosis in polymorphonuclear leukocytes (PMNs)100 

Lee et al (2001)101 have reported the histone acetyltransferase Tip60 and the histone 

deacetylase HDAC7 interact with internalized ETA receptors in the recycling 

compartment, a mechanism that ensued in a ligand-dependent fashion and resulted in 

ERKl/2 phosphorylation. Scaffolding proteins like Tip60 and HDAC7 may stabilize the 

receptor in the recycling compartment and may protect against degradation. 

II. Ocular Circulation and Blood Ocular Barriers 

Ocular Circulation 

Blood flow to the eye, especially to the retina is critical for the maintenance of 

vision. This was clinically confirmed when it was first observed that irreparable damage 

occurs if ocular ischemia due to occlusion of retinal vessels persists for over an hour. 102
• 

103 Ocular blood vessels in humans are mainly derived from the ophthalmic artery, which 

is a branch of the internal carotid. 104 The ophthalmic artery branches into the central 

retinal artery, anterior ciliary arteries and the posterior ciliary arteries. The central retinal 

artery in turn branches into 4 major vessels, each supplying a quadrant of the inner retina. 

The anterior ciliary artery supplies blood to the anterior uvea that includes the ciliary 

body, anterior choroid and the iris. The posterior ciliary artery supplies blood to the 
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posterior uvea mainly at the posterior pole of the eye including the choroid beneath the 

retina and the anterior optic nerve. 

Venous drainage of the eye empties into the superior and inferior ophthalmic 

veins. Blood from the retina and the anterior optic nerve is drained into the central retinal 

vein that in turn drains into the superior ophthalmic vein. The choroid and the anterior 

uvea drain blood into the vortex veins and the episcleral veins respectively, that in tum 

drain into both the superior and inferior ophthalmic veins. 

Blood-ocular barriers 

The hallmark of any blood-organ barrier is that they protect and metabolically 

support the underlying tissue. The 'barrier' function is mainly provided by apically 

localized tight junctions in epithelial and endothelial cells that constitute most barriers 

and prevents permeability to macromolecules (>40 A). 105 Blood-ocular barriers are 

functionally similar to other blood-organ barriers in that it provides a controlled 

environment within the organ or tissue. In the retinal and the brain vasculature for 

example, the blood barrier comprising mainly of endothelial cells provides an interface 

between the neuron and the blood and controls the exchange of oxygen and other 

nutrients between either sides. 

Based on the anatomy of the eye, blood-ocular barriers comprise mainly of two 

types- the anterior blood-aqueous barrier (BAB) and the posterior blood-retinal barrier 

(BRB). The blood-aqueous barrier is formed by the ciliary epithelium (both the 

pigmented and the non-pigmented ciliary epithelium) and the endothelium of the iridial 

vessels. The blood-retinal barrier can be further classified into the outer BRB formed by 
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the retinal pigment epithelium and the inner BRB formed by endothelial cells of retinal 

vessels in the inner retina. 106 Blood barriers differ in their barrier properties based on the 

permissible size of molecules across it. The vascular barriers are highly permeable to 

oxygen, carbon dioxide and nitric oxide that readily pass through endothelial cells. Water 

diffuses across these barriers via the para- and trans-cellular routes. The BAB has tight 

junctions of the 'leaky' type similar to the kidney epithelium and the BRB membranes 

have tight junctions of the 'non-leaky' type similar to that seen in the blood-brain barrier. 

Both receptor mediated and non-receptor mediated stimuli can regulate permeability 

across blood ocular barriers. 

III. The Retinal Pigment Epithelium (RPE) and Clinical Implications 

The retinal pigment epithelium, as mentioned above forms the outer blood retinal 

barrier and provides the interface between the highly vascular choroid and the avascular 

anterior neural retina. The apical domain of the RPE faces the apical domain of the 

photoreceptor outer segments. 107
• 

108 This arrangement allows the apical microvilli of the 

RPE to engulf and phagocytize shed photoreceptor outer segments. The RPE 

additionally, provides metabolic support to the photoreceptors including the transport of 

vitamin A from the basal choriocappilaries to the photoreceptors that sustains the 

phototransduction cascade. 107 Additionally the RPE maintains the fluid and ionic balance 

at the subretinal space (region between the RPE and the photoreceptor outer segments), 

important for retinal adhesiveness.109 All these functions require the structural integrity of 

the RPE monolayer at the posterior pole. Tight junctions at the apical RPE maintain the 

barrier. Additionally, tight junctions in epithelial cells function as a 'lipid fence' that 
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The maintenance of structural integrity of blood-ocular barriers is of major 

concern for the clinician, in diseases and surgical procedures that alter their permeability. 

Several abnormalities are associated with the RPE involving perturbation of its 

monolayer integrity, that alters the RPE cytoskeleton and permits excessive proliferation, 

a condition known as proliferative vitreoretinopathy.117 In diabetic retinopathy and 

choroidal neovascularization, excessive RPE proliferation and migration results in 

deposition of newly formed RPE cells on the epiretinal surface that results in blurred 

vision. Surgical procedures including retinal reattachment can damage the RPE which in 

tum results in altered permeability and proliferation.107
• 

109 In conditions like uveitis, a 

breakdown of the inner blood-retinal barrier can result in inflammation, which in turn 

exposes the RPE to blood-borne substances that can perturb its integrity. Similarly, 

breakdown or compromised choroidal blood vessels at the basal side can predispose the 

RPE to further injury. 

~--
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CHAPTER2 

RESEARCH DESIGN, RATIONALE AND METHODS 

In the anterior chamber of the eye, ET -1 has been shown to regulate intraocular 

pressure and aqueous humor dynamics23
' 

118 and in the posterior segment, ET -1 and nitric 

oxide (NO) have been shown to influence retinal and choroidal blood flow. 119 

Exogenously administered ET -1 either intravitreally or at the region of the optic nerve 

head produces neuropathy analogous to that seen in glaucoma. The precise source of 

endothelin especially in the posterior segment is not completely understood. In addition 

to targeting the source of ET -1 production, it is also important to identify factors that 

regulate ET -1 synthesis at the posterior segment that may help understand conditions that 

promote its secretion. 

In the light of the above knowledge about endothelins, ocular barriers and 

the RPE, we hypothesized that the RPE, due to its specific location can act as a 

source for endothelin-1 (ET-1) and that breakdown of the blood retinal barrier 

would allow cytokines like TNF -a. and blood derived proteases including thrombin 

to act on the RPE and regulate ET -1 synthesis and secretion. Additionally, we 

compared how different stimuli including muscarinic receptor stimulation, TNF -a. and 

thrombin altered the RPE cytoskeleton and have identified a novel signaling cascade that 

is involved in both ET -1 synthesis and cytoskeletal remodeling. 
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The overall goal of this proposal is to demonstrate that ET -1 is synthesized and 

secreted constitutively by the retinal pigment epithelium (outer blood retinal barrier) and 

that secretion can be regulated by different factors including TNF -a, thrombin and 

cholinergic (muscarinic) stimulation. 

Our approach has been to map regions of the eye that expresses immunoreactive 

ET-1 (ir-ET-1) by light microscopy. The non-pigmented ciliary epithelium has been 

identified as one of the source for ET -1 in the anterior chamber. 118 We confirmed this in 

situ using rat retinas, that additionally provided a control for the anti-ET -1 antibody used 

in our studies. At the region of the outer blood retinal barrier, we have used 

immunoelectron microscopy to determine the distribution of ET -1. In addition, using a 

human cell culture model of the retinal pigment epithelium (posterior segment) we have 

attempted to study how secretion of ET -1 by these cells may be regulated in response to 

different naturally occurring stimuli. 

The following specific aims were designed to address our hypothesis: 

1) Identifying the distribution for ET -1 at the anterior and posterior segments 

(Chapter 3). 

2) To determine if synthesis and secretion of ET-1 is constitutive and/or regulated 

and is it polarized or discriminative towards the apical or basal surfaces of the 

RPE? (Chapters 1-3) 

3) To elucidate the signaling mechanism for regulated ET-1 synthesis and secretion 

in response to thrombin in ARPE-19 cells (Chapter 4). 

28 



The following section outlines the methods that were employed to address the above 

specific aims, details of which have been included in individual chapters. 

Specific Aim 1. Identifying the distribution for ET -1 at the anterior and posterior 

segments (Chapter 3) 

1.1 Immunoreactive ET -1 (intracellular) distribution in pigmented and albino rat eyes 

Immunoreactive ET-1 (ir-ET-1) expression patterns were determined by indirect 

immunofluorescence. Freshly enucleated eyes from Brown Norway rats (pigmented) 

and Wistar rats (albinos) were fixed and sectioned for light microscopy. Pigmented 

eyes are autofluorescent. We included albino eyes in our study to compare 

distribution patterns of ET -1 between pigmented and albino eyes. Sections (5 J.Ul1 

thickness) were labeled with rabbit anti-ET-1 antibody (Sachem/Peninsula Labs, CA) 

and mouse anti-RPE65 (gift from Dr. Debra Thompson, University of Michigan 

Medical School) and DAPI (Molecular Probes, OR) for nuclear staining. RPE-65 is a 

resident protein that is exclusively expressed in the RPE, and serves as a marker to 

differentiate the RPE from the underlying Bruch's membrane and choroid. 

1.2 Immunoreactive ET -1 (intracellular) distribution at the outer blood retinal barrier in 

human eyes. 

Adult human retinas (aged 74 and 86) were used for this study. Ultrathin sections 

(50nm thickness) were mounted on nickel grids and immunostained with rabbit anti-
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ET-1 (Bachern!Peninsula Labs, CA) and anti-rabbit antibody conjugated to 12nm 

colloidal gold particles. Sections were visualized under an electron microscope at 

different magnifications. Control sections using rabbit IgG at the same concentration 

as the primary antibody were included in the study. 

Specific Aim 2. To determine if secretion of ET -1 constitutive and/or regulated and is it 

polarized or discriminative towards the apical or basal surfaces of the RPE ? (Chapters 1-

3). Specific aims 2.1 and 2.2 address constitutive secretion ofET-1 in ARPE-19 cells and 

the polarity of secreted ET-1. Specific aims 2.3 and 2.4 address regulated secretion of 

ET-1 following muscarinic receptor stimulation and TNF-cx.. 

2.1 Constitutive ET -1 secretion (mature form) in ARPE-19 cells. 

Radioimmunoassay (RIA)-based techniques are sensitive and more importantly 

quantitative. We used a commercially available kit to detect ET-1 (Bachern!Peninsula 

Labs, CA) secreted by ARPE-19 cells in the culture medium. ET-1 released from 

untreated cells is a measure of constitutive synthesis and secretion of ET -1. Secretion 

profile of ET -1 was analyzed at different time points. 

2.2 Polarization and Secretion of ET -1 in ARPE-19 cells 

ARPE-19 cells were grown on transwell collagen coated filters with a thin coat of 

matrigel. Cells were maintained in culture for at least 4 weeks before collecting media 

from apical and basal compartments in the well. The RPE monolayer integrity on 

collagen filters was determined by a paracellular flux assay using C14-mannitol added to 

the apical chamber. Fractions from the basolateral chamber were collected over time and 
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counted. To determine whether ET -1 was secreted vectorially in polarized RPE cells, 

apical and basolateral media were assayed separately for ET -1 content by RIA. 

2.3 Regulated secretion of ET-1 in ARPE-19 cells following muscarinic receptor 

stimulation and TNF -a. 

The rationale for considering the actions of cholinergics on RPE stems from observations 

that the uvea including the choroid is parasympathetically innervated by varicosities 

arising postganglionically from the pterygopalatine and ciliary ganglions. The dense 

plexus of cholinergic innervation at the choriocapillaries just beneath the RPE is thought 

to act post-synaptically on choroidal smooth muscles as well as the RPE. 120 Additionally, 

both immunofluorescence and binding studies have shown that mammalian and avian 

RPE express abundant muscarinic receptors throughout development and adult stages, 

similar to that seen in the brain. 120
-
124 Aceylcholine unlike TNF-a, is not known to cause 

inflammation or breakdown of epithelial barriers. However, both muscarinic receptor 

. . d TNF h b d . fl ET 1 . 73 125 126 Th' activatiOn an -a ave een reporte to m uence - secretiOn. ' ' IS 

provided us with tools to identify and differentiate receptor-mediated regulation of ET -1 

synthesis and secretion in ARPE-19 cells. 

2.3a. Intracellular calcium [Ca2+]i mobilization following carbachol stimulation. 

Carbachol induced changes in [Ca2+]i mobilization were studied in real-time by fura-

2AM fluorescence microscopy. Pharmacological characterization of muscarinic 

receptors was performed using selective muscarinic receptor antagonists- pirenzepine 

(M1 subtype antagonist), 4-DAMP (M1 and M3 subtype antagonist) and himbacine (M2 

and M4 syptype antagonist). U73122, a phospholipase C inhibitor was also used to 
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delineate IP3 mediated Ca2
+ release following carbachol stimulation. Receptor 

desensitization and/or internalization was determined by pre incubating cells with 

carbachol at different concentrations followed by a carbachol challenge. 

2.3b. Western blot analysis for the M1 and M3 muscarinic receptor sybtypes. The 

expressiOn of M1 and M3 muscarinic receptors (rabbit anti M1 and goat anti M3 

antibodies from Santacruz Biotechnology, CA) as well as the TNF-R1 receptor 

(Santacruz Biotechnology, CA) in ARPE-19 cells were determined by western blotting 

using membrane fractions. 

2.3c. ET-1 RIA was employed to determine regulated release of mature ET-1 following 

different concentrations of carbachol in the presence or absence of selective muscarinic 

receptor antagonists (as mentioned in 2.3 a). TNF-a mediated ET-1 secretion was in the 

presence and absence of a TNF-R1 monoclonal antibody (R & D Systems, MN). 

Additionally, temporal aspects of TNF-a mediated ET-1 secretion was compared with 

untreated cells at the same time points. 

2.3d. Indirect immunofluorescence analysis in ARPE-19 cells. TNF-a and carbachol 

mediated changes in the expression patterns of the tight junction protein, Z0-1 and 

intracellular ET -1 was performed by indirect immunofluorescence. TNF -a mediated 

disruption of RPE tight junctions was analyzed temporally and in the presence of the 

TNF-Rl receptor antibody (R & D Systems, MN). 

2.3e Real time (quantitative) reverse transcriptase polymerase chain reaction CRT-PCR). 

TNF-a and carbachol mediated changes in preproET-1 mRNA was determined at 
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different time points usmg SYBR-green PCR core reagents for fluorescence-based 

detection ofPCR products in real time. 

2.4 The ET-1 Axis in the RPE- Expression ofthe proprotein convertase furin, endothelin-

converting enzyme-1 (ECE-1) isoforms and ET receptors in ARPE-19 cells. 

2.4a. Furin belongs to the family of proprotein convertases (PC) that is involved in the 

conversion of precursor proproteins to their active mature forms. 127 In the biogenesis of 

endothelins, furin is involved in converting the proET (212 amino acids) form to bigET-1 

(38 amino acids). The presence of furin in ARPE-19 cells was determined by western 

blot analysis using an antibody specific for furin (rabbit anti-furin proprotein convertase 

from Affinity Bioreagents, CO). 

2.4b. Endothelin-converting enzymes (ECE) are type II membrane metalloproteases that 

are involved in the fmal step that proteolytically converts precursor bigET (38 amino 

.. · 
acids) to the biologically active and mature form ofET (21 amino acids). ECE-1 isoforms 

have been implicated in the processing of ET -1 . So far, four splice variants (ECE-

1a,b,c,d) differing at their N-terminals have been identified and sequenced. The catalytic 

activity of ECE is at the C-terminal, thus the four isoforms are considered to have similar 

activities. We designed specific primers that spanned the N-terrninal regions of ECE-1 

eDNA isoforms and PCR amplified to determine the presence of the genes in RPE cells. 
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2.4c. ET -1 secreted by the RPE is likely to act on its receptors ETA and ET 8 , both of 

which are G-protein coupled receptors. Secreted ET -1 is thought to act either in an 

autocrine and/or paracrine manner. ET s receptors are known to regulate the turnover of 

secreted ET-1 and like LDL receptors, they internalize following ligand dependent 

activation. Internalized ET s receptors are lysosomally degraded with the ligand (ET) thus 

providing a means to regulate extracellular levels of ET. ETA receptors unlike ET 8 are 

recycled to the plasma membrane following activation and internalization of the receptor. 

We sought to determine if ETA and ET 8 receptors were present in ARPE-19 by western 

blotting (rabbit anti-ETA and anti-ET8 antibodies from Alomone Labs, Israel). 

Additionally, to determine if ET 8 receptors were internalized, the level of ET s receptors 

in membrane fractions following ET -1 stimulation at different concentrations were 

analyzed by western blotting. 

Specific Aim 3. To elucidate the signaling mechanism for regulated ET-1 synthesis and 

secretion in response to thrombin in ARPE-19 cells (Chapter 4). 

This study was designed to specifically determine if thrombin mediated synthesis and 

secretion of ET -1 was dependent on receptor-mediated alternation of the RPE 

cytoskeleton. 

3.1 ET-1 RIA. Thrombin, a serine protease acts on protease-activated receptors (PAR-1,-

3 and -4) that belong to the atypical class of G-protein coupled receptors. Details 

regarding the pharmacology and mechanism of action of PARs is included in Chapter 4. 

Thrombin mediated ET -1 secretion in ARPE-19 cells were analyzed by ET -1 RIA in the 
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presence of thrombin at different concentrations, the PAR-1 receptor agonist (SFLLR) 

and the P AR-4 receptor agonist (A YPGKF). Hirudin, a direct inhibitor of thrombin was 

included in the study. Temporal aspects of ET -1 secretion following thrombin were also 

studied by RIA. U73122, a phospholipase C inhibitor, Y27632, a rho-associated kinase 

(ROCKl/2) inhibitor and Ro 31-8425, a pan-protein kinase C (PKC) inhibitor were 

included to study the signaling mechanism of thrombin mediated ET -1 secretion. 

3.2 Intracellular Ca2+ measurements. Thrombin induced changes in [Ca2+] i mobilization 

were studied in real-time by fura-2AM fluorescence microscopy. Pharmacological 

characterization of the PAR-1 and PAR-4 receptor subtypes were performed using 

specific receptor agonists. U73122, a phospholipase C inhibitor was included in this 

study to determine the contribution of the Gq!PLC/IP3-dependent cascade on ET -1 

production. 

3.3 Indirect immunofluorescence. Thrombin mediated alteration in the RPE tight junction 

assembly was analyzed as mentioned in specific aim 2.3d. 

3.4 Rho pull-down assay. Protease-activated receptors for thrombin are known activators 

of the small GTPase rho. To determine ifthrombin activates rho at similar time scales as 

the [Ca2+]i mobilization event, we performed a glutathione-based fusion protein assay that 

specifically pulls down active rho. Active and total rho levels were determined by 

western blot analysis and scanning densitometry. 

3.5 Real time (quantitative) reverse transcriptase polymerase chain reaction CRT-PCR). 

As mentioned in specific aim 2.3e, thrombin mediated preproET-1 (ppET-1) mRNA 

synthesis was determined at different time points following stimulation. U73122, a 
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phospholipase C inhibitor, and Y27632, a rho-associated kinase (ROCK1/2) inhibitor 

were included to study the signaling mechanism of thrombin mediated ppET-1 mRNA 

synthesis. 
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ABSTRACT 

Purpose: Endothelin-1 (ET -1) can produce nerve damage analogous to that seen in optic 

neuropathies, like glaucoma. The precise source of endothelin in the posterior segment of 

the eye remains unclear. Presently we report that the retinal pigment epithelium (RPE), 

which helps maintain the outer blood retinal barrier, is a local source for ET -1 and that 

the amount of ET -1 secreted by the RPE may be differentially regulated by cholinergics 

and the cytokine TNF-a. 

Methods: Human retinal pigment epithelial cells (ARPE-19) were cultured either to a 

mature state (mature RPE or mRPE) for four weeks with well-defined tight junctions or 

as a young culture of RPE (young RPE or yRPE) for four days with incompletely formed 

tight junctions. ET -1 like immunoreactivity was determined by immunocytochemistry 

and secreted ET -1 was quantified by radioimmunoassay in both cell types. Cells were 

stimulated with a cholinergic agonist, carbachol or with the cytokine, TNF -a, for 

specified time points. The expression of muscarinic receptor subtypes M1 and M3 and the 

peripheral membrane protein Z0-1, were analyzed by immunoblotting and 

immunocytochemistry respectively. Expression of preproendothelin-1 (ppET-1) mRNA 

following different stimuli at specified time points was determined by real-time RT-PCR. 

Carbachol mediated elevation in intracellular calcium ([Ca2+]i) was also measured in the 

presence or absence of a selective muscarinic receptor antagonist. 

55 



Results: Constitutive synthesis and secretion of ET -1 was greater in rnRPE compared to 

yRPE. TNF-a caused a significant increase in ppET-1 mRNA levels and ET-1 secretion 

in both phenotypes. The disruption and subsequent breakdown of the tight junction 

barrier was evident in either phenotype following treatments with TNF-a. There was a 

concentration dependent rise in [Ca2+]i in both y- and rnRPE in response to carbachol. 

Carbachol at 1 J..LM significantly increased ET -1 secretion, a response observed in yRPE 

but not in mRPE cells. This effect may be mediated primarily by the M3 receptor subtype 

and is phospholipase C (PLC) dependent. 

Conclusions: Regulation of ET -1 release in human retinal pigment epithelial cells 

(ARPE-19) was differentially regulated by TNF-a and carbachol and was dependent on 

the age of the culture. RPE may be a source for ET -1 in the retina and its increased 

release may become more important during breakdown of the blood retinal barrier, as 

seen following TNF -a treatment. 
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INTRODUCTION 

Endothelins (ET) are 21 amino acid potent vasoactive peptides, processed and 

secreted locally in the eye,14 with immunoreactive ET-1 and ET-3 expressed most 

notably in the iris, choroid, retina, optic nerve head, ciliary body, lens and the corneal 

endothelium. 1
' 

3
-
5 ET-1 is also present in aqueous and vitreous humors.6

•
7 Within in the 

retina, the retinal pigment epithelium (RPE), photoreceptor inner segments, the 

innerplexiform layer, the retinal ganglion cells and retinal pericytes were also shown to 

be immunoreactive for ET-1 mRNA and mature ET-1 protein.3
' 

5
• s-IO Our laboratory has 

demonstrated that non-pigmented ciliary epithelium can serve as a source of ET -1 in the 

anterior chamber and that cholinergics, TNF-a and glucocorticoids may regulate its 

secretion.4
'
11 The ciliary pigment and non-pigmented epithelium (NPE) together 

constitute the blood aqueous barrier in the anterior segment that is contiguous with the 

outer blood retinal barrier formed by the RPE at the ora serrata. The ciliary epithelium, 

primarily the NPE and the RPE secrete a multitude of growth factor-like substances and 

thus act as source cells for peptides within the immune-privileged environment of the 

eyeY· 13 Based on these reports and similarities between the NPE and the RPE in 

regulating fluid transport and acting as secretory cells within their respective local 

environments, we hypothesized that RPE can act as a source for ET -1. 

Our primary intent was to provide a quantitative description of both the mRNA 

and protein levels of ET -1 in a cell culture model of human RPE. Additionally, we have 

quantitatively analyzed both constitutive and regulated secretory pathways for ET -1 in 

,, these cells that emphasizes the temporal aspects of ET -1 synthesis and secretion in the 
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RPE. The rationale for considering the actions of cholinergics on RPE stems from 

observations that the uvea including the choroid is parasympathetically innervated by 

varicosities arising postganglionically from the pterygopalatine and ciliary ganglions.14 

The dense plexus of cholinergic innervation at the choriocapillaries just beneath the RPE 

is thought to act post-synaptically on choroidal smooth muscles as well as the RPE. 15 

Additionally, both immunofluorescence and binding studies have shown that mammalian 

and avian RPE express abundant muscarinic receptors throughout development and adult 

stages, similar to that seen in the brain. 15
-
19 

The physiological and pathophysiological implications of endothelins at specific 

regions in the eye, including the RPE are not well understood. ET-1 along with ET-3 and 

nitric oxide (NO) may help regulate optic nerve head, retinal and choriodal blood flow.20
-

23 Higher levels of ET -1 have been implicated in severe cardiovascular and 

developmental dysfunctions24 and more recently in the pathophysiology of glaucoma.25 

Exogenous ET -1 administered at the retrobulbar region of the optic nerve results in a 

neuropathy in a manner similar to glaucoma,26 and intravitreally injected ET-1 can 

significantly alter the rate of membrane-bound organelles associated with fast axonal 

transport in the optic nerve.27 Presently, we have established that the retinal pigment 

epithelium (RPE) can act as a local source for ET -1. 

The RPE, like most epithelia, develop apical tight junctions and polarize with 

distinct apical and basolateral domains.28 The development of the outer blood retinal 

barrier is a gradual, multi-step process that parallels changes in expression and 

recruitment of proteins involved in formation of the tight junction complex with 

concomitant decrease in paracellular permeability, akin to most epithelia including the 
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RPE.
28

"
32 

Sorting and secretion of proteins in epithelial cells are critically dependent on 

cell polarity.33
' 

34 We have, therefore, used two phenotypes of RPE to delineate 

differences in ET -1 secretion that may be dependent on the polarity and maturity of the 

epithelium. We report that secretion of ET -1 may be differentially regulated (muscarinic 

or TNF-a mediated stimulation) in a cell culture system of polarized or mature RPE 

(mRPE) and non-polarized or young RPE (yRPE). 

MATERIAL AND METHODS 

Antibodies 

The rabbit anti-muscarinic receptor M 1 ( epitope corresponding to part of the i3 loop

residues 231-350) and goat anti-M3 subtypes (epitope corresponding to the C-terminal 

region) were purchased from SantaCruz, La Jolla, CA. Rat heart lysate and the blocking 

peptide purchased from SantaCruz were used as controls for M1 and M3 receptor 

detection respectively. Mouse anti-Z0-1 was purchased from Zymed Laboratories, San 

Francisco, CA. Rabbit anti-endothelin-1 (anti-ET-1) was purchased from Bachernl 

Peninsula laboratories, Belmont, CA. The same antibody was used in radioimmunoassay 

measurements (secreted ET-1) and immunofluorescence experiments (intracellular ET-1). 

Rabbit IgG and mouse IgG were purchased from Vector laboratories, Burlingame, CA. 

Secondary antibodies including donkey anti-rabbit IgG, donkey anti-mouse IgG and 

bovine anti-goat IgG conjugated to HRP were purchased from Amersham Biosciences, 

Piscataway, NJ. Fluorescent probes including goat anti-rabbit Alexa 488 and goat anti

mouse Alexa 594 were purcha'Sed from Molecular Probes, Eugene, OR. 

Cell culture 
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Human retinal pigment epithelial cells (ARPE-19), a spontaneously transformed cell line, 

was purchased from American Type Culture Collection (ATCC, VA). ARPE-19 cells 

(passage #s: 20-23) were maintained at 37 °C and 5% C02 in a 1:1 mixture ofDulbecco's 

modified Eagle's medium (DMEM) and Ham's F-12 medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 2mM L-glutamine, 

23mM NaHC03 and penicillin and streptomycin (Invitrogen, Carlsbad, CA). The 

spontaneously arising human retinal pigment epithelial cells (ARPE-19), characterized by 

Dunn et al.35 displays the typical polarized epithelial morphology when grown according 

to conditions described by them. Additionally, mature polarized ARPE-19 cells that were 

maintained in culture for 3-4 weeks had reduced paracellu1ar permeability and higher 

transepithelial resistance (TER) compared to cultures that were grown for 1 week.35 We 

followed similar culture conditions that were described by Dunn et al. to obtain mature 

RPE cells. Cellular morphology for both 'young' (3-4 days in culture) and mature 

phenotypes was similar to those shown by Dunn et al. Cells were seeded at 1.4 x 105 

cells/ well (6 well plate) or 4 x 105 cells/ lOOmm dish and maintained in culture 

according to Dunn et al. 35· 36 ARPE-19 cells were grown either for 4-5 weeks (mature 

RPE or mRPE) with well-defined tight junctions or for 3-4 days with incompletely 

formed tight junctions (young RPE or yRPE). 

Treatments 

ARPE-19 cells were subjected to different treatments in serum free DMEM-F12 medium 

for various time periods as specified in each experiment. The agonists used in this study 

were carbachol (Sigma-Aldrich, St.Louis, MO) and tumor necrosis factor-a (TNF-a) 
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(PeproTech, NJ). The antagonists used were pirenzepine, 4-DAMP (both from Sigma

Aldrich, St.Louis, MO), and U73122 (Biomol, Plymouth Meeting, PA). In treatments that 

included an antagonist or inhibitor, cells were pretreated for 20-30 minutes prior to 

treating with the agonist. Each treatment condition was performed at least 6 times in most 

experiments. 

ET-1 extraction and measurement by radioimmunoassay 

ARPE-19 cells were grown to either young (3-4 days in culture, yRPE) or mature states 

(4 weeks in culture, mRPE) in 6-well culture plates (35mm diameter/ well, ~ 1.4 x 105 

cells/ well) in 1:1 DMEM +Ham's F12 culture medium containing 10% FBS. On the day 

of treatments, cells were rinsed three times with serum-free 1:1 DMEM +Ham's F12 

culture media (SF-DMEM/ F12) and treated with 1 ml SF-DMEM/ F12 containing either 

carbachol (CCh: 1,10,100J..LM) or TNF-a (10 nM), a concentration previously shown to 

stimulate ET -1 synthesis and secretion in human non-pigmented epithelial cells.4 

Treatment incubations were for 24 hours in most of the experiments or during a time 

course (1, 4, 8, 16, 24hr). The extraction protocol for ET-1 was performed as previously 

described by Prasanna et al.4 Efficiency of ET-1 recovery was 75 ± 3 % (n = 3). 

Measurement of immunoreactive ET-1 (ir-ET-1) was according to manufacturer's 

instructions in a commercially available RIA kit for ET -1 (Peninsula Laboratories, 

Belmont, CA).4 

Intracellular Cal+ ([Ca2+]1) measurement 
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Intracellular Ca2
+ in y- and mRPE cells was measured at 37 °C by the ratiometric 

technique using fura-2AM (excitation at 340 nm and 380 nm, emission at 500 nm) 

according to Prasanna et al. 37 

Total RNA extraction, eDNA synthesis and Quantitative Reverse Transcriptase

Polymerase Chain Reaction (RT-PCR) 

Total RNA was isolated from y- and mRPE cells, grown in lOOmm dishes to 

subconfluent or confluent states and treated as described above. Using the Trizol reagent 

(Invitrogen, Carlsbad, CA) total RNA extraction was performed as previously 

described.38 Five micrograms of total RNA was used to synthesize the corresponding 

eDNA, using AMV -reverse transcriptase (Promega, Madison, WI) and random primers 

(Promega, Madison, WI) in a reaction volume of 50 f..i.l at 42 °C for 30 minutes. QPCR 

primers for human preproET -1 (ppET -1) (Fisher-Scientific Genosys, Plano, TX) were 

designed from the respective eDNA sequence using the GeneJockey II program (Biosoft, 

Ferguson, MO). The primer sequences for human ppET-1 were designed such that they 

span different exons. J3-actin served as an internal control that accounted for variability 

in the initial concentration, quality of the total RNA and for the conversion efficiency of 

the reverse transcription reaction. The primer sequences for ppET -1 and J3-actin were as 

follows: ppET -1-forward/sense 5'-TATCAGCAGTTAGTGAGAGG-3' and 

reverse/antisense 5'-CGAAGGTCTGTCACCAA TGTGC-3' with an expected 

amplicon/product size of 180 bp; J3-actin- forward/sense 5'-

TGTGATGGTGGGAATGGGTCAG-3' and reverse/antisense 5'-
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TTTGATGTCACGCACGATTTCC-3' with an expected amplicon/product size of 514 

bp. 

Quantitative PCR (QPCR) was performed as described by Zhang et al. 11 . Product 

authenticity was confirmed by DNA sequencing followed by a BLAST homology search 

of the resulting sequences (data not shown). Quantitation of relative ppET-1 transcript 

levels in ARPE-19 was achieved using the comparative CT method (as described in the 

PE Biosystems User Bulletin #2: 

htfP~/docs ~appliedbiosystems.corn!pebiodocs/04303859.pdf 

QPCR data is presented as the mean percentage to the value of its corresponding 

untreated control in three separate experiments. 

Membrane isolation and immunoblot analysis 

Membrane preparation and immunoblot analysis was performed according to Zhang et 

al. 11
• Either 60 f.lgf lane (for M 1 receptor detection), 100 f.lg/ lane (for M3 receptor 

detection) or 50 f.J.g/lane (for Z0-1 detection) of the membrane protein was boiled with 

the SDS page sample buffer and loaded onto 7.5% SDS-PAGE gels and run at 80V for 2-

3 hours. Gel contents were electrophoretically transferred to 0.45 f.J.m pore-sized PVDF 

membrane (Millipore, Billerica, MA) overnight at 30V and at 4 °C. Blots were probed 

with the desired primary antibody (in 3% non-fat dry milk): rabbit anti-muscarinic M1 

receptor(final concentration 0.7 ug/ml), goat anti-muscarinic M3 receptor (2 ug/ml) or 

mouse anti-Z0-1 (1.5ug/ml) for 1 hour. The rat heart lysate was used as a control for the 

JU.Uscarinic M1 receptor (SantaCruz, La Jolla, CA) and the M3 blocking peptide (control 

antigen) (SantaCruz, La Jolla, CA) for the M3 receptor detection as per manufacturer's 
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instructions. Following secondary antibody incubation, blots were rinsed and developed 

using the enhanced chemiluminescence (ECL) reagents (Amersham Pharmacia Biotech, 

Piscataway, NJ). 

Immunofluorescence microscopy 

y- and mRPE cells were grown on 25mm glass coverslips for the desired period and 

treated as indicated. Cells were fixed in 4% paraformaldehyde in PBS (15mM KCl, 

468mM NaCl, 580mM Na2HP04. ?H20 and 27mM KH2P04) for 30 minutes at room 

temperature followed by permeabilization with 0.2% Triton-X 100 for 15 minutes. Cells 

were rinsed in PBS and incubated twice in 50 mM glycine, 15 minutes/ incubation. Each 

coverslip was carefully inverted (cell-side facing solution) onto 200ul of blocking 

solution containing 3% BSA + 3% normal goat serum in PBS for 30 minutes. The 

coverslips were then incubated in rabbit anti-ET-1 (10 J..lg/ml) for 4 hours at 4 °C 

followed by incubation in a mixture containing rabbit anti-ET-1 (10 J.!g/ml) and mouse 

anti-Z0-1 (1 0 J.!g/ml), overnight at 4 °C. The antibody used for intracellular ET -1 

detection was same antibody as that used in the ET -1 RIA measurements. Covers lips 

were rinsed and allowed to incubate in a mixture of secondary antibodies containing 

donkey anti-mouse alexa 594 conjugated (5 J.!g/ml) and donkey anti-rabbit alexa 488 

conjugated (5 J.!g/ml) for 1 hour in the dark at room temperature. Nuclei were stained 

with DAPI (300 nM) (Molecular Probes, Eugene, OR) for 10 minutes. Coverslips were 

mounted on glass slides using FluorSave (Calbiochem, San Diego, CA) and allowed to 

dry for 20 minutes in the dark. Cells were viewed with a Nikon Microphot FXA digital 

fluorescent microscope and images at the red, green and blue wavelengths were acquired 
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using a CCD-camera, digitally processed using the IPLab (Scanalytics, Fairfax, VA) 

image analysis software. All images were deconvolved using the IPLab software and 

transferred to Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) for further analysis. 

Data Analysis 

Quantitative data is represented as mean ± SEM. Statistical comparisons were performed 

by t-test in most experiments except ET -1 RIA measurements where comparisons 

between control and multiple treatments were made using ANOV A and SNK test. In 

[Ca2+]i measurements, comparisons between baseline, peak and one minute post peak 

values were made by one way repeated measures ANOV A. Sample size and p values for 

each experiment are indicated in the figure legends. 

RESULTS 

In the present study we compared two different phenotypes of the RPE in cell culture. A 

mature culture ( 4-5 weeks, mRPE), similar to an intact polarized and differentiated 

epithelium with few intercellular gaps and a young culture (3-4 days, yRPE) that has an 

incomplete barrier formed with more intercellular gaps and possible lack of polarization. 

The two RPE cell phenotypes were tested for their ability to secrete endothelin-1 (ET -1) 

following a cytokine (TNF-a) or a cholinergic agonist (CCh) treatment. 

Secretion and regulation ofET-1 in ARPE-19 cells 

Young RPE (yRPE) and mature RPE (mRPE) cells were incubated with either TNF-a 

(10nM) or carbachol (CCh, 0.01-100 fJ.M), a non-selective muscarinic receptor agonist 

for 24 hours (Figs. 1A, B). In yRPE cells (Fig. lA), TNF-a and CCh 1 fJ.M significantly 

enhanced ir-ET-1 secretion compared with the untreated control. The extent by which 
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TNF-a potentiated ir-ET -1 secretion was higher than that produced by CCh 1 J.!M. 

Interestingly, it was only at the 1 11M concentration that CCh was consistently able to 

stimulate ET-1 release in yRPE. There are 5 muscarinic receptor subtypes (M1-5) 
39-26 of 

which theM~, M3 and Ms are directly coupled to the Gq-IP3-Ca2
+ signaling pathway while 

the M2 and M4 subtypes are coupled to the Gi-cAMP cascade. Activation of the IP3-Ca2
+ 

cascade requires prior activation of the G-protein coupled receptor-mediated transducer 

phospholipase CJ3 (PLCJ3).40· 41 To determine if this was the mechanism responsible for 

cabachol-mediated ir-ET -1 release, yRPE cells were preincubated with 2 J.!M U73122, a 

PLC inhibitor for 20-30 minutes with subsequent stimulation with 1J.!M CCh. U73122 

completely inhibited ET -1 release suggesting that activation of PLC was a critical 

determinant in CCh mediated ET -1 release (Fig. 1 A). Selective muscarinic receptor 

antagonists were then used to further delineate the receptor subtype( s) that were involved 

in ET -1 release in yRPE cells. The compounds 4-diphenylacetoxy-N-methylpiperidine 

methiodide (4-DAMP), a selective M1/M3 receptor antagonist (pKi: 9.4 and 9.1 for M1 

and M3 respectively) and pirenzepine (PZE), an M1 selective antagonist (pKi: 6.9 for 

M 1)
42·43 were employed in our study. Both 4-DAMP and PZE were effective in inhibiting 

CCh induced ET -1 release with an apparent relative order of potency as 4-DAMP> PZE 

(Fig. 1A). mRPE cells were allowed to grow for 4 weeks to form an intact epithelial 

barrier (Fig. 5). The basal amounts (untreated controls) of both ppET-1 mRNA (Fig. 8) 

and secreted ir-ET -1 measured in these cells (mRPE) was higher than yRPE cells after 24 

hours (compare scales in Fig. 1A and B). TNF-a. continued to potentiate ET-1 secretion 

in mRPE cells to the same degree as that observed in yRPE (4-5 fold increase over 
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control). A similar increase in released ET -1 was not observed in mRPE following CCh 

treatments for 24 hours (Fig. lB). 

M1 and M3 muscarinic receptors in ARPE-19 

Differences in secretion of ir-ET -1 in mRPE and yRPE cells in response to CCh and 

TNF-a. may be due to differential expression ofM1 and M3 receptors or differences in the 

intracellular calcium ([Ca2+]i) trends following muscarinic receptor activation. The 

primary reason M1 and M3 receptor subtypes were considered was because 4-DAMP and 

PZE were effective in inhibiting CCh mediated ET-1 release in the yRPE (Fig. lA). 

Additionally, carbachol mediated phosphoinositide hydrolysis and subsequent rise in 

intracellular Ca2
+ in human RPE cells may be predominantly M3 receptor mediated. 16 

Since 4-DAMP has 6-13 fold lower affinity for M5 compared to M3 or M1 receptors42 and 

the concentrations we employed in our studies and previous reports on mucarinic receptor 

expression in RPE 44
•
15 it was evident that either the M3 or M1 or both subtypes were 

principal targets for carbachol induced ET -1 secretion in y RPE. 

Both M1 and M3 receptors are expressed in ARPE-19 cells (y-and mRPE) (Fig. 2A and 

2B- western blots). The apparent molecular weights of the protein bands (M1R: 60kD and 

M3R: 70kD) were confirmed using appropriate controls (rat heart lysate for M1R and the 

blocking peptide for M3R). Detection of the M3 receptor subtype in y- and mRPE cells 

required higher amounts of total protein (100 ~g/lane for M3 detection as opposed to 60 

~g/lane for M1 detection). 

Carbachol mediated [Ca2+]; mobilization in y- and mRPE cells 
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M1 and M3 muscarinic receptors belong to the class of Gq coupled receptors that upon 

activation mobilize [Ca2+]i in an IP3 dependent manner.45 Receptor mediated increase in 

[Ca2+]i can activate several downstream effectors including those involved in regulated 

exocytosis in both excitable and non-excitable cells.46 Retinal pigment epithelial cells 

express muscarinic receptors that mobilize [Ca2+]i but not cAMP following acetylcholine 

or carbachol. 15 Since the immunoblot analysis indicated there were differences in the 

expression of M1 and M3 receptors between y- and mRPE cells, it was possible that 

functional differences between the receptors existed as well. Representative [Ca2+]i trends 

in y- and mRPE cells following CCh (1 , 10, 100 f.!M) stimulation are shown in Fig. 3A 

and 3B respectively aild a summary of the results are shown in Tables 1 and 2. There was 

a concentration dependent increase in the mean [Ca2+]i mobilized by CCh in both y- and 

mRPE with characteristic biphasic transients observed in both phenotypes (Fig. 3A and 

B). Since 1 f..i.M CCh was effective in evoking significant release of ET -1 in yRPE cells 

(Fig. 1A), this concentration was used for all future experiments in these cells. To address 

the receptor subtypes that were functionally coupled to the CCh response, different 

concentrations of 4-DAMP (M1/M3 selective inhibitor) and pirenzepine (PZE) (M1 

selective inhibitor) were used. 2f..i.M U73122 blocked CCh mediated [Ca2+]i mobilization 

(Table 1 ), consistent with results observed when similar treatments effectively blocked 

CCh mediated ET-1 secretion in yRPE cells (Fig. 1). Interestingly, PZE at 100 nM failed 

to inhibit CCh mediated [Ca2+]i elevation and required a concentration of?: 400nM to do 

so (Table 1). 4-DAMP unlike PZE, continued to inhibit CCh mediated [Ca2+] i elevation at 

concentrations similar to those employed in Fig.1A. 
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To determine if the RIA results were due to functional uncoupling of muscarinic 

receptors (receptor desensitization and /or internalization) in their ability to mobilize 

[Ca2
+]i, cells were pre-incubated with CCh (1 and 100 I!M) for 24 hours followed by CCh 

(1 and 100 j..I.M) challenge (Table 1). Cells pretreated with CCh 1 j..I.M were able to retain 

~ 50% of their response to acute CCh 1 !JM as opposed to CCh 100 !JM where the 

response was reduced to -10% of the initial response without pretreatment. Similar 

results were observed in mRPE cells (Table 2) in their ability to mobilize [Ca2+]i 

following CCh ( 1, 10, 100 !JM) additions before or after pretreatments. A comprehensive 

study using muscarinic receptor antagonists were not performed in the mRPE cells 

because CCh failed to evoke any significant increase in ET-1 release in these cells (Fig. 

1B). However, 4-DAMP (5 and 10nM) completely inhibited CCh mediated [Ca2+]i 

elevation in these cells (data not shown), similar to that observed in yRPE cells 

suggesting that both phenotypes had similar responses to CCh in their ability to mobilize 

[Ca2+]i. 

Disruption of tight junctions by TNF-a and its influence on intracellular and secreted 

ET-1 

Several recent studies have proposed that tight junction and sub-tight junction domains 

form clusters of scaffolding proteins that could be important in regulating paracellular 

transport, cell motility, membrane integrity and recruitment of exocytotic machinery.47 

We hypothesized that the presence of a mature tight junction complex may regulate 

secretion of ET-1 in mRPE cells. mRPE cells expressed abundant amounts of Z0-1, a 

peripheral tight junction-associated protein in epithelial cells. Immunoblot and 
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immunofluorescence analysis was employed to determine the extent of Z0-1 expression 

in both phenotypes. There was a significant increase in Z0-1 expression in mRPE as 

opposed to yRPE cells (50 J..lg/lane, n =3) with both isoforms of Z0-1 (a.+ and a.-) (data 

not shown). Immunofluorescence studies demonstrated that the mRPE cells expressed 

greater amounts of Z0-1 with well-defined tight junctions compared to yRPE cells (Fig. 

4 and 5). 

TNF-a. caused visible changes in morphology, an increase in intercellular gaps and 

disruption of tight junctions in both y- and mRPE cells (Fig. 4 and 5). These changes 

were not observed following CCh treatment. Intracellular ET -1 was detected as punctate 

stains in both phenotypes. Although there were differences in the intensities of 

intracellular ET -1 content between cells in the same coverslip, basal intracellular ET -1 in 

yRPE was visibly higher than in mRPE cells (compare Fig. 4C and 5C). Negative 

controls including non-immune serum (Fig. 5), no primary and no secondary antibodies 

(data not shown) confirmed the authenticity of detection. 

Time-dependent changes in Z0-1 and ET-1 following TNF-a 

To determine if TNF-a. mediated changes in mRPE cells were time-dependent, we 

measured the amount of secreted ir-ET -1 (Fig. 7), immunofluorescent Z0-1 and 

intracellular ET-1 expression (Fig. 7) at 1, 4, 8, 16 and 24 hours following treatment with 

TNF-a.. Constitutive ppET-1 (preproET-1) mRNA expression in mRPE cells was over 4 

fold higher compared to yRPE cells over 24 hours (Fig. 8). This finding was in agreement 

with differences in constitutive secretion of mature ir-ET-1 over the same time period 

(Fig. 1A, B). ppET-1 mRNA expression was measured in response to TNF-a. or CCh in 
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y- and mRPE cells at indicated time points (Fig. 9). TNF-a significantly increased the 

amount of secreted ET -1 at the end of 8 hours (Fig. 6) and continued to do so until 16 and 

24 hours where the highest amounts of secreted ET -1 was measured. In addition, TNF -a 

caused visible alteration in cellular morphology and disruption of tight junctions, an 

effect that was first detected at 8 hours and persisted until 24 hours (Fig. 7). ppET -1 

mRNA levels in mRPE cells was significantly elevated by about four fold at the end of 

the first hour following TNF-a stimulation and gradually decreased to about 1.5 fold of 

control at the end of 24 hours (Fig. 9B). There was a gradual and delayed increase in ET-

1 release during the same time period (Fig. 6). CCh failed to increase ppET -1 

transcription in both phenotypes at the end of 24 hours. 

DISCUSSION 

Several physiological or pathophysiological stimuli can cause the release of 

endothelin-1 and is considered as regulated secretion of ET -1. Cytokines including TGF

~,48 IL-1,49 TNFa,50.4 and interferon-y (IFN-y)51 can induce both transcription as well as 

release of ET -1. ET -1 secretion typically results from activation of the constitutive or 

regulated pathways.52
'
53 

Unlike CCh, TNF-a can influence mRNA synthesis and secretion of ET-1 54 and 

several studies have reported the ability of TNF- a to cause cytoskeletal changes 

including breakdown of the tight junction barrier in epithelial cells and RPE.55
-
57 

TNF-a 

has been shown to decrease the turnover of occludin, one of the integral proteins of the 

tight junction complex. 58 In yRPE cells the tight junction complex appears to be 

premature and the epithelial phenotype to be non-polarized and undifferentiated.
59

•
31 
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Failure to recruit desired proteins at the tight-junction complex and execution of the 

barrier, fence and signaling functions47 may alter both constitutive and regulated release 

(by carbachol and TNF -a) of ET -1 in RPE cells. Constitutive synthesis and secretion of 

ET-1 was higher in mature RPE cells compared to young RPE cells. However, basal 

intracellular ET -1 (endogenous ET -1) content appeared to be higher in yRPE compared 

to mRPE. This suggests that rate of constitutive secretion may be higher in mRPE vs. 

yRPE. Constitutive and regulated secretion may be influenced by several factors 

including polarization by plasma membrane asymmetry and/or golgi asymmetry, 

differential sorting of proteins including membrane receptors and decreased paracellular 

permeability. The finding that CCh-mediated ET-1 secretion was higher in yRPE (non

polarized) cells as opposed to mRPE (polarized) cells, was consistent with this view. In 

contrast, TNF-a was able to enhance secretion ofET-1 by 4-5 fold at the end of24 hours 

in both phenotypes. This was probably due to TNF-a's ability to not only enhance ET-1 

secretion but also significantly increase ppET -1 transcription and disrupt tight junctions 

in RPE, all of which were time dependent in mRPE cells. CCh, on the contrary, although 

able to regulate ET -1 secretion in yRPE cells, failed to enhance ppET -1 transcription or 

cause significant alterations in cell shape and membrane integrity. Interestingly, CCh was 

able to mobilize [Ca2+]i to a similar degree in both y- and mRPE, indicating that the 

cumulative muscarinic receptor mediated [Ca2+]i trends remained unaltered in either 

phenotype and that ET -1 release mechanisms may not necessarily be coupled to calcium 

mobilization alone. This was particularly evident in yRPE where significant ET -1 release 

only occurred at lf.lM concentration of CCh. The inability of lower (<1f..1M) and higher 
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( 10 and lOOJ..LM) concentrations of CCh failing to elicit similar or greater release of ET -1 

may have been due to the inability to mobilize required [Ca2+]i and activate the ET -1 

secretory pathway at lower concentrations and/or due to receptor desensitization and 

internalization at higher concentrations. 

Our results suggest that CCh mediated ET -1 release may predominantly involve 

the M3 muscarinic receptor subtype. However, we cannot totally exclude the participation 

of M1 receptors, because 4-DAMP has similar affinities for M1 vs. M3 receptors.42
• 

43 

Additionally, pirenzepine (PZE) at 100nM was able to inhibit CCh mediated ET-1 release 

in yRPE cells. Interestingly concentrations of;:: 400nM PZE were required to inhibit 1 

J..LM CCh mediated [Ca2+]i increase in yRPE cells suggesting that most of this increase 

was M3 mediated and that CCh mediated ET -1 release was both M1 and M3 dependent. 

The inability of CCh to increase ET -1 secretion in mRPE may have been due to limited 

paracellular permeability in mRPE cells in addition to recruitment of the tight junction 

complex that may effect its actions on M1 receptors. 

In conclusion, these results favor an action of CCh on the regulated release of ET-

1 in yRPE cells, whereas the actions of TNF-a reflect a generalized disturbance in cell 

morphology, disruption of tight junctions and enhanced ppET -1 transcription such that 

the increased release of ET-1 following TNF-a may occur due to de novo synthesis and 

release of ET -1. Such actions would be reminiscent of an inflammatory response during 

breakdown of the blood retinal barrier as seen in proliferative vitreoretinopathy (PVR) 

and diabetic retinopathy .12 Our results suggest the RPE may be the source for ET -1 at the 

posterior pole of the eye. The implications for physiological function of ET-1 under 
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normal conditions in the RPE are presently unknown. In diseased conditions, a pathologic 

increase in ET -1 secretion by barrier-compromised RPE may be important in cell 

migration and proliferation as seen in PVR. Locally secreted ET -1 could act to produce 

vasoconstriction and affect cellular responses that minimize damage to a compromised 

blood retinal barrier. Additionally, released ET-1 may mediate vascular homeostasis as a 

mechanism to balance vasodilator influences however with excessive secretion, ET -1 

may promote prolonged vasoconstriction and induce ischemic episodes in the retina. We 

are presently working on models that will address the role of ET -1 at the outer blood 

retinal barrier. 
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Figure legends-

Fig. 1. ET -1 RIA in young RPE (yRPE) (ARPE-19 cells grown for 4 days) and mature 

RPE (mRPE) (ARPE-19 cells grown for 4 weeks). Cells were treated with various 

agonists and/or antagonists for 24 hours in serum-free DMEM/F-12 medium. 

Immunoreactive ET-1 (ir-ET-1) released in the media was extracted and measured by 

RIA (refer Methods). (A). In yRPE cells, TNF-a and CCh 1 J.!M were able to 

significantly increase ir-ET -1 secretion vs. control. U73122, 4-DAMP and PZE were able 

to inhibit CCh mediated ir-ET-1 secretion. (B). In mRPE cells, TNF-a significantly 

increased ir-ET-1 secretion vs. control. Note the difference in the X-axis values. mRPE 

cells produced higher amounts of ir-ET-1 (compare controls in A and B). Data is 

represented as mean ± SEM. Statistical comparisons were performed using ANOV A and 

SNK test. *denotes significance vs. control (p<O.OS) (n= atleast 6/ treatment). 

Fig. 2. Immunoblot analysis in yRPE and mRPE cells. (A) 60 Jlg of total membrane 

fraction was loaded per lane. Blots probed with the rabbit anti-M1 receptor. Rat heart 

lysate (30 Jlg) was used as control to verify apparent size ( -60 kD) and expression of the 

M1 receptor (B) l 00 Jlg of total membrane fraction/ lane was required to detect M3 

receptor expression in both phenotypes. The goat anti-M3 receptor antibody was used for 

detection. The apparent size of the M3 receptor was -70 kD. Control antigen (lower blots 

in B) pre incubated with the M3 antibody for 1h at room temperature was used as the 

negative control. (n= 4 per condition) 

Fig. , 3. Intracellular [Ca2+li measurements in yRPE and mRPE cells (A) Representative 

[Ca2+]i trends in response to CCh (1,10,100 J.!M) in yRPE. (B) Representative [Ca2+]i 
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trends in response to CCh (1,10,100 f.!M) in mRPE cells. In both phenotypes there was a 

concentration dependent rise in CCh mediated mean [Ca2+]i mobilization (see tables 1 

and 2) as well as an increase in biphasic transients. -1 ' 
i ... 

Fig. 4. Indirect immunofluorescence microscopy in yRPE cells. Cells were treated with 

TNF-a or CCh for 24 hours and expression of Z0-1 and ET-1 were analyzed by light 

microscopy. A-D: control/ untreated, E-H: TNF-a (10 nM) treated and I-L: CCh (1 f.!M) 

treated cells. Fixed cells were probed with mouse anti Z0-1. (B-F) and rabbit anti ET-1. 

(C-K) followed by incubation with goat anti-mouse-alexa 594 antibody and goat anti-

rabbit-alexa 488 antibody. Nuclei were stained with DAPI (blue fluorescence) and \. 

'· . ' 
I·· 

merged images are shown in D, Hand L. A, E and I represent the differential interference i 
contrast (DIC) images. TNF-a but not CCh caused visible changes in morphology and 

{ 

.... , 
disruption of tight junctions (Z0-1 staining). Atleast 5 different fields were viewed per 

coverslip and a total of 3 coverslips per condition (n =4) were tested under similar 

conditions. (scale = lOJ.lm) 

Fig. S. Indirect immunofluorescence microscopy in mRPE cells. Cells were treated with 

TNF -a or CCh for 24 hours and expression of Z0-1 and ET -1 were analyzed by light 

microscopy. A-D: control/ untreated, E-H: TNF-a (10 nM) treated and I-L: CCh (1 f.!M) 

treated cells. Fixed cells were probed with mouse anti Z0-1. (B-F) and rabbit anti ET-1. 

(C-K) followed by incubation with donkey anti-mouse-alexa 594 antibody (5ug/ml, red 

fluorescence) and donkey anti-rabbit-alexa 488 antibody (5ug/rnl, green fluorescence). 

Nuclei were stained with DAPI (300nM, blue fluorescence) and merged images are 

shown in D, H and L. A, E and I represent the differential interference contrast (DIC) 
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images. TNF -a but not CCh caused visible changes in morphology and disruption of 
i . 
0 

' ' 

tight junctions (Z0-1 staining). Atleast 5 different fields were viewed per coverslip and a 

total of 3 coverslips per condition (n =3) were tested under similar conditions. Negative 

controls using non-immune IgG at concentrations identical for anti Z0-1 and anti ET -1 1 I 

showed little of no staining. (scale= 10J..Lm). 

Fig. 6. Time dependent increase in ir-ET-1 secretion in confluent ARPE-19 cells (4 

weeks old) following TNF-a stimulation. Confluent ARPE-19 cells were treated with 

TNF-a (10nM) for 1, 4, 8, 16 and 24 hours. The media was collected and assayed for ir-

ET -1 content as previously described. + indicates control, • indicates TNF -a treated 

cells. TNF-a stimulated ir-ET-1 secretion in a time- dependent manner. A significant 

increase in ir-ET-1 was observed at the end of 8, 16 and 24 hours compared to control. 

Secretion of ir-ET-1 reached a plateau after 16 hours. Data is represented as mean ± 

SEM. Statistical comparisons were performed by t-test. Asterisk(*) denotes significance 

vs. controls at 8, 16 and 24 hours respectively (p< 0.001) (n = 6). 

Fig. 7. Immunofluorescence analysis in mRPE cells following TNF-a at the indicated 

time points. The top row (A-F) represents differential interference contrast (DIC) images 

and the bottom row (G-L) represents merged fluorscent images of cells labeled using 

mouse anti-Z0-1 (red), rabbit anti-ET-1 (green) and DAPI (blue) (similar to Fig. 5). 

TNF -a ( 1 OnM) caused visible breakdown of cell-cell contact and tight junction 

disruption that was time-dependent. The first detectable change in cell-cell contact was 

observed at 4 hours and progressive damage thereafter. (scale = lOJ..lm). Experiments 
' .. ; ' 

were performed on at least 3 separate coverslips (n=3) per time point. 
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Fig. 8. Quantitative RT-PCR in yRPE and mRPE cells. Quantitative RT-PCR was 

performed using the SYBR-green PCR core reagents (Applied Biosystems). Quantitation 

of ppET-1 transcripts was done by the comparative CT method (refer Methods). Basal 

levels of ppET-1 mRNA expression in y- and mRPE. Data is represented as mean ± 

SEM. Statistical comparisons were performed by t-test. * denotes significance vs. control 

(p< 0.05) (n = 4 per treatment). 

Fig. 9. Quantitative RT-PCR in yRPE and mRPE cells. (A) and (B) ppET-1 mRNA 

levels following CCh (1, 10, 100 J..tM) and TNF-a (lOnM) in y- and mRPE cells 

respectively. CCh (1, 10 and 100 J.!M) did not result in significant elevation of ppET-1 

mRNA in yRPE (A) or mRPE cells (B) following 24 hours. TNF-a (10nM) significantly 

increased ppET-1 mRNA following 24 hours (A) and within 1, 4, and 8 hours vs. control 

(B). Data is represented as mean± SEM. Statistical comparisons were performed by t-

test. *denotes significance vs. control (p< 0.05) (n = 4 per treatment). 
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Table 1. Summary of CCh mediated [Ca2+]i mobilization in yRPE cells measured by 

fura-2AM imaging. * denotes statistical significance between baseline, peak and one 

minute postpeak (not shown) mean values, performed by one way repeated measures 

ANOVA (p<O.OOl). 

CChd ose response-
Treatment [Cal+h nM, Mean± SEM Number of cells (n) 
Baseline 74+5 98 
CCh 1 ~M 1504 + 154 * 98 J i 

Baseline 57+5 55 
CChlO~M 1629 + 276 * 55 
Baseline 137 + 21 26 
CCh 100 ~M 2851 + 1392 * 26 
Antagonist studies with CCh 1 1-1M-

Treatment (Cal+J1 nM, Mean± SEM Number of cells (n) 

Baseline 65 ±5 34 

CCh 1 ~M 1414 ± 203 ... 34 

U73122, 2 !J.MI Baseline 132 ± 12 26 

U73122, 2 !J.M + CCh 1 !J.M 177 ± 14 26 

PZE 1 OOnM/ Baseline 68±_7 16 

PZE lOOnM + CCh 1 1-1M 1584 ± 360 * 16 

PZE 400nM/ Baseline 90±8 17 

PZE 400nM + CCh 1 1-1M 181 ± 30 17 

4-DAMP lOnM/ Baseline 130±6 68 

4-DAMP lOnM + CCh l!J.M 122 ± 5 68 

Receptor mternahzat10n stud1es-

Treatment [Ca1+)1 nM, Mean± SEM Number of cells (n) 

Baseline 65 + 5 34 

CCh l!J.M 1414 + 203 * 34 

Pretreatment with CCh 1 !J.M (24 h) 
Baseline 77 +5 21 

CCh l!J.M 736 + 308 * 21 

Baseline I 137 + 21 I 26 

CCh 100 ~M I 2851 + 1392 ... I 26 

.. Pretreatment with CCh 100 !J.M (24 h) 
Baseline I 156 + 9 I 35 

CCh 100 !J.M l 202 ± 16 I 35 
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Table 2. Summary of CCh mediated [Ca2+]i mobilization in mRPE cells measured by 

fura-2AM imaging. * denotes statistical significance between baseline, peak and one 

minute postpeak (not shown) mean values, performed by one way repeated measures 

ANOVA (p<O.OOl). 

CChd ose response-
Treatment JCa2+]i nM.l_ Mean± SEM Number of cells (n) 
Baseline 101 + 8 35 
CCh 1 J.I.M 1260 + 270 * 35 
Baseline 105+11.1 57 
CCh101lM 1352 + 158 * 57 
Baseline 72+6 54 
CCh 100 llM 2349 + 209 * 54 
Receptor mtemahzatton studies-

Treatment [Ca2+li nM_.1_Mean ± SEM Number of cells (n) 
Baseline 100+ 9 33 
CCh 1 llM 1236+316* 33 
Pretreatment with CCh 1 J.I.M (24 h) 
Baseline 117 + 28 22 

CChlllM 411 + 134 * 22 

Baseline 65 +9 I 16 

CCh 100 llM 2500 + 532 * I 16 

Pretreatment with CCh 100 J.I.M (24 h 
Baseline 87 + 10 J 22 

CCh 100 llM I 82+22 1 22 

.. 
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Fig. 6 
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Fig. 9 
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SUMMARY 

Endothelins are a family of conserved vasoactive peptides that are widely expressed in 

different biological systems including the eye. In the cell culture model of retinal pigment 

epithelium, ARPE-19, the synthesis and secretion of endothelin-1 (ET -1) is regulated by 

cholinergics and TNF-a. In the present study we investigated the expression of ET-1 in 

RPE in situ, in rat and human eyes. Additionally, we have employed the human retinal 

pigment epithelial (ARPE-19) cells to delineate the apical and basolateral ET-1 

expression and secretion by confocal microscopy and radioimmunoassay, respectively. 

Our results suggest a possible conservation of ET -1 expression predominantly in the 

mammalian RPE underlining its importance at this site. Additionally, our results suggest 

that constitutive ET -1 secretion may be non-selective in cultured RPE possibly allowing 

ET-1 to activate its receptors located in the apical and/or basal side of the RPE. 

~. 
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INTRODUCTION 

The retinal pigment epithelium (RPE) is a monolayer of cells that forms the outer 

blood retinal barrier with the neural retina on the apical side and Bruch's membrane and 

the choroid on the basal side . Due to its unique location, the RPE serves as a 

communicating link between the neural retina and choroid. The specific orientation of the 

RPE with distinct apical and basal domains confers a polarized phenotype to the cell with 

different functions performed by each domain (Marmor, 1998). The establishment and 

maintenance of RPE polarity is therefore crucial in preserving a controlled environment 

at this region (Burke, 1998). Loss in RPE polarity is seen in inflammatory conditions that 

involve breakdown or a compromised barrier including uveitis (Luna et al., 1997), 

proliferative vitreoretinopathy (Hiscott and Sheridan, 1998; Nagasaki et al., 1998), 

diabetic retinopathy (Cunha-Vaz et al., 1993; Cunha-Vaz et al., 1979), choroidal 

neovascularization (Campochiaro, 1998), age-related macular degeneration 

(Campochiaro et al., 1999), retinitis pigmentosa (Vinores et al., 1995a) and ocular 

melanoma (Vinores et al., 1995b). 

The RPE is known to constitutively secrete several growth factors and cytokines 

both in vitro and in vivo (Campochiaro, 1998; Sheedlo et al., 1995) the physiological 

relevance of which are not completely understood. We have recently identified the RPE 

as a source for one such peptide, endothelin-1 (ET -1) in vitro, in ARPE-19 cells (Narayan 

et al., 2003). 
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Endothelins are a family of 21 ammo acid peptides that are differentially 

expressed and secreted locally at sites including the brain, eye, heart, lung, kidney, 

intestine and bladder (Kedzierski and Yanagisawa, 2001; MacCumber et al., 1991; Yorio 

et al., 2002). Of the three isoforms, ET -1 and ET-3 are predominantly found in the eye, 

including the cornea, iris, ciliary epithelium, aqueous humor, lens, sclera, choroid, the 

retina and the optic nerve (MacCumber et al., 1991; MacCumber et al., 1989; Stitt et al., 

1996; Wollensak et al., 1998). Endothelin-1 (ET-1) acts on its receptors ETA and ET8 , 

both belonging to the rhodopsin-like superfamily of seven transmembrane G-protein 

coupled receptors. Activation of ETA receptors in the smooth muscle results in prolonged 

vasoconstriction while activation of ET 8 receptors is thought to mediate vasodilation via 

nitric oxide (NO) production (Kedzierski and Yanagisawa, 2001). The precise role ofET-

1 in the RPE remains unknown. 

Both endothelial and epithelial cells have been shown to secrete ET -1 

preferentially towards the basolateral side (Masaki, 1989; Uchida et al., 1991; Wagner et 

al., 1992; Yoshimoto et al., 1991). Studies using MDCK cells have shown ET-1 to be 

secreted towards both apical and basolateral sides in unstimulated cells but more towards 

the basolateral side following stimulation with TGF-~ (Uchida et al., 1991). Preferential 

sorting and secretion of ET -1 towards a particular domain in the RPE may provide 

insights for its function at this region. 

Unfortunately, secretion of growth factors and peptides can be induced merely by 

culturing cells in vitro (Terracio et al., 1988). This criticism is particularly relevant in 

case of RPE cells considering their phenotypic variability following isolation and culture 
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compared to their morphology in vivo (Burke, 1998). It is important to compare 

expression patterns of molecules of interest in vivo as a first step towards deducing their 

physiological relevance. In the present study we have confirmed the expression of ET -1 

in situ, in both rat and human retinas. In addition, ARPE-19 cells grown on filter supports 

have been employed as a model to study polarized secretion of growth factors and 

cytokines by these cells in vitro (Dunn et al., 1998). We employed a similar model to 

study polarized secretion of ET -1 in ARPE-19 cells grown on collagen-coated filters. 

MATERIALS AND METHODS 

Human eyes were obtained within 12 hours post-mortem from the Rochester Eye and 

Human Parts Bank, Inc., Rochester, NY. The donor eyes were handled in compliance 

with the provisions of the Declaration of Helsinki for research involving human tissue. 

Experiments involving adult male Brown Norway rats and Wistar Kiyoto rats (both 

strains from Harlan Sprague-Dawley, Indianapolis, IN) adhered to the ARVO statement 

for the Use of Animals in Ophthalmic and Vision Research, the tenets of the Declaration 

of Helsinki, and the guidelines of the University of North Texas Health Science Center 

Committee on Animal Welfare. 

Rat eye tissue preparation for immunohistochemistry (fixing, embedding and sectioning) 

Prior to the removal of eyes, the animals were sacrificed using a C02 inhalation (30 

seconds-1 min) technique. The eyes were immediately enucleated along with part of the 

optic nerve attached and transferred to a vial containing freshly made 4% 

paraformaldehyde for 1 hour with gentle rocking at room temperature after which 

approximately 5mm incisions were made on the sclera to facilitate permeation of the 
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fixative. Eyes were further incubated in the fixative for 1-2 hours at room temperature 

with gentle rocking, and transferred to 4 °C overnight. The following day, the eyes were 

dehydrated using a graded ethanol series (70%, 75%, 85%, 95%, for 1 hour each and 2 x 

100% for 30 minutes). Eyes were placed on a petridish containing 100% ethanol, under a 

dissecting microscope and an incision was made on the sclera to gently remove the lens. 

The lens was removed to aid ease of sectioning. Lens removal did not alter morphology 

of the retina as determined by hemotoxylin and eosin (H & E) staining after embedding 

and sectioning (not shown). A few eyes with intact lenses were also included in the study. 

Their morphology (by H & E and by indirect immunofluorescence for detection of ET -1) 

and staining patterns were no different from eyes with lenses removed prior to sectioning 

(data not shown). Each eye was enclosed in Tissue-Tek embedding cassettes (Electron 

Microscopy Sciences, Fort Washington, PA), labeled and placed in a mixture containing 

50% ethanol and 50% xylene, 2 x 100% xylene and a mixture with 50% xylene and 50% 

paraffin (in a pressurized oven at 50-60 °C) respectively for 30 minutes each. The 

cassettes were transferred to 100% paraffin for incubation overnight in the oven. Prior to 

embedding, the cassettes were placed in fresh paraffin, 2 x 1 hour. Eyes were removed 

from cassettes and placed in steel molds and embedded in 100% paraffin devoid of air 

bubbles, on an embedding station at 65 °C. Molds were covered, labeled and transferred 

to a cold block maintained at 4 °C and allowed to solidify overnight. Paraffin blocks were 

removed from the mold and 5 JJ.m thick sections on a microtome. Sections were floated in 

warm water before picking them on glass slides and placed in an incubator maintained at 

3 7 °C overnight. 
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Immunohistochemistry 

Paraffin sections that included the entire retina were used for immunohistochemical 

analysis. Slides were immersed twice in xylene, 15 minutes per incubation and hydrated 

using a graded ethanol series (100%-twice, 95%, 75%, and 50%) for 10 minutes per 

incubation and finally in PBS (15mM KCl, 468mM NaCl, 580mM Na2HP04.7H20 and 

27mM KH2P04) for 10 minutes. Some slides were stained using H & E to confirm the 

presence of an intact retina with the RPE/choroid and the sclera. The remaining sections 

were processed for immunostaining. Brie~y, the slides were immersed in 0.2% Triton-X 

100 for 15 minutes. Slides were rinsed three times before immersing them in 50mM 

glycine for 15 minutes. Sections were then marked using a hydrophobic pen (PAP pen; 

Electron Microscopy Sciences, Fort Washington, PA) and allowed to incubate in 

blocking solution containing 5% BSA and 5% normal goat serum in PBS for 30 minutes. 

Slides were then drained off by tilting and sections were incubated in an antibody diluting 

solution containing 1% BSA and 1% normal goat serum with rabbit anti-ET-1 (10J..Lg/ml; 

Peninsula labs/ Bachem, Belmont, CA) and mouse anti-RPE65 (8B11.37; 3.2J..Lg/ml, 

generously gifted by Dr. Debra Thompson, W.K. Kellogg Eye Center, University of 

Michigan Medical School). Sections were incubated either with primary antibodies or 

non-immune rabbit (lOJ..Lg/ml) and mouse IgG (3.2J..Lg/ml) (Vector Laboratories, 

Burlingame, CA.) or the antibody diluting solution (no primary control) overnight at 4 

°C. Slides were placed in a slide holder box with paper towels wetted in PBS underneath 

the holders to prevent evaporation of the antibody solution. All subsequent steps were 

performed as described below for immunocytochemistry with the exception of the red 
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fluorophore conjugated to goat anti-mouse IgG was Alexa 594 ( 1 OJ..Lg/ml; Molecular 

Probes, Eugene, OR). Images were acquired on a Nikon Microphot FXA digital 

fluorescent microscope (40X objective lens, NA=0.7) at the red, green and blue 

wavelengths using a CCD-camera at same exposure settings and digitally processed using 

the IPLab (Scanalytics, Fairfax, VA) image analysis software. All images were 

deconvolved using the IPLab software and transferred to Adobe Photoshop 7.0 (Adobe 

Systems, San Jose, CA) for further analysis 

Immuno electron microscopy 

Human donor eyes were fixed in 4% paraformaldehyde and 1% glutaradehyde overnight 

at 4 °C with gentle rocking. The following day, eyes were rinsed with PBS three times for 

5 minutes each. Samples were then dehydrated in 10%, 30%, and 50% ethanol, 10 

minutes each at room temperature and with cold 70%, 95% and 2 x 100% ethanol for 1 

hour each at 4 °C. Samples were infiltrated with either 1: 1 Lowicryl mixture A + B or 

LRWhite (both from Polysciences, Inc., Warrington, PA) in ethanol according to the 

manufacturer, and allowed to incubate at 4 °C overnight followed by 2: 1 lowicry1 or 

LRWhite in ethanol for 6-8 hours. The lowicryl mixture was replaced with 100% 

lowicryl plus a UV catalyst and incubated overnight at 4 °C. LR White samples were 

mixed in 100% LR White and also incubated at 4 °C, overnight. The next morning, 

solutions were replaced with fresh lowicryl or LR White plus the UV accelerator 

(Polysciences, Inc., Warrington, PA) and incubated at 4 °C for atleast 1 hour. Samples were 

then embedded in plastic molds and UV polymerized. Lowicryl samples were 

polymerized first at 4 °C overnight followed by polymerization at room temperature for 
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72 hours. LRWhite samples were allowed to polymerize in UV for 24-48 hours. 

Following embedding, ultrathin sections (50nm thick) were taken on a Reichert Ultracut 

S microtome and collected on Formvar/Carbon-coated glow-discharged 200-mesh nickel 

grids. Sections on grids were placed on 20-30 J.ll droplets of PBS for 3 x 5 minutes and 

permeabilized with 0.2% triton X100 for 15 minutes at 37 °C. Free aldehydes in sections 

were quenched by incubating sections in 0.5M glycine in PBS (3 x 5 minutes). 

Immunostaining was performed section side facing down on to droplets. Non specific 

sites were blocked using 5% normal donkey serum (SantaCruz Biotechnology, 

SantaCruz, CA) for 15 minutes. Sections were either incubated in rabbit anti-ET-1 

(lOOmg/ml; from Bachern/ Peninsula laboratories, Belmont, CA.) in 1% donkey serum or 

non immune rabbit IgG (100mg/ml, Vector Laboratories, Burlingame, CA). Few sections 

were incubated in antibody diluting solution ( 1% donkey serum in PBS) as the no 

primary controls. Following overnight incubation at 4 °C, sections were rinsed in PBS, 5 

x 5minutes and incubated in donkey anti rabbit IgG conjugated to 12nm colloidal gold 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 1 hour at room 

temperature. Following 3 x 5 minutes rinse in PBS, sections were post-fixed in 1% 

glutaraldehyde for 15 minutes. After 3 x 5 minutes rinse in PBS and sterile water, the 

grids were placed in 0.2% uranyl acetate and lead Citrate solution for 10 minutes, air 

dried and viewed on a Zeiss 910 electron microscope at 100kV accelerating voltage. 

Images taken were recorded on Kodak S0-163 electron films and processed in a Mohr 

Pro 8 film processor. All images were scanned and labeled on Adobe Photoshop 7.0 . 

Cell Culture 
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Human retinal pigment epithelial cells (ARPE-19), a spontaneously arising cell line was 

purchased form the American Type Culture Collection (ATCC, Manassas, VA). Cells 

were maintained at 3 7 °C and 5% C02 in a 1: 1 mixture of Dulbecco' s modified Eagle's 

medium (DMEM) (Gibco- Life Technologies, Grand Island, NY) and Ham's F12 

medium (Gibco- Life Technologies, Grand Island, NY) containing 1% fetal bovine serum 

(FBS) (Hyclone, Logan, Utah), 23 mM NaHC03 and penicillin/ streptomycin (Gibco

Life Technologies, Grand Island, NY). Cells were maintained in culture (containing 10% 

FBS) for atleast two weeks prior to harvesting them on 24-mm diameter Transwell-COL 

(collagen coated) polycarbonate filters (Corning Costar, Cambridge, MA) with a pore 

size of 0.4 ~m. Filters were coated using matrigel (BD Biosciences, Bedford, MA) at a 

dilution of 1:40 in serum free DMEM-F-12 medium by the thin coating technique as 

described by the manufacturer. Cells were harvested at a density of 1.5 x 105 cells/cm2 

and maintained in culture for 3-4 weeks as described by Dunn et al.(Dunn et al., 1996) 

Indirect immunofluorescence on ARP E-19 cells 

ARPE-19 cells maintained in culture for 3-4 weeks on filters as mentioned above were 

fixed, permeabilized, blocked and labeled overnight with rabbit anti-ET-1 (5~g/ml; 

Bachem/Peninsula labs, Belmont, CA) and mouse anti-Z0-1 (IO~g/ml) according to 

Narayan et al., 2003. Filters were rinsed with phosphate buffered saline (PBS) and 

incubated with goat anti- rabbit IgG Alexa 488 ( 1 O~g/ml; Molecular Probes, Eugene, 

OR) and goat anti-mouse IgG Alexa 633 (IO~g/ml; Molecular Probes, Eugene, OR) in 

PBS for 1 hour in the dark at room temperature. Nuclei were labeled with DAPI (300nM; 

Molecular Probes, Eugene, OR) for 10-15 minutes. Filters were rinsed again with 
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distilled water before inverting and excising them with a sharp scalpel blade onto glass 

slides such that cell-side (apical) always faced the top and the basal side (filter) faced the 

slide. Glass coverslips were placed with a drop of Fluoro Save (EMD Biosciences, San 

Diego, CA) over the filter and allowed to air dry in dark for 20-30 minutes. En face (xy 

plane) and xz plane images were acquired on a Zeiss laser scanning confocal microscope 

using a 25X objective lens (NA=1.2). 

Paracellular flux measurements 

ARPE-19 cells grown on transwell collagen filters (24rnrn diameter) coated with matrigel 

as mentioned above were maintained in culture for 3-4 weeks. D-[C14
] mannitol (56 

mCilrnM; American Radiolabeled Chemicals, St. Louis, MO) diffusion across cells 

(paracellular transport) were measured as previously described (Ban and Rizzolo, 2000). 

Cells were rinsed twice with serum free DMEM-F12 medium before start of each assay. 

The assay was performed by adding 3 J..LCilrnl to the apical side in a total volume of 1.5 

rnl. The coated filter alone served as blank. Cells were maintained in a 5% C02 incubator 

at 37 °C for 15, 30, 60 or 90 minutes at the end of which 5 J..Ll aliqouts were taken from 

the basal chamber and counted in a liquid scintillation counter. Flux (Japicat to basal) was 

calculated as nmoles/min!cm2. 

ET-1 Radioimmunoassay 

ARPE-19 cells grown on filter supports (12 rnrn diameter; Transwell-COL, Coming 

Costar, Cambridge, MA) and maintained in culture for 3-4 weeks were employed to 
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determine the polarity of ET -1 secretion. Media containing 1% FBS was replaced with 

serum free media after 3 rinses with the same. Cells were incubated in serum free media 

alone (control and untreated) or in presence of thrombin (10nM) a known stimulator of 

ET -1 synthesis and secretion. Thrombin was added either to the apical or the basal side 

and allowed to incubate for 24 hours, at the end of which media was separately collected 

from both apical and basal chambers and assayed for ET -1 content by radioimmunoassay 

(ET-1 RIA; Peninsula labs/ Bachem, Belmont, CA). ET-1 extraction was performed 

according to Prasanna et al (1998) and the RIA was performed according to the 

manufacturer. 

RESULTS 

The retinal pigment epithelium is of the same neural lineage as rest of the retina and 

differentiates into a secretory epithelium. Several growth factors and cytokines are 

expressed and secreted by the RPE both in vivo and in vitro (Campochiaro, 1998). 

Mature polarized ARPE-19 cells as well as non polarized cells can synthesize and secrete 

ET-1 in a constitutive and regulated manner (Narayan et al., 2003). In this study we 

sought to determine if the RPE expresses the mature form of ET-1 peptide in vivo. 

Previous studies have shown ET -1 labeling in the RPE layer in rat retinas (Chakrabarti 

and Sima, 1997; Ripodas et al., 2001) and some had attributed the RPE label to be 

autofluorescence (Wollensak et al., 1998). We sought to resolve this issue by comparing 

retinas from pigmented and albino rats. In the human retinas that we attempted to use for 

light microscopy analysis, there was a high degree of autofluorescence even in the 

absence of an antibody (data not shown). We thus examined the human retina by 
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immunoelectron microscopy to determine the labeling pattern for ET -1. Additionally, 

polarized ARPE-19 cells grown on collagen filters were employed to determine the 

polarity of ET -1 secretion in culture. 

ET-1 expression in pigmented and albino rat retinas 

Compared to the rest of the retina, immunoreactive ET -1 was predominantly found in the 

RPE (arrowheads in Fig.1 and 2) that almost appeared to entirely merge with the RPE 

specific protein, RPE65 (Fig 1D, 1H and Fig. 2D). Labeling at the photoreceptor outer 

and inner segments were punctate (arrows in Fig. 1). Immunoreactive ET-1 was also 

present in the choroid, inner plexiform layer and the inner limiting membrane albeit the 

labeling was very faint (not shown). Control retinas incubated with non immune IgG at 

the same concentration showed little or no labeling (Fig. 1 1-L). 

ET-1 expression in the human RPE 

Human retinas (n=2; 74 years and 86 years) were examined for ET-1 immunoreactivity. 

Labeling was predominantly in the RPE layer, with clusters of immunogold particles 

found in between lipid droplets that were reminiscent to vesicular structures (Fig.3B, C). 

Additionally, parts of the Bruch's membrane and choroid were also labeled but were 

significantly less than that found in the RPE. The RPE displayed the characteristic 

localization of melanosomes in the apical side including few rounded granules towards 

the center and basal parts of the cell that were 'lipofuscin-like' (Fig. 3A, D). Large clear 

lipid droplets or inclusions were present in both the eyes examined (Fig. 3A-E) probably 

the result of age or contributed by yet unknown factors. Non immune rabbit IgG showed 

little or no staining (Fig.3E). 
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Polarization of ARPE-19 cells, paracellular flux and secretion of ET-1 

Tight junctions or zonula occludens are the most apically localized intercellular junction 

in mammalian epithelial and endothelial cells that limit paracellular movements of 

various substances including ions and macromolecules (Madara and Dharmsathaphom, 

1985) thus constituting a diffusion barrier (Balda et al., 1991; Tsukita et al., 2001 ). 

ARPE-19 cells grown on a collagen-matrigel support for 3-4 weeks have been shown to 

develop a tight epithelium with distinct apical and basolateral domains and have been 

used to deduce polarized secretion of certain growth factors and cytokines including 

bFGF (Dunn et al., 1998), IL-6, and IL-8 (Holtkamp et al., 1998). We employed a similar 

model to determine polarity of ET -1 distribution and secretion in these cells. 

Paracellular diffusion was measured on cells grown on filter supports for 4 weeks (Fig. 

4). Diffusion of C14-mannitol across the filter alone (collagen + thin coat matrigel) was 

rapid that peaked within 30 minutes of addition of serum free media containing the tracer 

to the apical side. As expected, diffusion of the tracer from the apical to the basal 

compartment was much lower in filters with cells suggesting the presence of an apical 

diffusion barrier. Addtionally, diffusion across cells was constant at all time points tested. 

This confirmed previous reports that RPE cells grown in this manner polarize in vitro and 

provide a testable model for vectorial expression and transport of proteins. 

To determine the distribution of intracellular ET -1, we first determined if ARPE-19 cells 

maintained epithelial polarity in culture. Filter grown ARPE-19 cells were 

immunolabeled with anti-Z0-1 and anti-ET -1. Z0-1, a scaffolding protein, is a peripheral 

component of all tightjunctions (Nusrat et al., 2000; Tsukita et al., 2001) and was used as 
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an apical marker. Mislocalization of Z0-1 results in perturbation of the tight junction 

barrier and loss in cellular polarity (Pelletier et al., 1997). The en face view (xy axes) by 

confocal imaging indicated the presence of a tightly packed epithelium (Fig. 5, left 

panels) in accordance with Fig. 4. Z0-1 was entirely localized on the apical membrane 

(red) while punctate labeling of immunoreactive ET -1 was seen throughout the cytoplasm 

(green). View from the xz plane clearly depicted a polarized morphology with apically 

present tight junctions (arrows in Fig. 5). Interestingly, most of the ET-1 labeling was 

also localized at the apical and subapical regions (arrowheads in Fig. 5). The non

immune control appeared faint and diffuse. The nuclear stain (DAPI) was included to 

show the presence of cells at equal density (Fig. 5, right panels). 

To quantitatively assess secretion of ET-1 towards specific domains, media from the 

apical and basal compartments from ARPE-19 cells grown on filter inserts were collected 

and assayed by RIA. Apical and basolateral ET -1 content were equal following a 24 hour 

exposure to serum free medium (Table I) suggesting that although sorting of intracellular 

ET -1 may be predominantly apical or subapical, constitutive secretion of ET -1 in RPE 

may be non-discriminatory. Regulated secretion involves sorting vesicles for directional 

transport and exocytosis (Blazquez and Shennan, 2000; Gerdes and Glombik, 1999). 

Thrombin is a known stimulator of ET -1 synthesis and secretion and thus can regulate its 

production (Ota et al., 1991 ). Addition of thrombin to apical or basolateral side did not 

change the non-discriminative secretion of ET -1 in RPE cells as seen in constitutive 

secretion. 

Ill 



DICUSSION 

The retinal pigment epithelium has been previously identified as a source for ET -1 both 

in vitro (Narayan et al., 2003) as well as in vivo (MacCumber et al., 1991). The RPE 

similar to the choroid is one of highest in pigment content in vivo and autofluoresces 

when exposed to light. Previous studies that employed immunofluorescence techniques 

attributed ET -1 labeling in the RPE to be difficult to resolve due to high background 

autofluorescence. To address this, we compared retinas from both pigmented and albino 

rats and found ET-1 in the retina was predominantly localized in the RPE. Additionally, 

we included several controls in our study to monitor autofluorescence, all of which 

indicated the RPE may be a major site for ET -1 synthesis at the site of the outer blood 

retinal barrier. Immunofluorescence studies using the human retina were more 

problematic due to the high degree of autofluorescence in the RPE and choroid layers 

(not shown) and this prompted us to examine the retina at higher resolution by electron 

microscopy circumventing the problem of autofluorescence at the light level as well as 

providing clues as to whether sorting of intracellular ET -1 was preferential towards the 

apical or basolateral surfaces. Our results using the human RPE confirmed the RPE as a 

major site for ET -1 expression. However the non preferential distribution of 

immunoreactive ET -1 within each cell in the RPE layer indicated a lack of directionality 

towards either the apical or basolateral side. There was also some minor labeling of the 

Bruch's membrane, the choroid on the basal side as well as the outer and inner 

photoreceptor segments on the apical side. These results indicate that although the RPE 

may be a major site for ET -1 production, the choroid and parts of the photoreceptor outer 
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and inner segments may also contain ET -1 or ET -1 binding sites. This later possibility 

seems likely as fewer gold particles at these sites could be indicative of irreversible ET -1 

binding to its receptor, a feature commonly associated with the binding characteristics of 

endothelins to their receptors (Hirata et al., 1988). 

The ARPE-19 cells grown in culture as described by (Dunn et al., 1996) can serve as a 

useful model to study vectorial sorting and secretion of proteins in vitro. Cells were 

grown as previously described to attain a tight and polarized epithelium. Paracellular 

transport of the radiolabeled tracer, C14-mannitol, suggested the establishment of a 

diffusion barrier and that molecules secreted preferentially on either side may not easily 

diffuse through to the other side. This was confirmed by comparing diffusion across cells 

with the filter alone (blank). Thus, the fact that ET-1 was found in the media bathing each 

surface suggested that ET -1 was either capable of crossing tight junctional paracellular 

pathways or was secreted out across each domain. Cells were also labeled with Z0-1, a 

tight junction associated protein indicating a polarized morphology with a monolayer of 

tightly packed cells was achieved. Interestingly, ET -1 labeling was almost exclusively 

present towards the apical membrane in ARPE-19 cells in vitro as compared to the non 

preferential labeling found in situ with intact tissue. Previous studies have suggested that 

polarized distribution in cultured RPE may vary based on how polarity is established in 

vitro as opposed to its development in vivo (Marmorstein, 2001; Rizzolo, 1997). Our 

studies using cultured ARPE-19 cells indicated that although localization of intracellular 

ET -1 was preferentially towards the apical region, secretion of ET -1 occurred towards 

both apical and basolateral sides. It is not certain if this would be similar in intact tissue, 

113 



... 

however our EM studies suggested a non-selective distribution of intracellular ET -1 that 

could indicate secretion across either surface. 

The ET -1 receptors namely ETA and ET 8 are G-protein coupled receptors that have been 

shown to be expressed in the retina, including the photoreceptors, the inner plexiform 

layer and the ganglion cell layer (Stitt et al., 1996). The choroid, the vascular smooth 

muscle in retinal blood vessels and choriocapillaries have also been shown to contain 

receptors for ET-1 (Stitt et al., 1996). Secretion of ET-1 by the RPE could target 

receptors on the apical (photoreceptors) or basal (choroid) sides. Activation of ET 

receptors in the retinal or choroidal vasculature may be important in regulating blood 

flow at this region. 

Studies using MDCK cells (Uchida et al., 1991) and endothelial cells (Wagner et al., 

1992) suggest that ET -1 secretion may be preferentially basolateral. It is also known that 

the RPE can exhibit reversed polarity, the best known example is the apicalloca1ization 

ofNa,K-ATPase in the RPE microvilli as opposed to its preferential basolateral targeting 

in most other epithelia (Rizzolo, 1999). Secretion of ET -1 can be regulated by substances 

known to activate or suppress its synthesis and secretion (Tasaka and Kitazumi, 1994). 

Additionally, regulated exocytosis may preferentially sort vesicles towards one particular 

direction. To test this possibility, polarized ARPE-19 cells were stimulated with 

thrombin, either on the apical or the basolateral side. Addition of thrombin, a known 

activator of ET -1 synthesis and secretion (Ota et al., 1991) resulted in an increase in total 

ET -1 secretion but failed to preferentially direct ET -1 secretion towards any particular 

domain. This may have been due to the fact that thrombin has been shown to perturb 
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paracellular permeability in a Rho-dependent manner (Wojciak-Stothard and Ridley, 

2002). Almost all potent activators of ET-1 secretion can perturb permeability of tight 

junctions including hypoxia and oxidative stress (Meyer et al., 2001), mechanical stretch 

(Sumpio and Widmann, 1990), thrombin (Ota et al., 1991) and cytokines including TNF

a (Kanse et al., 1991), IL-113 and IL-2 (Corder et al., 1995). Conversely, it will be 

interesting to determine if selectively perturbing tight junctions can have an effect on ET-

1 synthesis and secretion, especially since evidence continues to accumulate that tight 

junctions may act as signal integrators and may be able to influence the cytoskeletal 

architecture and directly regulate gene transcription (Matter and Balda, 2003). This raises 

the possibility that elevation of secreted ET -1 may be having a role in cell proliferation, 

migration and wound repair similar to that seen in corneal epithelium (Takagi et al., 

1994), hepatic stellate cells (Shao and Rockey, 2002; Tangkijvanich et al., 2001) and 

endothelial cells (Noiri et al., 1997). Signals generated from activation of autocrine or 

paracrine ET -1 in the RPE may be involved in retinopathies involving breakdown of the 

blood retinal barrier including clinical manifestations like uveitis, macular degeneration, 

proliferative vitreoretinopathy, diabetic retinopathy, choroidal neovascularization and 

retinal detachment. Little is known about ET-1 's physiological role in vivo in this region 

of the eye. We propose that challenging the blood retinal barrier either by perturbing tight 

junctions or by other means that generate a breakdown, may enhance ET -1 synthesis, the 

increased ET-1 acting in the wound repair process. Such actions may be important in 

understanding the molecular mechanisms involved in such pathologies . 
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The present study demonstrates ET -1 expression predominantly in the RPE in the retina 

underlining its importance at this site. Additionally, our results suggest that constitutive 

ET -1 secretion may be released across either surface of the RPE, possibly allowing ET -l 

to activate targets located downstream from the apical and basal sides of the RPE. 
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FIGURE LEGENDS 

Fig. 1 Endothelin-1 (ET-1) expression in pigmented rat retinas by light microscopy. Eyes 

from adult Brown Norway rats were enucleated, fixed, paraffin embedded and sectioned 

as described in the Methods section. 5J...lm thick sections were labeled with rabbit anti-ET-

1 (10 J...lg/ml, green), mouse anti-RPE65 (3.2 J...lg/ml, red) and DAPI (blue) and visualized 

under a Nikon Microphot fluorescence microscope. A total of 6 animals were used in this 

study. Sections from two different animals (A-D and E-H) are shown here. 

Immunoreactive ET-1 was predominant in the RPE layer (arrowheads inC and G), that 

co localized with the RPE specific protein, RPE65. Punctate labeling of ET -1 was present 

in the photoreceptor outer segments and inner segments (arrows) and in the choroid. The 

non-immune controls (I-L) (rabbit IgG and mouse IgG) used at the same concentration as 

the primary antibodies showed little or no labeling. ONL = outer nuclear layer, IS = 

photoreceptor inner segments, OS = photoreceptor outer segments, RPE = retinal pigment 

epithelium, CH = choroid. Scale bar in L = 1 OJ...lm. 

Fig. 2 Endothelin-1 (ET -1) expression in albino rat retinas by light microscopy. Eyes 

from adult male Wistar rats were enucleated, fixed, paraffin embedded and sectioned as 

described in the Methods section. 5J...lm thick sections were labeled as described in Fig.1 

and Methods. As seen in the retinas of pigmented rats, immunoreactive ET -1 was 

predominant in the RPE layer, that colocalized with the RPE specific protein, RPE65 

(arrowheads in D). Retinas from two different albino rats were examined in this study, all 
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of which were immunoreactive for ET -1 predominantly in the RPE. Non Immune 

controls showed no labeling (not shown). Scale bar in D = 10~-tm. 

Fig. 3 Endothelin-1 CET -1) expression in human RPE by immunogold transmission 

electron microscopy (TEM). Ultrathin sections (50nm) of the human retina (n=2, 74 and 

86 year old) were placed on nickel grids and immunostained using rabbit anti-ET-1 (100 

~-tg/ml) and donkey anti-rabbit IgG conjugated to 12nm diameter colloidal gold. Grids 

were air dried and viewed on a Zeiss 910 electron microscope at 100kV accelerating 

voltage. Immunoreactive ET -1 was predominant throughout the RPE layer. Within each 

RPE, clusters of immunogold particles were seen in between large lipid droplets near the 

apical and basal sides (arrows in B and C). Diffuse immunoreactive ET-1 labeling was 

observed in rest of the retina albeit at much lower numbers compared to the RPE (not 

shown). The non-immune rabbit IgG (D and E) showed very few randomly labeled 

immunogold particles (arrow in E). Scale bar= 2 ~-tm (A, D), 0.5 ~-tm (B,E), 0.2 ~-tm (C). 

Fig. 4 Paracellular permeability of C14-mannitol in ARPE-19 cells. Diffusion of D-[1-

C14] mannitol (3 ~-tCilml) from the apical to the basal side was measured in 4 week-old 

ARPE-19 cells grown on collagen filters (0.41-Lffi pore size), n=6. Collagen filters without 

cells were employed as blanks (n=3). Radiolabeled medium was added to the apical side 

was maintained at specified time points, 5 ~-tl aliqouts were taken from the basal chamber 

and counted in a liquid scintillation counter. Flux was calculated as nmoles/min!cm
2

. 
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Fig. 5 Immunoreactive ET -1 in ARPE-19 cells grown on filter supports. ARPE-19 cells 

were grown on 0.4 J..Lm pore sized collagen coated filters (Transwell-COL). Cells were 

allowed to grow on filter supports for 3-4 weeks following which they were fixed, 

permeated and labeled using rabbit anti-ET-1 (5 J..Lg/ml, green), mouse anti-Z0-1 (10 

J..Lg/ml, red) and DAPI (blue). Filters were excised from their supports and mounted cell

side facing up on glass slides and coverslips using Fluoro-Save. Cells were visualized on 

a laser scanning confocal inverted microscope at appropriate wavelengths. Both xy and 

xz sections were imaged for each slide (n=2). Punctate immunoreactive ET -1 labeling 

was predominant around the apical belt (arrowheads) around the tight junction peripheral 

protein, Z0-1 (arrows). The non-immune rabbit IgG showed little labeling . 
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Fig. 5 
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Table I 

CONDITION Secreted ir-ET-1 (p2fmg total protein} 
Apical side Basolateral side 

Control 13 + 1 13 + 1 
Thrombin, 1 OnM (apical) 17 + 3 19 + 6 
Thrombin, 1 OnM (basolateral) 17 +4 12 + 2 

"' 
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SUMMARY 

The retinal pigment epithelium (RPE) forms the outer blood retinal barrier that is 

important in providing a controlled environment to the neural retina. We have identified 

the RPE as a source for endothelin-1 (ET -1) at this region. ET -1 is a potent vasoactive 

peptide, its function at the site of the RPE remains obscure. Factors that regulate ET -1 

synthesis and secretion may provide insight towards delineating its function at this site. 

Thrombin is one such factor that may act on the RPE following breakdown of the blood

retinal barrier. Thrombin by itself can increase paracellular permeability by altering the 

cytoskeletal architecture and is also a known inducer of ET -1 synthesis. In the present 

study we identified the signaling aspects of thrombin mediated ET -1 synthesis and 

secretion in RPE cells. We report that thrombin mainly acts via the protease-activated 

receptor-1 (PAR-1) subtype resulting in a rho/ROCKl/2 dependent activation of 

preproET-1 transcription and mature ET-1 secretion. Additionally, we found that a rise in 

PAR-1 receptor mediated intracellular calcium may be partially involved in ET-1 

production but is independent of a protein kinase C (PKC) mediated mechanism. 
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INTRODUCTION 

The retinal pigment epithelium forms the outer blood retinal barrier that acts as a sentinel 

preventing macromolecules and blood-borne substances infiltrating the neural retina from 

the vascular choroidal side (1). Additionally, the RPE offers metabolic and neurotrophic 

support to the apically located photoreceptors and the basally located choroid. Numerous 

factors are secreted by the RPE (2) that may play important roles in regulating its 

immediate environment either in an autocrine and/or paracrine manner. Endothelin-1 

(ET-1) is one such factor that was recently shown to be released by RPE cells in vitro (3) 

and is expressed in situ in the RPE and photoreceptors as well as in the inner retina ( 4-7) 

Endothelins (ET-1, -2 and -3) are 21 amino acid peptides that are potent and versatile 

regulators of blood flow and pressure (8). ET -1 is one of the most potent vasoconstrictors 

implicated in several cardiovascular and developmental defects (8,9). ET -1 is widely 

expressed and secreted especially by endothelial and epithelial cells (10), both of which 

are critical in maintaining blood-organ barriers . Elevated levels of ET -1 have been 

reported in conditions that breach the blood-organ barrier, most notably in cerebral 

ischemia and stroke after subarachnoid hemorrhage (SAH) ( 11) that involves the 

breakdown of the blood-brain barrier, and in pre-eclampsia and eclampsia (12,13) that 

involves placental ischemia after breakdown of the blood-placental barrier, and in certain 

carcinomas (14).This raises the immediate possibility for secreted ET-1 to mediate 

actions that promote tissue repair, especially in such situations where rapid control of 

inflammation is desirable. Little is known about how choroidal and/ or retinal vascular 

insults influence ET -1 secretion within these regions. 
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Thrombin, a blood-derived serine protease is implicated in platelet aggregation and clot 

formation (15). Additionally, thrombin is a potent activator of ET-1 synthesis and 

secretion (16). Thrombin acts via protease activated receptors including the PAR-I, -3 

and -4 subtypes, that cleaves and unmasks active sites on the N-terminal resulting in 

receptor activation (15, 17). PARs like most G-protein coupled receptors are pleiotropic in 

their ability to activate multiple classes of G-proteins (18,19). These include interaction 

with Gqtl 1, Gi and G12113 G-proteins resulting in transient IP3 mediated [Ca2+]i elevation, 

decrease in intracellular cAMP or activation of rho respectively (20-22). Guanine 

nucleotide exchange factors for rho (rhoGEFs) including p115 rhoGEF are direct 

effectors of Ga12m (23-25) that in turn catalyze GTP loading and activation of rho (26). 

Rho activation usually results in rearrangement of the cytoskeleton (27 ,28), changes in 

paracellular permeability (29), cell division and migration (30) . 

Thrombin mediated activation of PAR-I is associated with both an increase in [Ca2+]i and 

rho activation with rho mediated cytoskeletal changes (31 ). Our previous study with 

TNF -a. and cholinergic actions on ET -1 secretion in RPE indicated that carbachol unlike 

TNF-a., mediated increase in [Ca2+]i was not involved in tight junction disassembly or 

any other morphologically distinct alterations of the cytoskeleton (3) and that TNF-a. 

mediated changes in cytoskeleton resulted in potent activation of ET -1 synthesis and 

secretion. This is in accordance with other studies that implicate rho activation and not 

[Ca2+]i mobilization or pertussis toxin-sensitive Gi protein in inducing cytoskeletal 

.. changes (32-34). 
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We hypothesized that extravasated thrombin following outer blood-retinal barrier 

breakdown could exert its effects on ET -1 synthesis and secretion in the RPE by inducing 

cytoskeletal alterations and tight junction disassembly in a rho-dependent manner. The 

aim of this study was to elucidate the signaling features of thrombin-mediated ET -1 

secretion in the retinal pigment epithelial cell. 

METHODS 

Materials 

Thrombin, thrombin receptor activating peptide (TRAP6/ PAR-I agonist/SFLLR), 

hirudin (thrombin inhibitor), Ro 31-8425 ((2-[8-(aminomethyl)-6,7,8,9-

tetrahydropyrido[ 1 ,2-a ]indol-3-yl)-3-(1-methyl-IH-indol-3-yl)maleimide, HCl; pan-PKC 

inhibitor), and Y-27632 ((R)-( + )-trans-N-( 4-Pyridyl)-4-( 1-aminoethyl)-

cyclohexanecarboxamide, 2HCI; ROCK inhibitor) were purchased from Calbiochem/ 

EMD Biosciences Inc., San Diego, CA. U73122 (1-(6-((17~-3-methoxyestra-1,3,5(10)

trien-17-yl)amino )hexyl)- IH-pyrrole-2,5-dione, PLC inhibitor) was purchased from 

Biomol Research Laboratories Inc., Plymouth Meeting, P A. The PAR-4 receptor peptide 

agonist (pPAR-4/ A YPGKF) was custom synthesized with C-terminal amidation at over 

> 95% purity by Bioworld, Dublin, OH. 

In studies including inhibitors, cells were pretreated with the inhibitor for 20-30 minutes 

before the agonist treatment except in case of hirudin where the hirudin: thrombin 

mixture (3: 1) was incubated at room temperature for 1 hour before adding it to cells . 

.._ Mouse anti-Z0-1 was purchased from Zymed Laboratories, San Francisco, CA. Rabbit 

anti-endothelin-1 (anti-ET-1) was purchased from Bachernl Peninsula laboratories, 
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Belmont, CA. The same antibody was used in radioimmunoassay measurements (secreted 

ET-1) and immunofluorescence experiments (intracellular ET-1). Rabbit IgG and mouse 

IgG were purchased from Vector laboratories, Burlingame, CA. Secondary antibodies 

including donkey anti-rabbit IgG and donkey anti-mouse IgG conjugated to HRP were 

purchased from Amersham Biosciences, Piscataway, NJ. Fluorescent probes including 

goat anti-rabbit Alexa 488 and goat anti-mouse Alexa 594 were purchased from 

Molecular Probes, Eugene, OR. 

Cell culture 

Human retinal pigment epithelial cells (ARPE-19), a spontaneously transformed cell line, 

was purchased from American Type Culture Collection (ATCC, Manassas, VA). ARPE-

19 cells (passage #s: 20-23) were maintained at 3 7 °C and 5% C02 in a 1:1 mixture of 

Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 medium (Invitrogen, 

Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 2mM 

L-glutamine, 23mM NaHC03 and penicillin and streptomycin (Invitrogen, Carlsbad, 

CA). ARPE-19 cells were seeded at 1.4 x 105 cells/ well (6 well plate) and maintained in 

culture for 4-5 weeks (mature RPE or mRPE) developing well-defined tight junctions. 

according to Dunn et al.(35) 

ET-1 extraction and measurement by radioimmunoassay 

ARPE-19 cells were grown to mature or differentiated state ( 4 weeks in culture, rriRPE) 

in 6-well culture plates (35mm diameter/ well,- 1.4 x 105 cells/ well) in 1:1 DMEM + 

Ham's F12 culture medium containing 10% FBS. On the day of treatments, cells were 

rinsed three times with serum-free 1:1 DMEM +Ham's F12 culture media (SF-DMEM/ 

139 



.. 

F12) and treated with 1 ml SF-DMEM/ F12 containing either thrombin (5, 10, 20nM), 

SFLLR (pPAR-1, 10, 25, 50 ~M) or AYPGKF (pPAR-4, 50 ~M). Treatment incubations 

were for 24 hours in most of the experiments or during a time course (30 minutes, 1hr , 4, 

8, 16, 24hr). The extraction protocol for ET-1 was performed as previously described 

(36). Efficiency ofET-1 recovery was 75 ± 3% (n = 3). Measurement of immunoreactive 

ET-1 (ir-ET-1) was according to manufacturer's instructions in a commercially available 

RIA kit for ET-1 (Peninsula Laboratories, Belmont, CA). 

Intracellular Ca2+ ([Ca2+]i) measurement 

Intracellular Ca2
+ in mRPE cells was measured at 3 7 °C by the ratiometric technique 

using fura-2AM (excitation at 340 nm and 380 nm, emission at 500 nm) according to 

Prasanna et al.(37). 

Immunofluorescence microscopy 

ARPE-19 cells were grown on 25mm glass coverslips for 4-5 weeks and treated as 

indicated. Cells were fixed in 4% paraformaldehyde in PBS (15mM KCl, 468mM NaCI, 

580mM Na2HP04.7H20 and 27mM KH2P04) for 30 minutes at room temperature 

followed by permeabilization with 0.2% Triton-X 100 for 15 minutes. Cells were rinsed 

in PBS and incubated twice in 50 mM glycine, 15 minutes/ incubation. Each coverslip 

was carefully inverted (cell-side facing solution) onto 200ul of blocking solution 

containing 3% BSA + 3% normal goat serum in PBS for 30 minutes. The coverslips were 

then incubated in rabbit anti-ET-1 (10 ~g/ml) for 4 hours at 4 °C followed by incubation 

in a mixture containing rabbit anti-ET-1 (10 ~g/ml) and mouse anti-Z0-1 (10 ~g/ml), 

overnight at 4 °C. Coverslips were rinsed and allowed to incubate in a mixture of 
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secondary antibodies containing donkey anti-mouse Alexa 594 conjugated (5 fJ.g/ml) and 

donkey anti-rabbit Alexa 488 conjugated (5 fJ.g/ml) for 1 hour in the dark at room 

temperature. Nuclei were stained with DAPI (300 nM) (Molecular Probes, Eugene, OR) 

for 10 minutes. Coverslips were mounted on glass slides using FluorSave (Calbiochem, 

San Diego, CA) and allowed to dry for 20 minutes in the dark. Cells were viewed with a 

Nikon Microphot FXA digital fluorescent microscope and images at the red, green and 

blue wavelengths were acquired using a CCD-camera, digitally processed using the 

IPLab (Scanalytics, Fairfax, VA) image analysis software. All images were deconvolved 

using the IPLab software and transferred to Adobe Photoshop 7.0 (Adobe Systems, San 

Jose, CA) for further analysis. 

Rho pull- down assay 

The rho pull-down assay was performed using the EZ-Detect Rho activation kit from 

Pierce Biotechnology, Rockford, IL according to manufacturer's protocol. Mature ARPE-

19 cells (3-4 weeks in culture) were treated with 1 OnM thrombin in serum free ARPE-19 

medium (1:1 DMEM + F12) at indicated periods. Control cells were incubated in serum 

free medium alone for the same period. The zero minute time point was when cells in 

culture was used as is (1:1 DMEM + F12, 10% FBS). Cells were rinsed once with ice

cold phosphate buffered saline (PBS) and lysed using lysis buffer (25mM Tris.HCl, pH 

7.5, 150mM NaCl, 5mM MgCh, 1% NP-40, 1mM DTT, 5% glycerol containing protease 

inhibitors including aprotinin (lOf..lg/ml), leupeptin (lOfJ.g/ml), soy-trypsin inhibitor 

, (lOfJ.g/ml), complete mini-EDTA free protease inhibitor cocktail (1 tablet/lOml lysis 

buffer; Roche, Indianapolis, IN), lmM PMSF, 25mM NaF and lmM Na04V. 300 f..lg of 
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each lysate was used for the pull down. Our initial experiments suggested extremely rapid 

turnover of activated rho that was barely detectable in our samples even when lmg of 

total lysate was used for the pull down. In order to detect activated rho, lysates (300 J.l.g) 

were mixed with 10mM 0.5M EDTA, pH 8.0 and 0.1mM GTPyS or 1mM GDP for 30 

minutes at 30 °C with constant agitation. Reaction was terminated by placing samples on 

ice with the addition of 60mM MgCh. Samples were then loaded onto glutathione discs 

containing the GST -Rhotekin-rho binding domain (GST -rhotekin-RBD fusion protein, 

200J.1.g per disc) in a spin column and mixed for 1 hour with gentle rocking at 4 °C. Spin 

columns were centrifuged and the resin on the column was washed three times with the 

lysis buffer before adding 50 J.l.l of SDS-sample buffer to it. Samples were boiled for 5 

minutes and the column contents were centrifuged into fresh tubes. Samples were 

separated on 12% SDS-PAGE gels. Unfractionated lysates were used to detect total rho 

in samples. Gel contents were transferred overnight on to a PVDF membrane (0.45 J.l.m, 

pore size). Immunoblot analysis was performed as described by the manufacturer using 

the mouse monoclonal anti-rho antibody (0.5 J.l.g/ml) included in the kit. All blots were 

developed using the enhanced chemiluminescence kit (Amersham Pharmacia Biotech, 

Piscataway, NJ), exposed for the same time and developed. Densitometric values were 

obtained using Scion Image 4.0. 

Real time Reverse Transcriptase Polymerase Chain Reaction 

Total RNA extraction and eDNA synthesis were performed according to Krishnamoorthy 

... et al.(38). The primer sequences for ppET-1 and ~-actin were as follows: ppET-1-
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forward/sense 5'-TATCAGCAGTTAGTGAGAGG-3' and reverse/antisense 5'

CGAAGGTCTGTCACCAATGTGC-3' with an expected ampliconlproduct size of 180 

bp; ~-actin- forward/ sense 5'-TGTGATGGTGGGAATGGGTCAG-3' and 

reverse/antisense 5'-TTTGATGTCACGCACGATTTCC-3' with an expected 

ampliconlproduct size of 514 bp. Quantitative real time PCR (QPCR) was performed 

using the SYBR-green detection system (Applied Biosystems, Foster City, CA) as 

described by Zhang et al.(39). Product authenticity was confirmed by DNA sequencing 

followed by a BLAST homology search of the resulting sequences (data not shown). 

Quantitation of relative ppET -1 transcript levels in ARPE-19 was achieved using the 

comparative CT method (as described in the PE Biosystems User Bulletin #2: 

http:// docs.appliedbiosystems.corn/pebiodocs/04303 859 .pdf 

Data Analysis 

Quantitative data is represented as mean± SEM. Statistical comparisons between control 

and multiple treatments were made by ANOVA and SNK test. In certain experiments a 

comparison in the mean value between the untreated control vs. treated sample was made 

by t-test. In [Ca2+]i measurements, comparisons between baseline, peak and one minute 

post peak (not shown) values were made by one way repeated measures ANOV A. 

Sample size and p values for each experiment are indicated in the figure legends. 

RESULTS 

Thrombin mediated ET-1 secretion in ARPE-19 cells is PAR-I dependent 

At the posterior segment of the eye, a breakdown of the blood retinal barrier may result in 

thrombin mediated effects on surrounding cells. In this study we examined whether 
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thrombin could regulate ET -1 secretion in ARPE-19 cells via the P AR-1 or -4 receptor 

subtypes. Thrombin significantly increased ET -1 secretion following 24 hours, which 

was both concentration (fig. 1) and time dependent (fig. 2). To determine if thrombin 

mediated effects were either PAR -1 or PAR -4 dependent, we tested two synthetic 

peptides that mimicked the tethered ligand on PAR-1 (pPAR-1/ SFLLR) and PAR-4 

(pPAR-4/ AYPGKF). The pPAR-1 but not pPAR-4 ligand significantly increased ET-1 

secretion in ARPE-19 cells (fig. 1) suggesting thrombin mediated effects on ET-1 may 

involve the PAR-I subtype. Hirudin (anti-thrombin) binds to the catalytic subunit of 

thrombin (31) and blocks its protease activity. Hirudin alone had no effect on ET-1 

secretion but neutralized the thrombin effect when pre-incubated with thrombin before 

treatment. Time course studies suggested thrombin ( 1 OnM) significantly increased ET -1 

secretion, first observed at 4 hours with the greatest increase at the end of 16 and 24 

hours (fig. 2). 

PAR-I and PAR-4 mediated [Ca2+]; mobilization in ARPE-19 cells 

Protease activated receptors are known to couple Gqllt family of heterotrimeric G

proteins that can activate an IP3-dependent increase in intracellular calcium ([Ca2+]i) (21). 

To determine if thrombin, pPAR-1 or pPAR-4 mediate elevations in [Ca2+]i to the similar 

extent, we examined their immediate effects on [Ca2+]i following stimulation. Thrombin 

mediated increase in [Ca2li was concentration dependent with the typical biphasic profile 

(fig. 1 and table 1). Both pPAR-1 and pPAR-4 ligands significantly increased [Ca2+]i 

indicating the presence of both receptor subtypes and that they were both functional. 

Thrombin was more potent in elevating [Ca2+]i compared to pPAR-1 or-4 (table 1) and 
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10-30 nM hirudin and 10 J..I.M U73122 completely attenuated thrombin induced rise in 

[Ca2+]i suggesting a PLC-dependent mechanism (table 1). 

Thrombin mediated disruption of tight junctions and alterations in cell shape 

In all our experiments that involved addition of thrombin or the PAR-1 agonist (pPAR-1) 

we found significant and rapid alteration of the RPE cytoskeleton that was not seen 

following addition of the PAR-4 agonist (pPAR-4) (data not shown). Thrombin is known 

to induce changes in paracellular permeability in endothelial cells (40). In retinal pigment 

epithelial cells, thrombin mediated changes in cell shape can decrease transepithelial 

resistance and increase barrier permeability consistent with characteristics of barrier 

breakdown. We observed similar effects on immunoreactive Z0-1, a peripheral 

component of tight junctions. Treatment with thrombin resulted in time dependent 

alterations in cell shape and pronounced disruption of tight junctions (red fluorescence) 

(fig. 4) that was apparent within the first hour of treatment and progressively damaged 

the RPE barrier with time. 

Activation of rho following thrombin treatment 

Rho belongs to the family of monomeric or small GTPases that are thought to exist in one 

of two states, the ON state where rho has GTP bound and the OFF state where rho has 

GDP bound (30). This binary mode of existence is crucial for cellular functions that are 

dependent on G proteins, including cell division, motility, polarity and secretion (30). 

Since rho is involved in cytoskeletal remodeling and thrombin is a known activator of 

rho, we examined whether a similar mechanism occurred in RPE. Activated rho was 

barely detectable in lysates that excluded the non-hydrolysable form of GTP, GTPyS 
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(data not shown) even at early time points (2 minutes following thrombin addition) 

suggesting rapid turnover of activated rho. However, when equal amount of lysates were 

loaded with GTPyS, a detectable signal was observed. Conversely, lysates mixed with 

GDP failed to detect activated rho (fig. 5A). A comparison of activated rho levels 

between serum containing media (zero minute), control (untreated/ serum-free alone) and 

thrombin treatment at 2, 5, 10, 30 and 60 minutes suggested rapid activation within 5 

minutes, that peaked at 30 minutes and returned back to basal levels at the end of 60 

minutes (fig. 5A and B). This suggested rho, like Ca2
+, was a second messenger signal 

following thrombin stimulation in RPE. 

Thrombin induced increase in preproET-1 transcription 

Thrombin mediated ET-1 secretion (fig. 1 and 2) was significantly higher than 

constitutive ET -1 secretion at the end of 4 hours suggesting either earlier events 

following thrombin receptor activation could be involved in regulating ET -1 synthesis, 

and/or the radioimmunoassay-based detection for ET -1 was not sensitive enough to 

detect smaller changes in ET -1 secretion. 

To determine if thrombin increased ET-1 synthesis, we employed the real-time PCR 

technique to quantitatively analyze changes in preproET -1 mRNA at the indicated time 

points (Fig. 6A). Thrombin partially increased ppET-1 mRNA levels within 30 minutes 

that was significantly higher than the untreated control after 1 hour. Interestingly, mRNA 

levels of ppET -1 dropped back to basal levels after the first hour implying that thrombin 

mediated regulation of ET -1 synthesis was transient. Since rho and [Ca2+]i elevations 

were observed within this period, we sought to determine if elevation in ppET -1 mRNA 
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was dependent on either one cascade or both. Rho associated kinase (ROCKl/2) is a 

direct rho effector, and like rho, is implicated in alterations in cell motility ( 41 ). 

Inhibition of thrombin mediated activation of the rho/ROCKl/2 pathway by 10 !-1M 

Y27632, a ROCKl/2 inhibitor, resulted in complete inhibition of ppET-1 mRNA 

synthesis while 073122 at 1 OJ..i.M, a PLC inhibitor, only slightly decreased ET -1 synthesis 

(compared to thrombin alone). This finding implicated the rho/ROCKl/2 pathway as 

being critical for thrombin induced ppET -1 synthesis. 

ROCKJ/2 but not PKC modulates PAR-i receptor mediated ET-1 production in RPE 

To examine if prolonged inhibition ofROCKl/2, PLC or PKC had an effect on thrombin 

induced ET -1 secretion, we preincubated RPE cells with the indicated inhibitors followed 

by thrombin in the presence of the inhibitor for 24 hours. ET -1 secreted in the media was 

quantitatively assessed by radioimmunoassay (RIA). Previous studies have implicated 

agonist-induced rise in [Ca2+]i with subsequent PKC activation in ET-1 synthesis and 

secretion ( 16). In ARPE-19 cells we found the pan-PKC inhibitor, Ro 31-8425 at 1 OOnM 

had no effect on thrombin mediated ET-1 secretion (fig. 7). Interestingly, the PLC 

inhibitor, 073122 at 10J..i.M partially attenuated thrombin-induced ET-1 secretion while 

the ROCKl/2 inhibitor, Y27632 at 10J..i.M completely blocked secretion, a finding similar 

to that observed in the mRNA studies (fig. 6B). 

DISCUSSION 

Endothelin-1 is a potent vasoactive 21 amino-acid peptide and was recently shown by our 

lab to be secreted constitutively by the retinal pigment epithelium in vitro (3) and 

expressed predominantly in the RPE in situ in human and rat retinas (42). Additionally, 
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cholinergics and proinflammatory cytokines like TNF-a can regulate secretion ofET-1 in 

RPE (3). ET-1 itself is considered proangiogenic and a proinflammatory cytokine (43) 

that can be induced by other cytokines, growth factors, mechanical stretch and hypoxia 

(16). Production of mature 21 amino-acid form of ET-1 involves a series of proteolytic 

steps including the conversion of preproET to proET, proET to bigET that is furin 

dependent and finally bigET to ET, the rate limiting step that involves an endothelin

converting enzyme (ECE) (44). 

Thrombin, a member of the family of serine proteases, is a procoagulant and a known 

activator of ET -1 ( 45), and is thought to act at or near the site at which it is produced 

(31). In the present study, we report that thrombin mediated ET-1 secretion in ARPE-19 

cells is time dependent and that secretion may be enhanced by cytoskeletal remodeling 

and subsequent breakdown of tight junctions. Additionally, we describe a novel signaling 

cascade for ET -1 synthesis and secretion that is rho/ROCKl/2 dependent and is partially 

influenced by PAR-1 receptor induced rise in [Ca2+]i. 

We found both the PAR-1 (pPAR-1/SFLLR) and the PAR-4 (pPAR-4/AYPGKF) specific 

peptide agonists were capable of significantly elevating (Ca2+]i in RPE cells, albeit they 

were much less potent than thrombin. This suggests that thrombin could mediate other 

effects that directly sensitize the Ca2
+ response. Thrombin and pPAR-1 but not pPAR-4 

caused a significant increase in ET -1 secretion in ARPE-19 cells, in a concentration and 

time-dependent manner, implying that P AR-1 and PAR-4 receptor signaling cascades 

were distinct and that a rise in [Ca2+]i alone was not enough to mediate ET-1 secretion . 

PAR-1 receptors are known activators ofthe pertussis-toxin insensitive Gtz/13 G-proteins, 
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and dissociation of the Ga subunit can activate rho GEF, a guanine-nucleotide exchange 

factor for rho. Rho GEFs include lbc, lfc, lsc and p115 (46,47) of which p115 was shown 

to bind Ga12 and Ga13 and mediate Rho activation (23,24). Ga13 was recently shown to 

induce preproET -1 transcription in c-jun N-terminal kinase (JNK) dependent manner 

(48). Additionally, rho GTPases have been implicated in controlling ET-1 production 

either by directly increasing preproET -1 mRNA transcription ( 49) or by increasing ECE-

1 mRNA transcription (50). 

Thrombin caused a transient activation of rho in ARPE-19 cells with visible changes in 

the cytoskeleton that was accompanied by disruption of the apically localized tight 

junctions. Quantitative PCR for ppET -1 mRNA suggested that thrombin was a potent 

activator of ppET -1 mRNA synthesis in these cells, an effect that was transient and most 

pronounced at the end of the first hour of stimulation. Activated rho has several 

downstream effectors including direct activation of rho-associated kinase or ROCKl/2 

(41). Inhibition of ROCKl/2 with Y27632 also completely inhibited thrombin induced 

ppET -1 synthesis and ET -1 secretion implicating the predominant role of the rho/ROCK 

signaling module in ET-1 production in RPE. Additionally, pPAR-1 dependent increase 

in ET-1 secretion was also completely blocked by Y27632. ROCKl/2 dependent 

activation of the transcription factor GATA-4 was shown to mediate ET-1 transcription in 

cardiomyocytes (51). 

The signaling cross-talk between rho and calcium dependent pathways is not well 

established. Activated rhoA was recently shown to interact with IP3 receptors as well as 

TRP channel-1 in endothelial cells suggesting that rho may regulate store operated 
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calcium entry (52) or receptor activated calcium entry (52,53). However, in the present 

study, phospholipase C dependent IP3/Ca2+ pathway was only partially involved in ET-1 

secretion. Synthesis and secretion of ET -1 is known to be protein kinase C (PKC)

dependent (16). Thrombin mediated activation of PKC-a was shown to associate and 

phosphorylate the rho-guanine nucleotide dissociation inhibitor (rhoGDI), allowing 

activation of rho and increased paracellular permeability in endothelial cells (Mehta D., 

2001 ). This suggests that PKC may influence rho activation. In ARPE-19 cells however, 

we found that the pan-PKC inhibitor Ro 31-8425 failed to alter thrombin-mediated ET-1 

secretion. Future experiments are planned to address the role of PKC in modulating 

rho/ROCK activation and ET -1 production in ARPE-19 cells. Figure 8 summarizes the 

signaling features that may be involved in thrombin-induced ET -1 synthesis and secretion 

in ARPE-19 cells. 

Constitutively active forms of RhoA and Rac1 have been implicated in tight junction 

disruption in epithelial and endothelial cells (54,55). More recently, a tight junction

associated Rho GEF, lfc/GEF-H1 has been identified (29) and implicated in tight junction 

function including paracellular permeability. It is tempting to speculate that PAR-1 may 

be apically or subapically localized that recruits a Gat2/13 dependent rhoGEF and 

subsequent rho activation resulting in alteration of cell shape and tight junction 

disruption. In addition to the above changes in cell shape mediated by PAR-1 activation, 

ET -1 secretion was significantly enhanced following thrombin addition. Interestingly, 

secretion of ET -1 was enhanced after 4 hours of thrombin treatment that coincided with 

progressive disruption of tight junctions. 
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Our results suggest that rho/ROCK 112 mediated activation of ET -1 synthesis and 

secretion may be one of the primary mechanisms involved in the thrombin-BT-l 

interaction pathway with concomitant disruption and remodeling of the RPE 

cytoskeleton. ET -1 thus secreted may mediate wound repair and cell migration, 

previously identified actions of ET-1 (56,57) or may mediate further damage by 

increasing nitric oxide production via the ET8 receptor (58). ET-1 released by the RPE 

may be important in pathologic conditions that involve the blood-retinal barrier 

breakdown and inflammation as reported in conditions including uveitis (59), retinitis 

pigmentosa (60), proliferative vitreoretinopathy and diabetic retinopathy (61). The role of 

constitutive ET -1 production in the RPE is of outstanding interest since its physiologic 

function at the region of the BRB is presently unknown. 

By comparison with breakdown of the blood-brain barrier, excessive secretion of ET-1 

may mediate prolong vasoconstriction of retinal and choroidal blood vessels resulting in 

ischemia. Constitutively secreted ET -1 may play a role in localized RPE migration and 

wound repair. 
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Figure legends . 

Fig. 1 Secreted ET -1 in mature ARPE-19 (mRPE) measured by RIA. Cells were treated 

with the indicated agonists and/or inhibitors for 24 hours in serum-free DMEM/F-12 

medium. Immunoreactive ET-1 (ir-ET-1) released in the media was extracted and 

measured by RIA (refer Methods). In mRPE cells, thrombin significantly increased ir

ET -1 secretion vs. control, an effect that was concentration dependent. Hirudin (30nM) 

when preincubated with thrombin (lOnM) inhibited ET-1 secretion as opposed to 

thrombin (10 nM) alone. pPAR-1 but not pPAR-4 (both at 50 J.I.M) significantly increased 

ET -1 secretion suggesting thrombin mediated effects on ET -1 secretion involves the 

PAR-1 receptor. Data is represented as mean ± SEM. Statistical comparisons were 

performed using ANOV A and SNK test. * denotes significance vs. control (p<0.05) (n= 

atleast 6 per treatment). 

Fig. 2 Time dependent increase in ir-ET -1 secretion in mRPE cells following thrombin 

(10 nM) stimulation. Mature ARPE-19 (mRPE) cells were treated with thrombin (lOnM) 

for 1, 4, 8, 16 and 24 hours. The media was collected and assayed for ir-ET-1 content as 

previously described. Thrombin stimulated ir-ET -1 secretion in a time- dependent 

manner. A significant increase in ir-ET-1 was observed at the end of 4, 8, 16 and 24 

hours compared to control. Secretion ofir-ET-1 reached a plateau after 16 hours. Data is 

represented as mean ± SEM. Statistical comparisons were performed by t-test. Asterisk 

(*), double asterisk(**), pound(#), and double pound symbols (##) denote significance 

vs. controls at 4, 8, 16 and 24 hours respectively (p< 0.001) (n = 9). 
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Fig. 3. Intracellular [Ca2+]i measurements in mRPE cells. Representative [Ca2+]i trends in 

response to thrombin (10nM), pPAR-1 (50 J.LM) and pPAR-4 (50 J.LM) in mRPE cells. 

There was a concentration dependent rise in thrombin mediated mean [Ca2+]i 

mobilization that was attenuated by hirudin and U73122 (see table 1). Thrombin was 

more potent in mobilizing [Ca2+]i in mRPE cells compared to pPAR-1 or pPAR-4 

(compare y-axes scales and table 1). 

Fig. 4 Immunofluorescence analysis in mRPE cells following thrombin (lOnM) treatment 

at the indicated time points. The top row (A-F) represents differential interference 

contrast (DIC) images and the bottom row (G-L) represents merged fluorscent images of 

cells labeled using mouse anti-Z0-1 (red), rabbit anti-ET-1 (green) and DAPI (blue). 

Thrombin (10nM) caused visible breakdown of cell-cell contact and tight junction 

disruption that was time-dependent. The first detectable change in cell-cell contact was 

observed at 4 hours and progressive damage thereafter. (scale bar in L = 10J.Lm). 

Experiments were performed on at least 3 separate coverslips (n=3) per time point. 

Fig. 5 Rho pull down assay in ARPE-19 celllysates following thrombin treatment. 

Thrombin mediated activation of rho was detected in ARPE-19 cells at 5, 10 and 30 

minutes that was higher than unstimulated cells at the similar time points (A, top panels). 

Total rho in celllysates remained unchanged (A, lower panels). GDP loading inactivated 

rho and thus prevented the pull-down. (B) represents the scanning densitometric data 

plotted as a ratio of activated rho/ total rho at the indicated time points. 

Fig. 6 Quantitative real time RT-PCR. Quantitative RT-PCR was performed using the 

SYBR-green PCR core reagents. Quantitation of ppET-1 transcripts was done by the 
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comparative Cr method (refer Methods) with ~-actin mRNA as the external control. 

Thrombin mediated significant increase in ppET -1 mRNA that peaked at 1 hour and 

returned to basal values at all time points tested there after (A). Thrombin induced rise in 

ppET -1 mRNA was completely inhibited by Y27632, a ROCKl/2 inhibitor but not the 

PLC inhibitor- U73122 (B). Data is represented as mean± SEM. Statistical comparisons 

were performed by t-test. Asterisk (*) denotes significance vs. control, and pound (#) 

denotes significance vs. thrombin, lhour (p< 0.05). 

Fig. 7 Secreted ET -1 in mature ARPE-19 (mRPE) measured by RIA. Cells were treated 

with the indicated agonists (thrombin or pPAR-1) or were pretreated with the indicated 

inhibitors for 20-30 minutes followed by the agonist for 24 hours in serum-free 

DMEM/F-12 medium. Immunoreactive ET-1 (ir-ET-1) released in the media was 

extracted and measured by RIA (refer Methods). Thrombin mediated increase in ET -1 

secretion was partially blocked by the PLC inhibitor, U73122 and completely inhibited 

by ROCKl/2 inhibitor, Y27632. The pan-PKC inhibitor (Ro 31-8425) had no effect on 

thrombin induced ET-1 release. pPAR-1 (SFLLR) mediated ET-1 secretion was also 

completely inhibited by Y27632. Data is represented as mean ± SEM. Statistical 

comparisons were performed using ANOV A and SNK test. Asterisk (*) denotes 

significance vs. control, double asterisk(**) denotes significance vs. thrombin lOnM and 

pound(#) denotes significance vs. pPAR-1 50 f.!M (p<0.05) (n= atleast 6 per treatment). 

Fig. 8 Thrombin induced ET-1 secretion in RPE is rho/ROCKl/2 dependent. Thombin 

mediated PAR-I receptor activation can simultaneously activate the Gq111 and G12tB 

dependent pathways which in tum activates PLC dependent IP3 and DAG production and 
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rho activation respectively. IP3 dependent [Ca2+]i elevation along with DAG can activate 

PKC that may influence ET-1 synthesis in some cells. The predominant effect of 

thrombin on ET -1 production in ARPE-19 cells was via the rho/ROCK1/2 dependent 

pathway. ROCKl/2 may increase ppET-1 mRNA synthesis by activating the GATA 

family of transcription factors (i.e. GATA-2/4). The physiological function of ET-1 

secreted by the RPE is presently unknown. Considering some of the known actions of 

ET -1, it may mediate tissue repair by acting on its receptors in an autocrine manner or 

cause further damage to the neural retina by acting on its receptors in the inner retina. 
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Table 1. (A) Summary of thrombin, pPAR-1 and pPAR-4 mediated [Ca2+]i mobilization 

in mRPE cells measured by fura-2AM imaging. (B) Hirudin (anti thrombin) was 

preincubated with thrombin for 1 hour at room temperature at equimolar or three-fold 

higher concentration. In U73122 studies, cells were preincubated with 10f..LM U73122 for 

20 minutes before thrombin addition. Asterisk(*) denotes statistical significance between 

baseline, peak and one minute post peak (not shown) mean values, performed by one way 

repeated measures ANOV A and SNK method for multiple pair wise comparison 

(p<0.001). 

A. Concentration dependent elevation of [Ca2+Ji 

Treatment [Ca2+]1 nM, Mean± SEM Number of cells 
(n} 

Baseline 70+ 10 11 
Thrombin 5 nM 2049 + 184 * 12 
Baseline 64+ 5 79 
Thrombin 10 nM 2141 + 277 * 79 
Baseline 95 + 8 19 
Thrombin 20 nM 6164 + 1620 * 19 

Baseline 219 + 10 16 
pPAR-1 (SFLLR) 50 f..LM 817 +52* 16 
Baseline 87 +9 18 
pP AR-4 (A YPGKF) 50 f..LM 1194 + 177 * 18 

B. Inhibition of thrombin mediated elevation in [Ca2
+]i 

Treatment [Ca2+h nM, Mean ± Number of cells 
SEM (n) 

Baseline 64+ 5 79 
Thrombin 10 nM 2141 + 277 * 79 

Baseline 124 + 12 17 
Hirudin+ Thrombin (10 nM each) 165 + 16 17 

Baseline 64+ 5 16 
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Hirudin + Thrombin (25 nM each) 109 + 5 16 
Baseline/ U73122 1 OJ.!M 53+ 5 16 
U73122 +Thrombin lOnM 53 +4 16 

.. 
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Fig. 4 
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Fig. 6 
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Fig. 7 

Control i;~~~~ 

Thrombin, 10nM -~~~ 
U73122, 10uM 

U73122 + Thrombin 

Ro 31-8425, 100nM .k:m~~~iii 

Ro 31-8425 +Thrombin 

Y27632, 10uM 

Y27632 + Thrombin 

pPAR1, 50uM -~~ ~~fll~ 
Y27632 + pPAR1 

0 2 4 6 8 10 12 

Secreted ir-ET-1 (pg/mg total protein) 

170 

* 

14 16 



... 

Fig. 8 
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CHAPTER6 

CONCLUSIONS AND FUTURE DIRECTIONS 

Our study on the outer blood retinal barrier provides comprehensive evidence of 

ET-1 secretion by the RPE. Using the in vitro model of RPE we assessed both 

constitutive and regulated secretion of ET -1. These results clearly demonstrated that ET -1 

is secreted by the RPE and that cholinergics and TNF -a may regulate its secretion. 

Additionally, TNF-a but not carbachol mediated increase in preproET-1 mRNA and ET-

1 secretion in mature RPE cells was time dependent that was concomitant with tight 

junction disassembly. Expression ofET-1 was predominant in the RPE layer ofthe retina 

in situ in both rat and human eyes, further strengthening our hypothesis. 

Local production of thrombin at the site of blood vessel damage following 

breakdown may enhance ET-1 secretion in the RPE. We report a novel signaling 

mechanism by way of thrombin-mediated actions via protease-activated receptor-! 

(PAR-1) in RPE cells via the rho-ROCKl/2 signaling pathway. 
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A figure summarizing our hypothesis is shown below-

I APICAL SIDE I 
Neural retina 
(avascular) 

---+ 
Light Photoreceptors 

---+ 

---+ 

---+ . . 

Choroid 
(vascular) 

ACh (Muscarinic Receptors, 
Classical GPCR) 

TN F-a (Cytokine Receptor) 

Throm bin (Praease Activated 
Receptors, Atwical GPCR) 

The retinal pigment epithelium may be one of the major sources for ET -1 at the 

region of the outer blood retinal barrier. Secretion and turover ofET-1 involves furin and 

endothelin converting enzyme, and endothelin receptors A and B sybtypes. Furin 

proprotein convertase, and ECE-1 a-d isoforms (slice variants of ECE-1) are expressed 

by mature RPE cells. Additionally, we found ET 8 receptors but not ETA receptors are 

expressed by RPE. The ability of cultured RPE cells to secrete ET -1 non-preferentially 

towards both apical and basolateral directions suggest that ET -1 may act on 

photoreceptors as well as the choroid. 

ET receptors have been detected in photoreceptors and the choroid, but the 

physiological role of ET -1 at the region of the RPE remains obscure. ET -1 secreted 

towards the choroid may have a direct influence on choroidal blood flow. Cholinergic 

nerves innervating the choriocapillaries cause nitric oxide mediated vasodilation. ET -1 

secreted by the RPE towards the choroid may act to balance the vascular tone and may 
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thus regulate blood flow at this region. ET -1 secreted by the RPE at the subretinal space 

can be measured using a technique developed by Hollyfield et al. 

Future experiments with the following design have been planned-

1. C3 transferase is an inhibitor of rho activity. Previous studies have suggested the 

inability of C3 transferase to completely inhibit rho activity may be due to its poor 

membrane permeability. Lipofectamine mediated delivery of C3 transferase has 

achieved greater efficacy. We plan to use this mode of delivery on ARPE-19 

cells. 

2. Additionally, constitutively active rho (rhoG 12V) and dominant negative 

(rhoT19N) mutants of rho along with kinase dead ROCK1 and -2 will further 

determine the downstream substrates of this pathway in mediating ppET -1 

synthesis. 

3. The relative contribution ofGATA2/4 and AP-I transcription factors in activating 

ppET-1 mRNA synthesis performed by electromobility shift assays (EMSA) and 

supershift assays are currently in progress. 

4. ROCKl/2 has several downstream effectors including GAT A. Phosphorylation 

assays in the presence of the wild type and kinase-dead mutant of ROCKl/2 will 

determine downstream effectors involved in ET -1 synthesis and secretion. 

5. Further examination of the calcium and/or PKC dependent cross-talk with the 

rho/ROCK pathway will provide useful answers towards understanding how 

GPCR- dependent activation mechanisms modulate ET -1 production and 

cytoskeletal changes at the same time. 
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6. Tight junction disassembly can be induced independent of direct receptor 

activation either by using peptide inhibitors to the extracellular region of the tight 

junction resident integral protein- occludin-2 or by transfecting RPE cells with 

dominant negative Z0-1 followed by ET-1 RIA and PCR analysis. This will 

determine the role of tight junctions in ET -1 synthesis. 

Delineating function 

To determine the function of ET-1 at this site, we have currently designed a 

'knock-down' approach that is both inducible and tissue specific. Long double stranded 

RNA (dsRNA) based knockdown is a modification ofthe siRNA (small interfering RNA) 

technique that requires a tissue specific promoter. The RPE65 protein is an attractive 

target because it exclusively present in RPE in vivo. We used the minimal RPE65 

promoter upstream of a tetracycline operator (TetO) and dsET-1 (double stranded ET-1 

eDNA) that confers an inducible genotype that can be turned on whenever required by 

feeding transgenic mice with doxycycline. 

This approach is especially attractive because of the following anticipated 

outcome-

ET -1 may be produced in very small amounts in vivo under normal conditions with intact 

blood retinal barriers. Sodium iodate and optic nerve crush injuries result in breakdown 

of the blood retinal barrier that may switch ET -1 synthesis to 'hyper-mode'. ET -1 

production following an inflammatory challenge may perform the unknown functions. 

Mice fed with doxycycline prior to inducing inflammation will have lesser amounts of 

ET -1 available (knocked-down ppET -1 mRNA). 
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So, how does one measure this phenotype? 

We have a few ideas that will address this problem. Labeling retinas with anti-albumin 

can assess the extent of blood retinal barrier damage. Albumin under normal conditions is 

impermeable, but studies have shown it to be present in the retina following breakdown 

of the blood retinal barrier. Comparing wild type, non-induced knockdown and induced 

knockdown mice during inflammation will provide answers to the role of ET -1 

specifically in the retina/choroid. Additionally, fluorescein angiography and 

electroretinogram (ERG) measurements provide useful methods of assessing the barrier 

and retinal function in the live animal. 

Translational Research 

It is possible that ET -1 or components of the ET Axis may be involved in inflammation 

and angiogenesis in the eye. A genome wide search for mutations in the ET axis in 

patients susceptible to retinal or choroidal inflammation and in patients with proliferative 

vitreoretinopathy, choroidal neovascularization, uveitis and diabetic retiopathy may 

provide an exciting avenue for future research ascertaining the importance of endothelins 

in the retina and choroid. 

On a personal note-

Biologically Inspired Shuttle Wings (BISW): patent pending 

The Columbia Space Shuttle disaster and the loss of the entire STS-1 07 crew including 

mission experts and payload specialists on February 1, 2003 was a tragic loss that could 

have been averted. Hindsight is always 20/20 and I think that's what keeps us in the 

running. In the days after the tragedy, we knew more about the cause of the mishap. The 
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form material from one of the boosters landed on the left wing during take off that had 

taken pieces off the insulation. The insulation material it turns out - is made of ceramite, 

an easily malleable, thermal resistant silicon alloy, the substance commonly used in 

dental crowns. Shuttle wing insulation is composed of thousands of such ceramite pieces 

glued together. The impact of the foam resulted in a 'broken barrier'. It was about this 

time that my research on tight junctions was switching to high gear. Tight junctions 

communicate from membrane to the nucleus, a breakdown or altered permeability results 

in activation of known and unknown sensors that communicate to the nucleus to make up 

for the loss in integrity, either by increasing proliferation or selectively increasing mRNA 

and protein species that are required to repair the damage. Likewise ceramite pieces could 

be fitted with tiny sensors (nanomachines) in between them that when disrupted could 

send signals to a terminal warning the mission crew about structural defects. The day is 

not far when machine learning for self-repair becomes cliche. The ideal situation would 

be when defects such as these activate a policing system that allow bio-inspired machines 

to home in and repair the damage without having humans do such nitty-gritty work 

requiring fine motor skills. 

The Time Is NOW. 

Santosh Narayan 

August, 2003 . 
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APPENDIX 

The following results were part of this dissertation that were not included as part of the 

chapters, nonetheless, aids in characterizing the RPE as a valid system to access ET -1 

synthesis including constitutive and regulated secretion. 

TNF-a mediated ET-1 secretion and cytoskeletal remodeling in the RPE is TNF-R1 

dependent. 

The following studies were designed based on specific aims 2.3b-d that were 

proposed to examine the expression of TNF-R1 receptor subtype, its relation to TNF-a 

mediated changes in RPE tight junction architecture and ET -1 secretion. 

TNF -a mediated changes in ARPE-19 cells with respect to phetotypic alteration in tight 

junction assembly (fig.3) as well as ET-1 secretion (fig.2) may be TNF-Rl dependent. It 

remains to be determined if cytoskeletal alternations and/or tight junction disassembly 

alone turns on ET -1 synthesis and secretion and whether this could be reversed using 

selective inhibitors that prevent microtubule disruption and stabilize microtubules as well 

as inhibitors of tight junction disassembly. 

Fig. 1 Western blot analysis ofTNF-R1 receptor in ARPE-19 cells. TNF-R1 (55 kD) was 

detected using mouse monoclonal anti-TNF-R1 (0.8 Jlg/ml; SantaCruz Biotechnology, 

Inc., SantaCruz, CA) in ARPE-19 cells . 
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Fig. 2 ET -1 RIA in ARPE-19 cells. Cells were treated with TNF -a ( 10 nM) for 24 hours 

in serum-free RPE medium in the presence or absence of a specific TNF-R1 receptor 

anibody (mouse anti-TNF-R1, 20J..Lg/ml; R & D Systems Inc., Minneapolis, MN). At the 

end of 24 hours, the culture media (n=3/ condition) were collected, ET -1 was extracted 

and quantified by RIA. Secreted ET -1 was normalized to total cellular protein. 
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Fig. 3 Indirect immunofluorescence. ARPE-19 cells were treated as in fig. 1, fixed and 

labeled with the mouse anti-Z0-1 (tight junction associated protein), rabbit anti-ET -1 and 

the nuclear stain-DAPI. Following secondary antibiody labeling, cells were visualized on 

a Nikon Microphot fluorescence microscope. Scale in= 10 ~-tm. 
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The Endothelin-1 Axis in the Retinal Pigment Epithelium 

The following study was designed to address part of specific aim 2.4 to determine 

the expression of furin, a proprotein convertase, endothelin converting enzyme-1 (ECE-1) 

and its isoforms as well as ETA and ET 8 receptors in ARPE-19 cells. Furin and ECE-1 

are involved in the proteolytic processing of preproET -1 to its mature form (ET -1 ). ET 

receptors (ETA and ET s) are known to regulate extracellular levels of ET -1 by ligand 

dependent receptor endocytosis. 

Furin and the mRNA for ECE-1 isoforms, of which the -1c and -1d isoforms 

seemed to be more abundant. ETA and ET 8 receptors can regulate the turnover of 

extracellular ET -1. The ET 8 receptor is the 'clearance receptor', activation of which 

results in internalization and degradion of the receptor-ligand complex in the lysosome. 

ETA receptor was undetectable in ARPE-19 cells while bands corresponding to ET s (34 

kD) were present that underwent significant downregulation following ET -1 treatment 

(30 minutes) that was concentration dependent. 
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Biogenesis of ET -1 and components of the ET Axis 

ppET-1 mRNA ~ PreptoET-1 (212 U) ------- t Signel Peptidele 

ProET-1 (196 a.a) 

J ·---
lligET·r·:.., 

ET-1 (21 a.a) 

/""' ETA receptor ETB I'8Cilptor 
('~--> 

Fig. 1 Expression of the proprotein convertase furin in ARPE-19 cells. Furin 

expressionwas analyzed by western blotting using rabbit anti-furin convertase (1 :700; 

Affinity Bioreagents, Golden, CO). Two bands were detected, one at 100 kD (expected 

size) and the second band at around 55 kD (size of the putative catalytic domain offurin). 
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Fig. 2 ECE-1 isoforms in ARPE-19 cells. The mRNA expression ofECE-1 isoforms (la, 

b, c, and d) were determined by RT-PCR analysis. 
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Fig. 3 ET I!.. receptor subtype in ARPE-19 cells. ARPE-19 cells were treated with ET -1 ( 1, 

10, 100, and 500 nM) for 30 minutes followed by whole cell lysis. Western blot analysis 

using the rabbit anti-ET8 receptor antibody (1.5 ).lg/ml; Alomone Labs, Jerusalem, Israel) 

detected several bands, one of them showed marked downregulation following ET -1 

treatement. The antibody : control antigen (1.5: 3) pre-incubation indicated the non-

specific bands. ET8 as previously reported by our lab and others migrates around 34 kD. 
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ET-1 in the ciliary epithelium (blood aqueous barrier) 

In the anterior chamber, ET -1 is expressed in the non-pigmented epithelium 

(NPE) that is thought to regulate both aqueous humor production as well outflow facility 

for the same. The anterior chamber, particularly the NPE clearly indicated the presence of 

ET -1 by indirect immunofluorescence. Additionally, the result provides confirmation 

regarding the specificity of the rabbit anti-ET-1 antibody, the same was used in all the 

posterior segment labeling studies and electron microscopy studies. 

Fig. 1 The blood-aqueous barrier in the anterior chamber and ET -1 immunoreactivity 

Brown Norway rat (pigmented) and Wistar (albino) eyes were sectioned and labeled with 

rabbit anti-ET-1 (10 J..Lg/ml, green) and DAPI (blue). The differential interference contrast 

(DIC) images on the left indicate the presence and absence of pigments (pigmented 

epithelium) in A and B respectively. Scale bar= 1 OJ..Lm. 
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B. 

Wistar rats (male, albino) PEINPE 

... 

186 





,,' .• 

·,; . 

. •''.: 

··<r 








