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ABSTR.-\CT

The term prostanoids collectively describes prostaglandins. prostacyclin and

thromboxanes. These compounds are products of arachidonic acid metabolism by the

cyc looxygenase pathway. Prostanoids mediate various physiological and

pathophysiological effects through their interaction with membrane-bound receptors. ln

this research. a thorough characterization of the recombinant human (h) PGD:! receptor

(OP) was performed. with respect to its radioligand binding and signal transduction

properties using prostanoids and prostanoid analogues. The recombinant hOP receptor

was then used along with other recombinant human prostanoid receptors to identify a

novel specifie agonist. L-644.698. This compound exhibits high aftinity and potency at

thr: hOP receptor. ~[oreo\·er. L-644.698 demonstrates at least 300-fald higher selectivity

for the hOP receptor than for any of the other seven recombinant human prostanoid

receptofs tested. Thus. L-644.698 is one of the most selective DP-specitic agonists as yet

Jescribed. Subsequently. the rat (r) DP receptof was cloned and functionally expressed.

Pharmacological characterization using L-644.698 and other OP-specitic ligands

contirmed the identity of this protein as a homologue of human OP. and validated the use

of the cON:\. corresponding to rDP as a template from which to make rDP-specitic

riboprobes for in ..'iiru hybridization studies. mR~:\. corresponding ta rDP was localized

to the C~S and Gl tract by the in situ hybridization techniqut:. \Vithin the GI tract. rDP­

specitic signais \vere observed repeatedly in the mucous-secreting gablet eelis and. less

oft~n. in the adjacent epithelium of the stomach. duodenum. ileum. and colon. These

observations corroborate prior data demonstrating an abundance of both hDP- and mDP­

specitic mR~.-\ in GI tract tissues (especially in small intestine). and suggest a novel

biological raIe for the DP receptor. namely the regulation of mucin secretion. DP-specitic

rnR.'i.-\ \vas then localized to the mucous-secreting gobiet cells of the human colon.

justifying the use of an established in 'l:itro celi model of human origin for the study of

mucin secretion. the LS 17-+T colonic adenocarcinoma ceU line. The endogenous

expression of the hOP receptor on LS 1ï4T ceUs was contirmed phannacologically using

L-64-k698 and other DP-specitic ligands. Subsequently. activation of hOP \\oas shawn to
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stimulate muein secretion in this cell line. through the use of OP-specifie agonists (PGD:!,

L-644.698) and a DP-speeifie antagonist (BW A868C).
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RÉSUMÉ

Les prostanoïdes regroupent les prostaglandines. la prostacycline et les

thromboxanes. Ces composés sont dérivés de l'acide arachidonique. lequel est métabolisé

par la cyclooxyg~nase.L"interaction des prostanoïdes avec les récepteurs membranaires

induit de nombreux effets physiologiques et pathophysiologiques. Dans cene recherche.

le récepteur PGD:! humain (hDP) recombinant a fait r objet d-une caractérisation

approfondie au niyeau de ses propri~tés de liaison aux radioligands et de transduction du

signaL et ce. à r aide de prostanoïdes et des analogues de prostanoïdes. Le récepteur hDP

recombinant a ensuite ~té utilisé. ainsi que d'autres récepteurs des prostànoïdes humains

recombinants. pour identitier un nouvel agoniste sp~citïque_ L-6~4.698. Ce composé

présente une affinité éh~\'ée pour le récepteur hOP. auquel il se lie fortement. En outre.

r .:lgoniste L-6~-+,698 démontre une sdectiyité au moins 300 fois plus élevée pour [e

réc~pteur hOP que pour chacun des sept autres récepteurs des prostanoïdes humains

recombinants testés. L-644.698 èst Jonc l'un des agonistes les plus sp~citlques pour le

récepteur OP connu à ce jour. Par la suite, le récepteur OP du rat {rDP} a été cloné et son

expression a été contirmée de façon fonctionnelle. La caractérisation phannacologique à

raide du L-644,698 et d'autres ligands spécitiques au récepteur DP a contirmé que cene

protéin~ constitue un homologue du récepteur DP humain. Elle a aussi validé l'utilisation

Je 1" acide deoxyribonuc1éique complémentaire (.-\D1\c) correspondant au récepteur rDP

comme matrice atïn d' élaborer des sondes d' acide ribonucl~ique complémentaire

L-\R:\'C) spécitiques pour le récepteur rDP utilisées dans les ~tudes d'hybridation in siru.

L'acid~ ribonucl~ique messager (,-\R..'"m) correspondant .:lU récepteur rOP a été Iocalis~

dans le système nerveux central et les yoies gastro-intestinales au moyen des techniques

d'hybridation in Siflt. .-\u niveau des \·oies gastro-intestinales, des signaux spécitiques au

récepteur rDP ont été obseryés i plusieurs reprises dans les cellules caliciformes

sécrétrices de mucus et. plus rarement. dans 1"épithdium adjacent de r estomac. du

duodénum_ de lïl~on et du côlon. Ces observations contirment les données précédentes

qui Jémontraient I"abondancl: J' .~R..,"m sp~citïque aux récepteurs hOP et mDP au niveau

des tissus des voies gastro-intestinales (et plus particulièrement de lintestin grële) et

suggèrent un nouveau rôle biologique pour le récepteur DP. soit la régulation de la
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sécrétion de mucine. La présence d'ARNm spécifique au récepteur OP a ensuite été

observée au niveau des cellules caliciformes sécrétrices de mucus situées dans le côlon

humain, justitiant ainsi l'utilisation d'un modèle cellulaire in vitro d'origine humaine

pour l'étude de la sécrétion de mucine. soit la lignée cellulaire d'adénocarcinomes

coliques LS 17~T. L"expression endogène du récepteur hOP dans les cellules LS 17~T a

été confirmée pharmacologiquement à raide du L-644.698 et d"autres ligands spécifiques

au récepteur DP. Finalement, il a été démontré à l'aide d" agonistes spécitiques (POO:!, L­

644.698) et d"un antagoniste spécifique (B\V A868C) que l'activation du récepteur hOP

stimulait la sécrétion de mucine par cette lignée cellulaire.
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1. INTRODUCTION

1. 1. Historical perspective

The discovery of the prostaglandins (PGs) dates back to 1930 when ex vivo

studies of human uterine tissue demonstrated relaxation and contraction upon the addition

of human semen (l). In corroborating and extending this observation (2. 3), other

investigators identitïed an active, lipid-soluble acid that they termed a "prostaglandin",

since il \Vas thought to be derived from the prostate gland. At the same time. independent

research into the leukotrienes (LTs) was initiated when sputum from asthma patients was

observed to stimulate smaoth muscle contraction (4). More than 2 decades later. PGs

were identified as a group of compounds and 2 family members. PGE, and PGF,o.. were

puritïed (5). Over the next 10-15 years. more members of the PG family were discovcred

and denoted alphabetically PGA2 to PGH2 (6. 7). Structural similarity betwecn PGs and

the essential fany acids was realized and led ta the biosynthesis of PGE2 from

arachidonic acid in the presence of sheep seminal vesicle homogcnates (8). Subsequent

identification of the endoperoxides PGG2and PGH2 as unstable biosynthetic

intennediates (9) was closely followed by the discovery of the unstable. PG-like

compounds TXA2 (10) and PGh (Il). Collectively, this growing family of PGs and PG­

like compounds was tenned the ··prostanoids". The mechanism of action af aspirin and

related drugs was demonstrated to he through inhibition of PG biosynthesis (12). Limited

effart had previously been spent ducidating the receptors through which PGs acted, since

many investigators believed that PGs dissolved through eeU membranes due to their

lipid-based structures and did not require receptors for activity. However, attention was

eventually focused on the identification and classification of PG receptors in an attempt

to rationalize the diversity of PG-mediated activities, the array of which was deemed to

limit the usefulness of PGs for drug development. This work began with attempts to

elucidate membrane specific-binding sites using radiolabeled derivatives of the

endogenous ligands (13. 14, 15), and has been facilitated by the identification of

synthetic, stable. selective ligands and the advent of recombinant DNA technology.
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1.2. Eicosanoids

1.2.1. Eicosanoid precursors: essential fatt~' acids and arachidonic acid

The term eicosanoids <Greek: eicosa ="twenty") collectively describes

prostanoids, leukotrienes. lipoxins. and related compounds [hydroperoxyeicosatetraenoic

acids (HPETEs). hydroxyeicosatetraenoic acids (HETEs). epoxyeicosatrienoic acids

(EETs)]. and refcrs to the dcrivation of these compounds from 20-carbon essential fatty

acids (EFAs). The EFA precursors, which contain 3,4, or 5 sites of double unsaturation,

are dihomo-y-linolenic acid (also called 8, Il, 14-eicosatrienoic acid) (20:30)-6):

arachidonic acid (5. 8, Il. 14-cicosatetraenoic acid) (20:40)-6): and 5. 8. Il. 14. 17­

eicosapentac:n0i~ ad':! (20'5(0-6). re'p~ç'ively. When used as precursnrs. tht~ ,.4 or ~

series of EFAs correspond to the synthesis of the 1, 2, or 3 series of PGs, and the 3.4. or

5 series of LTs. respectively (16. 17). These polyunsaturated essential fany acids can be

ingested directly (meat, tïsh or seaweed). Altematively. arachidonic acid can be derived

from dietary linoleic acid (9.12-octadecdienoic acid) (18:20)-6) through metabolic

proccsscs involvmg desaturation and chain e1ongation to dihomo-y-linolenic acid and

subsequent desaturation (16. 18).

Arachidonic acid (AA) is the 20-carbon polyunsaturated fany acid preferentiaily

esteritïed into mammalian cell membranes and is efficiently incorporated into the sn-2

position of cell membrane phospholipids. making basallevels of free AA relatively low

(16, 19). Since AA is the most abundant precursor for eicosanoid production, the 2-series

prostanoids and the 4-series LTs are the predominating endogenous species of these

eicosanoids. The biosynthesis of eicosanoids is a closely regulated process~ depending on

the liberation of AA by phospholipases and the re-esterification of AA by acyl

transferases (16).

2
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1.2.2. Arachidonic acid release

Sincc AA and its metabolites play such important roles in the regulation of

intraccllular and intercellular processes (20. 21 ). it is not surprising that the basal levcls

of liberated. unestcritïed AA are highly regulated. In fact. the net concentration of free

AA under basal conditions is not known but its formation limits the synthesis of AA

metabolites (22. 23. 24). Low-density lipoprotcin (LOL) receptor-stimulated lipid

hydrolysis. phospholipase-mediatcd hydrolysis of ccli membrane phospholipids. and acyl

transferase-mediated re-estcrification of free AA into membrane phospholipids are all

thought to contribute to the levels of free AA ( 19. 22. 25).

It has been demonstrated that the LDL receptor pathway can regulate the cellular

levcls of AA (26). Here. normal tïbroblasts that had been pre-incubated with

reconstituted LOL containing [1~C]arachidonic acid cholesterol esters and then

challenged with plateiet-derived growth factor (POGF) produced radiolabeled PGs.

However. POGF challenge of fibroblasts from patients with familial

hypcrcholesterolaemia that lack LOL receptors did not effect the incorporation of

radiolabel in de 'lO~'O PGs. Thus. LDI... taken up by the LDL receptor pathway can feed

the pathway of PG biosynthesis by producing AA. accompanied by the release of

cholesterol.

In response to a large number of plasma membrane receptors, including guanine

nucleotide binding (G) protein-coupled receptors (GPCRs) and tyrosine kinase receptors,

phospholipases breakdown phospholipids and are considered to he major contributors to

the cellular levels of liberated AA. Activation of phospholipase Al (PLA2) is considered

key in this regard and generates AA concomitantly with lysophospholipid, which is the

precursor of the inflammatory mediator platelet-activating factor (PAF). Additionally,

AA can be formed indirectly by phospholipase C (PLC) through the synthesis of

acylglycerol intennediates (27), by phospholipase AI (PLA1) through sYnthesis of a LOL

intermediate, or by phospholipase D (PLO) through phosphatidic acid and acylglycerol

3
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interrncdiates. The latter two enzymes are thought to play relatively minor roles in

controlling free arachidonic acid levels (23. 2-1-. 27).

PLA~ is a rapidly growing family of enzymes whose activities control not only

eicosanoid and PAF formation. but also n1embrane rcmodeling. microbial degradation.

and general lipid metabolism (28). The PLA:! family consists of multiple enzymes

c1assiticd as numerous types denoted (\Vith roman numerals) I-X. A reccntly updated

classification of the PLA! farnily was proposed based on enzyme structure and biological

characteristics (29) which facilitates their comparison. There arc three main kinds of

PLA:!: secretory PLA~ (sPLA:!). cytosolic Ca2+-dependent PLA! (cPLA!l. and

intracellular Ca:!'"-independent PLA:! (iPLA:!). Additionally. there exist PLA:!s not

believed to be involved in the arachidonic acid cascade. These include a 26 kDa

lysosomal PLA~ active in acidic pH (30) . a brush-border hydrolase known as

phospholipase B (PLB) (31). and a class of enzymes known to degrade PAF, called PAF

acctyl hydrolases (32. 33).

The most abundant and weil studied of the PLA:! family are the sPLA2S. They are

characterized by having law molecular mass (-14 kDa), a requirement of millimolar

calcium concentrations for activity. liule fany acid selectivity il1 vitro. and high structural

rigidity conferred by the presence of 5-8 disulfide bonds (34. 35). This stability makes

them resistant to proteolysis and denaturation in their extracellular environment. but

susceptible to rcducing agents. Six mammalian sPLA2 enzymes encoded by different

genes have now been identified (34, 36): type 1, the closely related group II sPLA:!s

(types lIA. I1C. IID, and V), and the type X sPLA2. The type 1sPLA2S can be divided

into 2 groups (A and B) based on structure. and the human form is classified under group

B (sPLA!-IB). The human sPLA:!-IB is expressed in the pancreas. where it functions in

the digestion of dietary phospholipids. and in several non-digestive organs where it may

regulate cellular funetions through the M-type sPLA2 receptor. sPLA2-IIA is the most

abundant human isozyme and is induced by proinflammatory stimuli [such as interleukin

(IL)-l and tumour necrosis factor (TNF)] 9 as are sPLA2-V (found in human heart and

mast cells) and sPLA2-IID (the most recently identified PLA!, of murine origin). ln

eontrast, sPLArX is found in organs associated with the immune response. The sPLAr

Ile is expressed in rodents, but is a pseudogene in humans (37). Considerable interest

4



•

•

has arisen around sPLA2-lIA duc to its increascd levels in serum and intlammatory

exudatcs during chronic intlammatory discases (38.39). Rcccntly. sPLA2 types liA and

V alang with cPLA2 (to be discussed bclow) have demonstrated activity as "signaling"

PLA2s that contribute to the cellular release of AA following agonist stimulation.

depending on the phase of ccli activation (35.40.41). In this regard. the activity of

group li sPLAs appears to depend on their ceU-surface proteoglycan-binding abilities (42.

43).

ln contrast to the smaller sPLA2 enzymes. the type IV cPLAz is an 85 kDa

enzyme with wide tissue and cellular expression. In terms of mRNA distribution (44).

human cPLA2 is abundantly expresscd in heart. spleen. lung and kidney. and to a lesser

extent in hippocampus. eosinophils and neulrophils. It is also present in celllines derived

l'rom monocytes. synovial fibroblasts. granulocytes. and one astrocytoma linc (Ue Il) but

not anothcr (U373). cPLA2 protein i5 found in human platelets (45). neutrophils (46).

epithelial cclls (47). the U937 monocyte cellline (48), the RAW 264.7 macrophage cell

line (49), and in ceUs from other species (50). cPLA2 is specifie for phospholipids

csterified with AA in the sn-2 position and its activity is highly regulated by receptor­

mediated signal transduction and concomitantly produces Iysophospholipid (28. 50).

Increased cPLA:! activity as a function of mitogenicity or stimulation is induced by many

factors. including IL-l (51) • TNF (47), macrophage-colony stimulating factor (52),

thrombin (53), and lipopolysaccharide (LPS) (54). cPLA2 is transcriptionally regulated

by interferon (lFN)y and glucocorticoid response clements (GREs) in ils promoter region

(55). by various factors (phorbol ester, PDGF, serum, and others) which increase the

cPLA2 lranscript half-life, and by an adenosine-uridine rich sequence in the 3'­

untranslated region which is thought to confer transcript instability (28). Altematively,

cPLA2 can be posttranscriptionally regulated. Phosphatidylinositol-4,5-bisphosphate

(PIP2 ) has high affinity for and can activate cPLA2, perhaps through a putative pleckstrin

homology (PH) domain (56) bascd on a region of sequence homologous to the PH

domain of phospholipase ca1. PH domains are known to he involved in the localization

of proteins to membranes hy binding phosphoinositides (57). The requirement of

calcium by cPLA2 is not related to its catalytic activity (like sPLA2), but rather to its

membrane and phospholipid binding capacity (58). Structurally, cPLA2 contains an N-

5



•

•

tern1inal calcium-dcpendent phospholipid binding domain <CaLB). which sharcs

homology \vith Cl domains of other proteins [including protein kinase C (PKC) and

phospholipase CYl implicatcd in signal transduction and membrane traftïcking. and a C­

terminal catalytic domain. The CalB and catalytic domains are structurally and

functionally distinct (59). Calcium-mobilizing agonists are thought ta induce

translocation of cPlA,:! l'rom the cytosol to the nuclear envelopc and endoplasmic

reticulum (60). whcre the cyclooxygcnases (COXs) and 5-1ipoxygenase are localized

(61). Cellular localization of cPlA2 translocation is also dependent on cell contluency

(62). Phosphorylation of cPLA2 on 5505 by mitogen-activated protein kinase (MAPK)

or p38 (a MAPK homologue). depending on the cell type. has also been shown to be

important for its activation and is thought to be relevant i1l vivo (63). Direct

phosphorylation by other kinases. such as PKC and protein kinase A (PKA). occurs but

without a consequential increase in cPLA:! activity (28). Incrcased phosphorylation and a

consequential incrcase in cPLAz activity may (64) or may not (65) require a concomitant

incrcase in intracellular calcium for AA release. depending on the agonist and the ccli

type under study. The contributions of cPlA:! to early and late phase eicosanoid

formation are weil docurncnted (35. 4 L 47. 66). The critical role of cPLA:! in the

arachidonic acid cascade is highlighted in studies of mice having the cPLA:! gene ablated

(cPLA:!-I-) by homologous recombination (67. 68). Agonist stimulation of peritoneal

macrophages l'rom cPLA:!-I- mice did not produce arachidonic acid. eicosanoids (PGE:!.

LTB~. LTC~). or PAF. in contrast to macrophages from wiJdtype (WT) mice.

Additionally. cPLA:!-I- mice had lower allergie reactivity, fewer neurological deficits

following ischemia, and compromised parturition, suggesting a nonredundant role in

allergic responses, the pathophysiology of neuronal death following ischemia. and in

reproductive physiology for cPLA:!.

The last of the PLA2S to he discussed is the type VI iPLA2. This ubiquitously­

expressed enzyme, originally identified as a myocardial protein (69), exists as a

homotetramer of 85 kDa subunits.(70) with no apparent AA specificity (71). The cellular

locaJization of iPLA2 is exactly the same as cPLA2, and it is characterized by the

presence of eight ankyrin-like domains (70) which may play a role in self-aggregation or

interaction with other proteins. Evidence has been presented for a role for iPLA2 in
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phospholipiJ remodding under basal conditions (72. 73). It has also been suggestcd that

AA releasc by stimulus-activated iPLA2 may oecur in multiple ccII types (74. 75).

Evidence also exists for the regulation of the reincorporation (reacylation) of AA

into membrane phospholipids by PKC (76). The enzymes involved in reacylation

(arachidonyl CoA synthetase and acyltransferase) can be ncgatively regulated by

activators of PKC such as phorbol esters and synthetic diacylglyccrol (DAG). as has becn

dcmonstratcd in platdet homogenates. Therefore. following the production DAG by

PLC or PLD. activation of PKC by DAG would Icad to an inhibition of reacylation.

increasing free levels of AA. Independent of this is evidence for AA-tnediated activation

of PKC (77). suggcsting that free AA may mediate further AA liberation from membrane

phospholipids.
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1.2.3. Arachidonic acid mctabolism

Onc~ libcrat~d l'rom c~1I mcmbran~ glycerophospholipids. AA can be metabolized

by non-cnzymatic or enzymatic mcchanisms. AA may undergo non-enzymatic frce

radical oxidation to form thc iscprostanes. Much bcttcr studicd. howcvcr. is the

enzymatic conversion of AA by the cytochrome P-450/NADPH monooxygenase.

lipoxygenase. or cyclooxygcnase pathways.

Of recent discovery is the ill \'il'o non-enzymatic free-radical induced peroxidation

of AA Icading to the synthesis of the isoprostanes (IsoPs), so called because of their

stmcturally isom~ric relationship to the prostanoids (78). The side chains of the IsoPs are

prcdominantJy oriented cis in relation to the ring structure, unlikc the prostanoids in

which the side chains are exclusively oricnted (rails. A variety of these compounds are

gcnerated bas~d on the site of auack of molccular oxygen on the bicyclocndoperoxide

PG-like intermcdiates (79). [soprostanes discovered to date includc F:!-isoprostanes (F:!­

[soP), D~-IsoP. E~-[soP and isothromboxanes. The importance of the isoprostanes to date

includ~s thcir ûtility (especially F:!-[soPs) as indicators of oxidative stress ill vivo and

their exertion of biological activities during oxidative stress which may mediate the

associated oxidant injury, for instance potent renal vasoconstriction (80).

Cytochrome P-450 is a multigene family of enzymes involved in the

monooxygenation of lipophilic substances (20). Metabolism of AA by the cytochrome P­

450INADPH monooxygenase system oceurs in 3 ways: orefin epoxidation forming the

5.6-, 8.9-, Il. 12-, Of 14, 15-epoxyeicosatrienoic acid (EETs) isomers which cao be further

hydrolyzed to dihydroxyeicosatrienoic acids (diHETs), allylic oxidation giving fise to the

hydroxyeicosatetraenoic acids (HETEs), and hydroxylation fonning 19,20-HETE and 20­

carboxyl arachidonic acid. While the EETs exhibit vasodilatory effects, 20-HETE is a

patent vasoconstrictor in a number of different species (8 l, 82). Due to their renaI

distribution, the P450 metabolites of AA demonstrate regional control over renal vascular

tone. These effects are thought to contribute to the progressive elevation of the systemic
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blood pressure during development in \';1.'0 (82). and inhibition of 20-HETE production

by œnal and cerebral arterioles attenuates blood vesse! autoregulation (81 ).

The lipoxygenasc products with biological activity can be subdivided into 3

general categories: (i) the cysteinyl leukotrienes (LTC~. LTD4 • and LTE.~). (ii) the non­

peptide containing lcukotrienes (LTA4 • LTB~). and (iii) the hydroperoxyeicosatetraenoic

acids (HPETEs). hydroxyeicosatetraenoic acids (HETEs) and lipoxins. Three groups of

enzymes are responsible for generating the lipoxygenase products based on their

positional specificity of polyunsaturated fany acid oxygenation. namely 15-, 12- and 5­

lipoxygenascs (LOs). In addition, the recently described epidermal-Lüs define their own

group. although their positional specificity of polyunsaturated fany acid oxygenation is

heterogeneous (83. 84. 85).

The 15-LO pathway generates 15-HPETE with the addition of molecular oxygen

at the carbon 15 position of AA (86). Subsequently. 15-HPETE can be metabolized to a

variety of compounds, including 15-HETE by a peroxidase activity inherent to the 15-Lü

enzyme. the lipoxins (type A or 8) by the 5-Lü pathway (discussed below). and others

(87). One human form of the IS-LO enzyme. found both in human reticulocytes (88) and

airway epithelium (89) has been reported. A biological role for 15-Lü products has

recently been suggested in cell-speeifie diffcrentiation (90), though these observations

await further confirmation. The possible regulation of atherogenesis has been implicated

for both IS- and 12-Lü products (discussed below).

The 12-LO pathway generates 12-HPETE with the addition of molecular oxygen

at the carbon 12 position of AA. Subsequently, the peroxidase activity of 12-Lü is

responsible for the reduction of 12-HPETE to its hydroxy analogue, 12-HETE (91).

Distinct 12-LO enzymes have been isolated from platelets and leukocytes (92, 93). Less

is know about the biological actions mediated by metabolites of the 12-Lü pathway than

those mediated by the 15-LO products. Specifie 15- and 12-Lü products have been

found at the site of atherosclerotie plaques, however it is not clear whether these

compounds act pro- or anti-atherogenically (94, 95). In facto it is not even apparent if

these compounds bind to cell-surfaee receptors or only act after incorporation into cell
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membranes. Although sorne HETE binding sites havc bcen documented (96. 97). no

HPETE/HETE-spù.:itïc receptor cDNAs ha\'e been cloned to date.

The 5-Lü pathway leads to the formation of the LTs. so called because of their

initial discovery in leukocytcs (98) and thc presence of a conjugated triene in their

structure. LTs are anaphylactic and intlammatory mediators and \Vere first identitied in

lung perfusates upon immunological challenge as the slow reacting substances of

anaphylaxis (SRS-A) (99). Subsequently. SRS-A were found ta be a mixture of LTC.s.

LTD.s. and LTE.s. S-Lü catalyzes the tïrst two steps in the biosynthesis of the LTs. the

incorporation of molecular oxygen into AA at carbon S to generate 5-HPETE and the

dchydration of this intermediate to LT~. Other enzymes are responsible for the

conversion of LT A.s to LTB.s or the cysteinyl leukotrienes (LTC4 , LTD.s, and LTE.d.

Cellular leukotrienc biosynthesis requires the translocation of S-Lü from the cytosol ta

the nucleus ([00) and the presence of an accessory protein (S-lipoxygenase activating

protein (FLAP» which is responsible for presenting AA to 5-Lü (101. 102). A single

human 5-LO cDNA has been cloned. from multiple sources (103, (04). LTs mediate

their biological actions through ccII-surface receptors belonging ta the GPCR superfamily

of receptors (105). Recently, high-affinity receptors have becn c10ned which bind LTB.s

(106) and the cysteinylleukotrienes LTD.s and LTC.s (107). As weIl as generaling the

LTs. 5-Lü is responsible for converting 15-Lü products to the lipoxins (subclasses A and

B), sa called because they result from lipoxygenase interactions (108). Leukocyte

activation is required for the conversion of 15-HPETE or 15-HETE to lipoxin A or

lipoxin B (109, 110). These compounds exhibit immunoregulatory and smooth muscle

contractile properties (III).

Recently, a group of epidermal-type lipoxygenases have been discovered (85), of

which 2 human forms have been cloned (112, 113). Biological activities for this group of

lipoxygenases have yet to be described.

Cyclooxygenase (COX), or prostaglandin H2 synthase (PGHS) as it is more

correctly called, is the enzyme responsible for the committed step in the conversion of

AA to the bioactive prostanoids (see Figure 1.1.). In fact, there are IWO separate genes

encoding PGHS proteins, PGHS-l and PGHS-2. The cloning of PGHS-I from sheep
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seminal vesicles was performed by lhrec indcpcndcnt groups (Il ..t 115. 1(6). Howc\'er.

knowkdge of thc cnzymc's existcnce preceded this. and pro\Oided a basis for the seminal

work of Vane et al ( 19711 which explained mech:.mistically the link between the activity

of the non-steroidal anti-intlammatory drugs (NSAIDs) and the suppression of

int1ammationo Evidence for the inducible PGHS-2 became apparent with the cloning of

PGHS-l. Investigators demonstrated that stimulation of both tïbroblasts by mitogcn

(117. 118) and monocytes/macrophages by endotoxin (119) resulted in incrcased PGHS

activity which was immunoprccipitatable with ovine PGHS antiserum. Concurrently. the

glucocorticoid-mediatcd inhibition of prostanoid production. PGHS activity. and

mitogen-inducible PGHS synthesis led to the suggestion of two "pools" of PGHS: i) a

constitutive pool which appeared unintluenced by cellular activators and steroid

inhibitors. and ii) a ligand induced. steroid inhibited pool of PGHS (120). Subsequcntly,

the isolation and sequcncing of rnurine PGHS-2 (121. 122) led to the cloning of the

human PGHS-2 cDNA (123. 124).

PGHS-l and -2 are structurally sirnilar but differ \Vith respect to their localization

and biology ( 125. 126. 127). Both enzymes are homodirncric. herne-containing.

membrane-bound. glycosylated proteins with 2 catalytic sites. The hurnan PGHS

(hPGHS) isozyrnes share 63Ck identity and have roughly the same rnolecular weight (-71

kDa) and nurnber of arnino acids (-60û), despite originating from very different genes.

hPGHS-1 originales from a large. 22 kb gene with Il exons. while the hPGHS-2 gene is

a smal!. 8.3 kb. immediate early gene with 10 exons. The rnRNA transcripts also differ

in length for hPGHS-l and -2, being 2.8 kb and 4.5 kb. respectively. As weil, there exists

an absence of 17 amino acids from the N-tenninus and an insertion of 18 amine acids at

the C-terminus of PGHS-2 in comparison to PGHS-I. The PGHS-2 isozyme has been

shown to contain a number of enhancer sequences that mediate the inducibility of its

expression. For instance, a cyclic AMP response element (CRE) regulates the effect of

src on fibroblast expression (128). ln addition to src, PGHS-2 can he induced by a

number of signaling pathways, including PKA, PKC, tyrosine kinases, and LPS, as weil

as inhibited by conicosteroids. [n contrast, very little is known regarding the regulation

of PGHS-l gene expression.
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Both isozymes of PGHS catalyze the same reactions. the cyclooxygenase reaction

in which AA is conn:rted to the PGG2 and the peroxidase reaction in which PGG2 is

reduced to PGH~. The enzyn1cs share similar enzyme kinetics. including cyclooxygenase

turnover numbers. and Km values for AA and O~ (129. (30). As weil. the key enzymes in

catalysis are conserved and the crystal structures are essentially superimposable ( 126.

(27). The cyclooxygenase reaction requires a hydroperoxide to initiate catalysis. which

is provided by the peroxidase site of the enzyme. as follows ( 131 ). Oxidation of the heme

group of PGHS by a hydroperoxide yiclds a peroxidasc intermediate. which in tum

oxidizes a neighbouring tyrosine (Y) rcsidue. The cyclooxygcna'ie then proceeds with

the rate-limiting abstraction by this oxidized Y of hydrogen from carbon 13 of AA to

yield an arachidonyl radical. followed by sequential oxygen additions at carbons Il and

15. yielding PGG:> Peroxidase activity generates PGH! with the reduction of the 15­

hydroperoxide group of PGG:! to an alcohol. Since cyclooxygenase activity of bath

isozymes can be inhibited by aspirin and other NSAIDS (12) leaving the peroxidasc

activity unaffected. the two catalytic sites for each enzynle are structurally and

functional1y distinct.

The c1assic NSAIDs nan-selectively inhibit bath PGHS isoforms (132). and are

effective anti-inflammatory agents but have also been linked to ulcerogenesis in many

NSAID users. The minimization of the inflammation resulting from PGHS-2 activity

without the ulcerogenic effects that occur due to PGHS-l inhibition is the rationalc

behind the development of inhibitors which are selective for PGHS-2 (133, 134. 135~

(36). Two amino acid substitutions are apparent when comparing the catalytic sites and

the immediately adjacent residues betwccn the two isozymes. namely 1 in PGHS-l at

positions 434 and 523 for V in PGHS-2 at relative positions 420 and 509. Mutational

analyses and the use of selective PGHS-2 inhibitors have shawn that biochemical

differences between PGHS-l and -2 are attributed tO these two substitutions (136, 137).

Aspirin irreversibly acetylates the COX site of the PGHSs while other NSAIDs, such as

ibuprofen or indomethacin, impan their reversible or irrevcrsible inhibition by competing

with AA for this site. Interestingly, acetylation by aspirin of PGHS-2 at 5516 renders a

change in enzyme activitY, since subsequent oxidization of AA results in the formation of

15-HETE. However, aspirin acetylation of PGHS-I at the analogous S. position 530,

13



•

•

n:nJers the enzyme inactive (138). Another residue of intercst is R 120 in PGHS-l (R 106

in PGHS-2) whieh aets as the cOllnterion for carboxylate-containing compounds. slieh as

:\A and the non-selective NSAIDs ( 139 l. Lastly. in tenns of catalysis. PGHS aetivity is

govcrncJ by suicide inactivation. where cyclooxygenase activity is limited not by product

inhibition but by a mechanistic inactivation of the enzyme ( (40) which may result from

an intramolecular cross-linking reaction (126).

PGHS-I and -2 contain membrane binding domains that are thought to

interdigitate with a single lcatlct of the lipid bilaycr ( (31). Bath isozymes are targeted to

the endoplasmic reticulum (ER) (141. 142) by an ER retention signal. which is encoded

by the temlinal4 amino acids in each case (143). However. PGHS-2 is also localized to

the nuclear membrane (144). Based on this differentiallocalization. independent

prostanoid biosynthetic systems have been hypothesized (132). PGHS-I. as part of the

ER biosynthetic system. forms prostanoids for extracclllliar purposes that function

through cell-surface GPCRs. PGHS-2. insofar as it is similarly localized. would support

PGHS-l in this raie. However. PGHS-2 localized ta the nuclear membrane would

perhaps form prostanoids as part of a nUclear biosynthetic system for nuclear targets

involved in cell differentiation and replication. The (Wo PGHS isoforms have been

shown to utilize different pools of AA (145) and different phospholipase systems (146).

This. in addition to recent work with PGE2 and metabolites of PGD2 (discussed below).

lends support to the notion of nuclear raies for prostanoids.

TypicaIly. PGHS-l can be detected in most tissues and in cultured eells it is

expressed at constant levels throughout the cell cycle (132). Thus, PGHS-I has been

classically referred ta as the constitutive enzyme. On the contrary, PGHS-2 is

undetectable in most mammalian tissues. but ilS expression can be induced rapidly (2-6 h)

in a variety of ceUs, including fibroblasts (147), endothelial ceUs (124), monocytes (148)

and ovarian foUicles (149). Regulation of PGHS-2 expression cao he transcriptional

( 150) or post-translational (151). However, the classification of PGHS-I and PGHS-2 as

constitutive and inducible, respectively, is misleading since regulation of PGHS-l

expression [for instance, during development (152)] and constitutive expression of

PGHS-2 [for instance, in brain (153)] has also been demonstrated.
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The widely constitutive expression of PGHS-l would suggest that it functions to

maintain homeostasis. In the vascular system. PGHS-I accomplishes this in platelets by

pro\"iding precursors for the synthesis of thromboxane (a vasoconstrietor) and in

endothelial cells by providing substrate for the synthesis of prostacyclin (a vasodilator)

(154). PGHS-I also regulates local vascular homcostasis in the compromised kidney and

the stonlach through compensatory vasodilation. and blockage of these systems by

NSAIDs produces ischemia (155. 156). Products of this isozyme are also active in the

brain. where they modulate complex integrative funetions (153. 157) and in the uterus

( 158) where they function in early prcgnaney. As mentioned previously. under sorne

circumstances PGHS-l is induced. An example of this occurs during the various stages

of monocyte/macrophage differentiation and is driven by phorbol ester (159. 160).

ln contrast. the indueible expression of PGHS-2 implies a more reaetionary role.

such as in inflammation. Thus. PGHS-2 upregulation occurs in response to salt

deprivation (161) and salt reabsorption (162) in the kidney, and for parturition (158) in

the uterus. In the brain. PGHS-2 levels are modulated by neural aetivity (153). by LPS to

produce fevcr ( 163). and in response to intlammatory insuIt in the spinal cord (164).

Emerging tields of study include those investigating raies for PGHS-2 in apoptosis (165).

Alzheimer' s disease ( 166) and cancer. PGHS-2 appears to be most prevalent in

coIoreetai cancer ( 167). although its increased expression has also been associated with

other cancers (168. 169). In a mouse model of familial adenomatous polyposis (fAP). a

condition characterized by the progression of colorectal polyps to tumours, inhibition of

PGHS-2 by selective inhibitors or genetic disruption markedly reduced the number of

polyps present (170. 171).

Studies addressing the genetic disruption or "knockout" of PGHS-l (PGHS-l-/-)

( 172) and PGHS-2 (PGHS-2-/-) (173, 174) often give markedly unexpected results,

relative to what has previously been deseribed. PGHS-l-/- mice demonstrated

unresponsive platelets following AA challenge and no renaJ pathology, as would be

expected. However, these mice had no gastric or intestinal ulcerogenesis, relative to WT

mice, suggesting the presence of compensatory cytoprotective mechanisms in the PGHS­

1-/- mice. Likewise, femate PGHS-2-/- mice demonstrated anovulation and were

infertile, as might he presumed. However, responses to acute inflammation induced by
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AA or phorbol ~stcr in PGHS-2-/- mice were unchanged from \\'T control mice. These

results highlighl the caution requircd when interprcting results from studies of gcnctic

disruption.
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1.3 Prostanoids

1.3.1. Chemistr~·. bios)'nthesis and metabolism

The prostanoids are derivalives of 2Ü-carbon polyunsaturated fauy acid

precursors. containing 2 aliphatic side chains and a cyclopentane ring. The primary PGs

(including the relatcd compound. prostacyclin) are individually designated A-1. based

upon substitutions on the ring portion of their structure. PGA. PGB. and PGC are

unsaturated ketoncs that arise non-enzymatically l'rom PGE during extraction. and are not

thought to occur in dvo. PGD and PGE are hydroxy ketones. and PGFa is a dio!. The

subscript (cr or ~) is added to the F series of PGs to indicate the spatial position of the

hydroxyl group on C-9 of the cyclopentaIle ring. PGG and PGI-I arc cyc1ic

endoperoxide~. PGI is not a PG. but rather a PG-like prostanoid called prostacyclin. and

is characterized by having a second ring structure attached to the cyclopentane ring

common to the PGs. Thromboxanes are also PG-like prostanoids. but contain a six­

membcred oxanc ring instead of the cyclopentane ring of the PGs. AlI prostanoids

possess an a-hydroxyl at C-15 and a site of unsaturation between C-13 and C-14. As

mcntioned previously. AA is the predominant mammalian EFA and gencrates

prostanoids of the 2-series. The metabolism of PGH! is the first committed step in the

production of each of the primary bioactive prostanoids and occurs by way of individual

synthesizing enzymes. or synthascs (16).

There are currently three known PGO synthases (PGDSs), or enzymes that

catalyze the conversion of PGH2 to PGD:!; namely: i) glutathione (GSH)-independent

PGO synthase (GSH-I-PGDS) (also called brain-type PGDS) (175), ii) GSH-dependent

PGD synthase (GSH-O-PGDS) (also called spleen-type PGDS) (176). and iii) aSH S­

transferase (GST) (177). In addition, serum albumin is known to catalyze this conversion

(178). GSH-I-PGDS is active in the presence of various sultbydryl compounds (for

instance, ~-mercaptoethano1).and does not specifically require GSH for catalysis (179).

The human GSH-I-PGDS was cloned as a 27 kDa protein from brain. and sequence

analysis revealed homology to the lipocalins, a superfamily of small secretory proteins
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(for instance. r~tinol-binding protein l that aIl bind and transport lipophilic molecules

(180L Thus. this protein is often rcferrcd to as the lipocalin type (L)-PGOS. The

distribution of L-PGOS rnRNA and protein has been studied (181. 182). III situ

hybridization of rat brain revealed the mRNA ta be highly expressed in the

lcptomeninges uhe membranes envcloping the brain and spinal cord) and choroid plexus.

Both rnRNA and protein corresponding to L-PGDS are localized to oligodendrocytes. the

glial cel1s responsible for axonal myelination. However. the highest L-PGOS activity is

reported in the cercbrospinal tluid (CSF). H~re. it is catalytically and immunologically

identical to a protein that is present in large amounts whose function was previously

unknown. cal1cd ~-trace (183). Indeed. L-PGDS is a bifunctional protein that transports

retinoids in addition to its PGD synthase activity ( 184). Its expression has becn

demonstrated in the normal human heart. as has its secretion from the stenotic sites and

its accumulation in the coronary circulation of anginic patients (185). Genctic disruption

of L-PGOS has implicated it in the regulation of allodynia (touch-evoked pain) mediated

by PGE l - and gamma-aminobutyric acid (GABA) A receptors (186). GSH-D-PGDS. the

second type of PGDS. is similar in size (16 kDal to L-PGDS. but in contrast has an

absolute requircmcnl of GSH for catalytic activity. This isozyme's wide distribution

throughout peripheral tissues [including spleen (from where it wali puritïed in the rat).

thymus. bone marrow. digestive tract, mast ecUs. antigen-presenting cclls] has led to the

prediction that it functions in immune and allergie responses (187. 188). Since GSH-D­

PGDS can also mediate GST activity. it is considered a member of the GST family of

enzymes (189). Both the cloning and crystal structure detennination of rat GSH-D­

pons have recently been reported (190). This enzyme is the first vertebrate member of

the sigma class of the GSTs. Other GSTs and serum albumin, independently. can also

convert of PGH l to PGD:!. However, the major products of the metabolism of PGHz by

GST are PGE:! and PGF:!a, rather than PGD! (177). The biosynthesis of PGO! by serum

albumin in platelet-rich plasma requires no co-factors but is reportedly very low (191).

The calalysis of PGH! to PGE! occurs via PGE synthase (PGES), of which 2

human isoforms have been purified from human cerebrum (192). These enzymes

demonstrated GST activity. As mentioned previously, sorne GSTs rnay also contribute to

the formation of PGE2 in vivo. It has been suggested from studies of rat PGES that GSH-
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lit:pend~nt and -independent isoforms are in existence ( 193). Recently. a GSH-dependent

form of human PGES has been identitied ( 194). This ~nzyme is membrane bound and is

induced by IL-l p.

PGF synthase (PGFS) is a dual functioning enzyme that catalyzes the reduction oi

PGD:! to 9a.ll p-PGF2 (a stereoisom~rof PGF2(1) and of PGH2 (0 PGF2a (195) at t\Vo

distinct sites. It requires NADPH as a cofactor and reduces various other carbonyl

compounds at the PGD2 site (196). Two cDNA subtypes of PGFS have been cloned l'rom

bovine lung ( 197) and livcr ( 198). The lung-type PGFS is also found in spleen. kidney

and adrenal cortex (199). The liver-type PGFS differs by eleven nucleotides from the

lung-type PGFS and has different Km values for PGD2 ( 10 J.1M and 120JlM.

respectively). Sequence analysis of the liver-type PGFS suggests that it is a member of

the aldoketo reductase supcrfamily (others includc hum~n liver aldehyde rcduc:tase. frog

p-crystallin) (200). Recently. the amino acid sequence of liver-type PGFS has becn

shawn to be identical to another human liver enzyme, isozyme 3 of the dihydrodiol

dehydrogenase family (201 ).

Concurrent but independent investigations into the mechanisrns of PGh (202) and

TXA2 (203) synthesis led to the suggestion that the enzymes responsible for catalysis are

analogous to P450 monooxygenases. Subsequent purification and cDNA c10ning of the

PGh (204. 205) and TXA2 (206, 207) isomerases verified these predictions. PGI

synthase (PGIS) and TXA synthase (TXAS) are both membrane-bound proteins. contain

the heme-thiolate catalytic site and other structural motifs that are characteristic of the

P450 family. and exhibit the same spectroscopic properties. Neither synthase has greater

than 16% sequence identity to any other P450 enzymes or to each other. Thus each

constitutes its own subfamily, designated CYPS and CYP5 for PGIS and TXAS,

respectively. Human PGIS \Vas cloned from aortic endothelial cells, but has a wide tissue

expression including ovary. heart, skeletal muscle, lung and prostate (208). Recently,

PGIS deficiency was noted in patients with severe pulmonary hypertension (209) and

PGIS overexpression protected against the development of hypoxic pulmonary

hypertension in a transgenic mouse model (210). TXAS is responsible for the production

of TXA2 from PGH2but yields 50-70% of its total products as compounds other than

TXA! (specifically. malondialdehyde and hydroxyheptadecatrienoic acid) for unknown
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reasons (21 Il. There arc actually (WO isoforms of the human TXAS enzyme. generatcd

by alternati\"~ splicing of the gene (207). Human TXAS was cloned from platclets. but is

also particularly abundant in peripheral blood leukocytes. spleen. lung. and liver (212).

The TXAS gene is \veII-characterized and appears to be highly regulated (211 ).

Because of their biological potency. PGs nlust be efficiently inactivated and most

tissues contain systems for their metabolic degradation. The prostanoids are quickly

metabolizcd (tll:! < 5 min) and the primary PGs (PGD2• PGE2• PGF2a ) are highly

extracted by the lungs after a single pass (213). The methyl end (P) side chain is usually

metabolized first by conversion of the C-15 hydroxyl group to a keto moiety [by 15­

hydroxy-PG dehydrogenase ( 15-0H-PGOH)] and enzymatic saturation of the ~13 site.

greatly decreasing the biologica! acüvity of the molecu!e {2!4). Other pathw41Ys of

degradation include P- and {t}-oxidation (which result in the shortening of the carbon

chains) and spontaneous degradation reactions. There are often considerable species­

specitïc differences observed in the metabolism of a given prostanoid.

The metabolic fate of PG02 is complicated compared to its synthesis and involves

numerous pathways which often interconnect. One such route is its conversion to the

unstable intcrmediate. 15-keto PGO!. by the 15-0H-PGDH mentioned previously and

subsequent metabolism by an NAOPH-linked ~13-reductase to 13.14-dihydro-15-keto­

PGO!. The final products of this pathway are found in the urine as extensively P- and Cl}­

oxidized metabolites of 13, 14-dihydro-15-keto-PG02• However. the major products of

PG02 metabolism in humans are PGF2 ring derivatives (215) and predominantly include

9a.ll p-PGF2• catalyzed by PGFS as previously described. A third pathway of PG02

metabolism has been described which involves (3-oxidation. or ro-and then p-oxidation, to

produce dinor- and tetranor-PG01• or dicarboxylic acid and its derivatives, respectively

(216). Altematively. a fourth route of metabolism is the non-enzymatic conversion of

PGO:! to 9-deoxy-PG02 (PGJ2), which is further metabolized in the presence of serum

albumin to ~12_pGJ2 and its metabolites (217. 218). The non-enzymatic conversion of

PG02 to metabolites other than PGJ2 has been descrihed (219). Sorne of the products of

PG02 metabolism are biologically active, as will he discussed.
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Th~ metabolism of PGE2 is similar to PGD2 in that 13.14-dihydro-15-keto

mètabolitcs accumulatc in the blood \\'ith ~- and w-oxidation products subscquently

found in the urine (220). An altematc pathway involves the reduction of the 9-kcto group

into F-seri~s compounds. whcre the orientation (a or ~) is spccies-specific (220). The

non-enzymatic conversion of PGE2 to dehydration products (PGA2. PGB:d is thought be

an artifact of tissue processing. and obstructed auempts to use the unstable metabolite

13.14-dihydro-15-keto-PGE2 as an indicator of in vi~'o PGE2 release (221 ).

The metabolism of PGF2fI to the 13.14-dihydro-15-keto mctabolite is followed by

various rounds of 13- and oo-oxidation to produce dinor and tetranor species (220). In

humans. a predominant pathway of inactivation is the deoxygenation of C-15 (222). The

end products excreted into the urine are tetranor compounds. the identity of which is

species-specific. Another metabolic fate cf PGF2u i:; dchydrogenation of the 9a.-hydroxyl

to mctabolites resembling the E-series. however humans do not use this pathway (220).

PGb is quickly (t1/2 =2 min) and non-cnzymalically convcrted to 6-keto-PGF[ ;,Z

V;\·o (223). Prominent pathways of 6-kelo-PGF I metabolism include 13- and oo-oxidation

and 15-0H-PGDH with L\13-reductase. As weIl. biliary excretion metabolites are

commonly observed. while dehydrogcnation at C-15 oceurs infrequently (223). The lung

does not take up PGb. unlike the primary PGs. Blood vessel walls and the kidney exhibit

a high capacity for PGh metabolism (223).

Because of its chemically instability. TXAz is '.'ery quickly (t1/2 < 1 min)

hydrolyzed to TXB2 which is more chemieally stable than the parent compound but Jacks

biological activity. In turn. TXB2 can be metabolized by 2 major pathways: ~-oxidation

or dehydrogenation at C-ll, in the formation of 2.3-dinor-TXB2 and Il-dehydro TXB2,

respectively (224). In addition. 13,14-dihydro-15-keto metabolites have becn observed in

the circulation (225).
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1.3.2. Release. transport, and transcellular metabolism

Prostanoids arc not ston~d following thcir synthesis but arc instead relcascd

immcdiatcly (226). The spccitïcity with which thcir production is controllcd occurs at

multiple levels in the AA cascade by numerous effectors. and depen·Js on the species. cell

type and (patho )physiological state of the system undcr observation. For instance.

increases in intracellular cyclic AMP inhibit PG synthesis in cultured endothelial or renal

tubular cells. In contrast. cyclic AMP stimulates the production of PGs in tïbroblasts.

neuroblastoma and glioma ceUs (227). Similarly. in rat kidney glomeruli angiotensin Il

(ATH) principaUy stimulates the production of PGE:! and PGF:!th while in human

glomeruli ATH activates the predominant synthesis of PGb. This exquisite control over

prostanoid biosynthesis precludes an exhaustive list of the different regulators of

prostanoid release in every different physiological setting. Rather. the different levels of

control and sorne of the pertinent regulators at each level will be emphasized.

Regulating the liberation of AA and/or its conversion to the bioactive prostanoids

can control prostanoid release. As previously mentioned. the control of the intracellular

levels of AA is an important site of regulation and is a balance between PLA:!-mediatcd

liberation and acyl CoA synthetase-mediated reacylation. cPLA2 is dependent on

calcium for substrate binding and fluxes in calcium are known to activate the enzyme

leading to increased prostanoid production (63). This is the mechanism by which many

extracellular receptor agonists [including ATH. ATP, bradykinin (BK), histamine and

thrombin] are thought to stimulate prostanoid production, in blood vessels for example

(228). This augmentation in activity is usually short-lived. over a period of seconds to

minutes. ln a similar (but calcium-independent) manner, the angiogenic protein

angiogenin activates PLC to produce PGh (229). Altematively. cytokine-facilitated

regulation of cPLA2 activity has been observed at the translationallevel. such as in

amnionic cells by IL-l ~ (230) and TNFa (231 ).

Theoretically. control of AA conversion to the bioactive prostanoids can occur

through regulation of PGHS or prostanoid synthase activity. Of the two forms of PGHS,

the constitutive type 1 and the inducible type 2, the latter is subject to much more

regulation. The rapid induction of PGHS-2 by cytokines, growth factors. and other
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mitogcnic factors occurs ovcr a pcriod of haurs (232). Accumulation of PGHS-2 mRNA

transcripts is obscrvcd in response ta tumour promoters. oncogcnc expression and growth

factors in tïbroblasts: fallowing depalarization in neurons: in responsc to intlammatory

cytokines in macrophages. cndothelial and epithclial cells: following aggregation of IgE

receptors in mast cells~ and in response to hormones in mcsangial ccUs. osteoblasts. and

granulosa cclls (233). Inducers in these cell types include LPS. IL-I p. EGF. PDGF. INF­

y. TNF-a. PTH. IL-3 and IL-IO. to name only a few. The inducers transduce thcir signais

via pathways (PKC. PKA. JAK-STAT. and others) which are downstream of tyrosine

kinase rcccptors and GPCRs. The typically anti-intlammatory cytokines such as IL-4.

IL-IO. IL-13. and TGF-p gi ve mixed results, inhibiting PG production in sorne cells and

stimulating it in others (234). Analysis of the promoter region of PGHS-2 demonstrates

the presence of multiple clements (AP-I. NF-KB, and others) which regulatc the nuclear

expression of PGHS-2. Glucocorticoids block this induction of PGHS-2 mRNA. Post­

transcriplional regulation can also occur, as observed in amnionic ceUs in response to

TNF-a (235). For the most part, PGHS-I is not induced by these mechanisms. An

increase in prostanoid synthesis through this enzyme occurs largely due to a modulation

in substrate levels. such as by an increase in PLA:! activity (228). Howcver. induction of

PGHS-l with subsequent prostanoid (PGDÜ production has becn observed by IL-3 and is

enhanced with the inclusion of IL-9 or IL-IO (234). Much less is known about the

regulation of the prostanoid-specific synthases.

Olher factors such as mechanical stress (236), dietary influences (237), competing

eicosanoid synthetic pathways (HETEs, for instance) (83) and prostanoids themselves

(238) can also regulate prostanoid biosynthesis. As weil, prostanoid biosyntheses can he

aItered under pathophysiologicaI conditions (atherosderosis, diabetes, and ischemia, for

instance) (228).

Prostanoid catabolism regulates prostanoid activity rather than release. Both

TNF-a and IL-~ can promote a decrease in mRNA for 15-0H-PGDH, the enzyme

responsible for generating the biologically inactive lS-keto metabolites of the

prostanoids, thus prolonging the biological effects (239) .
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B~ing fatty acid deri vatives. one might assume that prostanoids are highly

membrane permeant. howevcr this is not the case. Prostanoids are organic anions (pK;! =
5) that exist as charged spccics al physiological pH. Indeed. rabbil erythrocytcs are

relati\'cly Impermeable to the influx of various radiolabeled prostanoids (PGE J • PGE2.

PGF!a. PGI!. 6-keto-PGF\u. and TXB!) (240). A similar impermeability la

transmembranous PG transport (intlux and efflux) has been observed using different

types of cells. both native (Xenopus oocyles) and cultured (HeLa. canine kidney).

Dcspite these observations. t\Vo Iines of evidence arc suggestive of PG transport. As

discussed previously. the discovery of the twa PGHS isoforms led to the suggestion of

two indepcndcnt prostanoid biosynthetic systems. The ER-bound PGHS-l synthesizes

prostanoids that eventually function in an autocrine or paracrine fashion through

extracclluJar cell-surface receptors while PGHS-2. which is bound to both the ER and

nuclear membranes. generates prostanoids that augment PGHS-l activity and target the

nuclear membrane (126). Extracellular activities mediated by prostanoids require their

efflux across the plasma membrane. Following their extracellular activity. the

prostanoids are subjcct to metabolism in order to abrogate any further effects.

~Ietabolism by 15-0H-PGDH occurs in the tissues but not in the blood or plasma of

multiple species including humans (213. 241). Therefore. the intracellular oxidative

inactivation of prostanoids following their extracellular activation of cell-surface

receptors necessitates their influx across the plasma membrane.

The transport of prostanoids by the lung is a well-characterized phenomenon. with

the single-pass clearance of PGE 1• PGE1. PGD2. and PGF2a, but not PGh following their

infusion (213. 242. 243. 244. 245). The structural requirements for PG uptake in the rat

lung have been elucidated: a carboxyl moiety at C-l, a hydroxyl group in the S­

configuration at C-15. an oxygen group at C-ll. and a site of unsaturation between C-13

and C-14 (246). In addition, compounds which inhibit the pulmonary clearance of PGs

have becn identified, namely indocyanine green (lCG) (247) and bromocresol green

(BCG) (248). The predominant metabolites produced followiog pulmonary PG infusion

are 15-keto PGs and 13.14-dihydro 15-keto PGs (249). The pulmonary carrier

mechanism appears to facilitate eotry of the bioactive PGs but not their metabolites (245,

249). Transport of PGs has also beeo demonstrated in other tissues such as liver (250)
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and kidney (251). In hepatocytes. the uptake of PGs is followcd by their metabolism by

the P450 system (252). Renal uptakc of PGE2 occurs basolaterally in the proximal

straight tubule. after which POE:! or its metabolites are secrcted into the lumen (253).

Not aIl tissues that transport prostanoids metabolize them. For instance. a carrier in the

ciliary process removes PGs From the vitreous body and postcrior chamber (254). The

transport of PGF:!a from the cerebrospinal fluid to the venous blood (254) by a putative

choroid plexus transporter is another example of this. In these tissues. carriers are

thought to eftlux PGs into the circulation for uptake and metabolism by other tissues

(241 ).

Carriers with various affinities towards the prostanoids have been identified.

Fatty acid binding proteins (FABPs) are a multigene family of cytoplasmic Iipid binding

proteins with a marked affinity towards long-chain fany acids and their derivatives (255).

Tissue-specifie isoforms of these proteins exist. and the liver {L)-FABP isofonn has an

affinity of 40 nM for PGE, (256). Howcver. L-FABP is unable to bind other prostanoids

such as POE:! and TXB:! (257). Therefore. although FABPs may he important in AA

transport they are unable ta facilitate the transport of prostanoids. Subsequently.

unrelated work that recognized homology betwcen an organic anion transporter protein

(oatp) and another rat (r) protein (matrin FIG) led to the identification of the latter as the

first PO transporter (PGT) (258). Modeling and hydropathy analysis of rPGT suggest

that it is a member of the 12-span family of transporter proteins (241). rPOT

demonstrates a substrate specificity (PGE, == PGE:! == PGF2a >TXB2 »6-keto POFla ==

iloprost (PGh analogue) (258» which is remarkably similar to the rank order of rat

pulmonary prostanoid clearance (PGEt == PGE:! == PGF2a >TXB2> PGh) (213. 242. 243).

The measured affinities of rPGT for the prostanoids (Km = 50-95 nM for POE I , PGE:!.

and PGF2a; Km =400 nM for TXBû are physiologically relevant (259). and the structural

determinants needed for uptake agree with those dcscribed previously (246). In addition.

rPOT has marked affinity for the isoprostanes 8-IsoP-Ez (62 nM) and 8-IsoP-f2a (177

nM) (260). Both a cDNA (261) and a gene (241) have been c10ned which correspond to

human (h)PGT. The hPGT gene is:::: 100 kb and is broadly expressed as multiple

transeripts whose sizes are tissue-specifie. suggestive of variable regulation (perhaps by

alternative splicing or tissue-specifie promoters). Sequence alignments identifying the
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conservation of 3 chargcd rcsiducs (E77. R561. K61~) bctwecn rPGT. hPGT. and

mcmbcrs of the organic anionic transporter family suggest a relative importance of thcse

residues in structure and/or function (241). ResuIts from the use of chemical moditïers

[anionic transport inhibitors. such as Na-(2-sulfonatoethyl) methanethiosulfonate

(rvlTSES) (2~1). and amino acid modifying agents. such as lysine-specifie trinitrobenzene

sulfonic acid (TNBS) (241)] as well as site-directed mutagenesis of the cationic residues

R561 and K614 (241) are highly suggestive of PGT acting as an anionie transporter.

Sorne of the cornpounds previously identitïed to inhibit tissue prostanoid transport ((CG.

BCG) inhibit the cloned PGTs. Howevcr. the observation that indomethacin and

probcnicid inhibit prostanoid transport by both of the PGTs. but are without effect on

tissue prostanoid transport (258. 261 ). suggests that other PGTs have yet to be

discovered.

Transcellular metabolism. the transfer of both substratc and enzynlcs between

cells. can occur in the biosynthesis of prostanoids. The recent work of Reddy &

Hcrschman (145) identified distinct intracellular and transcellular pathways of PG

synthcsis. in co-cultivations of fibroblasts and mast cells. For the intracellular route.

ligand-activated intracellular phospholipases (such as cPLA2) release AA that is

converted to PGH2 by PGHS-2. following PGHS-2 gene expression. The AA is not

available to PGHS-l. suggesting compartmentalization of the substrate or the enzymes.

The transcellular route involves the extracellular activities of sPLA2. Release of sPLA2

from proximal activated mast cells allows it to release AA in distal fibroblasts which is

metabolized by PGHS-l in the transcellular production of PGE2• The investigators were

careful to show that in this transcellular system it is the sPLA2enzyme. and not the AA

substrate. which is the transcellular mediator. However. elegant studies with co­

cultivated alveolar epithelial ceUs and macrophages differentially radiolabeled with

[
14C]AA and eH]AA. respectively. demonstrate that AA can also he the transcellular

factor (262). In this system. epithelial cells and macrophages exclusively synthesize

PGHS products (PGE2 and PGh> and 5-Lû products (LTB4 and 5-HETE). respectively.

A23187 (calcium ionophore) stimulation favoured the transcellular tlow of AA. since it

promoted an increase in the measurable amount of eH]-labeled prostanoids and [t4C]_
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labded 5-LO mt:tabolites. As wdl. enzyme inhibitors (indomethacin inhibits PGHS. MK

886 inhibits 5-LO) \Vere employed to demonstratt: the transcellular shunting of AA from

an inhibited oxygenation pathway [0 an uninhibited one. This work is preceded by the

observation of transcellular prostanoid metabolism in the vascular system (263). Here.

TXA2 and PGr:. are exclusively produced by p[atelets and endothelial cells. respectively.

Endoperoxides generated by platelets that had been stimulated with thrombin. collagen or

A23187 could restore the capacity of aspirin-treated human umbilical vein endothelial

ceUs (HUVECs) to sl'nthesize PGI2. The reverse has recently been shown (264). where

the rcstoration of TX production bl' aspirin-treatcd platelets was shown to follow the

stimulation of endothelial cells bl' thrombin. ln this case. the instabilitl' of the

transcellular mediator suggested that it was PGH2. as did its recognition bl' PGH2­

specifie antibodies. There are additional reports of platelet-endothelial transcellular

prostanoid metabolism (265. 266). The prospect of transcellular prostanoid biosynthesis

is not unexpccted in Iight of the substantial literature docurncnting the transcellular

production of the related eicosanoids. the LTs (267. 268) .
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1.3.3. Physiological and pathoph~'siologicaletTects

The bioactivc prostanoids facilitate a diverse numbcr of physiological and

pathophysiological effects in various systems. These effects arc sornetimes subject to

spccies specificity or can be due to receptor cross-reactivity. PGD2 is associated with

pronounced vasodilation but can also mediate the relaxation of gastrointestinal.

respiratory. and reproductive smooth muscle (269, 270). In contrast. sorne smooth

muscle contractility has been observed (i.e. bronchoconstriction) upon PGD2 challenge

(271. 272). Platelet aggregation and shape change are both potently inhibited by PGD::!

(269). In the liver parenchyma. PGD:! stimulates glycogenolysis (272). It is the most

abundant prostanoid in the brain (273) and a number of PGD2-mediated neurornodulatory

effects in the CNS have been described such as sleep induction. hormone rclease.

inhibition of sympathetic neurotransrnitter release and the rcgulation of pain responses

(272. 274}. Systemic mastocytosis is a pathology characterized by excessive

proliferation of tissue mast cells and extremely high plasma and urine levels of PGD:!,

and is associated with various symptorns including tachycardia and life-threatening

hypotension (274). Elevated PGD:! levels may also induce or facilitate allergic responses

such as skin reactions. asthrna. allergie rhinitis and anaphylaxis. Sorne of the PGD::!

metabolites (1-series) exhibit anti-neoplastic effects.

In contrast to other prostanoids. PGE:! can mediate seemingly contradictory

biological actions within a given tissue or ceU type. As will be discussed later. this is due

to the existence of multiple receptor subtypes with opposing signal transduction pathways

that are often coexpressed. PGE:! can cause contraction or relaxation of vascular and

non-vascular smooth muscle (269. 275). The non-vascular smooth muscle effected by

PGE::! includes gastrointestinal, respiratory, reproductive, urinary, and that in the eye.

Inhibition and enhancement of neurotransmitter release result from application of PGE!,

as does the activation of neuronal depolarization (269, 276). At low concentrations,

PGE! can cause platelet aggregation (277). In the kidney PGE! decreases vasopressin­

induced sodium, and both increases and decreases water reabsorption (275). PGE! can

stimulate the secretion of aqueous humour and the reduction of intraocular pressure in the

eye (269). In vitro, POE:! bas been shown to stimulate bone resorption (278). The
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inhibition of gastric acid secretion. the enhancement of inle.:stinal sccretion~ and the

inhibition of intestinal Na· absorption rcsult from PGE:! administration (279. 280).

Numerous pathophysiologies are also exhibited by PGE:! (269. 275). Hypeœmia.

intlammation. and edema have.: ail becn associated with PGE:!. As well. it can modulatc

hyperalgesia. hypoalgesia. and pyrexia. In the immune system. a number of opposing

roles have becn documented for PGE:! on B cclls. natural killcr cells and macrophages.

An increased scnsitivity of lymphocytes to PGE:! has been noted \Vith age. Contradictory

actions of PGE:! have aiso been noted in cancer and bone metabolisrn. PGE:! is elevated

in the urine of patients with sorne renal disease (systemic lupus erythematosus).

contributes to various aspects of asthma (upper airway irritancy. mucous secretion). and

can cause migraine.

Relative to PGE:!. the biological activity mediated by PGF:!a is much more

discrete. PGF:u mediates vascular smooth muscle contraction and. more predominantly.

non-vascular smooth muscle contraction (269). It causes potent bronchoconstriction

(281) and contraction of male and female reproductive non-va~cularsmooth muscle (269.

282). The contractile effect of PGF:a on the sphincter muscle in the eye promotes

uveosclerai outflow and rcduces intraocular pressure. and is \\"ell documented (269).

Roles for PGF2u are aIso weB substantiated in the reproductive system where its release

from the endometrium is dependent on oxytocin. In the absence of pregnancy PGF2u

stimulates luteolysis. and during pregnancy it augments the myometrial contractions

necessary for parturition (283). The most prevalent pathophysiology associated with

PGF2u is hyperalgesia. although ilS role is unclear since it may aise induee hypoalgesia

(269).

The primary physiologicai role of PGh is the vasodilation of arteriai smooth

muscle (269. 284). PGh can aIso inhibit sympathetic neurotransmiller release in the

heart (269) and ean enhance non-adrenergic non-cholinergie (NANC) transmitter release

from enteric neurons (285). The ability of PGh to inhibit piatelet aggregation and shape

change is weil characterized (269. 285). In addition to its vasodilatory role, PGh

regulates reoin release, diuresis and glomerular filtration rate in the kidney (269, 284).

80th gastric and intestinal secretions are enhanced by PGh (269). The pathologies

associated with PGh-mediated activity include hyperemia and hyPeralgesia (269). The
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dev:.lted levds of PGb observccJ under conditions of ischemia and rcnal pathology arc

thought to be protective.

The role best docurnented for TXA2 is in the vascular system where it causes

smooth muscle contraction to balance PGh-rnediated vasodilation (269. 286). However.

it also mediates gastrointestinal. respiratory and reproductive smooth muscle contraction

as weil as that in the eye. TXA2 can stimulate neuronal excitation and parasympathetic

neurotransmittcr releasc (287). The potent stimulatory effects mediated by TXA2 on

platelet aggregation and shape change arc wdl documented (269.286). TXA2 may also

regulate gastric secretion (288). The primary pathologies associated \Vith TXAl are

thrombosis and occlusive vascular disease (269. 286). Ils vascular effects extend to

various renal pathologies where it compromises renal blood flow and glomerular

filtration rate. TXAl may balance the immunoregulatory functions of PGE2• There is

also a clear role for TXA2-mcdiated bronchoconstriction in asthma.
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1.3.4. Prostanoids in gastrointestinal physiology and pathoph}·siolog}·

Prostanoid-mediated activity in the gastrointestinal (GI) tract received much

attention when it \vas suggested that PG biosynthesis was inhibited by aspirin and

stimulated by cholera taxin. causing gastric mucosal damage and diarrhea. respectively

( 12. 289). In face these landmark reports \Vere preceded by observations of the

antisecretory and antiulcer actions of the E-type PGs (290. 291). ft is now appreciated

that the prostanoids mediate various effects in the GI tract. both physiological (i.e.

secretion and motility) and pathophysiological (i.e. ulceration. colitis and neoplasia).

Numerous studies have identified PGE2, PGh. PGF2u• and TXA2 as the

predominant prostanoids synthesized in the GI tract (292. 293. 294). Although the

precise cells that produce the prostanoids hcre rernain to be established. contributions arc

expected l'rom both vascular (i.e. leukocytc. platelet. endothelial) and non-vascular (i.e.

epithelial. sub-epitheliaI) components (294. 295, 296). These findings are supported by

studies documenting the G1expression of both PGHS-I and PGHS-2, under various

conditions. Constitutively. PGHS-l is present and PGHS-2 is absent throughout the GI

tract. at both the RNA (297) and protein (298) levels. However, PGHS-2 is upregulated

upon GI injury. such as during erosion or ulceration of the stomach (299) and

intlammation of the colon (300).

GI secretions (i.e. acid. bicarbonate, mucous) play a coordinated role that

balances the provision of a milieu conducive to the ingestion and absorption of nutrients

\Vith the protection of the organs responsible for perfonning these funetions. One of the

most significant observations of prostanoid-mediated activity in the GI tract is gastric

cytoprotection. an enhancement of the mucosal resistance to damage (301, 302). Damage

to the gastric or duodenal mucosa by chemical agents (NSAIDs. strong acid, strong

alkali, ethanol, and others), restraint, and even boiling water is redueed with prostanoid

pretreatment (294). PGE2 and PGF2a are reportedly the most abundant prostanoids

synthesized by the human gastric mueosa (303, 304). Suppression of endogenous

prostanoids can induce acid secretion and stable analogues ofhoth PGE2 and PGh can

reduce it (305.306. 307). Drug combinations of NSAIDs and POE! analogues (such as

ArthrotecTM, which contains diclofenac and misoprostol) are commercially available for
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the prevention of NSAIO-induccd gastric ulceration (308). In addition to suppressing

gastric acid. E-type PGs can also augment gastric bicarbonate (309) and mucin secretion

(310) ahhough the latter may be subject to inter-species variability. Putatively. the EP.;

receptor is responsible for the antisecretory and cytoprotcctive aspects of PGE:!. white

EP! is responsible for the diarrhea (311'. The E- and I-type PGs enhance mucosal blood

no\\.' (presumably through the EP2• EP-l and IP receptors). while NSAIOs and TXA:!

inhibit the vasodilation induced by these PGs leading to gastric erosion (312).

The effects of the prostanoids in the intestine have received less attention. and

there is marked variability among different species and different anatomic locations. PGs

of the E- and F-type act as intermediaries in the secretion of cr ion and are themselvcs

released in response to many stimulants. depending on the animal model (i.e. IL-land

serotonin. in chicken intestine and rat intestine. respectively) (313. 314. 315). PGO:! can

both inhibit and facilitate cr ion secretion. in rat colon and guinca-pig colon. respectively

(316. 317). The targets for this cr ion secretion may include enteric ncurons and

epithelial cclls (318). PGh and PGE:! can mediate cytoprotection by closing epithelial

tight junctions and thus restoring intestinal barrier function. following an ischemic insult

(319). PGEz is weil established as a secretagoguc of intestinal mucins. the high

molecular weight glycoproteins that impart the structural and functional propertics of

mucous (320. 321).

Prostanoids also regulate GI motility, the mixing and propulsion of luminal

contents that is essential for digestion. These effects are aJso subject to inter-species

variability. However, it has been repeatedly observed that PGE2 relaxes the lower

esophageaJ sphincter and PGF2a constricts it (296). In the small intestine and colon,

PGE2 contracts the longitudinal muscle and relaxes the circular muscle while PGF2a

contracts both muscle layers. Again, there is sorne anatomie variability in these

generalizations (296). PGD2 also mediates contraction in a species-specific manner

(274), however in human colon and stomach it had no effect (322).

The NSAID-induced inhibition of PGHS-l not only causes gastric ulceration. but

also upregulates PGHS-2 expression. The prostanoids synthesized by PGHS-2 may be

involved in the repair process of these lesions (323). Although there is no evidence for

prostanoids directly stimuJating gastrîc epithelial ceU growth. they may act indirectly
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through cytokines such as hepatocyte growth factor (HGF). HGF is an cstablished

growth factor for gastric epitheliai cells. The accelerated restitution of these cclls is

faeilitatcd by PGs but compictely inhibited by anti-HGF antibodics (324). Colitis is an

innammatory condition of the colonie mucosa. and is also associated \Vith an

upregulation in PGHS-2 expression (300). Prostanoids are thought to be involved in the

repair process of colitis since PGHS-2 inhibitors cause exacerbation of this disease in a

rat model. In contrast to these bcneficial effeets. epidemiological studies suggest that

prostanoids may be involved in the pathogenesis of colorectal cancer. Colorectal cancer

mortality rates of persons taking NSAIDs are 40-50% lower than those not taking

NSAIDs (325. 326). These findings are funher supported by studies addressing the

efficacy of PGHS-2 inhibitors and the effect of PGHS-2-/- in mouse models of cancer

(i.e. familial adenomatous polyposis) (170. 327). However. a role for prostanoids in

colorectal cancer has recently been eonfirmed. as described previously. A decrease in the

number of preneoplastic lesions in EP1-/- mice relative to WT has been demonstrated.

using a mouse model of colon cancer (328). The same effect has been demonstrated with

a novel EPI antagonist in t\Vo different colon cancer mouse models. Thus. EPI

antagonists may be useful ehcmopreventive agents in colon carcinogenesis .
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IA.I.A. Classification and nomenclature

•

Early investigations into prostanoid-mediated biological activity suggested the

existence of prostanoid-specific receptors. even in the absence of direct evidence. Thus.

different prostanoids were observed to have different effects on a single cell type.

Additionally. the high potency of prostanoids (as low as 10. 11 M) couId be dramatically

reduced following slight chemical moditïcations (329), suggesting that their structural

recognition is implicit in the mediation of their biological activities (269). The earliest

evidence of a prostanoid receptor classification system is based on the differential effects

of PGE and PGF analogues on 3 isolated tissues (guinea pig uterus, human myometrium.

and rabbit jejunum) (330). Subsequent reports supported directly (331) or indirectly (332)

the existence of multiple receptor types. However. it was not until the work of Kennedy

et al (1982) that a working hypothesis of prostanoid receptor classification was proposed.

Using a comparison of the rank orders of agonist potency in a range of smooth

muscle preparations and prior evidence in the literature. these investigators hypothesized

the existence of distinct receptors for each of the bioactive prostanoids (333). Thus. a

finding in two or more different systems of similar relative potencies for a series of

agonists suggests that both systems contain the same type of receptor while different

relative potencies suggest the presence of a mixed receptor population (334, 335).

Specifically, the prostanoids PGD2, PGEz, PGF2a, PGh. and U-466 19 (a stable TXA2

analogue) were investigated for their contractile or relaxant effects on guinea-pig ileum,

guinea-pig fundus, dog fundus, chick ileum. cat trachea. dog iris, cat iris, rat aona,

guinea-pig lung and dog saphenous vein. The former 5 tissue preparations defined a

PGEz-sensitive group that exhibited very similar rank orders of agonist potency (PGE2 >

PGh == PGF2a > PGD2 == TXA2). In contrast, a very different rank order of potency

defined the next 2 tissue preparations (dog and cat iris) which exhibited PGF2a-sensitivity

(PGF2a > PGD2 > U46619 ~ PGE2> PGh). U-46619ffXA2 demonstrated marked

potencies for the latter 3 tissue preparations (at least 140 times the other prostanoids),

however the variation of the relative potencies of PGD2, PGE2. PGF2a, and PGh
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precluded a detining rank order of potency for these compounds. [n the same study.

thesc obscrvations \\'cn:: cxtended by comparing the relative potencies in the presence of

t\\'o putativc prostanoid competitive antagonists that had prcviously becn idcntitïed. SC­

19220 and AH 19437. Thus. SC-19220 was without effect in the preparations detïncd as

PGF2u- or U46619ffXA2-sensitive. Additionally. it antagonized the PGE-sensitive

receptors present in sorne preparations (guinea-pig ileum. guinea-pig fundus. and dog

fundus) but not others (cat trachea. chick ileum). suggesting a subdivision of thcse

receptors. In contrast. AH 19437 was without effeet in the preparations defined as PGE:!­

or PGF:!a-sensitivc but antagonized U466l9rrXA:!-sensitive preparations. [n addition to

the results presented in this study. the authors cited evidenee in the litcrature

demonstrating that PGD:! and PGh both potcntly inhibit platelet aggregation (unlike other

prostanoids) and do so at their own individual.recepforl; (336. 337). The antagonist N­

0164 eould block the inhibition of platelet aggregation mediated by PGD:!. but not PGb.

In light of this and other (338) evidence. the authors proposed a nomenclature for the

prostanoid (P) receptors whereby the natural prostanoid to which each is most sensitive is

indicated by a capital lcuer preceding the letter "p". Under this classification. the

receptors for PGD:!. PGE:!. PGFla. PGh. and TXA:! arc denoted OP. EP. FP. IP and TP.

rcspectively. The identification of two groups of PGE-sensitive tissues diffcring in thcir

susceptibility to antagonism by SC-19220 prompted a further division of the EP reccptors

ioto EPI (SC-19220 sensitive) and EP:! (SC-19220 insensitive). The development of two

other selective agonists (339), sulprostone and AY 23626, confirmed and extended the

subdivision of the EP receptors by discriminating a third class denoted EP3 (340). PGE

reeeptors sensitive to AY 23626 but not to sulprostone are designated EP2 receptors while

those sensitive to both agonists are tenned EP3 receptors. More recently. an EP receptor

was identified in piglet saphenous vein at which the available selective agonists for EPI.

EP!, and EP3 were weak or inactive (341). The selective antagonism of this receptor by

AH23848B relative to other EP receptors suggested the existence of a fourth EP receptor

subclass denoted EP4.

The cloning of the prostanoid receptors (to he discussed) identified further

heterogeneity, which arises as a result of alternative mRNA splicing. The molecular

mechanism of alternative rnRNA splicing involves the formation of multiple mRNA and
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protein products from a single genc. Specilïcally. splicc \'ariants have becn idcntitïed for

the EP l • EP,. FP. and TP rcccptor homologues of various species. There arc currently 9

known subtypes of the human EP) receptor: EP.'-I:1. EP.'-Ib. EP}_I!. EP:;-lII, EP}-IV. EP:;-v.

EP,-Vl. EP,-c. and EPq (342.343.344). Mouse (345. 346. 347), rat (348), bovine (349),

and rabbit (350) counterparts have also been identitïed for sorne of these EP:\ subtypes.

Human subtypcs also cxist for the TP receptor (351). specitïcally TPu and TPp. Two

splice variants have becn identitïed for each of the rat EPI (352) and ovine FP (353)

receptors. These have been designated EPI, EPI-...ananl and FP". FPB, respectively. Human

homologues to these subtypes have not been identified.
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Bacteriorhodopsin is a light-driven proton pump, not a cell-surface receplor.

However. ilS functional relatcdness to the visual protein rhodopsin (both proteins respond

ta light by way of a bound retinoid chromophore) suggested that it may also be related

structurally (354). The c10ning of the ~2-AR from hamster lung led to the recognition of

its strong similarity to rhodopsin with regards to amino acid sequence, hydrophobicity,

signal transduction mechanisms and post-translational modifications (355). This led to

the notion of rhodopsin as the prototypical member of what is now a large family of

related receptors, since it was the first to he cloned (356). This also justified the use of

the high-resolution crystal structure available for bacteriorhodopsin (357) as a paradigm

around which to model the related receptors (for which crystal structures are still lacking)

(358, 359). One hallmark of these proteins is that reversible binding of their agonists

leads to the activation of a restricted subset of heterotrimeric guanine nucleotide-binding

(G) proteins, which transduce the signal to downstream effectors (such as enzymes and

ion channels). The rhodopsin-type GPCRs are now considered the single largest family

of cell surface receptors involved in signal transduction. Several hundred distinct

members of this family of proteins are known to act as receptors for a variety of chemical

transmitters (for instance, biogenic amines, amino acids, peptides, Iipids, nucleosides.

large polypeptides, light and odorants) in the regulation of a diverse array of

physiological processes (such as neurotransmission. cellular metabolism, secretion,

cellular differentiation and growth, and inflammatory and immune responses) (for review

(360, 361, 362». Ail members of this receptor family putatively exhibit a 7­

transmembrane spanning topology, with both extracellular domains (amino tenninus and

3 loops) and intracellular domains (carboxyl tenninus and 3 loops). The proper

functioning of these cell-surface receptors requires several structural determinants that

facilitate receptor folding. trafficking and transmembrane signaling. These will he

discussed with respect to the prostanoid family of GPCRs.

Evidence suggested that the prostanoid receptors were rhodopsin-type receptors

prior to their molecular c1oning, such as the coupling of the TP receptor to G proteins

(363) and ilS sensitivity to agonist-induced desensitization (364). The purification of the

37



•

•

TP rcceptor l'rom human platelets (365) allowcd its partial protein sequence to be

identified. leading lO the isolation of a cDNA for TP (366). Homology screening based

on this sequence has established recombinant clones from various species for the eight

individual prostanoid receptors previously defined pharmacologically. Thus. cloncd

receptors have now been reported for mouse and human DP (367,368); mouse. rat and

human EPI (369, 370. 371): mouse and human EP:! (372. 373); mouse. rat, rabbit. bovine

and human EP} (342. 343. 344. 345, 346, 347. 348. 349. 350); mouse. rat and human EP~

(374, 375, 376, 377); mouse, rat. sheep, bovine and human FP (378. 379, 380. 381, 382):

mouse, rat and human IP (383, 384, 385, 386, 387); and mouse, rat and bovine TP (388,

389, 390).

There are 28 amino acid residues conserved within aIl prostanoid receptor

sequences, and 8 of these are shared with other GPCRs. These residues are believed to

be particularly important in receptor structure and/or function. For instance, a D residue

in the second transmembrane domain of various GPCRs is involved in ligand binding and

signal transduction (391). The role of this residue has not been studied directly in any

prostanoid receptors but indirect observations suggest that it may be required for DP

receptor functional expression. as will be discussed later. Two conserved C residues (one

in each of the first and second extracellular loops) are suggested to forro a disulfide bond

and contribute to the stabilization of GPCRs in the membrane (392). In the rabbit EP3

receptor. an A residue substituted for the C residue in the second extracel1ular loop had

no efrect on binding (393). This is in contrast to studies of the human TP receptor, where

substitution of S for the analogous C eompletely abolished ligand binding (394. 395).

These studies also showed a similar effeet by mutating the C of the first extracellular

loop, which corroborates evidence demonstrating a loss of agonist binding to TP

following chemical perturbation of these C residues (with dithiothrietol or sultbydryl

alkylation) (396).

As weil as containing conserved residues, prostanoid receptors share several other

characteristics with other members of the GPCR family. They contain consensus sites for

N-glycosylation of N residues (N-X-Srr) in their extracellular domains. These sites are

requisite for ligand binding al the human TP receptor (397) and mutation of the N

residues or deletion of their carbohydrale moieties abolishes binding. The amount of
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glycosylation can be significant as demonstrated when purified TP reccptors of molecular

mass -57 kDa \Vere shifted to thcir prcdictcd molecular mass (based on primary

structure) of -37 kDa upon treatment with N-glycanase (398). GPCRs are often post­

translationally moditïed at their cytoplasmic domains. Phosphorylation of Sand T

residues oceurs as part of the process of receptor desensitization, which is the waning of

receptor response following persistent stimulation (399, 400.401). Heterologous

dcscnsitization involves feedback inhibition by the second messenger kinases that thesc

reeeptors activate (i.e. PKA and PKC). Stimulation of these pathways can cause

phosphorylation and subsequent desensiti~ation of any GPCR containing the appropriate

PK.A or PKC consensus site(s) (Srr-X-KIR and R-X-X-S, respectively). Homologous

desensitization is an altemate pathway that involves receptor phosphorylation by a

specifie GPCR kinase (GRK) and its subsequent binding by arrestin, a protein that

stericaJly restricts signaling to the G protein. Desensitization of ail prostanoid receptor

types except DP has becn demonstrated. Many reports identify the importance of

heterologous desensitization in the regulation of prostanoid receptor activity, and a role

for homologous desensitization has only recently been suggested.

The prostanoid receptors define thcir own subfamily within the GPCR family of

receptors (402, 403). Prostanoid receptor-specific motifs include sequences in the second

extracellular loap (G-R-Y-X-X-Q-X-P-G-T/S-W-C-F), in addition to the third and

seventh transmembrane domain (M-X-F-F-G-L-X-X-L-L-X-X-X-A-M-A-X-E-R and L­

X-A-X-R-X-A-Srr-X-N-Q-I-L-D-P-W-V-Y-I-L, respectively). These regions are

conserved between receptors of different species and are thought to play fundamental

roles in the structure of the prostanoid binding domains. A R residue in the seventh

transmembrane domain conserved between all prostanoid receptors was proposed to he

the binding site for the carboxyl moiety of the prostanoids (404, 405), although the

conserved motif in the second extracellular loop may a1so function in this regard (393).

Residues are a1so conserved among prostanoid receptors for signal transduction. For

instance, R in the first intracellular loop is conserved between ail prostanoid receptors. A

mutation of this residue to L in the TP receptor was found to he associated with a

hereditary bleeding disorder (406). The mutant TP receptors demonstrated unperturbed

ligand binding but compromised signal transduction.
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The eight known types of prostanoid receptors are each encoded by an individual

gene. Phylogenetic analyses indicate that receptors sharing a common signaling pathway

have higher sequence homalogy than receptors sharing a common prostanoid a~ thcir

preferentialligand (368. 373. 407). The effects of prostanoid receptors retlect this

relationship. For instance. DP. IP. EP:!. and EP-I induce smooth muscle relaxation and are

more closely related to each other than ta the other prostanoid receptors. Similarly. EP,.

FP. and TP receptors cause smooth muscle contraction and form another group based on

sequence homology. The EP3 receptors also stimulate smooth muscle contraction and

detïne a third group. The signal transduction pathways underlying these mechanisms of

prostanoid action are also shared within these groups and will be explained in a

subsequent section. Based on these phylogenetic analyses. it has been suggested that the

PGHS pathway may have evolved from PGE! and an ancestral EP receptor (402). The

evolution of the different EP receptor types l'rom this ancestral prostanoid receptor would

have linked PGE:! to different signal transduction pathways. The receptors for the other

prostanoids would have then cvolved by gene duplication of these different EP receptor

subtypcs.

Chromosomal mapping has been used to determine the localization of many of the

genes encoding the mouse (408, 409) and human (410. 411) prostanoid receptors. Of the

8 genes encoding the prostanoid receptor types. only that encoding the human DP

receptor has yet to be mapped. The genes for the EPI, EP~, IP, and TP receptors are

localized to chromosomal segments prcviously identified to be homologous between the

mouse and the human. The structure for the human TP receptor gene was the first

prostanoid receptor gene to he determined (411). It contains three exons separated by

two introns, one in the 5'-noncoding region and the second at the end of the sixth

transmembrane domain. This exon-intron relationship is conserved in other prostanoid

receptors across various species such as mouse and human OP (367,368), mouse EPI

(412), human EPJ (344), human EP~ (413), mouse FP (414), and human IP (415). An

interesting exception to this occurs in the mouse EP4 receptor gene, where the first intron

occurs 16 bp downstream of the site for translation initiation rather than in the 5'-
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noncoding region (416). The position of the second intron is unchanged. Further

exception is taken \vith the mouse (417) and human (418) homologues of the EP~

receptor. These receptor genes consist of t\\lO cxons scparated by a single intron at the

end of the sixth transmembrane damain.

Alternative splicing of the exon encoding the scvcnth transmembrane domain

occurs at a position approximately 9-12 amino acids into the carboxy terminus of the EP~.

FP. and TP rcceptors of various specics. The rat EPI receptor is also subject to alternative

splicing. but instead diverges midway into the sixth transmembrane domain. The variant

form (rEP'.vanan.) contains none of the amino acids that are highly conserved within the

sevcnth transmembrane domain of the other prostanoid rcceptors. Generally, prostanoid

receptor isoforms exhibit similar ligand binding but differ in their signaling pathways,

their sensitivity to agonist-induced desensitization. and their tendency towards

constitutive activity, as will be discussed. Whereas there is homology between the EP}

receptor isoforms of diffcrent species. the human and mouse TP receptor isoforms

demonstrate no homology. This may be indicative of other TP isoforms (402). The

receptors that arc subject to alternative splicing (EPI. EP3. FP. and TP) are

phylogenetically related. perhaps suggesting the evolutionary conservation of the

sequence(s) involved in this process. The rEP I • EP~.II. FPA and TPn splice variants are ail

generated by the failure to utilize a potential splice site (419). The splicing out of various

introns and the use of downstream exons generates the other alternatively spliced forms

of EP}. The regulation of the process of alternative splicing with respect to the

prostanoid receptors has yet to he studied.

Prostanoid receptor expression is regulated by numerous factors through action on

cis-acting regulatory clements on their respective genes. The regulation of the EP:! (417),

EP3 (343). EP-1 (412, 413), TP (41 1), and IP (415) receptor expression in various species

has been studied. The 5'-flanking region and first intron of many of these receptor genes

have basal promoter motifs (such as a TATA box) as well as several responsive motifs.

including those for proinflammatory agents (such as NF-ICB). Although many differenl

motifs have been identified, less information is available regarding the actual regulation

of receptor gene expression. The sludies to date suggest that species or cell-type

differences may play a role. For instance, the TP receptor gene contains a phorbol ester
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response clement and TP rceeptor expression can be stimulated in human

erythroleukemia (HEL) eclls (420). However. dcspite the presence of response elemcnts

for glucocortieoids and IL-6 in the TP gene thcsc factors are insufficient to induce TP

expression in HEL cells (421). Howevcr. they can induce TP expression in rat cultured

vascular smooth muscle cells (422). fil vivo regulation of prostanoid receptor expression

has not yet been studied directly.

Dcspitc the high homology between the prostanoid receptors of various species.

there are differences in the translation initiation sites of sorne receptor types which effect

the amino-terminal extracellular domain of the receptor (402). Thus. the human, bovine

and rabbit EP3 receptor is 20 residues longer than the rat and mouse homologues. The

human IP receptor is 30 amino acids shorter than the mouse and rat homologues. In

contrast. the human DP receptor is only 1 residue longer than its mouse and rat

counterparts .

42



•
IA.l.A . Ligand binding selectivity

•

Each of the eight prostanoid receptor types exhibits a distinct profile of selectivity

in its ability to specitïcally bind ligand. Indeed, it is the differential selectivity for the

naturally occurring prostanoids and sorne of their early synthetic analogues that

facilitated the original classification of the prostanoid receptors (333), as previously

discussed. However. the interpretation of the results l'rom many of the early studies are

fraught with conlplexities since: (i) many of the compounds used display receptor cross­

reactivity, (ii) many of the tissues used contain heterogencous populations of receptors,

and (iii) the tissues used to define a given rcceptor sensitivity often have different degrees

of responsiveness. For these reasons, efforts have becn made to simplify the systematic

analysis of prostanoid ligand-receptor interactions by: (i) synthesizing ligands of

increased selectivity, and (ii) c10ning the cDNAs for the prostanoid receptors in order to

express them in unambiguous environmenls. Two recent reports describe the analysis of

ligand selectivity by competition binding in recombinant systems of the 8 types of

prostanoid receptors from human (423) and mouse (424).

The rank order of affinity of ligands reported from competition binding assays for

the cloned human DP receptor is BW245C =PGD2 =BW A868C » PGE2 > PGFzu =
iloprost> U46619, where the DP-specific ligands (PGD!, BW245C. and BW A868C)

demonstrate inhibitor constant (Ki) values of approximately 1 nM. [n contrast. mouse DP

has a IO-fold higher affinity for PGD2 (Ki =21 nM) than for both the antagonist BW

A868C and the agonist BW245C (424). PGD2 demonstrates high cross-reactivity with

the FP receptor in both the human (Ki =6.7 nM) ,,-nd mouse (Ki = 47 nM) recombinant

systems. Il has been suggested that PGD2-induced bronchoconstriction is mediated by

the FP receptor, as observed in the anesthetized dog (269). The current work addresses

the selectivity of the DP receptor for prostanoids and synthetic prostanoid analogues in

further detai 1.

The rank order of affinity of PGE2 for the c10ned hurnan EP receptors is: EP3-111

(the only EP3 subtype used in the study) > EP4 » EP2 > EPI (Ki values of0.33~0.79,4.9,

9.1 nM, respectively) (423). PGE2is actuaJly quile selective for the EP receplors, and

demonstrates IO-fold lower affinity for the human FP receptor. No highly selective
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agonists have been reported for the EPI receptor. Ali the agonists with high aftïnity for

human EPI (carbacyclin. sulprostone. and enprostil with KI values of 23. 107 and 82 nM.

respecti\'ely) have higher aCtinity for human EP.'_III (423). The three antagonists SC­

51321. SC-51ü89 and AH6809 display varying al'finities for human EP, (KI = 14. 1331.

1217 nM). However. SC-51322 has 50-l'oid less aftïnity and SC-51089 has lü-fold less

affinity for EP3- 111 and TP. AH6809 has similar affinity for EP:!. EP3 and OP. In contrast.

the mousc EPI receptor has similar aftïnity for bath PGE2 and sulprostone (Ki =20 nM).

but no affinity for AH6809.

Butaprost is known ta be selective for the EP:! receptor and displays a 3-fold

higher affinity for the human EP:! receptor (Ki = 3513 nM) relative ta the human EP3-111

receptor (423). Butaprost is normally used as a methyl ester but was also studied in its

free acid derivative since this is thought to be the active form in vivo. The free acid form

of butaprost has 40-fold higher affinit)' and improved selectivity for EP:! relative to its

methyl ester dcrivative. The mouse EP:! reccptor has only a 10-fold higher affinity for

PGE:! over butaprost (12 and 110 nM. respectively) (424). Butaprost did nol show

affinity for any of the other mouse prostanaid receptars. Compaunds such as PGE,.

16.16-dimethyl PGE:! and Il-deoxy-PGE I bind ta EP:! but demonstrate various protïles of

cross-reactivity at the other EP receptors. There are no selective antagonists for EP!. only

the non-selective activity of AH6809 mcntioned earlier.

Bath the free acid and methyl ester derivatives of misoprostol were studied

against the c10ned human EP3.111 receplor. for the reason described above (423). The rank

order of affinity of ligands at human EP3-111 is M&B 28767 = PGE2 = sulprostone >

GR63799X =misoprostol free acid = enprostil = carbacyclin > misoprostol methyl ester.

Sulprostone is the most selective agonist reported at the human EP3-1II receplor. where its

affinity (KI = 0.35 nM) is 300-fold higher than that for EPI (423). A similar rank order of

affinity of sulprostone =M&B 28767 = PGE2 = GR63799X > carbacyclin > misoprostol

(methyl ester) was observed al the mouse EP3 receptor (424). At mouse recombinant

receptors. sulprostone displays 30-fold higher affinity for EP3 (Ki = 0.6 nM) relative to

EPI (Ki = 21 nM). Again. there are no selective antagonists of EP3• only the non­

selective action of AH6809 described earlier.
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Gcnerally compounds that show aftïnity for EP~ have liule sckctivity. Of the

compounds llscd in both studics. the rank order of aftïnities for ligands at the cloned

human and mousc EP~ receptors arc comparable (PGE2 > ~t&B 28767 = misoprostol and

PGE2 > misoprostol > rvl&B 28767. rcspectivelYl (~23. 42~). Howcver ail these

compounds show equal or higher affinity for the EP3 receptor in the respective systems.

The putative EP~ antagonist AH23848B has higher affinity for TP (25-fold). EP'.1lI (3­

fold) and DP (IO-fold) in the human system of recombinant prostanoid receptors (423).

This compound was not studied in the system of cloned mouse prostanoid receptors.

The human FP receptor exhibits a rank order of affinity of cloprostenol ~ PGF2Cl =
tluprostenol > PGD:! which agrees weil with the rank order observed at the mouse FP

receptor of PGF2a = tluprostenol > PGD2 of the similar compounds tested (c1oprostenol

was not invcstigated at mouse FP) (423.424). ln adrlition. f1uoprostenol demonstrated

marked sclectivity for the FP receptor in both the human (300-fold over EP~.III) and

mousc (no detectable cross-reactivity) systems. Latanoprost is a highly selective FP

agonist used for the trcatment of glaucoma and demonstrated a selectivity of 6OO-fold for

human FP ovcr EPI (423). PGF1a has a IO-fold lower affinity for the human EP~.llI

receptor relative to the FP receptor. It was not tcsted in the mousc recombinant system of

prostanoid receptors. There have been no reports of a FP selective antagonist.

Thc use of prostacyclin is inhibited by its chemical instability. The human IP

receptor exhibited a rank order of affinity of iloprost = cicaprost > carbaeyclin which

paralleled the rank order observed at the mouse IP receptor (423. 424). lIoprost and

cicaprost had affinities of approximately 10 nM in both cases. Both receptor systems

demonstrated the cross-reactivity inherent to iloprost, where it shows similar affinity for

the EPI and EP3 receptors. Cieaprost showed 2-fold less affinity toward human EP"

relative to IP. but was not tested against the mouse EPJ receptor. Carbacyclin

demonstrated cross-reactivity with mouse EP3 where il has 3-fold higher affinity. In the

human recombinant system of prostanoid receptors. carbacyclin has a higher affinity for

EP3-111 (2ü-fold), EP, (IO-fold), and DP (2-fold) relative to its affinity for (P. In faet,

earbaeyclin is highly eross-reaetive and has affinities of less than 500 nM for ail

proslanoid receptors except EP2 (Ki =1 J.lM) and TP (Ki =20 J.lM). There are no known

antagonists for the IP receptor.
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ln contrast ta the ather prastanaid receptors. there are many sclecti \'c antagonists

far the TP receptor and fewer selective aganists. The instability of TXA:! is weil

documented and U46619 is often used as a substitute agonist. The TP rcceptor has an

aftïnity (KI =67 n~l) 10-15 fold higher than its aftïnity for the FP receptor. depending on

the system (423. 424). The agonist STA:! was not tested at the human recombinant

prostanaid receptors but had affinity for the mause TP receptor (KI = 14 nM) equal ta its

affinity for EP). (-BOP is a high affinity agonist (KI = 0.6 nM) of the TP receptor with

marked selectivity (> 150-fold) over FP. EP:! and EPJ. The most common TP antagonist

is SQ 29548. which has high affinity for both the human (Ki =4 nM) and mouse (KI = 13

nM) receptors and displays no cross-reactivity at the other prostanoid receptors.
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Earl y studies of the second messengers downstream of the prostanoids focused on

cyclic nucleotides (425). For instance. PGE2 and PGF2a were reported to stimulate cyclic

AMP (426) and cyclic GMP (427). respcctively. Since then, other signal transduction

pathways have been suggested by the observation of prostanoid-mediated activation of

second rncsscngers such as frce Ca2
+ and inositol phosphate (402). The molecular

cloning of the prostanoid receptors, thcir confirmation as GPCRs, and the study of the

heterotrimeric G proteins which carry their signais have facilitated this. These

heterotrimeric G proteins are composed of three structural subunits designated u, ~, and

y, of which numerous subtypes exist for each (428). Functionally, G proteins are

comprised of two subunits, since receptor activation provokes the dissociation of the Ga

subunit from a complex of the G~y subunits. 80th the Ga and the G(3y subunits can act

as effectors in signal transduction.

As indicated previously, prostanoid receptors sharing a common signaling

pathway have highcr sequence homology than rcceptors sharing a common prostanoid as

their prefcrentialligand (368, 373, 407). Thus. three c1usters of related receptars were

defined: (i) DP, IP. EP2, and EP4 ; (ii) EPI. FP, and TP; and (iii) EP3. Prostanoid

receptors in graup (i) are linked to heterotrimeric G proteins that are comprised of a Ga

subunit that stimulates adenylate cyclase (designated Gas) to produce cyclic AMP. Thus.

an increase in intracellular cyclic AMP concentration is observed following stimulation

of the recombinant human OP (368), IP (383,384, 385), EP2 (373), and EP4 (374, 375)

receptors in addition ta their species homologues. The results obtained with recombinant

receptors corroborated those obtained previously in isolated tissues. For instance, DP

stimulates cyclic AMP formation in bovine embryonic trachea cells (429), EP2 activates

cyclic AMP production in rat conical collecting tubule cells (430), and IP receptors on

mause mastocytoma cells induce cyclic AMP synthesis (431). PGD-. PGE-. PGi­

responsive reccptors cause the stimulation of cyclic AMP production in platclets (337)

and in human colonic mucosa (432). However. the recombinant human IP receptor can

also mediate inositol phosphate production and increases in free Ca2
+ levels (386).

Receptor activation was shown to he insensitive to toxins that inactivate Gas or another
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famil)' of Ga subunits. called Ga. G proteins composed of Ga. subunits couple to the

inhibition of adenylate cyclase and to the activation of ion channel conductance. which

mal' be dependent or independent of the stimulation of phospholipase C in the production

of inositol phosphates. These results suggested the participation of members of a third

family of Ga subunits that also activate inositol phosphate production through the

stimulation of phospholipase C, designated Getq.

Prostanoid receptors in group (ii) couple to increases in intracellular free Ca:!+

through the activation by GUq of phospholipase C. with subsequent inositol phosphate

liberation, This path\'.'ay has been demonstrated for FP using anti-Getq antibodies (433)

which corroborates earlier results demonstrating inositol phosphate turnover in isolated

luteal cells upon PGF2u administration (434). In the case of TP, G<X.q activalion is the

primaf)' effector pathway (435) as shown during stimulation of native TP receptors in

platelets (436). However. the previously described TP receptor splice variants TPa and

TP~ also signal through Gal and Gas to inhibit and stimulate adenylate cyclase.

respectively (437). Contraction of guinea pig trachea occurs following activation of

native EPI rcceptors and is absolutely dependent on extracellular Ca2
+ (438),

Downstream of the recombinant mouse EPI receptor a similar extracellular Ca2~_

dependent rcsponse is observed which is accompanied by an almost undetectable in05itol

phosphate response (369). suggesting the modulation of a Ca:!+ channel putatively by Gaq

(275), Therc \Vas no change in cyclic AMP in these cdIs, The splice variant of the rat

EPI receptor described earlier (rEPI'\'anam) binds ligand but does not mediate a change in

free Ca:!+ levels (352). In this way it is thought to Interfere with the potency of any co­

expressed EP receptors by lowering the effective concentration of PGEz (419).

The EP~ subtypes constitute group (iii) of the prostanoid receptor family and

employas their primary effector pathway the inhibition of adenylate cyclase through the

Gal family of G proteins. as demonstrated in bovine medulla (439). However, the

molecular cloning of the bovine EPJ receptor splice variants demonstrates the array of

second messengers to which these receptors are coupled, Four subtypes of bovine EP3

have been cloned (designated A. B, C, and D) and ail show identical agonist binding

properties (349). However. EP3A acts through Gai to inhibit adenylate cyclase, EP38 and

48



•

•

EP;c signal through Ga... to activate adenylate cyclasc. and EP3D is coupled to Gal' Gas.

and GCiq. resulting in the inhibition and activation of adcnylate cyclase as weIl as the

activation of phospholipase C. A novel type of G protcin regulation has also been

reported for the EP:;s and EPK receptors. In addition to their stimulatory effccts on Ga...

they arc thought to negativcly regulate G protein activity by specifically inhibiting the

GTPase activity of GUo. a rncmbcr of the Gal family (440). The EP] receptor subtypes

may also differ in their levels of constitutive activity. the agonist-indcpendent activity of

the receptor. This evidence cornes from studies of the mouse isoforms of the EP}

reccptor (designated a. ~. and y). The EP313 demonstrates no constitutive activity while

EP3y is almost fully constitutively active. with respect to the Ga,-mediated inhibition of

adenylate cydase (441). The demonstration of levels of activity similar to EP313 upon

treatment of EP3y-transfected cells with pertussis toxm (which inactivates Gai) contïrms

that the EP3"rGal is constitutively active.

Information on the desensitization of the prostanoid receptors is not as complete

as other aspects of their biology. Many of the receptors are known to be susceptible to

the second messenger kinases that were discussed earlier. However. much less is known

about their sensitivity to the previously defined GRKs. PKC regulates the short-term (5

min) and long-term (24 h) desensitization of the rnouse EPI receptor. observed as a

suppression of the agonist-mediated dose-response and a reduction in EPI rnRNA levcls.

respectively (442). The mouse EP2 receptor undergoes long-tenn agonist-induced

desensitization in the fonn of receptor downregulation following a 12 h exposure to POE:!

but is insensitive to short-term desensitization (30 min) (443). Short-term (1 h)

desensitization of human EP~ was observed upon PKC activation (444). Splice variants

of a given species homologue of EP) differ in their sensitivity to desensitization. The

mouse EP3a exhibits sequestration following short-term (30 min) PGE:! exposure and

downregulation upon long-term (24 h) PGE~ exposure. while mouse EP3~ does not

undergo agonist-induced desensitization (346.445). Similarly. the human EP3-11

demonstrates slow persistent desensitization in contrast to the rapid transient

desensitization exhibited by the EP3-111 and EP3- IV receptors (446). Desensitization of EP4
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is perhaps the most intenscly studied to date of the EP receptors. The mouse EP~ rcccptor

is sensitive to both short-tcrm (30 min) and long-tcrm (12 h) desensitization (443). The

rapid agonist-induced desensitization of human EP~ is indepcndent of second-messenger

kinases. and is instead regulated by GRKs (445). This was the first demonstration of

prostanoid receptor desensitization facilitated by GRKs. Another reeent study has

mapped the S sites in the carboxyl-terminus responsible for desensitization of the human

EP~ receptor (447). Even though the desensitization of the IP reeeptor has becn studied

for the native reeeptor in a single ecU type (neuroblalOitoma-glioma cell hybrid. NG 10S­

15). the rcsults are contradictory. Long-tenu (17 h) desensitization has been observed as

reeeptor sequestration and downregulation with no change in agonist affinity (448).

where the kinases involved appear to depend on the agonist used (449). In contrast.

another group has identified that long-term desensitization is specifically accompanied by

a concurrent downregulation of the Gas subunit (450). PKC is observed to mediate

short-term (45 min) desensitization of the native FP receptor in bovine iris sphincter

(451). Short-term desensitization in vivo of the FP receptor also occurs in the ovine

corpus luteum. where its temporal nature has been suggested to influence the oxytocin­

mediated pulsatile release of PGF!n (452). The TP receptor has been shown to undergo

desensitization. speci ficall y as short-term ( 10 min) agonist-dependent phosphorylation

which could be blocked by antagonist (453). The in vivo desensitization of the TP

receptor has been demonstrated in the pulmonary vascular system of late gestation rabbits

as a decrease in receptor nurnber and affinity (454). The desensitization of the

phospholipase C effector pathway downstream of TP has also been shown in human

plate lets (455). A recent report demonstrates that the TP splice variants exhibit different

sensitivities to desensitization. TP~ is susceptible to agonist-induced desensitization in a

GRK-dependent manner. while TPu does not desensitize (456). In contrast to the other

prostanoid receptors. there are no direct reports of desensitization of the DP receptor.
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Targeted gene ablation or disruption (also called gene knockout) involves the

development of a targeting vcctor and its subsequent introduction into pluripotent

embryonic stem cells (457.458). This technique may be especially useful for the

prostanoid receptors because of the lack of suitable antagonists for this receptor family.

The disruption of aIl of the prostanoid receptor genes has now been reported. with the

exception of DP.

There are three individual reports of the genetic disruption of the EPI receptor

gene (EPI-/-) (328. 459. 460). A gender-specific effect on blood-pressure homeostasis

was observed. Male (but not female) EP1-/- mice exhibited hypotension with elevated

heart rate and plasma-renin activity. as weIl as blunted ATII-mediated vasoconstriction.

relative to WT mice (460). An independent group has recently reported a decrease in the

number of preneoplastic lesions in EP I -/- mice relative to WT using a mouse model of

colon cancer. The same effect has been demonstrated with a novel EPI antagonist in two

different mouse models of colon cancer and suggests that EPI antagonists may be useful

chemopreventive agents in colon carcinogenesis.

Of ail of the prostanoid receptors. the ablation of the EPz receptor gene (EP:!-/-)

has been studied most intensely (461, 462. 463. 464). Contradictory effects of the EPz-/­

phenotype are apparent for blood pressure homeostasis. Both hypertension (461) and

hypotension (462) are reported for EPz-/- mice relative to WT. The vasodepressor

responses of PGE2 in female EP2-/- mice are compromised. while in males the EPI

receptor contributes predominantly to this response (463). Salt-sensitive hypertension is

observed in EP2-/- mice suggesting a role for EP! in the regulation of sodium in the

kidney (461, 462). The EP! receptor plays an important role in reproduction since female

EP2-/- mice exhibit a reduced liner size. a dccrease in ovulation numbcr and a reduced

fertilization rate (461, 462. 464). An EP2-dependent role was demonstrated in the

expansion of the follicular granulosa cells surrounding the oocyte. which is a process

known as cumulus expansion. These results suggest that the incomplete cumulus

expansion observed in the absence of EP2 contributes to the reduced ovulation and the

failure of fertilization (464).
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The knockout of the EP-, receptor gene (EP,-I-) has aiso been reported (459.465.

466). EP, is clcarly involved in PGE:!-induccd pyrcxia since EP-,-I- mice rail to mount a

febrile response to exogenous (i.e. LPS) and endogenous (Le. IL-IP) pyrogens (459).

PGE:! also functions through the EP3 receptor to conccntrate urine. however these effects

are deemed unesscntial for the nOffilal regulation of urinary osmolality (465). There is a

recent report of EP.,-I- mice being unable to secrete duodenal bicarbonate upon luminal

perfusion with PGE:! relative to WT (466). Because these EP]-/- mice subsequently

exhibit susceptibility to acid-induced injury, this receptor may function in maintaining

mucosal integrity.

Individual reports of the effccts of ablation of the EP4 rcceptor gene (EP4-/-)

concur that it has various functions in the vascular system (460,463.467,468). [n the

nconate. EP~ is responsible for the c10sure of the patent ductus arteriosus (PDA). an

arterial connection in the fetus that directs deoxygenated blood toward the placenta (467.

468). Compensatory pathways for the c10sure of the PDA were demonstrated when a

mouse strain of mixed genetic background was used to generate the EP4-/- mice (460).

The EP~ receptor may aiso control blood volume homeostasis. Adult male EP4-/- mice

demonstrate low plasma renin activity despite systolic hypotension. but exhibit

hypertension when fed a high sodium diet (460). However. these results are in contrast to

others reporting the changes in vascular tone with female. but nol male. EP4-/- mice

relative to WT (463).

FP knockoul (FP-/-) mice have been generated and studied for their reproductive

function {469}. Female FP-/- mice are fertile. carry their litters to term. but fail to

undergo parturition. This is because progesterone levels rernain e1evated, since PGF:2cx is

responsible for the luteolysis that subsequently reduces progesterone and signais

parturition. PGF:2u is also responsible for up-regulating the uterine oxytocin receptors

that facilitate parturition (470), and therefore the onset of labour can not occur in FP-/­

mlce.

The genetic knockout of the IP receptor (IP-/-) produced a phenotype exhibiting

both expected and unexpected results (471). As expected. the susceptihility of [P-/- mice

to thrombosis was increased relative to WT, and IP-/- mouse platelets and vascular

smooth muscle were unresponsive ta IP agonists. However. the pain and inflammation
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responses of IP-/- miel: in multiple modcls were similar to those observed in PGHS

inhibitor (indomcthacin )-treatcd \VT micc. These obsef\'ations suggest a role for the IP

receptor in pain perception and the intlammatory response.

Targeted disruption of the TP receptor gene (TP-I-) contïrms a role for TP in

vascular responses and homeostasis (472). The hemodynamic collapse obsef\'ed upon

AA infusion into WT mice is absent from TP-I- mice. Platelet responses are also

changed. WT mouse platelets respond to collagen and to TP agonists by aggregating.

TP-/- mouse platelets are complete1y unresponsive to TP agonists and responses to

collagen are delayed. Also. TP-/- mice exhibit a prolonged bleeding lime. reinforcing the

functîon of TP in maintaining hemostasis.
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1.5. Gastrointestinal mucins

1.5. 1. Structure and biosynthesis

Mucins are high molecular weight glycoproteins (200 - 2000 kDa) (473). The

mucin family can be subdivided into secretory and membranc-associated forms.

Secretory mucins oligomerize through the disulfide linkage of mucin monomers to forro

the mucous present in the tracheobronchial. gastrointestinal. and reproductive tracts. ln

contrast. membrane-associated mucins contain a hydrophobie membrane-spanning

domain and are not observed to oligomerize (47~). This section will focus on the

gastrointestinal mucins. which are predominantly of the secretory type.

Mucins confer the viscaelastic and lubricant propenies of the mucous that covers

the lumenal surfaces of epithclial organs. In this capacity, mucins play a protective role

against mechanical stress and luminal irritation. Additionally. the high mucin content of

O-linked oligosaccharides and the extraordinary diversity of these carbohydrate

structures provides lectin-binding capacity. In this way, mucins may also function as a

hast defense system against invading pathogens (473.474.475.476).

Mucins are characterized as glycoproteins that contain a large core peptide (called

apomucin) and a high carbohydrate content (50-80% dry weight). Ta date. nine human

mucin genes encading different apoproteins have been identified. denoted MUC 1-4.

MUC5AC. MUC5B. and MUC6-8. The complete nucleotide sequences are reponed for

MUCI (477). MUC2 (478). MUC5AC (479.480.481, 482). and MUC7 (483). and

partial sequences are reported for the others. Human chromosome Il p 15 contains a

mucin gene cluster known to include MUC2. MUC5AC. MUC58, and MUC6 (484). It

is now dear that a given mucin gene is expressed in more than one human tissue and

many tissues express more than one mucin gene (485.486).

The apomucins contain tandem repeating (TR) sequences within their core

regions that are rich in S. T, and P residues. Each apomucin has a unique TR sequence

(MUe2 has two TRs). The length of the TR sequences in human mucins can vary in size

from 8 to 169 residues (479. 487). The number of iterations of these TR sequences for a

given mucin cao also vary. which has complicated the cloning of the full Iength mucin
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cDNAs. The Sand T residues rcpresent O-glycosylation sites. while the P residues arc

thought to govcm the specificity of the initial galactosaminc transferase responsible for

mucin oligosaccharidc synthesis (488. 489). The Sand T content of the TR sequences

varies signitïcantly betwecn different mucins (i.e. 25% for MUC 1. 75% for MUC5AC).

which may effect the physical and biological properties of the corresponding mucins

(476). [n contra..'l to the mucin core regions. the N- and C-terminal regions are C-rich.

These residues are thought to mediate the interrnolecular interactions that facilitate the

process of oligomerization (490.491).

MUC2 is the most prominent secretory mucin found in the intestinal tract. whcre

it is expressed predominantly within the goblet cells of the small intestine and colon (492.

493). It is a highly repetitive gene encoding a protein of -5100 residues. As previously

noted. MUC2 contains two TR domains. They are rich in T and P. and aet as sites for 0­

glycosylation (478.494). The N- and C-terminal portions of MUC2 display homology to

the serum glycoprotein pro-von Willebrand factor (vWF). Both MUC2 and pro-vWF

contain D-domains involved in polymerization. three in the N-tenninus and one in the C­

terminus (478).

MUC3 is also found in the intestinal tract. but is exprcssed in both the goblet cells

and absorptive ceUs (493). This gene contains a single TR sequence rich in Sand T. and

the mature mucin is heavily O-glycosylated (495). The functional relevan~e of MUC3 is

qucstionable. since it has been suggested to not contribute to the mucin blanket (496).

MUC5AC is a predominant secretory mucin expressed by the surface mucous

cells of the gastric glands of the stomach (497). This gene gives rise to two different

cDNAs. designated MUC5A and MUC5C (479. 498). The cloning of the MUC5AC gene

has recently been completed and it contains the D-domains identified previously in

~1UC2 and pro-vWF. which are thought to be involved in mucin oligomerization (482).

ln addition. MUC5AC contains a leucine zipper motif which has been hypothesized to

facilitate oligomerization by stabilizing the monomers during this process.

MUC6 is found in the antral mucous cells of the stomach (499). This panially

cloncd mucin contains a TR region 169 amine acids in length. the longest yet identified

in a human mucin gene (487). Recently. cloning of the C-tenninus of the gene has
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identified homology to MUC2. MUC5AC. and pro-vWF (500). This mucin is

hypothesized ta exist as a disultïde-bonded oligomer.

~Iucin biosynthesis has been studied in panicular for ~tUC2 (501. 502. 503).

Whether these observations are true for aH mucins remains unclear. Synthesis of nascent

mucin peptides OCCllrs on membrane-bound ribosomes, which are subsequently

transported to the rough endopla..~mic reticulum (RER) (475). The MUC2 apomucin is

cotranslationally N-glycosylated with mannose oligosaccharides and also undergoes

limited O-glycosylation with N-acetyl galactosamine (GaINAc). Oligomerization (or at

least dimerization) of mucin monomers by disulfide bonding occurs in oeder for the

mucins to enter the Golgi apparatus, probably under the influence of the RER enzyme

disulfide isomerase (504). Dimerization of MUe2 monomers is thought to oceur through

their C-termini (tail-to-tail). based on homology to pro-vWF whose biosynthesis and

oligomerization has been studied in detail (476). Chain elongation of the O-glyeans with

GaINAc. galactose. N-acetylglueosamine, and siaJic acid oceurs within the trans-Golgi.

Mucin oligomers bud from the trans-Golgi within membrane bound condensing granules

to accumulate in the theca. a centrally located storage zone (476,501). Further

oligomerization through the mucin N-tennini (head-to-head) ocellrs within the

condensing granules.
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1.5.2. Goblet cells and muCÎn secretion

Goblet eeUs are found in the lumenal epithelia of the tracheobronehial and

gastrointestinal tracts, and are specialized in muein exocytosis (505. 506. 507). These

eclls have a highly organized array of microtubules and intermediate filaments known as

the theca. which provides a boundary between the mucin granules and the remaining

cytoplasm (508). The theca lies below the apical membrane and gives the goblet cells

their eharacteristic shape. It contains no actin filaments, but a network of F-aclÎn

filaments overlies the theca providing a physical barrier between the mucin granules and

the plasma membrane (509). Depolymerization of these actin filaments using

cytochalasin D causes an acceleration of granular secretion (510).

Mucin secretion takes on two forms: (i) unregulated secretion. in which mucins

are not stored but are instead secreted constitutively in the absence of a secretagogue. and

(ii) regulated secretion, in which mucins arc stored prior to their secretagogue-provoked

release (505, 507). The various contributions of these processes to overaIl mucin

secretion depends on the ccII-type under study. Constitutive release of mucin granules

occurs at the apical membrane and is controlled by interactions with microtubules, since

the microtubule depolymerizing agent nocodazole disrupts this process. With respect to

the process of regulated mucin secretion, a nurober of diverse mucin secretagogues are

known to exist including neurotransmitters (i.e. serotonin. acetylcholine, etc.).

inflammatory mediators (i.e. prostaglandins, lL-l, etc.), and chemical agents (i.e. cholera

toxin. ionophore, etc.) (505, 507). A variety of second messenger pathways are

implicated in the signal transduction of these secretagogues such as intracellular cyclic

AMP. intraeellular Ca:!+. and DAG. Seeretagogues nonnally induce extrusion of the

laterally located mucin granules of the theca. However. under extreme circumstances the

centrally located mucin granules are released in a process called compound exocytosis

(511), This process involves the evacuation of much of the mucin granule mass in

addition to a considerable loss of cytoplasm and a sloughing of granule membrane (505).

However. goblet cells have been observed to recover quickly with complete refilling of

the intestinal goblet cell estimated to take 1-2 hours (509).
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1.5.3. I.\lucins in gastrointestinal pathophysiology

The complexity inherent in the mucin family of glycoproteins is a product of the

different mucin gene products described earlier and the differential glycosylation of each

of these gene products. as facilitated by distinct subpopulations of goblet cells (509).

Under conditions of disease the complexity of this mucin heterogcneity is increased, in

that both altered glycosylation and aberrant mucin gene expression are observed. For

instance. in colonic adenocarcinomas the O-linkcd oligosaccharide chains tend to be

fewer in number and shorter than normal (475, 512). This shonening of oligosaccharides

may increase the exposure of the peptide regions of the mucin. This has allowed the

targeting of monoclonal antibodies against MUC2 that could he directed specifically to

colonic carcinomas (513). Regarding the aberrant expression of mucin genes, gastric

metaplasia tissues express the intestinal mucins MUC2 and MUC3 whilc normal gastric

tissues do not (514). These changes may play a role in metastases and/or in assisting the

tumour cell to evade destruction by immune effector cells (475).

ln contrast, studies of biopsies from ulcerative colitis patients demonstrate that

MUC2 is the predominating species expressed and is unchanged from that found in

normal tissue (507). The biosynthesis of the MUC2 apoprotein is retarded although the

mRNA levels are unchanged. The rate of MUC2 biosynthesis retums to controllevels

upon remission of the disease (515). However, more recently an alteration in the post­

translational modification of MUC2 in both ulcerative colitis and Crohn's disease is

reported to allow better detectability by a MUC2 antibody (516). Ulcerative colitis may

indeed be multifactorial since a rare TR in the MUC3 is suggested to confer a

predisposition to the disease (517).

Another component of mucins in gastrointestinal pathophysiology concems their

interaction with invading microorganisms (475, 507). In this capacity. mucins protect the

underlying epithelium by providing a matrix of carbohydrates to which the microbial

adhesins can bind and are considered to function as a host defense mechanism. In

processes favouring removal of the microbe, organisms are sloughed by peristaItic

movements and defecation. However, sorne microbes might use this allachment to
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mucins as a rncans to colonize and then penetrate the epithelial layer. For instance. the

protozoan parasite Elltamoeba Izistvlytica has a high affinity for rat and human colonic

mucins (KJ = 8.2 X 10. 11 M) (518. 519). In this process. the microbes would then secrete

virulence factors such as cytotoxins. cytolysins. or invasins. They may also release

mucin secretagogues. Here. chronic exposure of the epithelium to muein seeretagogues

eould deplete muein stores or stimulate the release of immature. poorly glyeosylated

mucins (520). These eompromised muein forros may be targets for proteases released by

the parasites. The parasite eould also produee mueinases. sueh as those released by E.

izistolytica (521). Thus. the fate of the invading microbe is dependent on a numher of

factors. including mucin composition, muein quality and quantity, gut motility, and

luminaI tluid flow .
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2. RESEARCH OBJECTIVES

The 2-series prostanoids (PG02, PGE2, PGF~,. PGh and TXA2) evoke a diverse array of

biological activities through their preferential interaction with eight individual prostanoid

receptors, specifically OP, EP (EPI, EP2, EP3, EP..), FP, IPt and TP, respectively.

Although the endogenous prostanoids demonstrate a degree of receptor selectivity,

pharmacological cross-reactivity is weil described in the interactions between these

ligands and the entire prostanoid receptor family. Thus, POOl preferentially binds to the

OP receptor but also has demonsttated affinity for the FP and TP receptors. This cross­

reactivity has necessitated the development of synthetic prostanoid analogues with

irnproved receptor selectivity in order to elucidate the biological contributions of the

individual prostanoid receptors in heterogeneous systems.

However, the interpretation of the biological consequences of OP receptor

activation is further complicated by its highly discrete distribution relative to the broad

specttum ofPGD2-mediated events. Thus. POO:! is formed in a variety of tissues

including brain. spleen. lung. bone marrow. stomach. skin. and in mast eells. Il has been

shown to ~ffect physiological events in the central nervous system (such as sleep. body

temperature. olfactory function. honnone release. and nociception) and in the peripheral

tissues (such as intraocular pressure. platelet aggregation. systemic vasodilation.

pulmonary constriction. and bronchoconstriction). However. the OP receptor is the least

abundant proslanoid receptor and. consequentially. the least weIl characterized.

Convincing evidence for OP receptor expression has been demonstrated in sorne tissues

(such as in the brain. the eye~ and in platelets). However, the expression of the OP

receptor and its functional role in many tissues remains unclear.

Thus. the objectives of this thesis were:

A. T0 investigate the activity of synthetic prostanoid analogues against the recombinant

human DP receptor. in an effen to identi1)' novel selective OP-specifie ligands that

can he used to pharmacologically discem the individual contribution of the OP

receptor in heterologous systems.
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B. To delineate the eell-specifie localization of the OP receptor in the gastrointestinal

trac~ in an effort to identify a funetional correlate that justifies the abundanee of OP­

specifie mRNA in these tissues from various species.

C. To detennine whether selective OP-specifie ligands can regulate muein secretion (as

the results from Manuscript B would suggest) in an established in vitro cell Madel, in

an effort to justify mucin secretion as a funetional correlate that refleets the

abundanee of OP-specifie mRNA in the gastrointestinal tissues ofvarious species.
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3. STATEMENT OF CONTRIBUTIONS

This thesis is composed of 3 manuscripts. The contributions of the individuals involved

are described below.

Manuscript A. D. Hamish Wright~ Kathleen M. Metters~ Mark Abramovitz and Anthony

W. Ford-Hutchinson (1998) Characterization of the recombinant human prostanoid OP

receptor and identitication of L-644~698.a novel selective OP agonist. British Journal of

Pharmacology 123: 1317-1324.

AlI the experiments described in this manuscript were planned and performed by

myself. with two exceptions. Veritication of the stability of eH]PGD2 under the binding

assay conditions by r.p.-h.p.l.c. (data not shown) was performed by Nathalie Tremblay

prior to my arrivai in the laboratory. Additionally. sorne of the selectivity testing of L­

644.698 against the prostanoid receptors other than OP was performed during routine

screening in the laboratory. while the remainder was performed by nlyself. Selectivity

testing against the OP receptor was perfonned by myself. This manuscript was also

\vritten by myself. Instruction on various experimental techniques was provided by Ors.

M. Abramovitz and K. M. Metters~ while supervision was provided by Ors. K. M.

Metters and A. W. Ford-Hutchinson.

Manuscript B. D. Hamish \Vright. François Nantel. Kathleen M. Metters and Anthony

W. Ford-Hutchinson (1999) A novel biological role for prostaglandin 02 is suggested by

distribution studies of the rat OP prostanoid receptor. European Journal of

Pharmac%gy 377: 101-115.

Ail the experiments described in this manuscript \Vere planned and perfonned by

myself. This manuscript was also written by mysel[ Dr. F. Nantd provided instruction

on the in sitll hybridization technique. and the work was supervised by Ors. K. M.

Metters and A. W. Ford-Hutchinson.
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Manuscript C. O. Hamish Wright. Anthony W. Ford-Hutchinson. Kris Chadee~

and Kathleen M. ~letters (submitted) The human prostanoid OP receptor stimulates

mucin secretion in LS 174T cells. British Journal ofPharmac%gy

Ali the experiments described in this manuscript were planned and pertormed by

myself. This manuscript was also written by myself. Dr. K. Chadee provided instruction

on the mucin experiments and access to the LS 174T ceilline. The work was supervised

by Ors. A. W. Ford-Hutchinson and K. M. Metters.
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4. MANUSCRIPT A

Characterization of the recombinant human prostanoid OP receptor and identification of

L-644..698.. a novel selective OP agonist

British Journal ofPharmacology (1998) 123: 13 17-1324

© 1998 Stockton Press

Prostaglandins. prostacyclin and thromboxanes are collectively described as

prostanoids. These cyclooxygenase products of arachidonate metabolism mediate

various physiological and pathophysiological ~ffects through membrane-bound receptors.

The current paper provides a thorough characterization of the recombinant human PGD2

receptor (OP) stably expressed in a human embryonic kidney cell line. with respect to

radioligand binding and signal transduction propenies using prostaDoids and prostanoid

analogues. Because of the diversity of prostanoid-mediated activities, prostanoid

receptors are considered potential therapeutic targets and collections of compounds have

been established with which to study them funher. The current work aIso describes the

use of the characterized receptor. along with a system of other recombinant human

prostanoid receptors.. to identify a novel specifie agonist.. L-644..698.. for the human OP

receptor. At nanomolar concentrations tbis compound demonstrated both high affinity

DP-s~cific binding and high potency. performing as a full agonist at the human OP

reeeptor. ~Iost imponantly. this paper provides evidence that L-644.698 is at least 300­

foid more selective for the DP receptor than for any of the seven other recombinant

human prostanoid receptors tested. making it one of the most selective OP-specifie

agonists as yet described. PGh and ~ 12-PGl!, the ~ndogenous metabolites of PGD2, were

also tested in this system and PO]! was panieularly active. being equipotent to the DP­

specifie agonists including L·644.698.
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Cbaracterization of the recombiDant buman prostaDoid OP receptor and

identificatioD of L-644,698, a novel selective OP agonist
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Summary

1. A human embryonic kidney cellline [HEK 293(EBNA)] stably expressing the human

recombinant prostaglandin 02 (POD!) receptor (hOP) bas been characterized with respect

to radioligand binding and signal transduction proPenîes by use of prostanoids and

prostalloid analogues. Radioligand binding studies included saturation analyses.. the

effects of nucleotide analogues.. the initial rate of ligand-receptor association and

equilibrium competition assays. In addition.. adenosine 3':5'-cyclic monophosphate

(cyclic AJ.\1P) generation in response to ligand challenge was also measur~d.. as this is the

predominant hOP signaling pathway.

2. L-644.698 ( 4-(3-(3-(3-hydroxyoctyl)-4-oxo-2-thiazolidinyl) propyl) benzoic acid)

(racemate» was identified as a novelligand having high affinity for bDP \\ith an

inhibitor constant (KI) of 0.9 nM. This KI value was comparable to the KI values

obtained in this smdy for ligands that have previously sho\\n high affmity for DP: PGD!

(0.6 nM). ZK 110841 (0.3 n~f). BW245C (OA nM). and BW A868C (2.3 nM).

3. L-644.698 was found to he a full a20nist ~ith an ECso value of 0.5 nM in sz:eneratin2- - -
cyclic A.l.\-lP following activation of hDP. L-644.698 is. therefore.. comparable to those

agonists \\'ith kno\\n efficacy at the DP receptor (ECsQ): PGO: (0.5 nM).. ZK 110841 (0.2

Ml). and B\V245C (0.3 nM).

4. L-644.698 displayed a high degree of selectivity for bDP when compared to the

family of cloned human prostaIloid receptors: EPI (> 25~400-fold),EP2 (-300-fold), EP3­

m(-4100-fold). EP.. t-lO.OOO-fold). FP (>25.400-fold). IP (>25.400-fold), and TP

(>25.400-fold). L-644.698 is. therefore. one of the most selective DP agonists as yet

described.

S. PGJ: and ~ 12-PGh, two endogenous Metabolites of PGO!, were also tested in this

system and shown to he effective agonists with KI and ECso values in the nanomolar
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range for bath compounds. In panieular7 PGJ2 was equipotent 10 known OP-specifie

agonists witb a Ki value of0.9 nM and an ECso value of 1.2 nM.
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Introduction

Prostaglandins. prostacyclin (PGI:!). and thromboxane A:! (TXA:!) are collectively

described as prostanoids. Originally il was proposed (Kennedy et al. 1982: Coleman et

al. 1984) that individual prostanoid receptors exisled for each (If the primary bioactive

prostanoids. This c1assitlcation described distinct receptors for prostaglandin D:! (PGD:!).

PGE~. PGF~u. PGh. and TXA:! which were denoted OP. EP (EPI and EP:d. FP. IP. and

TP. respectivcly. This was followed by a further subdivision of the EP class of receptors

into four subtypes: EPI. EP:!. EP.,. and EP4 (for review. Coleman et al. 1994). The

c10ning of the human (h) prostanoid receptors currently includes TP (Hirata et al. 1991).

FP (Abramovitz et al. 1994). IP (Boie et al. 1994). EPI <Funk et al. 1993). EP:! (Regan et

al. 1994). EP. (Adam etai. 1994). EP4 <originally mistakenly described as EP~)(An et al.

1993: Bastien et al. 1994). and DP (Boie etai. 1995). These receptors form a sub-family

within the G protein-coupled receptor (GPCR) superfamily. During cloning. altcmatively

spliced isoforms of both hTP <Raychowdhury et al. (995) and hEP. (Adam et al. 1994:

Schmid et al. 1995: Kotani et al. 1995) were identified.

The endogenous prostanoids demonstrate preference towards individual

prostanoid receptors hut. in general. there is a marked degree of cross-reactivity hetwec::n

these ligands and the cntire receptor family (Dong et al. 1986: Sheldrick et al. 19~8:

Armstrong et al. 1989: Bunce et al. (990). This has driven the development of selective

compounds. Several selective and efficacious prostanoid agonists have been identitïed.

including cicaprost (Dong et al. 1986: Armstrong et al. (989) at the IP receptor.

GR63799X (Bunce et al. 1990) at the EP3 receptor and butaprost (Abramovitz et al.

unpublished observations) at the EP1 receptor. To date. the group of synthetic DP

agonists includes BW245C. ZK 110841. RS-93520. RS-93427. 572C85. and 192C86.

BW2~5C is the most comprehensively studied of these synthetic OP agonists (Town et

al. 1983~ Whittle et al. 1983: Woodward et al. 1990: Fernandes & Crankshaw. 1995;

Rangachari et al, 1995) but atthough the efficacy of BW245C at OP is well-established

(Town et al. 1983: Boie et al. 1995). the selectivity of tbis ligand versus the other

prostanoid receptors is not completely defined. Data suggest that BW245C has affinity

for at least one otber prostanoid receptor tbat couples to stimulation of adenylate cyclase
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via the guanine nucleotide binding (G) protein Gs• Sorne findings suggest that BW24SC

cross-reacts with EP2 (Giles el al, 1989; Matsugi el al, 1995) while other investigators

have proposed IP (Trist el al, 1989). Another potential limitation associated with

BW245C concems its stability in aqueous solution since il bas been shown to produce an

epimer which is less biologically active than the parent compound (Brockwell el al,

1981 ).

Studies of the OP receptor have been complicated by its relatively low abundance

and narrow scope of distribution. Thus, it was the last known human prostanoid receptor

to he cloned (Boie el al. 1995). In this study, the radioligand binding and. signal

transduction propenies of recombinant hOP have been more completely studied, both

with prostanoids and prostanoid synthetic analogues of varying selectivity. Through

these analyses. and by use of the system of cloned recombinant human prostanoid

receptors previously described (Abramovitz el al. unpublished observations). a novel

selective DP agonist.. L-644.698 ( 4-(3-(3-(3-hydroxyoctyl)4-oxo-2-thiazolidinyl)

propyl) benzoic acid) (racemate) (Figure 1). has been identified.
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Metbods

pCEP4-hDP stable expression in HEK 293(EBNA) ce/ls

Stable expression of the hOP receptor was achieved by transfection of the pCEP4-hDP

(Abramovitz et al, unpublished observations) plasmid into HEK 293(EBNA) cells

[maintained under selection with GENETICIN (G418)] by cationic-liposome mediated

transfer using LipofectAMINE reagent (Felgner et al. 1987). CeUs were maintained in

culture for 48 h post transfection and then grown in the presence 200 ~g mrt hygromycin

B for 2 weeks. to select for resistant colonies expressing the hOP receptor. Resistant

colonies were expanded and subsequenùy tested for hOP expression by radioligand

binding. The clone with the highest level of binding activity was then used for signal

transduction assays.

Cell culture and membrane preparation

HEK 293(EBNA) cells stably expressing hOP thDP-HEK) were maintained in culture in

Dulbecco's modified Eagle's medium grO\\th medium (Dulbecco's modified Eagle's

medium containing 10% heat-inactivated l'etai bovine serum. 1 mM sodium pyruvate. 20

units mr l penicillin G. 20 J.1g mr l streptomycin sulphate. 250 mg mI-1
GE~r:TICIN and

200 mg mrt hygromycin B). In order to prepare membranes from hDP-HEK ceUs (all

procedures al 4 OC). they were first resuspended by Dounce homogenization (pestle B. 10

strokes) in the presence of 2 ITh\-t phenylmethylsulfonylfluoride. Cells were neX"l

disrupted by nitrogen-cavitation al 800 psi for 30 min on ice. The resulting ceU

suspension was subjected to two centrifugation steps: 1000 x gma;r for 10 min followed by

100 000 X gmax for 30 min. The resulting pellet was resuspended to 11 1Oth the original

volume in 10 ~I HEPESIKOH tpH 7A) containing 1 tMtf EDTA (teuasodium salt) by

Dounce homogenization tpestle A. la strokes). and aliquots were stored at -80 oc al a

protein concentration of 8-1 0 mg mr1
•
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f HjPGD2 binding to hDP-HEK membranes

Radioligand binding assays were performed in 0.2 ml of 10 mM HEPES-KOH (pH 7.4)

1 mM EDTA containing (unless otherwise noted) 0.8 nM eHlPGD2 (lIS Ci mmor l
) and

10 mM MnCh. Compounds were added in dimethylsulfoxide (Me2S0) at 10/0 (v/v) of the

final incubation volume (vehicle concentration was constant throughout). The reaction

was initiated by the addition of 30 J,lg of hDP-HEK membrane protein to all tubes and the

samples were incubated at room temperature for 1 h. The reaetion was tenninated by

rapid filtration at 4 Oc in 3-4 ml of 10 mM HEPESIKOH (pH 7.4) through a GF/C filter

(Unifilter) which had been presoaked in the same buffer. Each filter was dried for 1-2 h

at 55 oC and the residual eH]PGD! bound to the tilter (330
/0 etlicieney) was detennined

in 50 J.LL per well of Ultima Gold scintillalion cocktail. Non-specifie binding was

determined in the presence of 1 J,l~l PGD2•

Analysis of[3HJPGD: binding

Rates of association were calculated through a one-site curve-tit analysis, employing the

equation Bt=Bcq-Bcq(e (-K_tI ]; where St represents the radioligand bound specifieally at

time t. Beq represents the radio ligand bound specifieally at equilibrium and ~bs is the

observed association rate which is then expressed as KobsJ'[radioligand].

Specifie binding saturation isotherms were dedueed by subtraeting the non­

specifie binding from the total binding, both measured experimentally. The saturation

isotherms were transfonned by use of nonlinear. least-squares. regression analysis

adapted from the work of Feldman (1972) where the equation [(BMAX x F) / (KI + F)l +

[(BMA." X F) 1 (K2 + F)] represents the radioligand specifically bound. BMAX is the

ma.ximal number of binding sites. K is the equilibrium dissociation constant and F is the

concentration of free radioligand. The analyses were perfonned using Accuflt Two-Site

saturation software (Beckman Instruments).

Sigmoidal curves from equilibrium competition assays were analysed by custom

designed software whieh employs a non-linear least-squares fitting routine based on the

four parameter logistic equation: y=(ml-m2)(1+(mO/m3)enNr l +m2; where ml and ml
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represent the maximum and minimum of the curve. m3 represents the intlection point

(IP). m4 represents the slope of the curve at the intlection point. mO represents the

concentration of the competing ligand and y represents the % eH]PGD:!-specilic binding.

KI values were calculated l'rom the equation Ki = IP / 1 + [radioligand]/(KD ).

Chemicll/ and metabolic stabi!ity of [3HlPGD2 wuler the experil1lental conditions

The stability of CH]PGD:! exposed to the incubation conditions for 2 h was verified by

reverse-phase high performance liquid chromatography (r.p.-h.p.l.c.). Following

incubation of CH1PGD2 under standard conditions the reaction was terminated with the

addition of 2 x r.p.-h.p.l.c. solvent (r.p.-h.p.l.e. solvent = 66: 15: 18: 1 (v/v)

H20:CH~CN:CH30H:CH~COOH.adjusted to pH 5.6 with 10 N NaOH) to the samples.

Samples were allowed to incubate for 10 min at 30 oC to dissociate the receptor-bound

CH1PGD2 and were then subjected to centrifugation at 100 000 x g for 15 min at 4 oC.

The resulting supematant fractions. containing both bound and unbound [·~H1PGD2. were

then analysed by r.p.-h.p.l.e. using a NovaPak CI~ column (0.39 x 15 cm~ Waters).

["'H1PGD2 was e1uted with a linear gradient l'rom 0 to 70% (v/v) acetonitrile developed

over 35 min at a tlow rate of 1 ml min-' following an initial 3 min elution with r.p.-h.p.l.c.

solvent. The 35 min gradient elution was followed by a final 10 min wash with 90%

(v/v) acetonitrile. The protile of radioactivity was monitored using an on-line f1ow­

through radioactivity detector (Berthold). Eluant fractions were subsequently rnixed with

5 ml of scintillation fluid for the precise quantitation of the radioactivity recovered.

Cydic AMP llssays \'-"·ith hDP-HEK cells

hDP-HEK cells were harvested at 80% confluence by resuspension in 10 ml of enzyme­

free cell dissociation buffer (a commercially available. membrane-filtered. isotonie. and

enzyme-free aqueous formulation of salts. chelating agents. and cell-conditioning agents)

and washed in phosphate-buffered saline by centrifugation (300 X g'ruLt for 6 min at room

temperature). CeUs were then washed in 10 ml of Hanks' balanced salt solution (HBSS)

by centrifugation under the same conditions as above and resuspended in HBSS at 4 x
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106 ceUs mr'. Cell viability was determined to be > 95%. by trypan blue exclusion. The

generation of adenosine 3':5'-cyclic monophosphate (cyclic AMP) was performed in a

final incubation volume of 0.2 ml of HBSS containing 100 J.1M Ro 20-1724 to abrogate

cycIic AMP hydrolysis. Compounds were added in MelSO kept constant at 1% (v/v) of

the final incubation volume. Assays were initiated with the addition of 2 x 105 cclIs per

reaction and samples incubated for 10 min at 37 uC with shaking. Reactions were haJted

by the incubation of samples in boiling water for 3 min and cyelie Al\'IP was

subsequently measured using a ['~511 - cyclic AMP scintillation proximity assay.

Sigmoidal coneentration-response curves were anaJysed by eustom designed

software to determine ECso values. Maximal stimulation was defined as the quantity of

cyclic AMP produced by incubation with 1 JlM PGD~. Statistical analysis of the

maximal response for each ligand as a pereentage of this maximal stimulation was

performed with SigmaStat software. version 2.0 <Jandel Scientitie). A one-way ANDVA

followed by a Tukey test wa~ used to determine full and partial agonists.

Protei" Clssays

Protein concentration was measured by the bicinehoninie aeid (BCA) protein assay kit

(Pierce) \Vith bovine serum albumin as the standard.

Reagellts

PGD1. PGE(. PGE2• PGF!u, U466 19 (9.11-dideoxy-9a~II<x-methanoepoxy ..PGF1u),

PGJ1, ~'!-PGJ2. 15-deoxy-~'2·'';-PGJ2 and Ro 20-1724 (4-(3 butoxy-4-methoxybenzyl)-2..

imidazolidinone) were l'rom Biomol Research Laboratories (Plymouth Meeting. PA.

U.S.A.). 13.14-dihydro-15-keto-PGD2 was from Cayman Chemical (Ann Arbor. Mt

U.S.A.). BW245C (5-(6-earboxyhexyl)-I-(3-cycIohexyl-3-hydroxypropylhydantoin»

and BW A868C «±)-3-benzyl-5-(6-carboxyl)-I-(2-cyclohexyl-2-hydroxyethylamino)­

hydantoin) were generous gifts from The WelIcome Foundation Ltd (Beckenham. Kent.

U.K.). ZK 110841 «5Z.13E)-(9R.IIR.15S)-9J}-chlor-15-cyclohexyl-11.15-dihydroxy-
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16.17.18. 19.20-pentanor-5.13-prostadienoic acid) was a generous gift from Dr. D.

Crankshaw from the Department of Obstetrics & Gynecology (McMaster University.

Hamilton. Ontario. Canada). L-644.698 was synthesized at Merck Research Laboratories

by Dr. J .B. Bicking. lloprost and l~I - cyclic AMP scintillation proximity assay kits

were from Amersham (Oakville. ON. Canada). (H]PGD:! was from Dupont NEN

(Boston. MA. U.S.:\.). GTPyS <Guanosine-5'-O-(3-thiotriphosphate». ATPyS

<Adenosine-5'-0-( 3-thiotriphosphate». GMP-PNP (Guanylyl-imidodiphosphatc) and

AMP-PNP (Adenylyl-imidodiphosphate) were from Boehringer Mannheim Canada

<Laval. QC. Canada). Bicinchoninic Acid (BCA) Protein Assays were from Pierce

(Rockford. IL. U.S.A.). GENETICIN (G418) and LipofectAMINE were from

GffiCO/BRL (Burlington. ON. Canada). Enzyme-free cell dissociation buffer was from

Life Technologies Ine (Gaithersburg. MD. U.S.A.). Hygromycin B was from

Calbiochem. <La Jolla. CA. U.S.A.). Unitïlters and Ultima Gold were from Packard

(Meriden. CT. U.S.:\.) .
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OH

Figure 1. Structure of L-644.698 (racemate).

Rate ofassociation

The rate of association of eH]PG02 with hOP at room temperature is shown in Figure 2.

The initial rate of association was 0.15 ± 0.01 min-I Mr1
• Equilibrium was reached

within 20 min. Once achieved.. equilibrium binding was maintained throughout the 2 h

time course. The stability of eH]PGD2 under the assay conditions was verified by

reverse-phase high perfonnance liquid ehromatography (r.p.-h.p.l.e.). eHlPGD2 was

incubated under the assay conditions for 2 h.. recovered from the incubation media and

resolved by r.p.-h.p.l.e. as a single peak with the saane retention time (24.5 min) as a

control sample of eHlPGD2 analyzed under identical conditions (data not shown).

Approximately 87% of the eHlPGD2 added to the incubation medium was recovered.

eHlPGD2 is.. therefore.. chemieally and metabolieally stable during a 2h incubation under

these experimental conditions as determined by r.p.-h.p.l.e.

The association rate of [3H]PGD2-specifie binding to the hOP receptor was also

investigated at 30 Oc (data not shown). Equilibrium binding was attained more rapidly
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• than under conditions ofroom temperature, at a rate of0.31 ± 0.03 minet DMt. However,

it was not maintained as demonstrated by a time-dependent decrease in eHJPGD2­

specific binding during the 2 h incubation to a value 750/0 of the maximum level obtained.
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Fiaure 2. Rates of association of eHlPGD2 binding to the human OP receptor expressed
on membranes from HEK 293(EBNA) ceUs. Radioligand membrane binding assays were
carried out as previously described under Methods. with the following modifications: the
rates oflotal (C) and non-specifie (à) binding were assessed over a 2 h lime course by
the sequential addition of HEK 293(EBNA) membranes expressing the hOP receptor to
separate incubation tubes. Membranes were added initially al the final time point of 2 h
and successively al various other intervals until the initial lime point of 1 min. Specifie
binding (e) was caleulated as the difference between non-specifie binding. measured in
the presenee of 1~M PGD:. and total binding. Data points are the mean from three
separate experiments performed in duplieate. venical lines show s.e.mean.

E.ffecrs ofnuc/eolide analogues

The etTects of slowly..hydrolyzable nucleotide analogues on eHlPGD2-Specific binding

to the hOP receptor were studied (Figure 3). [3H]PGD2·specific binding was inhibited in

a concentration-dependent manner by GTPyS, ATPyS, GMP-PNP and AMP-PNP. The
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IC50 values (JAM) for these compounds were 0.01, 1.67, 1.51 and 347, corresponding to

the following rank order ofnucleotide analogue pltency at the hOP receptor: GTPyS»

ATPyS = GMP-PNP» AMP-PNP. The effects ofGTPyS were studied further in

conjunction with saturation analyses as described below.
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Fiaure J. Effeets of nucleotide analogues on eHlPGD1-specifie binding to the human
OP receptor expressed on membranes from HEK 293(EBNA) ceUs. Radioligand
membrane binding assays were carried out as previously desc:ribed under Methods. in the
presence of0-1000 J.LM ofGTPyS (•• ATPyS (C) GMP·PNP (e). or AMP-PNP (O).
The specifie binding for each nueleotide analogue concentration was caleulated as a
percentage of the maximum specifie binding obtained in the absence of nucleotide
analogue. Data points are the mean from two separate experiments perfonned in
duplicate; vertical lines show s.d.

Saturation analyses

Saturation anaIysis of eHlPGD:-specific binding to the hOP receptor was perfonned and

two populations of sPeCific binding sites were revealed (Figure 4a): a high affinity site of

relatively low abundance with an equilibrium dissociation constant (Ko) of 0.3 ± 0.1 nM
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and a maximal number of specifie binding sites (BMAX ) of 0.5 ± 0.1 pmol mg-! of

membrane protein and a low affinity site of relatively high abundance with a KD of 13.4 ±

1.2 nM and a B~1AX of 5.9 ±0.6 pmol mg-( of membrane protein (aIl values are the mean

± s.e.mean. 11=3). The nature of these two populations of [-'H1PGD2-specilïe binding sites

was investigated further with GTPyS. When saturation analysis was eonducted in the

presence of 100 JlM GTPyS (Figure 4b) only the low aftinity binding site was identitïed

(KD of 17.1 ± 1.3 and a B~tAX of 5.8 ±O.3 pmol mg-! of membrane protein).
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Figure 4. Saturation analysis of [o'HIPGDz binding to the human DP rcccptor expresscd
on membranes from HEK 293(EBNA) cells. Radioligand membrane binding assays werc
carried out as previously deseribed undcr Methods. Total and non-specl'ïc binding wcre
dctermined over a concentration range of 0.4 nM to 40 nM eH]PGDz (28.8 Ci mmor l

) in
the .lbsence (a) and presence (b) of 100 IlM GTPyS. Saturation isotherms were analysed
as describcd in Methods. Note the differcnce in the scalcs of the ordinates between the
two graphs. Non-specifie binding was measured with 100-fold (4IJM) PGOz, as
validated in compelition assays using [3H]PGOz. Data are rcpresentative of three scparate
experimcnts. each donc in duplkatc, with membrane stocks prepared from different
passages of hOP-HEK cells.
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• Competition/or rH]PGDrspecific hinding

Three groups of compounds were investigated for their ability 10 compete with

[3H]PG02-Specific binding to hOP in equilibrium competition assays (Table 1):

prostanoids~ synthetic prostanoid analogues and PG02 metabolites. PGD2 had a Ki of 0.6

± 0.2 nM. PGE29 PGF2a 7 and iloprost ail had Ki values in the high nanomolar range.

Compounds with the highest affinity were the DP-specific synthetic ligands: BW24SC.

BW A868C, and ZK 110841, all ofwhich were comparable to PG02. PGh had affmity

for the OP receptor that was of the same order as the OP-specifie synthetic ligands and

PG02. The ather metabolic breakdown products ofPGD2 tested (â12_PGh, 15-deoxy­

~12. 14_PGh, and 13. 14-dihydro-15-keto-PGD2) had Ki values ranging from 100 ~l to

6000 ~t.
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Fiaure 5. Competition for eHlPGDr-spcc::ific binding to the human OP reccptor
expressed on HEK 293(EBNA) membranes by OP selective agonists. Radioligand
membrane binding assays were camed out as previously described under Methods.
Assays of competition were condueted under conditions of equilibrium al room
temperawre. with 0.03-1000 nM PGOz (.). L-644.698 (0), BW24SC (Cl). or PGJz (Â).
Data points are the mean ftom four experiments performed in duplicaœ. venic:a1lines
show s.e.mean.
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During this series of assays a novelligand of bigh affinity and specificity for hOP9

denoted L-644,698 (Figure 1), was identified. L-644,698 had high affinity Îor the hOP

receptor with a Kt of 0.9 ± 0.2 nM, which is equal in magnitude to PGD2, PGJ2,

BW24SC, BW A868C, and ZK 110841 (Figure 5). In additio~ L-644,698 demonstrated

considerable selectivity for the hOP receptor, as shown in Table 2. Binding ofL-644,698

was detectable at hEP2, hEP}, and hEP4, where the respective KI values were at least 300­

fold, 4100-fold, and 10000 fold higher than the Ki value al hOP. L-644,698 did not

compete for specifie binding to hEP\, hFP, hIP and hTP at concentrations up to 25.4 J.lM.

Table 1. Inhibitor constants and Hill coefficients for competing ligands at the human OP
receptor.

Ligand K, (n~\-f) Hill coefficient (nI{)

PGD:! (4) 0.6 ±0.2 0.6 ± 0.2

PGE\ 53:: 8 0.8 ± 0.1
PGEz 107 ± 42 0.6 ±0.1
PGF~<l 367 ± 85 0.7 ± 0.1
Iloprost 269 ± 82 0.7 ± 0.1
U-46619 1202 ± 64 0.7 ± 0.1

Il PGJ! (4) 0.9 ± 0.1 0.9±0.1
~\::-PGJ2 100 ± 13 0.8 ± 0.1
15-deoxy_t112.1

4_PGh (4) 280 ± 30 0.1±0.1
13, 14-dihydro-1 S-keto..PGD! 6374 ± 1208 0.9 ± 0.1

III L-644,698 (4) 0.9 ±0.2 0.6 ± 0.2
BW245C (4) 0.4 ± 0.1 0.6±0.2
BW A868C 2.3 ± 1.4 0.4 ± 0.2
ZK110841 (4) 0.3 ± 0.1 0.9 ± 0.1

Inhibitor constant (KI) values ± s.e.mean (DM) and Hill coefficient (nH) values ± s.e.mean

are shawn for prostanoids and synthetic prostanoid analogues (1), Metabolites of PGD2

(ID and synthetic prostanoid analogues specifie for OP (III). Values are derived from 3

separate experiments unless otherwise noted in parentheses by the ligand name.
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Table J Selectivity of L-644,698 and reported DP agonisls at recombinant human prostanoid receptors stably expressed in HEK 293

(EDNA) cells

Ligand K; filM)
hEP, hEP] hEP) hEP., hDP hFP hlP hTP

L-644,698 >25400 267 ± 39 ]7]0 ± 738 ·9280 ±226 0.9±0.2 >25400 >25400 >25400
(3) (3) (3) (2) (4) (3) (3) (3)

'POD2 5820 t 1801 2973 ± 100 421 ± 60 1483 ± 189 0.6tO.2 6.7 tO.5 >25000 6602 t 541
(3) (3) (3) (3) (3) (3) (3) (5)

'OW245C >25000 219 ± 19 >25000 1]2 ± 26 0.4 ± 0.1 >25000 >25000 13482 ±
(4) (5) (3) (4) (4) (3) (3) 1134 (5)

tZK 110841 1.8 ± 0.2 6.0 t 0.6 522 ± 81 41 t 7 0.3 ± 0.1 1670 ± 107 2147±661 1121 ± 201
(4) (4) (2) (4) (4) (3) (2) (3)

PGh 15678 t 989 t 311 319 ± 29 1065 ± 252 0.9 t 0.1 553 ± 226 >25000 6426 ± 1271
3711 (5) (4) (5) (4) (3) (4) (2) (5)

Inhibitor constant (Ki) values ± s.e.mean (where n~3) or s.d. (where n=2) are derived from radioligand binding assays and are shown

with the number ofdetenninations (n) indicated in parentheses. • L-644,698 binding 10 hEP,., Ki value t s.d., data sel = 9440 nM,

9120 nM and 43% inhibition at 25.4 ~M; ZK 110841 binding 10 hEP), Ki value ± s.d., data set = 442 nM, 604 nM and 50% inhibition

at 2.5 ~M and 10 hlP, Ki value ± s.d., data sel = 2615 nM, 1680 nM, 64% inhibilioll al 2.5 ~M and 70% inhibition al 2.5 J.&M. t Data

00 from Metters el al, in preparation.
~



• Cyclic AMP generation assays

The ability of prostanoids and synthetic prostanoid analogues to transduce intraeellular

signais through hOP was explored by measuring stimulation of intracellular cyclic AMP

production (Figure 6 & Table 3). PGD2 had an EC50 value ofO.S ±0.1 nM for the
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Filure 6. Cyclic AMP production by HEK 293(EBNA) cells c:xpressing the human OP
receptor. hOP-HEK cells were incubated in a final volume of0.2 ml ofHBSS containing
100 j..LM Ro 20-1724. as previously described under Methods. Also. added to the
incubation medium was 0.03-1000 nM PGO: (.). L-644.698 (0). BW24SC (Cl). or
PGJ: (.). Reactions were initiated with the addition of2 x 10' cells to the incubation
volume. samples were incubated for 10 min al 37 oC with shaking and the reaction was
tenninated by the incubation ofthe assay plate in boiling water for 3 min. Cyclic-AMP
was quantified by use ofa commercially available scintillation proximity assay. Data
points are the mean ofthree (L.M4.698. BW24SC. and PGJ:) or four (PGD:)
experiments each perfonned in duplicaœ: vertical lines show s.e.mean.

production of cyclic AMP. The novel selective ligand L·644,698 was equipotent with an

ECso value ofO.s ± 0.1 nM. BW245C and ZK 110841 had ECso values of 0.3 ± 0.1 nM
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and 0.2 ±0.1 nM, respectively, whereas BW A868C was less potent with an EC5Q value

of7.5 ±0.9 DM. The POOl metabolites all showed varying efficacies, the most notable

being PGJ! with an ECso value of 1.2 ± 0.1 nM.

The maximal response for each ligand as a percentage of the maximal stimulation

achieved with 1~PG~ was also found in an effon to discriminate between full and

partial agonists (Table 3). The majority of compounds were not statistically significantly

different from PODl and were thus deemed full agonists, including the novel hDP­

specifie ligand L-644..698. ln contrast.. BW A868C (documented both as an antagonist

(Giles el al, 1989) and a panial agonist (Hirata el al, 1994; Boie el al.. 1995] was

significantly different from PGD2 (P < 0.05) since it reached only 68 ± 40/0 ofPG~­

mediated maximal stimulation.. which is suggestive of panial agonist activity. The ooly

other partial agonist identified was 15-deoxy-âI2
• 14_pGJ! (p < 0.05) with a value of69 ±

5% as compared with the PGD2 control.

83



• Table 3. Poteneies and effieacies for ligands al the human DP rec::eptor.

Ligand ECso (nM)
%ofmaximal
stimulation of
cyclic AlvlP
production

PGO! (4) 0.5 ±O.l

1 PGE! 84 ± 1

PGF2a 264 ± 22
Iloprost 377 ± 13
U-46619 2903 ± 647

II PGJ2 1.2 ± 0.1
~12_pGh (4) 91 ± 18
15-deoxy-~ 12.14-PGJ2 321 ± 15
13. 14-dihydro-15-keto-PGD! 5283 ± 944

III L-644.698 0.5 ± 0.1
BW245C 0.3 ± 0.1
BW A868C (4) 7.5 ±0.9
lKII0841 0.1 ± 0.1

86 ±2

91 ± 10
85 ± 10
82 ±2

100 ± 12

87 ± 1
118 ± 9

• 69 ± 5
78 ± 3

86 ±4
90 ± 1

• 68 ±4
92 ± 1

•

ECso values ± s.e.mean (nM) and maximal responses (percentage ofmaximally

stimulated control values ± s.e.mean) are shown for prostanoids and synthetic prostanoid

analogues (1). Metabolites of PGD2 (II). and synthetic prostanoid analogues specifie for

the OP reeeptor (III). Values are derived from 3 separate experiments unless othernise

noted in parentheses by the ligand name. Maximal stimulation was defined as the cyclic­

MW response produced in response to 1 J.LM PGD!. An asterisk (*) indicates a value

statistieally significantly difTerent (p < 0.05) from the maximal stimulation (1000/0).
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Discussion

Characterization of a newly-developed hOP-HEK stable celiline has been perfonned in

order to study OP receptor ligands. This characterization includes the radioligand

binding properties of hDP determined using cell membrane preparations. In addition.

cyclic AMP measurements with hOP-HEK cells have been perfonned as an index of cell

signaling. These features are described below.

Slowly-hydrolyzable nucleotide analogues disrupt GPCR signaling by binding to

the G-protein Ga subunit (for review: Gilman. 1987: Neer. (995). This promotes the

sustained dissociation of the Ga subunit l'rom the G~y subunits (Hanski et al. 1981:

Stemweis et al. (981) thereby conferring a low affinity state for agonist binding on the

entire receptor population (Rojas & Birmbaumer. 1985: Gilman. 1987). ln this study

eH]PGO:!-specific binding to hOP was inhibited by GTPyS > ATPyS =GMP-PNP >

AMP-PNP. indicating a marked difference in agonist affinities between the coupled and

uncoupled states of the recombinant hOP receptor. The rank order of potency of the

nucleotide analogues probably retlects their structural similarity to guanosine 5'­

triphosphate (GTP).

Two populations of hOP-specifie binding sites were identified by saturation

analysis: a high al'finity site of relatively low abundance and a low affinity site of

relatively high abundance. Further suppon is lent to the two-site model with the

suppression of the high affinity site in the presence of 100 J,lM GTPyS which allows

detection of only the low affinity site. In addition. the caIculated Hill coefficient values

(nH) from equilibrium competition radioligand binding assays ranged l'rom 0.4 to 0.9,

except for 15-deoxy-L111
. 1~_pGJ:! where nH was equaI to 0.1. This is indicative of more

than one binding site since, classically, a single site of binding is indicated by nH =1.

Competition for eHjPG02-Specific binding to the recombinant hOP receptor

identified a novelligand. L-644.698. with high affinity and selectivity for hDP. The

overall rank order of affinities for the ligands tested was: L-644.698 = ZK 110841 =
BW245C = PG02= PGJ2 ~ BW A868C» PGE l > L1 l1_PGJ2 = PGE2 > 15-deoxy-L112. I~-

PGl2 = noprost > PGF2a» U466 19 > 13. 14-dihydro-15-keto-PG02. The selectivity of

L-644,698 for the hOP receptor distinguishes it l'rom these other compounds of equal
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affinity. L-644.698 is comparable to BW245C in tenns of its selectivity for hOP. but has

a slightly different profile relative to the other prostanoid receptors which couple to

stimulation of adenylate cyclase. Thus. L-644.698 and BW245C have equal affinities for

hIP and hEP:!. but L-644.698 has a loo-fold lower aftinity for hEP~. The other OP

agonists tested demonstrated much less selectivity.

L-&W.698 is also a potent agonist in signal transduction assays which assessed

cyclic AMP production. The following rank order of potency was observed: L-&+4.698

=ZK 110841 =BW245C =PGO:! =PGl:! ~ BW A868C» .11:!-PGl 2 =PGE:! > PGF:!(l >

15-deoxy-~12. 1~-PG12 = Iloprost» U46619 > 13. 14-dihydro-15-keto-PGD:!. Due to its

dcmonstrated potency and unique protile of selectivity L-644.698 should. therefore. be

valuable in studying DP in heterologous systems.

Prostaglandin 12 was aiso potent in its ability to stimulate cyclic AMP production

and demonstrated full agonism in the recombinant hOP-HEK system. Previously PG1:!

has demonstrated only partial agonist activity. The latter study was conducted in vitro

using the DP receptor in human non-pregnant myometrium (Fernandes & Crankshaw.

(995). This discrepancy is probably attributable to the differences in receptor reserve

between the (wo systems. PG12can he degraded in the presence of albumin. serum or

plasma to its biologically active metabolite ~12-PG12 (Mahmud et al. (984). .11:!_

Prostaglandin J:! was also shown to be a full agonist in this study and wa..to; approximately

loo-l'old less potent than PG12and 2oo-fold less potent than PG02" This is consistent

with a previous study where .1L!-pGJ2 was shown to he 300-fold less potent than PGO! in

mediating inhibition of ADP-induced human platelet aggregation (Narumiya & Toda.

(985). Prostaglandin 12 and. less probably. ~ 12-PG1! have the potentiaL therefore. to he

active in l."il"o al the OP receptor depending on the local concentrations of these ligands.

BW A868C is a OP antagonist described as a hydantoin derivative. having a pKB

value when assayed against BW245C ranging from 8.3 at human myometrium (Senior et

al. 1992: Senior et al. 1993) to 9.3 al human platelets (Giles el al. 1989: Trist et al, 1989:

Barraclough el al. (996). Similarly. al OP in human myometrium BW A868C behaved

as an antagonist with a pKB value of 7.3 againsl ZK 110841 (Fernandes & Crankshaw.

1995). In contrast, BW A868C behaved as a partial agonist in this recombinant hOP

receptor system. Similar activity has been previously described using the cloned hOP
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and mouse (m)OP receptors (Boie et af. 1995: Hir41ta et al. 1994). A shift from

antagonist to partial agonist activity is usually explained by the low level of receptors in

systems expressing endogenous receptors relative to the high receptor reserve obtained in

recombinant expression systems. However. the stable cell line expressing mDP had a

low receptor number (maximum number of specifie binding sites of93 fmol mg- I

membrane protein) which is less than many values observed for tissue preparations (Ito et

al. 1989). Partial agonism a~sociated with BW A868C is. therefore. observed under

conditions of low and high expression of specifie binding sites.

BW245C and ZK 110841 were 1.5- and 2.5-times as potent al\ PGO!.

respectively. in the recombinant hOP-HEK system. In independent studies BW245C was

detennined to be 3-times as patent al\ PGO! (Town et af. 1983) and PGO! was found to

he 1.5-times as potent as ZK 110841 (Thierauch et al. 1988: Schulz et al. (990) in

inhibiting ADP-induced platelet aggregation. The values obtained in this study are.

therefore. in good agreement with the previous data. Variations in reported values do

exist. however. for platelet aggregation assays. For example. BW245C has been reported

to he 8-fold more potent than PGO! (Whittle et al. 1983: Narumiya & Toda. 1985). In

contra..~t to other reports in which wa~hed platelets were used. in these. platelet-rich­

plasma was employed where the plasma and the accompanying albumin would have the

potential to metabolize PGD1. as has been documented (Fitzpatrick & Wynalda. 1983).

Studies addressing hDP-mediated inhibition of neutrophil activation are also in

agreement with our data. ZK 110841 was 3-fold more potent than pao! in inhibiting

superoxide anion fonnation and equipotent with PGO! in inhibiting J3-gJucuronidase

release in neutrophils (Ney & Schror. 1991). Finally. investigations of PGO!-mediated

effects in the non-pregnant myometrium have documented a biphasic effect (Senior et al.

1992: Fernandes & Crankshaw. (995). where the initial contractile phase occurs through

PGO! activation of hFP and the secondary relaxatory phase results from PGO! activation

of hDP. These results emphasize the importance of selectivity data in the prediction of in

\'Ïvo ligand activity.

ln conclusion. a novel OP-specifie agonist. L-644.698. has been described. This

sYnthetic proslanoid analogue is one of the most highly selective OP agonists discovered

to date. In addition. the PGO:! metabolites PGJ! and L\12_PGJ2 have been shown to be
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patent at hOP, suggesting that they MaY have physiological significance in vivo.

Selectivity data bave been presented for some currently accepted DP-specific agonists

across the eight human prostanoid receptors cloned to date. Finally, the recombinant

hOP receptor bas been characterized with available pharmacological tools, both with

respect to radioligand binding and signal transduction.
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5. MANUSCRIPT B

A novel biologieal role for prostaglandin 02 is suggested by distribution studies of the rat

OP prostanoid reeeptor

European Journal ofPharmacology (1999) 377: 101-115

© 1999 Elsevier Science

DP. the receptor which pretèrentially interacts with PG02. is the least studied and

understood of the prostanoid reeeptors. Thus. the limited distribution of the DP receptor

has made it hard to characterize and it was the last knO\\ll homologue of the human

prostanoid receptors to be cloned. During cloning ofboth the murine and human DP

receptors. DP-specific mR.'iA was observed in the small intestine and other GI tract

tissues by Northem blot analyses of their rnRNA distribution. A corresponding

functional role tor OP in these tissues has not yet been postulated. However. the cross­

species similarity of this rnR..'JA distribution suggests a similar raie for OP in these

tissues. The current work has extended this premise by investigating the ceil-specific

localization of rnR"\fA corresponding to the rat homologue of rDP. These studies

neeessitated the cloning and functional expression of the rDP reeeptor. Prostanoids and

prostanoid analogues. including L-644.698. demonstrated the expected rank orders of

affinity and potency during pharmacological characterization of the functionally

expressed protein. confinning its identity as the rat homologue of the DP receptor. This

validated the use of the cDNA corresponding to rDP as a template from which to make

rDP-specific riboprobes for in situ hybridization studies. rOP-specific mR"iA was

localized to the CNS (Drain and spinal cord) and GI tract by the in situ hybridization

technique. Within the stomacb.. duodenum. ileum. and colon of the GI tract. rOP-specifie

signais were observed repeatedly in the mucous-secreting goblet cells and. less often. in

the adjacent epithelium. These findings suggest a novel biological role for the DP

receptor, namely the regulation of muein secretion.
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Summary

We report the cloning, functional expression and ceU.specific localization of the rat

homologue of the prostaglandin O2 receptor (OP). ln silu hybridization, utilizing

multiple digoxigenin-Iabelled riboprobes and their complementary sense controls.. was

performed to determine the detailed distribution of OP reeeptor mRNA in the central

nervous system and the gastrointestinaJ tract. Within the brain. the leptomeninges and

choroid plexus expressed OP reeeptor mRNA. Transcripts detected in the spinal cord

were localized to the sensory and motor neurons of the dorsal and ventral horns.

respectively. suggesting a role for the OP receptor in the modulation of central nervous

system processes. including pain transmission. Within the gastrointestinal tract (stomach,

duodenum. ileum and colon) signais were highly localized to the mueous-secreting goblet

cells and the columnar epithelium. These findings suggest a novel biological role for

prostaglandin D2-mediated activity at the OP receptor. namely mucous secretion. In

addition. radioligand binding assays (saturation analyses and equilibrium competition

assays) and functional assays (measuring cyclic Al"IP accumulation) were perfonned to

characterize the recombinant rat DP receptor expressed in human embryonie kidney

(HEK) 293(EBNA) cells. A single site ofbinding (Ko=14 oM. Bmax=115 fmoUmg

protein) was measured for prostaglandin D1-specitic binding to the rat DP receptor.

Prostaglandin 02 proved to be a potent agonist at the rat DP receptor (ECso=5 nM). The

rank order ofefficacy tor OP-specifie agonists [prostaglandin 02 = prostaglandin J2 =

BW245C (5-(6-carboxyhexyl)-I-(3-cyclohexyl-3-hydroxyprapylhydantoin» > L­

644.698 «(4-(3-(3-(3-hydroxyoctyl)-4-oxo-Z-tJùazolidinyl) prapyl) benzoic acid)

(racemate)] retlected the affinity with which the ligands bound ta the receptor.
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IDtroduction

The eicosanoids referred to as the primary bioactive prostanoids encompass prostaglandin

O2, prostaglandin E2, prostaglandin F~ prostaeyclin (prostaglandin h) and thromboxane

Al. They act through eight individual prostanoid receptors DP, EP (EPI, EP2, EP3, EP~),

FP. IP and TP (for review. Coleman et aL, 1994) which fonn a distinct sub-family within

the rhodopsin-type G-protein coupled receptor superfamily. Ta date, the rat prostanoid

receptors EPI (Boie el al.• 1997), EP2 (Boie el al... 1997), EP3a (Baie el al., 1997), EP~

(Boie et a/., 1997), FP (Lake el al., 1994), IP (Sasaki el al... 1994), and TP (Kitanaka el

al.• (995) have been c1oned. In this report we describe the cloning, functional expression

and cell-specific localization of the rat DP prostanoid receptor.

Prostaglandin D! is the prostanoid interacting preferentially with the OP receptor.

It is generated from arachidonic acid in a number of tissues by the sequential actions of

prostaglandin H synthase and prostaglandin 0 synthase, and is associated with both

central and peripheral physiological etTects. Within the centtal nervous system..

prostaglandin D! has been associated with sleep induction, modulation of body

temperature. olfactory function.. hormone release. nociception and neuromodulation.

Peripherally. prostaglandin D2 has been shown to mediate vasodilation.. inhibition of

platelet aggregation.. glycogenolysis. bronchoconstriction and vasoconstriction (for

review Hayaishi, 1988; ho el al... 1989). As weil. prostaglandin D2 is the major

prostanoid generated by mast cells upon immunological challenge (Roberts et al., 1980).

However. severa! of these effects may be due to interaction of prostaglandin D2 with

prostanoid receptors other than the OP receptor (e.g. bronchoconstriction potentially

occurs via the FP receptor) (Liston and Roberts. 1985).

The cloning and characterization of the human (Boie et aL, (995) and mouse

(Hirata et al.. 1994) OP receptor homologues has previously been reported and limited

distribution data described. In both cases.. the detection of OP receptor mRNA transcripts

in various tissues by northem blot analysis was presented. For the human OP receptor,

nineteen tissues were investigated (brain.. retina.. hean.. aorta.. lung, liver, stomach.. small

intestine.. pancreas, kidney. adrenal. spleen.. thymus~ mammary gland, placenta.. uterus..

ovary, testis and skeletal muscle) and only the retina and small intestine were positive for
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human OP receptor mRNA. In the case of the mouse OP receptor~ ten tissues were

probed (brain., thymus, lung,h~ splee~ stomac~ liver~ i1e~ kidney and uterus) and

positive signais were identified in ileum~ lung, stomach and uterus. Although spccies

variation with respect to OP receptor-mediated activity is well-established (Giles and

Leff, 1988" and references within)~ much of the observed biological activity of

prostaglandin 02 cannot be accounted for by the reported distribution of the OP receptor.

In arder to address the link between prostaglandin 02-stimulated and OP receptor­

mediated activities" the rat homologue of the OP receptor bas been used to study the cell­

specifie localization of rat OP receptor-specific mR.~A transcripts as identified by in situ

hybridization in selected tissues.
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Materials aad metbods

C/oning ofthe raI DP prostanoid receptor

A DNA probe (rDPTMD2-5) of size 416 bp was amplified from a rat genomic DNA

library by polymerase chain reaction (PCR) using the primers xDP-ITMD2 (5' ACG

OTC ACC GAC TTG CTG GGe AAG N 3') and xOP-rTMD5 (5' CAT GAG GCT GGA

GTA GAG CAC AGA N 3'). These OP receptor-specific primers. based on sequences

conserved between the mouse (Hirata et aL (994) and human (Boie et al.! 1995)

homologues. correspond to regions within the second and fifth transmembrane domains..

respectively. The PCR conditions were: initial denaturation at 95 oC.. 2 min: followed

by 35 cycles of denaturation at 95 oC. 15 s: then annealing and extension at 60 oC. 30 s:

and then a final extension at 72 oC. 10 min tGene.-\mp 9600 system; Perkin­

Elmer/Applied Biosystems. Foster City. CA).

A rat spinal cord cONA library (1.0 - 1.2 x 106 plaques) (Stratagene. La Jolla.

CA) was screened with the rDPT~lD2-5 cDNA probe which was random-labelled with

[u-32p]cytidine 5'-triphosphate l).iEN. ~fississauga. ON.). Three positive clones were

obtained and their cDNA insens were subcloned ioto bluescript pKS (Stratagene. La

Jolla.. CA) at the EcoR 1site and sequenced (ABI-373 Stretch automated sequencer:

Perkin-Elmer/Applied BioS)"stems). Two independeot clones were used to construct the

open reading frame (ORF) of the rat DP receptor: 10-2-1 which spanned from the 5'

untranslated region to a position 10 residues 3' of the first in-frame stop codon. and 24-1­

II which extended from the cDNA corresponding ta the tirst transmembrane domain to

the 3' unrranslated region. The complete cON:\. for the receptor (pKS-rDP) was

constructed by ligation of the 5' end of 10-2-[ and the 3' end of 24-1-[( at a unique .VgoM

1 site which occurs at a position 150 bp from the start codon.

Construction ofthe FL4G-epitope tagged raI DP and human DP receptors

The 5'-FLAG-epitope tagged rat OP receptor was generated by tirst amplifying by PCR

the 10-2-1 clone using the primers FLAGrDPti2 (5' ACT AAG CTT ACC ATG GAC
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TAC AAG GAC GAC GAT GAC AAG TGG CAA GOA CTA GCT GCG AAT GAG

TCC TAT CGC 3') and xOP-rTMD5, to generate DNA corresponding to the FLAG..

epitope tagged 5' terminus of the rat OP receptor. The PCR protocol used was as

described above. The arnplified ONA was digested using Hind III and .VgoM I. The

digested fragment was then ligated into the 24-1-11 clone, which had previously been

digested with Hind III and lVgoM 1, to produce the fuliiength 5'-FLAG-epitope tagged rat

OP receptor in bluescript pKS (pKS..FLAG-rDP). The 5'-FLAG-epitope tagged human

OP receptor was generated by first amplifying by PCR human OP receptor cDNA in

pcDNA3 (lnvitrogen, Carlsbad. CA. U.S.A.) (pcONA3-hDP; described previously by

Boie et al.. 1995) using the primers FLAGhDPti:! (5' .-\AG CTT ACe ATG GAC TAC

AAG GAC GAC GAT GAC MG CTG CTC CCG CAC GCC GCG AAG TeG CCG

TTC TAC 3') and hOP-m22 (5' CTT GGC ACA .-\CG AGT TGT CCA A 3'), as

described above. The amplified DNA was digested at a Hind III site which was

engineered into the FLAGhDPtï2 primer. as well as at the BstE II site 207 bp from the

stan codon. The digested fragment was then ligated into pcDNA3-hDP. digested with

Hind [[1 and BstE II. to produce the fulllength 5'-FLAG-epitope tagged human DP

receptor in pcDNA3 (pcDNA3-FLAG-hDP).

Construction ofpCEP.J-rDP. pCEP.J-FL4G-rDP and pCEP-I-FL4G-hDP mammalian

expression vectors

Digestion of both pKS·rDP and pKS-FLAG-rDP \~ith Hind III and Not l released their

respective fragments from pKS. which were subsequently subcloned into pCEP4

(lnvitrogen) at the same restriction sites employed for construction of the pCEP4-rDP and

pCEP4-FLAG-rDP expression vectors. Digestion of pcDNA3-FLAG-hDP with Hind III

and ~'(ho 1 released FLAG-human DP from pcDNA3. which was subsequently subcloned

in pCEP4 at the same restriction sites for construction of the pCEP4-FLAG-hDP

expression vector.
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pCEP-I-rDP, pCEP-I-FUG-rDP and pCEP-I-FUG-hDP bull stable expression in HEK

293(EB~VA) ce/ls, ce/l culture and membrane preparation

Transfection of pCEP4-rDP~pCEP4-FLAG-rDP and pCEP4-FLAG-hDP plasmids into

HEK 293(EBNA) for bulk stable expression of the rat DP~ FLAG-rat OP and FLAG­

human DP receptor constructs was achieved as previously described (Wright et al.,

1998). Cells were maintained in culture for 48 h post transfection and then grown in the

presence of 200 J.Lg/ml hygromycin B (Calbiochem. La Jolla. CA. U.S.A.) for two weeks,

to select for resistant colonies expressing the rat DP. FLAG-rat DP or the FLAG-human

DP receptors. l\-taintenance of HEK 293(EBNA) cells in culture was as previously

described {Wright et ai.. 1998) for subsequent analyses by radioligand binding assays.

immunoblot and cyclic Al\1P accumulation assays.

[n order to prepare membranes from HEK :93(EBNA) cells (aH procedures at 4

OC). they were tirst resuspended in the presence of protease inhibitors (2Ill1\1

phenylmethylsulfonyltluoride. 10 J.l~( E-64. 100 jJ~lleupeptinand 0.05 mg/ml pepstatin)

by Dounce homogenization (pestle B. 10 strokes). Cells were next disrupted by nitrogen­

cavitation at 800 psi for 30 min on ice. The resulting cell suspension was subjected ta

!Wo centrifugation steps: 1000 X gma.'t tor 10 min tollowed by 100 000 X gma.'t for 30 min.

The resulting pellet was resuspended to 1/10th the original volume in 10 IT1J.\1

HEPESIKOH (pH 7A) containing 1 rtll\1 EDTA {tetrasodium salt) by Dounce

homogenization (pestle :\. 10 strokes). and aliquots were quickly frozen in liquid

nitrogen and then stored at -80 oC al a protein concentration of 8-1 a mg/ml.

t H]prostag/andin D: binding to FL-4G-rat DP and FL-lG-human DP receptors

expressed in HEK 293(EBl":4) cel/ membranes

Radioligand binding assays were carried out as previously described (~lright et al.•

1998). Brietly. assays were perfonned in 0.2 ml of la ~( HEPES-KOH (pH 7.4)~ 1

01l\1 EDTA. 8 nM eH]prostaglandin D! (115 Ci/nunol) and 10 nu"l ~lnCh. Compounds

were added in dimethylsulphoxide (Me:SO) at 10/0 (v/v) of the fmal incubation volume

(vehicle concentration was constant throughout). The reaction was initiated by the
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addition of 200 J.1g (FLAG-rat OP receptor) or 50 J.1g (FLAG-human OP receptor) cell

membrane protein to ail tubes and the samples were ineubated at room temperature for 1

h. The reaction was terminated by rapid filtration at 4 oC in ~ ml of 10 mM HEPES­

KüH (pH 7.4) through GF/C filters (Brandel) which had been presoaked in the same

buffer. The residual eH]prostaglandin 02 bound to the filter was determined in 5 ml per

weil ofUltima Gold (Paekard, Meriden, CT, U.S.:\.) scintillation cocktail (590/0

efficiency). Non-specifie binding was determined in the presence 1 J.1M prostaglandin

O2• Analysis of eH]prostaglandin 02 binding was performed as previously described

(Wright et al.. 1998). In particular, sigmoidal curves from equilibrium competition

assays were analyzed by proprietary software custom designed, based on the work

deseribed in Kenakin t1997). which employs a non-lïnear least-squares fitting routine

based on the four parameter logistic equation: y=(ml-m2)(1+(mO/m3)em4r 1.p.m2; where

ml and m2 represent the maximum and minimum of the cun,·e. m3 represents the

intleetion point (lP).. m4 represents the slope of the curve at the IP. mO represents the

concentration of the competing ligand and y represents the % eH]prostaglandin Dz­

specitic binding. KI values were calculated from the equation KI=IP/I +[radioligand]/Ko

(Cheng and PrusotT.. 1973). The integrity of the radioligand was maintained throughout

the incubation in the presence ofHEK 293(EBNA) membranes.

Cyclic A.\lP assays with FL-lG-rat DP and FL-lG-human DP receplor-expressing HEK

293rEBly.-l) ce/ls

Assays of cyelic A~IP accumulation were canied out as previously described (\Vright et

al.. 1998). Briefly. FLAG-rat OP or FLAG-human OP receptor-expressing HEK

293(EBNA) eeUs were harvested at 80% confluence by resuspension in 10 ml of enzyme­

free ceU dissociation buffer and washed in phosphate-buffered saline (PBS) by

centrifugation (300 x gmax, 6 min. room temperature). CeUs \\-ere then washed in la ml of

Hank's balanced salt solution (HBSS) by centrifugation under the same conditions as

above and resuspended in HBSS at ~ x 106 cells/ml. Cell viability was determined to he

>950/0 by trypan blue exclusion. The generation ofcyclic ~0\1\1P was perfonned in a final

incubation volume of 0.2 ml of HBSS containing 100 J.Ll\1 Ro 20-1724 to abrogate cyclic
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AMP hydrolysis. Compounds were added in Me2S0. kept constant al 1% (v/v) of the

final incubation volume. The reaction was initiated by the addition of 2 x 10' cells per

incubation and the samples were incubated for 10 min at 37°C with shaking. Reactions

were halted by the incubation of samples in boiling water for 3 min and cyclic AMP was

subsequently measured by use of a [125I]-cyclic .-\.l\1P scintillation proximity assay

(Albano et al.~ 1974). Sigmoidal concentration-response curves were analyzed by custom

designed software to detennine ECso values. Maximal stimulation was defmed as the

quantity of cyclic AMP produced by incubation of a given receptor construct (either the

FLAG-rat DP or FLAG-human OP receptor) with 1 JJ.M prostaglandin D2.

Protein assays

Protein concentrations were measured by the bicinchoninic acid (BeA) protein assay kit

(Pierce. Rockford. IL. U.S.A.) using bovine serum albumin as the standard.

Sodium dodec.v/ su/phale-pol.vacrylamide gel e/ecrrophoresis rSDS-PAGE) and

immunoblol analysis

Samples (66 J.lg of protein) trom the 100 000 X gma.'( membrane fraction were solubilized

in 10 JolI of 2°/0 (w/v) SDS with shaking for 1 h at room temperature. Samples were

subsequently diluted 10-fold in 10 rru\1 NaPOol (pH 7A) containing 10 mM EDTA. 10/0

(v/v) l3-mercaptoethanol. 10/0 (w/v) n-octylglucoside and :2 mM

phenylmethylsulfonylfluoride. and treated with N-glycosidase F (0.01 U/~g protein)

(Boehringer ~(annheim)with shaking for 1 h at room temperature. Samples (33 ~g of

protein equivalent) were diluted 3: 1 (v/v) in SOS-PAGE sample buffer (Laemmli. 1970)

and subjected to SOS-PAGE on a 10% gel (Novel Experimental Technology. San Diego,

CA.. U.S.A.), and transferred onto nitrocellulose by electroblotting. Samples were not

boiled prior to SOS-PAGE because previous experiments in this laboratory and others

(Herberg et al.. 1984) have sho\\'n that heating samples results in subsequent aggregation

and retention in the staeking gel during electrophoresis. lmmunoreactive proteins were

detected using a primaty anti-FLAG m2 monoclonal antibody (lBI) and a secondary

lOS



•

•

sheep anti-mouse immunoglobulin linked 10 horseradish peroxidase (Kodak). FLAG­

bacterial alkaline phosphatase (lBI) was used as a positive control. lnununoreactivity

was detected with the Renaissance chemiluminescence kit (NEN).

ln situ hybridization: tissue preparation and slorage

Ali procedures were approved by the Animal Care Committee at the ~Ierck Frosst Centre

for Therapeutic Research in accordance with the guidelines established by the Canadian

Council on Animal Care. lVlale Sprague-Dawley rats weighÎng 200-250 g were

administered a lethal injection of sodium pentobarbital (85-100 mg!kg, intrapcritoneally).

Transcardial infusion ofO.9%-sodium chloride was followed by perfusion with ..tO%

parafonnaldehyde in cold 0.1 ~( PBS (pH 7.3). Tissues were removed immediately and

processed using standard procedures for paraffin-embedding. Tissue blocks were eut into

~ J.L~( thick sections and mounted on aminoalkylsilane-coated microscope slides. Ali

solutions and glassware were pre-treated to destroy nuclease activity.

ln situ hybridization: preparation ofc:/{VA probes

PCR was used ta amplify three non-overlapping sequences of 300-400 bp found within

the rat DP receptor using the following primer pairs: Probe 1: rDP-ATG (5' ATG AAT

GAG Tee TAT CGC TGT CAG GCA 3') and rDP·ri2 (5' CAG AGA CAG CCA GCA

CTC TAG TG 3'); Probe 2: rDP-fi2 (5' CAC TAG AGT GCT GGC TGT CTC TG 3')

and rDP-re3 (5' CAT GCC TGT AGT CTG AGC CTG ACT G 3'); and Probe 3: rDP·

fe3 (5' AGT CAG GCT CAG ACT ACA GGC ATG 3') and rDP-TGA (5' AGC CCT

CAC AAA GTG GAT TCC ATG T 3'). Probes 1-3 were cloned into pCIU.O

(Invitrogen) which contains a SP6 polymerase binding site and a T7 polymerase binding

site tlanking the multiple cloning site at the 5' and 3' tennini~ respectively. pCR2.0­

rOP!, pCR2.0-rOP2~and pCR2.0-rDP3 were generaled using the TA cloning kit

according to the manufacturers instructions. Probes 1-3 in pCR2.0 were digested al the

multiple cloning site al either the }(ho ( site (5' of the cloned insen) or the Spe 1 site (3' of

the cloned insert). The linearized probes were then treated with proteinase K (0.2 IoLgiloLg
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DNA) at 37 Oc for 45 m~ followed by phenoVchloroform extraction and ethanol

precipitation. The DNA was subsequent1y resuspended in diethyl pyrocarbonate

(DEPC)·treated H20 and the concentration determined by UV spectrophotometry.

Digoxigenin·labelled cRNA riboprobes were prepared by transcription of 1 ~g of

linearized probe template DNA with SP6 cr T7 polymerases in the presence of

digoxigenin·UTP using an RNA labelling kit (Boehringer Mannheim). Following the

labelling reaction the samples were tteated with 20 uoits of Dnase 1 to remove the DNA

template prior to storage of the digoxigenin-Iabelled riboprobes in hybridization buffer

[75% (v/v) formamide. 15% (v/v) 20x NaCl. sodium citrate (SSC) buffer,.20/o (v/v) 50x

Denhardt's. 4~1J yeast tRNA (5 mg/ml). 5% 1 M NaPO.. (pH 7.4), 10% (w/v) dextran

sulfate] at -20 oC.

ln situ hybridi=arion: reac/ion

AIl procedures were perfonned al room temperature unless otherwise noted. Glass slides

with tissue slices were treated as follows: xylene [3 x 15 min], graded ethanol (100~/o

ethanol: 2 x l0 min~ 950/0. 80%. 700/0. 500/0 ethanol in DEPC-HlO, each 5 min) and 10

m~l PBS. pH 7...1 (1 x 10 min). The tissues were then treated with 0.1 J.lg/ml proleinase

K in 100 nl\ol Tris-HCI pH 8 (10 min. 37°C). washed sequentially in DEPC-H20 (5 min),

0.1 M triethanolamine pH 8 (5 min), 0.250/0 lV/V) fresh acetic anhydride in

triethanolamine (10 min). 2x SSC (5 min). then briefly dipped in graded ethanol (50°/c).,

70%. 80%
• 900/0. 1000/0. 100% ethanol) and air dried. The tissues were then incubated

with the digoxigenin...labelled probes in hybridization buffer (30 J.lI per slide) covered

~ith P'4'1lfilm in a chamber humidified with 750/0 (v/v) formamide solution in H20 al 56...

57 oC for 16 h. The concentrations of the digoxigenin-labelled antisense and sense

probes added to tissues were standardized by comparison on a dot blot prior to each

experiment. Para1ilm coverslips were removed by dipping slides in 2x SSC. The tissues

were then treated with 40 f.lglml RNase A (Boehringer Mannheim) (45 min), and washed

as follows: 2x SSC (10 min), 1x SSC (10 min)., O.Sx SSC (10 min), 0.1 x SSC (60 oC, 45

min). Digoxigenin·labelling was then detected by immunochemistry at room temperature

in a H20-humified chamber. Non...specific antibody sites were blocked by incubation
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with Buffer 1 (100 mM Tris-HCI" pH 7.5. 150 mM NaCI) containing 30/0 bovine serum

albumin for 30 min. The tissues were incubated with Immunopure peroxidase suppressor

(Pierce) for 30 min and washed in Butler 1 (3 " 10 min). The slides were incubated with

horseradish peroxidase-linked anti-digoxigenin antibody (Boehringer Mannheim) (1 :75

in Buffer 1 containing 3% BSA) for 2 h and then washed in Buffer 1 (3 x 5 min)" and

positive labelling was visualized by incubation with diaminobenzidine (DAB) in

substrate buffer (Pierce) for 15~5 min. The substrate reaction was stopped by ovemight

incubation in 10 mM Tris-HCt 1 mM Na2EDTA buffer. pH 8. Tissues were

counterstained \\;th Gilrs hematoxylin (Fisher Scientific) and mounted using aqueous

mounting media (Immunon).

Reagenls

Prostaglandin D1. prostaglandin El. prostaglandin F:a, U466 19 (9.1 I-dideoxy-9a..l 1CL­

methanoepoxy-prostaglandin F:a). prostaglandin h and Ro 20-1724 (4-{3 butoxy~­

methoxybenzyl)-2-imidaxlidinone) were from Biomol Research Laboratories (Plymouth

~leeting. PA.. USA). BW:!45C (5-(6-carboxyhexyl)-1-(3-cyclohexyl-3­

hydroxypropyLhydantoin» was a generous gift from The Wellcome Foundation Ltd

(Beckenham.. Kent. U.K.). L-644.698 «(4-{3-<3-(3-hydroxyoctyl)-4-oxo-2-thiazolidinyl)

propyl) benzoic acid) (racemate) was synthesized at ~(erck Research Laboratories by Dr.

J.B. Bicking. Iloprost (5-(hexahydro-5-hydroxy~-(3-hydroxy-4-methyl-l-octen-6-ynyl)­

2( IH)-pentalenylidene) pentanoic acid) and [l25I]-cyclic .-\J.\1P scintillation proximity

assay kits 'were from Amersham (Omille. ON. Canada). eH]prostaglandin 02 was from

Dupont NEN (Boston.. ~l-\ .. C.S.A.) .
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Resalis

C/oning ofthe raI DP receptor

The rat OP prostanoid receptor open reading frame (ORF) was constructed as described

in the Methods. The ORF consists of 1074 nucleotides which encode a polypeptide of

357 amine 3Cids with a predicted molecular mass of 39800. There are two potential N­

glycosylation sites at positions 2 and 89. four potential protein kinase C phosphorylation

sites at residues -l7, 144. 239 and 325, and five protein kinase A consensu;s

phosphorylation sites at positions 144, 239. 245. 253 and 325. The rat OP receptor is

920/0 and 780/0 identical at the nucleic acid level. falling to 900/0 and 730/0 at the amino

acid level. to the mouse and human homologues. respectively (Figure 1).

lmmunodetecrion of FLAG-rat DP and FL4G-human DP receptors èxpressed in HEK

293rEBiVA) ce/l membranes

~tembranes trom HEK 293(EBNA) cells expressing rat OP, FLAG-rat OP. and FLAG­

human OP receptors were solubilized.. deglycosylated. and then analysed by SOS-PAGE

follo~'ed by immunobloning as described in the ~Iethods (Figure 2). For heth the

FLAG-rat OP and FLAG-human OP receptors (lanes 1 and 3. respectively). a major

immunoreactive species was detected at a molecular mass of approximately 36 000. close

to that predicted for the OP receptor. This probably represents the DP receptor because

this band was not detected in lane 2 containing the recombinant rat OP receptor without

the FLAG epitope. In addition. severa! less prominent higher molecular weight forms of

immunoreactive material were detected., including species migrating at approximately 72

kDa.. double the molecular weight of the OP receptor. These type of SOS-resistant

receptor dimers have been observed for a number of G-protein coupled receptors

including D2 dopamine receptors (Ng et al.. 1996). J32-adrenoceptors (Heben et al.• 1996)
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Figure 1. Amino acid sequence alignments of the rat. mouse and human
OP receptors. Alignments were performed using GCG Wisconsin DNA
software. Shown are the amino acids which are not conserved in the
human OP and mouse DP receptors compared to the rat OP receptor.
DNA sequences corresponding to transmembrane domains 1-VII are
indicated by overlines. Gaps in the sequences to facilitate alignment are
indicated by clashes. and the termination codon by an asterisk.
Consensus sites within the rat OP receptor are indicated above the
alignment for N-glycosylation (e). protein kinase C (II). protein kinase
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• A (.), and both protein kinase C and protein kinase A (.).Two residues
varied between our predicted amine acid sequence and a previously
published sequence submitted to GenBank under accession number
U92289. The current study identified aspartate instead of histidine al
position 71. and threonine instead ofalanine at position 338. The
nucleotide and peptide sequences identified for the rat DP receptor have
been submitted to the GenBank™/EMBL Data Bank with accession
number AF120101.

1 23 ..

DP~

1. 250

98

64

50

36

30

•

Figure 2. Immunoblot ofFLAG epitope-tagged rat and human homologues of the OP
receptor expressed in HEK 293(EBNA) cell membranes using the anti-FLAG m2
antibody. lane 1: FlAG-rat OP receptor, Lane 2: rat OP receptor; Lane 3: FLAG­
human OP receptor; Lane 4: FlAG-bacterial alkaline phosphatase (FLAG-BAP) (Mr =
SS 0(0). Cell membranes were solubilized. treated with N-glycosidase F, analyzed by
SOS-PAGE. transferred to nitrocellulose and immunoblotted as described under
Methods. Lanes were loaded with 33 fJg oforiginal membrane protein except for lane 4
where 2S fJg of FLAG-BAP was used.

and a.opioid receptors (Cvejic et al., 1997). Although there are reports that these

receptor dimers are physiologically relevant, this remains to he definitely established
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(Hebert et al.., 1996; Cvejic et al.. 1997). FLAG-bacterial alkaline phosphatase

(molecular weight of 55 kDa) (lane 4. positive control) was also detected by the anti­

FlAG m2 antibody. Membranes prepared from pCEP4-transfected HEK 293(EBNA)

cells have aIso been analyzed by Western blot and did not demonstrate any

immunoreactive species (Deborah Slipetz., persona! communication).

Expression ofche FUG-ral DP receplOr in HEK 293(EBNA) ce//s: receptor binding

sludies

The affinity (Ko) ofprostaglandin 02 for the expressed OP receptors and the maximum

number of detectable prostaglandin 02-specitie binding sites (Bmax) were identified by

saturation analysis (data not sho\\n). Specifie binding of eH]prostaglandin O2 to the

FLAG-rat OP receptor was best described by a single site model \I;;th a Ko value of 14

~t and a Bma.'\ value of 115 finol/mg protein. Similarly. [3H]prostaglandin D2-specific

binding to the FLAG-human DP receptor was also tiued most appropriately by a one-site

model \I;;th a Ko value of 3.8 MI and a BmilX value of 84 fmollmg protein.

Equilibrium competition binding assays employing eH]prostaglandin 02 were

performed to detennine the affinities of prostanoids and related analogues at both rat and

human OP receptors (Table 1). Prostaglandin O2and BW245C had KI values of25 D.L\1

and 15 ru\-I. respectively. at the FLAG-rat OP receptor. The FLAG-rat OP receptor had

lower affmity for L-6+t698. however. with a KI value of 173 rl!\tl. while prostaglandin

E2, prostaglandin F2(l~ iloprost and U46619 all had KI values greater than 1 ).lM.

Comparable results were obtained upon challenge of the non-epitope tagged rat OP

receptor (data not 5ho\~n). In contrast. prostaglandin 01 and its analogue B\V245C

bound to the FLAG-human OP receptor with KI values of2.8 ~l and 3.8 ~I.

respectively. In partieular. the DP receptor-specitic agonist L-644.698 had a 350-fold

higher affinity for the FLAG-hurnan OP receptor as compared with the FLAG-rat OP

receptor. Again. prostaglandin E2, prostaglandin F:a, iloprost and U46619 all

demonstrated KI values greater than 1 ).LM at the FLAG-human OP receptor. There was

no binding of eH]prostaglandin 02 to membranes generated from non-transtècted HEK

293(EBNA) wild type cells (data not sho\\n).
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• Table 1. Inhibitor constants for competing ligands at HEK 293(EBNA) cell membranes
expressing either FLAG..rat OP or FLAG..human OP receptors.

Ligand Ki (nM)

FLAG..rat OP receptor FLAG-human OP receptor

prostaglandin D~

L-644.698

BW245C

prostaglandin E2

prostaglandin Fla

Iloprost

U46619

,­-,

173

15

>1000

>1000

>1000

>1000

2.8

0.5

3.8

>1000

>1000

>1000

>1000

•

Inhibitor constant (Ki) values are shown for prostanoids and synthetic prostanoid

analogues. VaIues were derived from a single experiment.
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Expression o/the FUG-rat DP recepror in HEK 293(EBNA) ce//s: functional QSsays­

cyclic AJ\tfP generation

Second messenger assays monitoring the predominant signaling pathway for the DP

receptor, the stimulation of cyclic AMP production by adenylate cyclase.. were performed

on both the FLAG-rat OP and FLAG-human OP receptors (Figure 3 and Table 2). [n

generat the rank order of efficacies followed the rank order of affinities determined in

the competition radioligand binding assays. Prostaglandin J2. a metabolite of

prostaglandin D~, was aIso tested since it has previously demonstrated affinity and

efficacy equal to the parenl compound al the human DP receptor (Wright et al.. 1998).

The DP receplor-specific ligand BW245C had the highest efficacy at the FLAG-ral DP

receptor with an ECso value of 1.9 ~1. Prostaglandin 02 and prostaglandin 12 were

equipotent with ECso values of ~.8 and 6.9 n~t. Once again. L-644.698 had reduced

efficacy compared to the other OP receptor-specitic agonists al this receptor. with an

ECso value of 32 ru\1. Of the other ligands tested.. prostaglandin E2 and prostaglandin F2a

were markedly less potent while iloprost and U46619 were silent at this receptor (Figure

3A.B and Table 2). Similar results were obtained upon challenge of ceUs expressing the

non-epitope tagged rat DP receptor (data not sho\\n). ln comparison. the profile of

efficacy at the FLAG-human DP receptor was as expected.. with the OP receptor-specific

ligands prostaglandin D!, prostaglandin 1~, BW245C and. in panicular L-644.698, all

demonstrating marked efficacies with ECso values below 10 oM. Again. the other

ligands tested (prostaglandin E2, prostaglandin F2a .. il0 prost and U46619) were less

efficient at this receptor lFigure 3C. D and Table 2). There was no cyclic AN1P

accumulation above the level obtained with vehicle in non-transfected HEK 293(EBNA)

wild type cells or vector-transtected HEK 293(EBNA) ceUs {data not shown).

~laximal responses for each ligand (the cyclic AJ.\1P produced at a concentration

of 1 J.L~l) al the FLAG-rat DP and FLAG-human OP receptors were nonnalized to those

elicited by 1 JJ.M prostaglandin D2 (Table 2). The DP receptor-specific ligands

(prostaglandin D2, prostaglandin h, L-644.698 and BW245C) responded as full agonists

at the rat OP receptor. with nonnalized maximal responses all above 80%. In fact

BW245C was a very efficient agonist with a maximal response of 130% compared to
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• prostaglandin O2• Similar results were obtained for the FLAG-human OP receptor except

that the maximal stimulation with BW245C was comparable to prostaglandin O2• The

maximal production of cyclic AMP produced with 1J.lM of prostaglandin 02 was 30-40

pmol/well for the FLAG-rat OP receptor and 80 pmol/well for the FLAG-human DP

receptor.
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Figure 3. Cyclic AMP production by HEK 293(EBNA) cells expressing FLAG epitope-tagged
rat or human homologues of the DP receptor. FLAG-rat DP (Panels A.C) or FLAG-human DP
(Panels B.D) receptor-expressing cells were challenged with either OP receptor-specitic
prostanoids or prostanoid analogues. or prostanoids and prostanoid analogues of other
speciticiry's. The incubation medium contained 0.03-1000 nM of(in Panels A.B): prostaglandin
Oz (.). prostaglandin J~ (.), L-644,698 (~. or BW245C (e); or (in Panels C.O): prostaglandin
Ez (e), prostaglandin F:!a <•• i1oprost (.), or U466 19 (.). Data points are the mean of two
experiments each performed in duplicate.
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Table 2. Potencies and efficacies for ligands at HEK 293(EBNA) cells
expressing either FLAG-rat OP or FLAG-human OP receptors.

Ligand FLAG-rat OP receptor FLAG-human OP receptor

ECso (nM) • % of maximal EC so(nM) a % of maximal
stimulation of stimulation of
cyclic AMP cyclic AMP
production production

prostaglandin 02 4.8 ±2.6 100 1.4 ±0.1 100 ±6

prostaglandin h 6.9±3.2 103 ± 11 0.4 ± 0.1 118 ± 27

L·644,698 32 ± 16 90 ±21 4.1 ± 2.7 105 ± Il

BW245C 1.9 ± 1.2 130 ± 8 0.8 ± 1.0 114 ± 2

bprostaglandin El 2120 ± 360 169 ± 22

bprostaglandin F~ 296 580 ± 20

bUoprost 665 ± 313

~46619 >1000

EC so values ± S.O. and maximal responses (percentage ofma.ximally stimulated control

values ± S.O.) are shown for prostaDoids and synthetic prostanoid analogues. Values

were derived from 2 separate experiments. a~la.ximal stimulation was defmed as the

cyclic AJ.~1P response produced with 1 f.LJ.\1 prostagIandin 02. ~axima1 responses couid

not be calculated for prostaglandin E2, prostaglandin F2cv Iloprost and U46619 because

the concentration-response curves were not complete.
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ln situ hybridizalion ofraI/issues wilh raI DP receplor-specijîc probes

ln situ hybridization reactions were carried out to detennine the cell-specific localization

of rat OP receptor mRNA transeripts using labelled rat OP receptor-specitic cRNA

riboprobes (Figure 4 and 5). Each positive result was corroborated by analogous

experiments perfonned using at least one other non-overlapping rat OP receptor-specific

antisense riboprobe. Negative contrais were perfonned employing exact complementary

sense riboprobes. ln order ta validate the in situ hybridization conditions. initial

experiments used brain tissue (Figure 4A-C). which has previously been reported to

contain DP receptor mRNA (Oida el al.. 1997). A positive signal was detected

discontinuously around the periphery of the brain. in the area defined as the

leptomeninges (Figure 4C). A specifie signal also appeared in the choroid plexus (Figure

4A. B).

The presence of rat DP receptor-specitic transcripts was aiso investigated in

spinal cord tissue sections (Figure 4D-G). C~rvical. thoracic and lumbar spinal cord

sections were ~valuated and only the latter was found to contain a positive signal. The

signal was most abundantly detected in neurons located in the ventral hom of the

transversely-sectioned lumbar spinal cord (Figure 4D.E). The reiatively large size of

these cell bodies and their ventral location suggests that these cells are motor neurons

(Figure 4E). ln addition. less abundant staining was detected in the dorsal hom of the

lumbar spinal cord (Figure 4G) suggesting the presence of the rat OP receptor transcripts

in the intemeurons.

The existence of rat DP receptor-specit1c transcripts in the stomach. duodenum.

ileum. and colon of the rat gastrointestinal tract was aIse investigated (Figure 5). Positive

staining identified with the anti-sense probe appeared in ail tissues (Figure 5A.C.E.G).

Staining was judged specifie because it was not detected in tissues probed with sense

control probes lFigure 5B.D.f.H). ln the stomach (Figure 5A,B). the mucous-secreting

goblet cells which lie within the epithelium of the rugae were stained very intensely.

Limited staining of the columnar epithelium which lies next to the lumen was aise

apparent. The duodenum (Figure 5C.D) aise demonstrated staining of the goblet cells.

Less intense staining was aIso present in sorne of the connective tissue cells of the villi.
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Figure 4. Histochemicallocalization of OP receptor mRNA in the central nervous system
of the rat by in situ hybridization. Reactions within the choroid plexus (200x mag) of the rat
brain demonstrate a slgnal with application of the antisense probe (Panel A) which was
absent with application of the exact complementary sense probe (Panel B), used as a negative
control. A positive signal was also obtained in the leptomeninges (600x mag) of the rat brain
(Panel Cl. ln the rat spinal cord, abundant staining was detected within the ventral horn
(Panels 0 and E; 200x mag and 600x mag, respectively) which was completely absent
following application of the sense control probes (Panel F. 600x mag). Staining oflesser
intensity was present in the superficial dorsal horn (Panel G, 200x mag). which was also
completely absent following application of the sense control probes. Data were confinned
by at least two independent non-overlapping anti-sense riboprobes with respective
complementary sense riboprobes used as negative controls.
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The ileum (Figure 5E,F) demonstrated intense, positive staining within both the goblet

ceUs and the columnar epithelium. Some of the connective tissue cells within the body of

the villi also stained positively. No staining of the goblet cells was evident in the colon

(Figure SG,H), however. a positive signal was observed within the cuboidal epithelium.

Sorne of the connective tissue ceUs also stained positive, though this staining was much

less pronounced than observed within other portions of the gastrointestinal tract.

Confinnation of the presence and localization of goblet cells within ail gastrointestinal

tract tissue preparations was confumed by staining with Alcian Blue (data not shown)

which is known to stain acidic mucopolysaccharides in tissue sections (Steedman. 1950).
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Figure s. Histochemicallocalizalion of OP receplor mRNA in me gastrointestinal traCI of
the rat by in situ hybridization. Reactions results (200x mag) are presented from rat stomach
(Panels A.B). duodenum (Panels C.O). ileum (Panels E.f), and colon (Panels G,H). Panels
A. C and E iIlustrate. in each case. a strong, specifie, positive signal obtained within the
mucous-producing goblet cells upon application of the anti-sense probe which was not present
with application of the exact complementary sense probe (Panels B. 0 and f). used as a
negative control. ln the colon, a specifie signal was detected instead within the cuboidal
epithelium (Panel G) which lies adjacent 10 the goblet ceUs. No signal was present in me
sense-probed negative control tissues (Panel H). Data were confirmed by at least two
independent non-overlapping anti-sense riboprobes wim respective complementary sense
riboprobes used as negative controls.
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Discussion

The rat homologue of the DP receptor is the latest member of the prostanoid receptor

farnily to be c10ned for this species. [n addition to the c10ning and characterization of the

rat DP receptor. we present ill situ hybridization results which provide evidence for the

cell-specitic localization of rat DP receptor rnRNA transcripts in the central nervous

system and the gastrointestinal tract. The latter data suggests a novel physiological

mechanism for prostaglandin D:!.

ln this study. the ORF differs at t\Vo positions from a previously published

sequence (GenBank™ accession U92289) identified as the rat DP receptor

(Gerashchenko et al.. (998). The current study identifies 0 instead of H at position 71

and T instead of A at position 338. The D for H substitution is of particular importance

since D is conserved at this position in virtually ail G-protein coupled receptors (Savarese

and Fraser. (992). This D appears to be vital for both the stimulation and attenuation of

adenylate cyclase. as weIl as the activation of phospholipase C. Furthermore. this H for

D substitution in the angiotensin Il type 1 receptor impairs both G-protein coupling and

downstream signai transduction (Hunyady et al.. 1994). Gerashchenko et al. did not

report functional expression of their receptor so we are unable to address this substitution

directly. The sequence described here was. however. suceessfully functionally expressed.

Saturation analyses perfonned on the FLAG-rat OP receptor identilïed a single

site of specifie binding which, though equal in abundance, h;ld -4-fold lesser affinity for

prostaglandin 02 relative to the FLAG-human OP receptor. The expresssion of rat and

human receptors in a rat cellline was not attempted. Therefore, a distinction ~tween the

effects of cellular milieu and inherent receptor affinity cannot he made. The Bmalt value

for the FLAG-rat OP reeeptor expressed in HEK 293(EBNA) eeUs is comparable to that

found previously for the mouse OP receptor (Hirata et al., 1994) expressed in Chinese

Hamster Ovary (CHa) ceUs. However, the affinity of prostaglandin D2 for the mouse OP

reeeptor in CHa ceUs is lower than for the FLAG-rat DP reeeptor (Ko values of 40 nM

and 14 nM, respectively).

Competition for eH]prostaglandin D2 binding identified a rank order of affiniùes

of prostaglandin D2 = BW245C > L-644.698 for the FLAG-rat OP receptor and L-

121



•

•

644.698 > prostaglandin O:! = B\V245C for the FLAG-human OP receptor. Similar

values \Vere identified for the campounds at the recombinant human OP receptor without

the epitope tag expressed on HEK 293(EBNA) cells (Wright et al., 1998), suggesting that

the FLAG-epitope tag does nat interfere with the receptor's ability to bind ligand. The

proslanoids and related analogues demonstrated lower affinities for the FLAG-rat OP

receplor relative ta the FLAG-human DP receptor. The decrease in affinity is ligand­

dependent. ranging from 4-fold for BW245C to over 180-fold for L-644.698. Although

inhibitor constants (KI) are not directly calculated in the characterization of the mouse DP

receptor. it appears from Figure 3A within Hirata el al. (1994) that the Ki value for

BW245C is slightly less than 1 flM. The more eecent values for the mouse DP receptor

of Kiriyama et al. (1997) are in belter agreement with the current data, where Ki values of

21 nM and 250 nM for prostaglandin D2 and BW245C, respectively, were detennined.

The rank order of ligand potencies for receptor-mediated increases in intracellular

cyclic AMP at the FLAG-rat OP receptor expressed in HEK 293(EBNA) cells was

BW245C = prostaglandin D2 = prostaglandin 12 > L-644,698, whereas for the FLAG­

human OP receptor expressed in HEK 293(EBNA) cells the rank order was BW245C =

prostaglandin D2 = prostaglandin 12 = L-644,698. ECso values for these OP receptor

ligands were from 2-fold to 2ü-fold lower when measured at the FLAG-rat OP receptor

relative to the FLAG-human OP receptor. AIl DP receptor-specific ligands behaved as

full agonists at both receptors. Although ECso values are not presented for the mouse DP

receptor (Hirata et al., (994), it appears from Figure 48 ther~in that compounds exhibited

similar effects at the mouse OP receptor and the FLAG-rat OP receptor in the current

study. In bath cases, BW245C was slightly more potent than prostaglandin 02 and ECso

values were in the very low nanomolar range for both compounds.

This repon also describes the distribution of the rat DP receptor in the central

nervous system (CNS) and gastrointestinal tract by in situ hybridization. Within the CNS

a positive signal was observed in the leptomeninges. A similar distribution was recently

reponed for both the mouse OP receptor (Qida et al.. (997) and the rat DP receptor

(Geraschenko el al., (998). As mentioned previously (Qida el al., (997), the

discontinuous nature of the signal observed around the leptomeninges may he an artifact

iotroduced during tissue preparation rather than a genuine characteristic of rat OP

122



•

•

receptor distribution. although the lack of signal observed with the sense probes (negati ve

controls) in this study argues against this possibility.

Positive signais were also located within the choroid plexus. Previous in situ

studies have oot reported the DP receptor within the choroid plexus. probably due to the

differing sensitivities of the techniques used. Earlier reports addressing the distribution

within rat brain of the DP receptor by ligand binding (Yamashita et a/., 1983; Watanabe

et al.. (986) and prostaglandin D synthase by in sitll hybridization (Vrade et al.. 1993)

support the present findings. The co-Iocalization of OP receptors and prostaglandin D

synthase in the leptomeninges and choroid plexus suggests an autocrine/paracrinc

relationship. a common aspect of prostanoid-mediated bioactivity (Pierce et al.• 1995).

This includes the third ventricle that lies directly adjacent to a prostaglandin 02-sensitive

zone within the rostral forebrain shown to modulate sleep (Matsumura et al., 1994) and

brain temperature (Hayaishi. 1988). The question remains as to what function is served

by the DP receptors localized within the subarachnoid space but outside the sleep­

sensitive / brain temperature zone.

III situ hybridization was also performed using rat spinal cord sections since there

are reports describing prostaglandin O!- mediated inhibition of allodynia (discomfort and

pain evoked by innocuous tactile stimuli) invoked by prostaglandin E2 (Minami et al..

1996) and nociceptin (Minami et al., 1997), as weil as prostaglandin D2-mediated

hypoalgesia (Iowered sensitivity to painful stimuli) (Horiguchi et al., 1986). Within the

dorsal hom, signais are confined to the substantia gelatinosa! a spin~ cord region

involved in the processing of nociceptive stimuli. This is consistent with previous

experiments in porcine (Watanabe et al.. 1986) and cbick (Vesin et al.. 1995) spinal cord

where prostaglandin 02-binding proteins and prostaglandin 0 synthase, respectively~

were localized. Recently, murine prostaglandin 0 synthase has been similarly localized

and prostaglandin E2-mediated allodynia bas been shown to he facilitated by

prostaglandin 02 in femtogram to picogram amounts and inhibited by prostaglandin O2 in

picogram to nanogram amounts (Eguchi et al., (999). Hyperalgesia (increased sensitivity

to painful stimuli) bas also been demonstrated following the administration of

prostaglandin O2 ioto mouse spinal cord (Uda et al.. (990) and Substance P antagonists

can block the hyperalgesia induced by prostaglandin 02. Tbus~ within the substantia
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gelatinosa of the dorsal homo prostaglandin O2 may modulate hyperalgesia and allodynia

through different populations of DP receptor-expressing ceUs.

The localization of DP receptor mRNA transcripts to the ventral horn of the

lumbar spinal cord is consistent with the localization of prostaglandin D synthase in chick

spinal cord (Vesin et al., 1995). Previously, prostaglandin El-sensitive EP! receptors

were identified in the same regions of both the ventral and dorsal horn of the rat spinal

cord (Kawamura et al., 1997) where a role for EP2 in monosynaptic reflexes was

suggested (Vesin et al.. (991). Co-localization of prostaglandin D synthase and EP2

suggests an efferent role for prostaglandin 02 which may include modulation of

monosynaptic reflexes. Prostaglandin 02 and prostaglandin E2 have opposing functions

on the regulation of sleep, where the former promotes sleep and the latter wakefulness

(Hayaishi, 1988), and in the regulation of body temperature, where prostaglandin D2

lowers it and prostaglandin E2 raises it (lto et al., 1989). It is possible, therefore, that

prostaglandin D2 and prostaglandin E2 also demonstrate opposing functions in the

modulation of monosynaptic retlexes. The activity opposing prostaglandin O2 May be

mediated by EPI in the spinal corda A prostaglandin E2-mediated calcium-dependent

mechanism of aJlodynia has recently been reported (Sakai et al., 1998) which is sensitive

to EPI (but not EP3) agonists and cao be blocked by prostaglandin D2•

The absence of analogous signais from the dorsal and ventral horns of both the

cervical and thoracic spinal cord is suggestive of a discrete contribution to pain

transmission by the DP receptor in the neuromodulation of ~ particu.lar subset of neurons,

rather than a more general neuromodulatory role.

DP receptor mRNA was also identified in the stomach, duodenum, ileum and

colon. Signais were localized to the mucous-secreting goblet cells, and within the

columnar epithelium in sorne cases. Components of the mucosal connective tissue were

also stained, though much less intensely. These results confirm previous reports of OP

receplor mRNA expression in human small intestine (Boie et al.. 1995) and mouse ileum

(Hirata et al.. 1994). Previously, bath contractile and relaxant roles for prostaglandin O2

had been reported in the gastrointestinal tract, but other reports failed to identify

prostaglandin 02 effects in the gastrointestinal tract (Giles and Leff, 1988). Prostaglandin

02 administration has been correlated with contraction in the rat fundus, rabbit jejunum
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(Horton et al.. 1974) and guinea pig (longitudinal) ileum (Bennett et al.. 1980). as well as

relaxation of guinea pig ileum (Bennett et al.. 1978) and rabbit stomach (Whittle et al..

1979). In the human colon and stomach. however. prostaglandin Ol was without effect

(Sanger et al.. 1982). The current report is the first indication that the OP receptor may

mediate mucous secretion and cytoprotection.

Interestingly. prostaglandin El has previously been shown to increase both cyclic

AMP levels and mucin and water secretion in human intestine (Neutra and Forstner,

1987. and references within: McCool el al.. 1990). In addition. 16.16-dimethyl

prostaglandin El was shown to increase cell-proliferation rates and mucous granule

secretion from the gastrointestinal mucosa of a human colon-derived (HT29) celI line

(Phillips et al., 1993). More recently. in an ex vivo isolated vascularly perfused rat colon

preparation. 16.16-dirnethyl prostaglandin El was further demonstrated to be a potent

mucin secretagogue (Plaisancie et al.. 1997). Stimulation of the OP receptor on epithelial

cells could induce mucin secretion directly through increases in intracellular cyclic AMP

or indirectly by facilitating the vectorial transport of chloride ions which has been shown

to stimulate mucous secretion from goblet ceUs (Cozens et al.. 1992 and references

within). Experiments addressing the possibility of DP receplor-medialed mucous

secretion and gastrointestinal cytoprotection are currently being undenaken.

ln conclusion. the rat homologue of the DP receptor has been cloned. The current

sequence differs from that previously presented by Gerashchenko et al. (1998) al two

residues. one of them (071) being highly conserved amongst the family of G-protein

coupled receplors where. as other studies have suggested. it probably plays a vital role in

G-protein coupling and signal transduction. The fidelity of the current sequence allowed

for successful functional expression of the rat DP receptor. as assessed by radioligand

binding and cyclic AMP accumulation studies. In addition. the cell-specifie localization

of DP receptor rnRNA transcripts has been studied in the CNS and the gastrointestinal

tract. DP receptor mRNA was confirmed within the leptomeninges and the choroid

plexus of the brain. as weil as in the motor neurons and intemeurons of the lumbar spinal

cord. Within the stomach, duodenum and ileum of the gastrointestinal tract, OP receptor

rnRNA was repeatedly detected in the mucous-secreting goblet ceUs and, to a lesser

extent. within the columnar epithelium. In the colon, OP receptor mRNA was absent
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l'rom the goblet eeUs but was present in the euboidal epithelium. These data suggest the

intriguing possibility of a role for the DP reeeptor in mucous regulation and

cytoprotection.
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6. MANUSCRIPT C

The human prostanoid DP receptor stimulates mucin secretion in LS 174T cells

British Jounral of Phannacology (in press)

From Manuscript B it is apparent that rnRNA corresponding to the rat OP

receptor is specitically localized to the mucous-secreting goblet cells and/or adjacent

epithelium of the stomach. duodenum. ileum. and colon of the GI tract. These

observations suggest a novel biological role for the OP receptor. namely the regulation of

mucin secretion. In light of both these results and the previously discussed data

regarding the abundance of both hDP- and rnOP-specific mRNA in GI tract tissues.

especially in small intestine. it is plausible that OP might play a general role in the

secretion of mucous which is not species-specific. The CUITent sludy first demonstrates

that. indeed. DP-specitie mRNA is localized to the mucous-secreting goblet cells of the

human colon. These observations validated the use of an established ill vitro cell model

for the study of mucin secretion. the LS 174T human colonie adenocarcinoma cellline.

Mucins are high molecular weight glycoproteins that are the chief determinates of the

physical and functional properties of mucous. Because of the inherent cross-reactivity

among the prostanoid receptors. it was important to determine which of the prostanoid

receptors were expressed in LS174T. RT-PCR analyses ofmRNA demonstrate that

LS 174T is a heterologous cell system which endogenously expresses many of the human

prostanoid receptors. In addition to OP. all of the other prostanoid receptors were present

in LS 174T by RT-PCR with the exception of the IP receptor. These findings necessitated

the use of highly selective OP receptor ligands. such as L-644.698. to discriminate DP­

specifie activity from that of other prostanoid receptors. Thus. the current study

demonstrates the endogenous expression of a functional receptor that exhibits the

pharmacological profile expected for hDP~ within LS 174T ceUs. funhermore. this work

confirms that hOP stimulates mucin secretion in this cellline. using OP-specifie agonists

(POO:!o L-644.698) and a DP-specifie antagonist (BW A868C).
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Summary

1. This study demonstrates both the ceU-specific localization of the prostaglandin

(PG}D2 receptor (DP) within the human colon and a potential role tor endogenously

expressed human (h)DP in regulating mucin secretion from LS 174T human colonie

adenocarcinoma ceUs.

2. In situ hybridization of OP receptor mRNA in human colon tissue demonstrated a

positive signal that was highly localized to the mucous-secreting goblet ceUs.

Because these results are suggestive of a role in mucous secretion.. the ability of

endogenous OP to regulate mucous secretion was studied in LS 174T cells through the

use of selective high-affinity ligands.

3. The expression ofhDP in LS 174T ceUs was confirmed at the mRNA level by reverse

transcriptase-polymerase chain reaction. and at the protein level by radioligand

binding assays and signal transduction assays (measuring cyclic .Au\1P accumulation).

PGO: and the highly selective DP-specitic agonist L-644,698 «4-(3-(3-(3­

hydroxyoctyl)-4-oxo-2-thiazolidinyl) propyl) benzoic acid) (racemate», but not

PGE2, competed tor [3H1POD2-specitic binding to LS 174T ceU membranes with KI

values of 0.4 111\'1 and 7 ru\1. respectively. Severa! DP-specific agonists (PG01. POJl,

BW245C (s-(6-carboxyhexyl)-I-(3-cyclohexyl-3-hydroxypropylhydantoin». and L­

644.698) showed similar potencies in stimulating cyclic Al\1P accumulation through

hOP (EC50 values: 45-90 IL~l) and demonstrated the expected rank order of potency

based on previous studies. POE2 also elicited cyclic AJ.\1P production in this cell line

(ECso value: 162 ru"!).

-1. The activation of cyclic .~\1P production by PGD2 and L-644,698. but not PGE2, was

inhibited by the selective OP antagonist BW A868C showing that POD! and L­

644.698 act through hOP in LS 174T cells. POD!, L-644,698, and POE2 (an

established mucin secretagogue) were all able to potently stimulate mucin secretion in

LS 174T cells in a concentration-dependent manner (ECso < sa wl). However. BW

A868C effectively antagonized only the mucin secretion mediated by PGO! and L­

644.698 and not PGEz.. These data are supponive of a role for the OP receptor in the

regulation of mucous secretion.
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Introduction

The primary bioactive prostanoids encompass prostaglandin (PG)01. PGE1. PGF:!a.

prostacyclin (PGI1) and thromboxane A:!. These products of arachidonic acid metabolism

mediate biological activities through eight individual prostanoid receptors [OP. EP (EPI.

EP:!. EP:;. EP.d. FP. lP and TP]. sorne of which have associated spliced variants due to

differential mRNA alternative splicing. The prostanoid receptors fonn a distinct sub­

family within the rhodopsin-type G protein-coupled receptor superfamily (for review

Coleman et al.. 1994).

PGO:! is the bioactive prostanoid interacting preferentially with the OP receptor.

and its synthesis is govemed by the sequential actions of PGH synthase and PGD

synthase. PGO:! is associated with both central and peripheral physiological effects.

CentraJly. PGO:! has been associated with sleep induction. modulation of body

temperature. olfactory function. hormone release. nocieeption and neuromodulation.

Within peripheral tissues. PGD1 has been shown to mediate vasodilation. inhibition of

plalelet aggregation. glyeogenolysis. bronchoconstriction and vasoconstriction (for

review: Giles & Leff. 1988: Ito el al.. 1989). ln addition. PGD:! is the major prostanoid

synthesized by immunologically challenged mast cells (Lewis et al.. 1982) and its release

within this system is weil characterized (Kawata et al.• 1995: Murakami el al.. 1995).

Comparatively liule is known about the OP receptor. The c10ning and

characterization of the human (Boie et al.. 1995). mouse (Hirata et al.. 1994) and rat

(Wright et al.. 1999) species homologues have previously been reponed and in each case

the recombinant receptor demonstrated the ability to increase intraeellular cyclie AMP in

response to PGO:! and its various analogues. Various studies utilizing mouse and rat

tissue slices to investigate the cclI-specifie localization of OP mRNA by in situ

hybridization suppon the roles for the DP receptor in the brain and spinal eord (Oida et

al.. 1997: Urade el al.. 1993: Wright et al., 1999). ln addition. strong positive signais

were identified for mouse (Hirata et al., (994) and human (Boie et al.. (995) OP receptor

rnRNA in the small intestine and ileum, respeetively, by nonhem blot analysis. A much

weaker signal was a1so present in the stomach of the mouse. However. a defined role for
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OP in the gastrointestinal tract does not exist. Recently., we localized OP-specific mRNA

tl'anSCripts to the mucous-secreting goblet cells and/or adjacent epithelium of the

stomach. smalt intestine (duodenum" ileum) and colon whilst performing in situ

hybridization in selected rat tissues (Wright el al.., 1999)., These results suggested that the

regulation of mucin secretion may he a novel physiological mie for the OP receptor. In

support of this hypothesis.. this report describes the OP-specifie regulation of mucin

secretion in a human colonic epithelial cell line.
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Metbods

In silu hybridization

Human colon tissue was removed during surgical biopsy and immediately processed

using standard procedures for paraffm embedding (Maninez el aJ.~ (995). Tissue blocks

were eut into 4 ~M sections and mounted on aminoalkylsilane.coated microscope slides.

Solutions were made using water pretreated \\'ith diethyl pyrocarbonate (DEPC) and new

glassware was used to minimize nuclease activity.

Polymerase chain reaction (peR) was used to amplify two non-overlapping

sequences of 300400 bp found within the human OP receptor using the follov.ing primer

pairs: Probe 1: hDP-ATG (5' G eTC CCG CAC GCC ATG AAG TCG CCG 3') and

hDP-NcoA (5' CCA GCA eTC CAG TGC CAT GGC CAG G 3') and Probe 2: hDP­

NcoSv2 t5' TC CTG GCC ATG GCA eTG GAG TGC 3') and hDP-PstAv2 (5' CCG

GTG CAT CGC ATA GAG GTT GC 3'). Probes land 2 were cloned into peRl.o

(Invitrogen).

C10ning into the pCR2.0 vectof. preparation of pCRl.ü clones for use as

templates for c~'iA riboprobe synthesis (including ONA linearization by restriction

digest. proteinase K treatment and phenolJchlorofonn extraction) and synthesis of

digoxigenin-labelled cR."IA riboprobes have previously been described (Wright et aL

1999). In situ hybridization including tissue preparation and probe hybridization.. was

also conducted as previously described (Wright et al.. 1999).

Identification ofprostanoid receptor transcripts

Gene expression of the eight proSlanoid receptors \\ithin LS 174T celis was analyzed by

reverse transcriptase (RD-PCR. Total ~'iA was isolated from LS174T cells using Trizol

reagent (Gibco BRL Life Technologies. Burlington. Canada) according to the

manufacturer's protocol. RT-PCR was performed on LS174T total Ri'lA using a RT­

PCR Core Kit tPerkin Elmer), \\ith slight amendments to the manufacturer's protocol as

follows: following the reverse transcriptase reaction.. sense (S) and anti-sense (.-\S)
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primers were used to ampHfy cDNAs for human (h)EP l (hEP.S: S' CCT TGG GTG TAC

ATC CTA eTG C 3' and hEPIAS: 5' AGA ATG GCT TITTATTCC CAA AG 3')~

hEP2 (hEP2S: 5' GAA AGe CCA GCC ATC AGe TC 3' and hEP2AS: 5' GCG AAG

AGC ATG AGC ATC G 3'), hEP) (hEP3S: 5' AGA CGG eCA TTe AGC TIA TGG

GGA 3' and hEP3AS: 5' GAA GAA GGA TCT TTC TIA ACA G 3'), hEP.. (hEP..S: S'

ATC TIC GGG GTG GTG GGC AAC 3' and hEP,.AS: 5' CGC TIG Tec ACG TAG

TGG C 3'), hOP (hDPS: 5' GGA GCA TIT AAG GAT OTC AAG G 3' and hDPAS: 5'

TTC CAT GIT AGT GGA ATT GeT G 3'). hFP (hFPS: St TTT CAA eTI GTT TIT

Gec AA.T G 3' and hFPAS: 5' CAT GCA TGT GTT AAT TGA GGe T.3'). hlP (hIPS:

5' CTG eTC CCT CTG CTG ACA TT 3' and hIPAS: 5' Tce TCT GTC CCT CAC TCT

CTT C 3')~ hTP (hTPS: 5' CCC TGG GGA Tec ATC CTG TTC CGC CGC 3' and

hTPAS: 5' GAG AAG GAA TTC CTA CTG CAG CCC GGA 3'). and Ji-actin (hBACS:

5' ACA TTA AGG AGA AGe TGT GCT ATG T 3' and hBACAS: 5' CTT CAT GAT

GGA GTT GAA GGT AGT T 3'). PCR was perfonned in 1 mM Mg:!'" for a11 primer

pairs exeept those for hTP as follows: initial denaturation al 99 oC. 2 min; followed by

40 cycles of denaturalion al 95 oC. 15 s. then annealing and extension al 57 oC. 30 s~ and

a final extension al 72 oC. 10 min (GeneAmp 9600 system; Perkin-ElmerlApplied

Biosystems. Foster City. CA). In the case ofhTP. peR was perfonned in 3.5 rtl1\[ ~(g:'"

as follo\vs: initial denaturation at 99 oC. 2 min: tollowed by 40 cycles of denaturation al

95 oC. 15 s: then annealing and extension al 68 oC. 30 s: and then a final extension at 72

oC. 10 min. RT-PCR reaetion products were resolved by gel electrophoresis on a 1.2~io

agarose gel and visualized by ethidiurn bromide staining. The molecular sizes of the

amplified products were detennined by comparison with the molecular weight markers

run in parallel.

LSI i.JT cel/ culture and membrane preparation

~faintenanee of LS 174T human colonie adenocarcinoma cells tATCC No. CL~188~

Roekville. ~ID) in culture was as previously described (Belley et al., 1996; Tse &

Chadee, (992).
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Briefly, a high mucin expressing variant was obtained by serially passing LS174T

eells through nude mice (nu/nu BALB/e). Cells trom xenograph tumors were cultured at

37 oC and 50/0 CO! in complete minimal essential medium (MEM) [MEM (Gibco BRL

Life Technologies~ Burlington~ Canada) containing 100;0 fetaI bovine serum" 100 units mr
tpenicillin G, 100 J.Lg mr l streptomycin sulfate, and 20 mM HEPES]. LS 174T cell

membranes were prepared by cell disruption in the presence of protease inhibitors using

nitrogen cavitation as previously described (Wright et al... 1999).

tHjPGD: binding 10 LSli-iTce// membranes

Radioligand binding assays were eanied out as previously described (Wright et al.•

1998). Brietly. assays were performed inO.2 ml of 10 mM HEPES-KOH (pH 7A)

containing 1~l EDTA. 8 ru\1 eH]PGD2 (115 Ci mmor') and 10 mM ~lnCh.

Compounds were added in dimethylsulphoxide (~1~2S0) at 10/0 (v/v) of the tinal

incubation volume (vehicle concentration was constant throughout). The reaction was

initiated by the addition of 350 flg cell membrane protein to aH tubes and the samples

were incubated at room temperature for 1 h. Termination of the reaction and analysis of

[JH]PGD2-specific binding were performed as previously described (Wright et a/.• 1999).

Prote in assays

Protein concentrations were measured by the bicinchoninic acid (BeA) protein assay kit

(Pierce. Rockford.. IL. U.S.A.) using the manutàcturer's protocol and bovine serum

albumin as the standard.

Cyc/ic .-lJJP accumulation assays in LS17-1T ce/ls

Cyclic .~\1P accumulation assays were conducted using LS 174T cells in suspension as

previously described (Wright et a/.• 1998). LS 174T cells were harvested at 80%

contluence by rinsing the cells in prewarmed Versene 1:5000 (Gibco BRL Life

Technologies. Burlington. Canada) tbllowed by enzyme-free cell dissociation buffer ta
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facilitate their dissociation from the culture dish. CeUs were thoroughly washed twice in

phosphate-buffered saline pH 7.4 (PBS) by resuspension and centrifugation (300 x gma.~' 6

min. room temperature) and finally resuspended in HBSS for functional assays. Cell

viability (> 60%) was determined by trypan blue exclusion. Generation of cyclic AMP

was performed in a final incubation volume of 0.2 ml of HBSS containing 100 J,lM Ro

20-1724 to abrogate cyclic AMP hydrolysis. Compounds were added in Me!SD and the

vehicle was 1% (v/v) of the fïnal incubation volume throughout. The reaclion was

initiated by the addition of 2 x 105 ceUs per incubation for both agonist and antagonist

assays and the samples were incubated for 10 min at 37 oC. Reactions were terminated

and agonist concentration-response curves were analyzed as previously described

(Wright et al.. (999).

Antagonist potencies were deterrnined by Schild analysis as follows: agonist

concentration-response curves were constructed in the absence and presence of a fixed

and increasing concentration of antagonist. Concentration-response curves were analysed

and ECso values determined. The equilibrium dissociation constant for the antagonist­

receptor complex (Kb ) was calculated from the following equation: dr = [B) / Kb + 1.

where dr is the equiactive dose ratio of the agonist (determined in the presence and

absence of the antagonist) and [B) is the antagonist concentration used. Schild regression

involves the following logarithmic manipulation of dr on [B]: log (dr-l) = log [B] -log

Kb•

Analyses of statistical signitïcance employed the statistical modeling software

SuperANOVA (Abacus Concepts. me.; Berkley. CA. U.S.A.) to perform an analysis of

variance (ANDVA). A two-way ANDVA was used 10 establish differences in the

maximal efficacy of OP-specific agonists and a one-way ANDVA was perfonned to

identify differences in agonism in the presence and absence of the DP-specific antagonist

BW A868C. Ail statistically significant differences were analyzed fuether by way of a

BonferroniIDunn test of all means.
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Mucin secretion assays

LS174T ceUs were grown in complete ME~t to 80% confluence (approximately 4 x 105

ceUs per well) in 6-well plastic culture dishes (weil diameter: 34.6 mm). Mucins were

subjected to metabolic labeling by incubating ceUs tbr 48 h in complete MEM containing

1 J,lCi mr t eH]glucosamine (specifie activity: 40 Ci mmor1
; ICN Biomedicals Ine.,

Irvine. CA). CeUs were washed three tirnes with wann MEM and incubated in 3 ml

complete ME~1. The eeU media were colleeted at the required time points for analysis of

seereted radiolabeUed glycoproteins as follows: samples were centrifuged to remove cell

debris (2500 x g. 5 min. room temperature) 1I1d then an equal volume of 100/0 (w/v)

trichJoroacetic acid (TCA). 1% (w/v) phosphotungstie acid (PTA) (Sigma Chemical Co.)

was added to precipitate the secreted radiolabelled glyeoproteins ovemight. Precipitated

material was eollected by centrifugation (1800 x g. 5 min. 4 OC). solubilized in PBS (pH

7.2). and neutralized to pH 7 with 0.1 ~I NaOH. Radiolabelled mucins were separated

from non-mudn radiolabelled glycoproteins by Sepharose 4B column chromatography as

described previously (Belley et al.. 1996).

High moleeular weight mucins elute in the void volume by Sepharose ~B column

chromatography (Chadee et al.. 1987). Il was detennined that 98 ± 2 % of the

TCAIPTA-precipitable eH]glycoproteins were recovered in the void volume.

Accordingly, subsequent analyses were performed directly on the solubilized.

neutralized. TCAIPTA protein precipitates. Data were ealculated as the percentage

change in secreted eH]glucosamine relative to vehicle-challenged control wells.

Analyses of statistical significance employed the statistieal modeling software

SuperANOVA (Abacus Concepts. Inc.) to perform a t\\·o-way .-\l'lOVA ta analyze

differences in mucin secretagogue aetivity mediated by increasing ligand concentrations.

A one-way ANOVA was performed to identify differences in secretagogue activity in the

presence and absence of the OP-specifie antagonist B\\l A868C. AH statistically

significant differences were funher analyzed by way of a BonferroniIDunn test of ail

means.

143



•

•

Reagenls

PGD2' PGE2, PGF2cv U46619 (9, Il..œdeoxy-9a, II a-methanoepoxy-PGF2eJ, POJ! and

Ro 20-1724 (4-(3 butoxy-4-methoxybenzyl)-2-imidaxlidinone) were from Biomol

Research Laboratories (Plymouth Meeting, PA. USA). BW24SC (S-(6-carboxyhexyl)-1­

(3-cyclohexyl-3-hydroxypropylhydantoin» and BW A868C «±)-3-benzyl-S-(6­

carboxy1)-1-(2-cyclohexyl-2-hydroxyethylamino)-hydantoin) were generous gifts from

The Wellcome Foundation Ltd (Beckenham. Kent. V.K.). L-644,698 «4-(3-(3-(3­

hydroxyoctyl)-4-oxo-2-thiazolidinyl) propyl) benzoic acid) (racemate) w~ synthesized at

~Ierck Research Laboratories by Dr. J.B. Bicking. Iloprost (S-(hexahydro-5-hydroxy-4­

(3-hydroxy-4-methyl-I-octen-6-ynyl)-2( 1H)-pentalenylidene) pentanoic acid) and [12sI]_

cyclic AAIP scintillation proximity assay kits were trom Amersham (Oakville. ON,

Canada). eH]PG02 was from Dupont NEN (Boston. ~IA. U.S.A.).
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Results

ln situ hybridization ofDP i" human colon

1" situ hybridization reactions were carried out to detennine the cell-specific localization

of DP receptor mRNA transeripts within human colon tissue using digoxigenin-labelled

human DP receptor-specific cRNA riboprobes (Figure 1). Experiments using two

distinct, non-overlapping, anti-sense riboprobes specifie for the hOP receptor

corroborated positive results. Negative control experiments were perfonned employing

exact complementary sense riboprobes. Positive staining was identified using the anti­

sense riboprobes within the mucous-secreting goblet cells of human colon tissue (Figure

lA). This staining was absent in the presence of the negative sense control riboprobes

(Figure 1B). The localization of goblet ceUs within the human colon biopsy sections

under study was confinned by staining with Alcian Blue (Figure 1C), an established stain

for acidic mucopolysaccharides (Steedman, 1950).

Figure 1. Histochemicallocalization ofDP receptor mRNA in human colon tissue by În

situ hybridization. Results (400x mag) iIIustrate a strong. specifie. positive signal
obtained within the mucous-producing goblet cells upon application orthe anti-sense
probe (A) that was not present with application ofthe exact complementary sense probe
(8) used as a negative control. Data were confinned using two independent non­
overlapping anti-sense riboprobes with the respective complementary sense riboprobes.
Goblet cells were identitied using Aidan Blue (C).
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• Identification ofprostanoid receptor transcripts in LS/ 74T cel/s

Total RNA was subjected to RT-PCR to survey the gene expression ofmRNA transcripts

corresponding to the eight human prostanoid receptors within LS 174T cells (Figure 2).

Expression oftranscripts correspondlng to hEP" hEP2, hEP3, hEP.., hOP, hFP and hTP in

LS 174T cells was confirmed by the migration ofeach receptor-specific amplified cDNA

fragment (Ianes 1,4, 7, ID, 13, 16 and 22, respectively) to the predicted position. Results

were confinned by the migration pattern of receptor-specific positive control reactions

(lanes 3, 6,9,12,15,18 and 24, respectively). Receptor-specific negative control

reactions (Ianes 2, 5, 8, Il, 14, 17,20 and 23, respectively) perfonned without reverse

transcriptase confirmed in each case that the template for amplification was RNA. In

506bp

298bp

lane 1 2 3 • 5 1 7 • 1 10 11 12 13 1. 15 il 17 il il 20 21 22 23 24

LS174T
ItNA

• + •••• + ... + • .. + + ....... + ......

reverse +... + • • + .. • + .. • + .. .. + • .. + .. • • • •
Iranscriplase

receplor
cDMA

• • + • • + .. .. • .. .. + .. .. + • .. • • .. • .. .. •

•

Figure 2. Expression ofhuman prostanoid receptor mRNA in LS 174T ceUs. As described
under Methods. RT·PCR was performed using Poly(Af RNA isolated from cultured LSI74T
ceUs. in the presence of reverse transcriptase and employing primers specifie for each of the
human prostanoid receptors: EP h EP2, EP3• EP... OP. FP. IP and TP (lanes 1.4. 7, 10. 13. 16,
19 and 22. respectively). Analogous negative control reactions for each primer pair were
performed under the same conditions but in the absence of reverse ttanscriptase (Ianes 2. S. 8.
11. 14, 17. 20 and 23). Positive control peR reactions were performed for each primer pair
using the corresponding receptor cONA as the template. in order to generale PCR products of
the expected size as markers (Ianes 3. 6, 9. 12, IS. 18,21 and 24). PCR products were
resolved on a 1.2% agarose gel and visualized by ethidium bromide staining. Results are
representative ofthree independenl experiments.
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• contrast to these results9 there was no detectable cDNA fragment synthesized

corresponding to the hIP receptor (lane 19) that co-migrated with the amplifled product

generated in the positive control reaction for hIP (1ane 21). RT·PCR reactions employing

primers designed to human ~actin were used as a positive control (data not shown).

cDNA fragments corresponding to human p-actin were amplified in a reverse

transcriptase-dependent manner. The p-actin fragments co-migrated with fragments

generated from an analogous positive control PCR reaction employing human ~actin

cDNA as a template.

Radio/igand binding to LS174T cel/ membranes

Equilibrium competition binding experiments were performed employing eH]PGD! to

detennine if OP-specifie binding to LS 174T cell membranes could he measured (Figure

3). Both PGD! and the selective OP-agonist L-644.698 competed in a concentration-
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Figure 3. Competition for eHlPGDrspecitic binding to LS 1i4T membranes by DP­
specific agonists. Radioligand membrane binding assays were carried out as previously
described under Methods. Equilibrium competition binding assays were conducted using
0.03-1000 nM PGD;: or l-644.698. Data points are the mean and s.e. mean of values
trom three independent experiments eac:h perfonned in duplicale.
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dependent manner for eH]PGD2-speeific binding to LS 174T membranes. with inhibitor

constant (Ki) values of 0.4 ± 0.1 nM and 7.0 ± 7.5 nM. respectively (n=3). However.

PGE:! did not compete for ("'H1PGD!-specifie binding to LS 174T membranes at

concentrations up to 1 IlM (data not shown). These results support the hypothesis that

radioligand binding is to DP.

Cyclic AMP accumulation in LS174T ceUs

The stimulation of eyclie AMP production by adenylate eyclase is the predominating

signaling pathway for the DP reeeptor. Seeond messenger assays were performed to

investigate the capacity of LS 174T cells to generate cyclic AMP in response to OP·

specifie agonists and agonists selective for other reeeptor specificity's (Figure 4A and

Table 1). Several DP agonists were potent in this regard with ECso values of

approximately 50 nM. resulting in a rank order of BW245C ~ POO! ~ L-644.698 ~ PGJ:!.

Generally. prostanoids and prostanoid analogues were without measurable response with

the exception of PGE2• which demonstrated an ECsu value of 162 nM (Table 1).

The maximal rcsponse for eaeh ligand (the amount of cyclic AMP produeed at a

concentration of 10 J,lM) was normalized to that elicited by 10 IlM PGO:! (Table 1). The

DP-specitïe ligand BW245C responded as a full agonist in LS 174T eells. with a

nonnalized maximal response of approximately 100%. [n contra~t. the DP-specifie

ligands PGJ2 and L-644.698 were significantly less efficaeious than the maximal

stimulation defined by PGD! (p < 0.01), with normalized maximal responses of 67% and

65%. respectively and therefore demonstrated partial agonism. PGE2 mediated a

ma.ximal response greater than that mediated by 10 IlM PGD!.

The ability of the OP antagonist BW A868C to abrogate the eyclie AMP

production stimulated in LS 174T eeUs by the OP-specifie agonists PGD! (Figure 48) and

L-644.698 (Figure 4C). as well as PGE2 (Figure 4D). was then investigated. BW A868C

functioned as a potent. insurmountable, OP-specifie antagonist. This was demonstrated

by the ability of 3-300 nM BW A868C to depress the maximal responses of POO! and L·

644.698. The insurmountable nature of the antagonism produced by BW
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Table 1. Potencies and efficacies for (1) OP-specifie ligands and (II) ligands for other
prostanoid receptors, in the production ofcyclic AMP in LS174T cells.

ECso (DM) C Percentage of maximal stimulation
of cyclic AMP production

1 PGDz 54 ± 8 98 ±3

PGh 89±6 ·67 ±3

L-644.698 62 ± 10 ·65 ± 9

BW245C 45 ± Il 96 ± 15

II "PGE2 162 ± 66 > 100

b PGF2a

b iloprost

b U46619

ECso values ± s.e. mean and maximal responses (percentage of ma.ximally stimulated

control values ± s.e. Mean) are shown for prostanoids and synthetic prostanoid analogues.

VaIues are the Mean and s.e. Mean of values from three independent experiments

performed in duplicate.

:l For PGEz, ECso values ± s.d. and ma.ximal responses (percentage ofmaximally

stimulated control values ± s.d.) are shown. values are derived from two independent

experiments each performed in duplicate.

b PGF2œ ilopros~ and U46619 did not generate measurable responses.

C Maximal stimulation is defined as the cyclic AMP response produced with 10 J.LM

PGO!.

• VaIue is statisticaJly significantly (p < 0.01) different from the maximal stimulation

(100%) defmed with 10~ PGD2.
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A868C in this cellline precluded caleulation of pK., values or Schild plot ratios. The

antagonism mediated at ail concentrations of BW A868C against the OP-specifie agonists

was staristically significant (p < 0.01). However, the published pKt, value for BW A868C

is approximately 3 n.M (Giles et al., 1989). [n marked contrast. BW A868C was

inefficient at antagonizing the PGEz-mediated eyclic AMP response.

.\fucin secretion in LS170lT cells

The LS174T cellline was used to investigate the mucin secretagogue activity of OP

reeeptor agonists because it is an established model for the in vitro study of mucin

secretion (Belley & Chadee. 1999: Kuan et al.. 1987). In preliminary experiments. the

time eourse of PGD:-mediated mucin secretion \\'as established (data not sho\\-n).

Forskolin was used as a positive control. since it is a kno\\-n mucin secretagogue

(McCool et aL 1990). Over a 12 h time course forskolin (50 ).LM) stimulated mucin

secretion to a level 87~/o above vehicle-stimulated control values. In comparison. PGD~

(250 ~l) attained a ma.ximal amount of mucin secretion of 52~/o above vehicle control

over the same period oftime. Forskolin stimulated mucin secretion in a linear tàshion

over the 12 h time course. while PG02-mediated mucin secretion reached a plateau after

3 to 6 h of incubation. These experiments eontirrned that POO: has the ability to

stimulate mucin secretion and experiments were routinely conducted over a 6 h

incubation period.

To establish funher that the OP receptor \\-°as specifically mediating mucin

secretion. increasing concentrations of OP-specifie agonists were investigated ta ascertain

ifthey could stimulate a concentration-dependent response (Figure SA). PGE: was

included as a positive control. because it is an established mucin secretagogue in LS 174T

cells (Belley & Chadee. 1999). Incubation \\-ith increasing concentrations (1. 50. and 500

nM) of PGD:!, L-644.698 or PGE2 resulted in a concentration-dependent increase in

mucin secretion that was statistically significant (p<O.O 1). The EC50 values for mucin

secretion were comparable for all three agonists. The rank order for maximal mucin

secretion was PGE! > PGD1 =L-644.698.
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Figure". Cyclic ..\MP production in LS 17~T ceUs. (A) LS 17~T ceUs were challenged with 0.3
nM ·10 J.!M ofPGD1• PGh. L~.698.or BW245C. Maximal (I~~) cyclic AMP production is
defined as the amount ofcyclic AMP generated in response to 10 J.lM PGD1. Data points are the
mean and s.e. mc=an of values trom three independent experiments performed in duplicate. The
asterisk (e) denotes a ligand demonstrating a stalistically significant difference (p < 0.01) in
maximal efficacy relative to the ma.ximal stimulation (100%) defined with 10 ~M PGD:. (B).(C)
LS 174T ceUs were pre-incubated with vehicle. 3 nM BW A868C. 30 nM BW A868C or 300 nM
BW A868C and then challenged with 0.03 nM-lOO ~M (B) PGD1• or (C) L-644.698. (D) LSI74T
eeUs were pre-incubated with vehicle. 30 nM BW A868C. (00 nM BW A868C or 300 nM BW
A868C and then challenged with 0.03 nM-(OO 1JJ\1 PGEz. In Panels (B)-(D) the maximal (100%)
cyclic AMP production for a given agonist is detined as the amount of cyclic AMP generated in
response to 10~ ofthal agonist in the absence ofBW A868C. Data points are the Mean and s.d.
of values from t'NO independent experiments perfonned in duplicale. The asterisk (e) denotes a
ligand demonstrating a statistica11y significant (p < 0.01) difference in maximal efficacy in the
presence. relative to the absence. of BW A868C.
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• The OP-specifie antagonist BW A868C was employed to demonsttate that mucin

secretion was DP receptor-specific (Figure 5B). LS 174T cells were first pre-incubated

for 30 min \\jith 30 nM BW A868C or ethanol (vehicle) and were then incubated for 6 h

in the presence or absence of PGD2. L-644.698. or PGE2 (100 nM). Cells incubated with

the antagonist alone responded \\jith a slight increase in secreted mucins of 8~1a. The

mucin secretion observed when cells were stimulated \\ith 100 nM PGD! or L-644.698

was significantly inhibited CP < 0.01) by 53~'O and 59~/o. respectively. when cells were

pre-incubated \vith 30 ~( BW A868C prior to agonist addition. However. pre­

incubation of cens \Vith 30 m\-I B\V A868C had no effect on the PGE2-mediated mucin

secretion. demonstrating that DP agonist induced mucin secretion in LS 174T occurs via

an independent pathway to that provoked by PGE~. These data suggest that DP receptor

activation stimulates mucin secretion.
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Figure S. ~lucin secretion from LSli~T cells. (A) LSli~T cells were chaHenged with 1.
50. or 500 nM PGD:. L·6~~.698. ùr PGE: for 6 h. A stat!stically significant (p < 0.01)
difference was observed for each ligand in the :lmount of [~Hlglucasaminesecreted :lt 50
lù\l relati ...·e ta 1 nM and :lI 500 nM relative to 50 nM. (8) Fallowing pre-incubation \..,-ith
vehicle or 30 nM BW A868C for 30 min. LS 17~T cells were challenged with 100 nM
PGD~. L-6~.698. PGE:, or vehicle tor 6 h. Data points :lI'e the mean and s.d. of values
fram t'NO independent experiments performed in duplicate. The asterisk (11) denotes a
ligand demonstrating a statistically significant (p < 0.01) difference in the presence
relative to the absence ofthe antagonist.
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DiscussioD

This paper provides evidence for a novel physiological raie for the OP receptor. namely

the regulation of mucin secretion. This raie was tirst suggested by work tram this

laboratory showing the presence of the OP receptor in mucous-secreting goblet cells of

the rat by in situ hybridization. In this report we confinn this is not a species-specific

observation. by demonstrating that OP receptor rn&'-lA is also localized in mucous­

secreting goblet cells of the human colon. This result validated the use of the human

LS 174T colonic adenocarcinoma cellline. an established in vitro model ofmucin

secretion that endogenously expresses the OP receptor, as a system to study the raie of

OP in mucous production. The presence of OP within LS 174T cells was continned at the

level of transcription. specific radioligand binding. second messenger coupling and mucin

secretion. utilizing OP-specific agonists (PGOl • L-644.698) and a OP-specific antagonist

(BW A868C).

The endogenous OP receptor expressed in LS 174T cells shows similar properties

to recombinant hOP expressed in the human embryonic kidney cell line. HEK

293(EBNA) (Wright et ai.. 1998). The KI values for PGOz and the selective OP agonist

L-644.698 detennined in radioligand binding assays were comparable between

endogenous and recombinant hOP (0.5 - 7 ru"I). As expected. POE2 had reduced affinity

compared with P002 and L·644~698. These results support eH]PGD2 binding

specitically to hOP in LS 174T cells. Activation of OP stimulates intracellular cyclic

Al\-fP production. The ECso values for cyclic AMP production stimulated by OP agonists

in LS 174T cells (54 - 89 I1l'vl) were ail lOO-fold less potent than those previously

identified for recombinant hOP in HEK 293(EBNA) cells (Wright el a/... 1998). though a

similar rank order of potency was observed. In the current study. PGD:! and BW245C

both demonstrated full agonism while PGJl and L-644..698 were both panial agonists, in

contrast to results with recombinant hOP where all four OP compounds functioned as full

agonists. This disparity is probably due to the high number of hOP receptors in the

recombinant cellline compared \\;th that ofendogenous hOP in LS 174T. as

demonstrated by the level of radioligand binding.
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Cyclic A-\{P accumulation was also measured in LS 174T ceUs challenged with

the preferred ligands for prostanoid receptors other than DP, since RT-peR suggested the

presence of multiple types ofprostanoid receptors (hOP, hEP\, hEP2, hEP3, hEP~, hFP,

and hTP) in these ceUs. PGE! induced increases in intraeellular cyclic AMP (ECso = 162

nM). This represents a balance of contributions from different EP receptors: the

stimulation ofcyclic AMP production mediated by hEP:! and hEP.. and the inhibition of

cyclic Al'1P production mediated by hEP3. The IP receptor agonist iloprost was

functionally silent. corroborating the RT-PCR experiments that did not detect hIP

mRNA. This data suppons the functional expression ofhDP in the LS174T cellline.

Furthermore. it verifies the presence of multiple prostanoid receptors within LS 174T cells

that signal through the cyclic .-\l\-IP pathway. In this report. therefore, we employ OP

selective ligands to investigate the contribution of OP to mucous secretion in this ceU

line.

B\V A868C clearly functions as an insunnountable antagonist at the OP receptor

in LS 174T ceUs in the current study. Previous characterization ofBW A868C. however.

suggested that it functions as a OP-specific competitive.. surmountable antagonist (Giles

et a/.. 1989). The differences observed between these two studies may he attributable ta

the kinetics of formation of the antagonist-receptor complex.. as has previously been

suggested for the angiotensin II AT 1 receptor (Vanderheyden I!( al... 1999). Although no

kinetic data is available tor BW A868C. the time interval of pre-incubation of the

antagonist \\'ith ceUs prior to agonist addition differs between the {\.\fO studies.. :2 min

previously and 10 min here. If BW A868C has a slow Kon/~tf. then its competitive

antagonism could be sunnountable under conditions of short pre-incubation time and

insurmountable under conditions of longer pre-incubation time.

There are no previous reports describing a raie for PGD2 in the regulation of OP­

mediated mucin secretion. The current study is the tirst to identify that mucin secretion

can occur in response to OP-specifie ligands. i.e. using PGO! and L·644.698 at

concentrations ranging from 1-50001\1 \\oith an ECso ofless than 50 n..\1 for both ligands.

The concentrations used of the DP agonists might he considered close to those relevant in

vivo. and agree weil in this regard with a report identifying a significant increase in mucin

secretion upon challenge ofrabbit gastric mucosal explants with 10 nM PGE2 (Seidler et
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al., 1988). The ability ofPGE2 and PGF2e to regulate mucin secretion is weil established

(Belley & Chadee. 1999; Enss et al., 1995; Lamont el al.. 1983; McCool et al., 1990;

Phillips et al... 1993; Plaisancie et al., 1997; Seidler &. Se\\ling, 1989) in several celllines

and tissue explants from various species. In contrast to the results observed with the DP

agonists. many of these swdies have used supra-physiological concentrations of ligands.

typically in the micromolar range. For instance. concentrations of ligand (PGEl, PGE2

and 16.l6-dimethyl PGE2, respectively) greater than or equal to 1 ).lM were employed in

studies with the cultured human mucous-secreting cel1lines T84 (McCool et al.• 1990)

and HT:29-18N2 (Phillips el al.. 1993). and cultured pig gastric mucous cells (Enss et al.,

1995). Similarly. in a study employing carbachot :\23187 and histamine, the lowest

concentration used of these three compounds was 10 J.L~t (McCool et al., 1990).

[n this repon we have used the selective DP agonist L-644.698 to show that

mucin secretion occurs through the DP receptor. L-644.698 was employed because il is

one of the most selective DP agonists reponed to date \\'ith at least 300-fold higher

affinity for hOP over any of the other cloned human prostanoid receptors (Wright et al...

1998). In a recent report. Belley & Chadee (1999) show that mucin secretion in LS 174T

cells is regulated by hEP~ which acts by increasing cyclic AJvlP like PGD~. Il was

particularly important.. therefore. to use selective DP-sPecific tools to delineate clearly the

contribution of the hOP receptor in the mucin response. In comparison to B\V245C. L­

644.698 has a 1GO-fold reduced affmity for hEP~ versus OP (130 nM and 9.3 J.L~I)(\Vright

et al... 1998). In addition. using the antagonist B\\l A868C in combination \\ith both

PGD~ and PGE2 provides fuMer support for the DP-specific regulation of mucin

secretion. PGD2-and L-644.698-mediated increases in cyclic :\MP production and

stimulation of mucin secretion in LS 174T ceIls were both effectively antagonized by B\V

A868C at 3 01\1. [n contrast.. BW A868C hac! no effect on PGE2",mediated increases in

cyclic .~\1P and mucin release at concentrations up to 300 oM. These data provide

compelling evidence chat mucin secretion in LS 174T cells can he induced by the OP

receptor.

A detinitive role for the DP receptor in gastrointestinal (Gl) physiology has not

been demonstrated. Studies of PGD~-mediatedetIects within the GI tract have focused

on smooth muscle contraction and ion secretion. Both contractile and relaxant roles for
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PGO! have been reponed in the GI trac~ but severa! studies were also negative (Giles &.

Leff" 1988). PGO:! administration has been correlated with contraction in the rat fundus,

rabbit jejunum (Horton &. Jones.. 1974) and guinea pig (longitudinal) ileum (Bennett et

al.• 1980), as weil as rela.xation of guinea pig ileum (Bennett &. Sanger. 1978) and rabbit

stomach (Whittle et al." 1979). PG~ was without effect in the human colon and stomach

(Sanger et al. .. 1982). PGD1 has also been reported to both facilitate (Frieling el al..,

1994) and inhibit (Goerg el al. .. 1991) chloride secretion in guinea pig colon and rat

colon. respectively. In addition.. the T84 human intestinal cell line was reported to

stimulate chloride secretion with low potency when challenged with PG02 (Barrett.,

1992). The current report is the tirst indication that the OP receptor mediates mucin

secretion. PGD2-mediated mucin secretion may occur through a mechanism originaJly

described by Powellll991) and modified by Eberhan and Dubois (1995) for electrolyte

transpon. whereby inflammatory cells. panicularly mast cells.. release mediators upon

activation of the inflammatory response. PGD:! is the major prostanoid released by mast

celis lLe\\'ls et ai.. 1982) and mast cell degranulation is a prominent feature of cenain

conditions such as Crohn' 5 disease (D'lorak et ai... 1978).

In conclusion. we report the identification of DP mR.'JA in the mucous-secreting

goblet cells of the human colon. Vie have used the LS 174T human colonic

adenocarcinoma cell line. an established in vitro model of mucin secretion.. to investigate

a potential raie for DP. The expression of endogenous functional OP in LS 174T cells has

been demonstrated and its ability to activate mucin secretion has been confmned through

the use of selective DP ligands.
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7. DISCUSSION

7. 1. Characterization of the recombinant human prostanoid DP receptor and
identification of L·644,698, a novel selective OP agonist

Modulation of hDP binding activity by divalent cations and nucleotide analogues

was studied in the characterization of this receptor as a GPCR. Divalent cations.

especially Mg2+. increase the affinity of an agonist for its receptor by binding to the Ga

subunit and stabilizing its interaction with GTP. thus intluencing such downstream events

as Ga J3y subunit dissociation and effector signaling (522. 523). Of the divalent cations

(Mg2~. Mn2
+. and Ca::!+) investigated for their modulatory effects on CH]PGO:! specifie

binding. Mn2+preferentially facilitated agonist specific binding (maximal response at 10

mM. EC50 of 2 mM). In Iight of Mn2+being the optimal eation (instead of Mg2+). this

cation may have mediated general effects of stabilization in these studies rather than the

site-specilie effeets of Mg:!+. This daim is supponed by studies that have found Mg::!+ to

be catalytically essential for GTP binding to the Ga subunit of the agonist-receptor- G­

protein complex and. subsequently. for the dissociation of the heterotrimeric G-protein

into its Ga and GJ3y subunits (524. 525).

Slowly-hydrolyzable nucleotide analogues disrupt the G protein cycle by binding

to the Ga subunit and inducing its sustained dissociation from the GJ3y subunit (526.

527). thereby conferring a low affinity state on the entire receptor population (528. 529.

530). This was demonstrated al the hOP receptor by the inhibition of ("'H]PG02 specifie

binding using various nucleotide analogues (GTPyS. ATPyS. GMP-PNP. and AMP­

PNP). More recently. ail 8 recombinant human prostanoid receptors have been shown to

be modulated by nucleotide analogues in their ability to specifically bind ligand (423).

Like hDP. most receptors demonstrated a decreased affinity for their cogoate ligand

following treatment with GTPyS. However. the hEP3_111 receptor has an increased affinity

for its ligand uoder these conditions. Similar results were observed under these

conditions at the human EP3-1 and EP3-11 subtypes in the same study, and have beeo

observed independently at the mouse EP3a and EP31 receptors (347, 531, 532). These
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findings suggest that the high affinity conformation of the EP3 receptor occurs in its

uncoupled state. contrary to most GPCRs.

More recently, the affinities of various ligands for the eight recombinant mouse

prostanoid receptors expressed in Chinese hamster ovary cells were reponed (424). The

rank order of affinity reponed is PGO! > BW A868C = BW245C with Ki values of 21,

120. and 150 nM. respectively. These ligands have less affinity for the recombinant mDP

compared to the recombinant hOP (0.6. 1.3. and 0.4 nM. respectively). Notably,

BW245C exhibits a 500-fold difference in affinity hetween the 2 species homologues of

DP. suggesting that this compound might he used as a chemicallead from which to make

compounds for structure-activity relationship (SAR) assessments of the two receptors.

Little is known about the SAR surrounding the OP receptor. A recent study of chimeric

rnDP/mlP receptors (533) suggests that the third transmembrane domain of mOP confers

the selective binding of PGO! to this receptor. These results have yet to he extended to

other OP agonists or other species homologues of OP.

Despite these differences. the inherent receptor cross-reactivity of the prostanoids

is observed as an inter-species phenomenon. In the mouse system PGO! demonstrated

only l-fold higher selectivity for mDP relative to mFP. and in the human system the

difference was lü-fold. The aforementioned observation that PGD;!-induced

bronchoconstriction in the anesthetized dog may he mediated by the FP receptor (534)

corroborates these findings. Together. these observations emphasize the necessity for the

identification of selective compounds. such as L-644.698. to dissect the individuaJ

contributions of the prostanoid receptors in heterologous systems. The development of

the system of recombinant human prostanoid receptors (423) was of paramount

imponance in the identification of L-644.698. and can he used as a screen to identify

other novel. selective compounds.

However. the utility of such a panel of receptors is not limited to the prospective

identification of novel compounds. The selectivity data that is consequentiaJJy generated

for both selective and non-selective compounds can also he used to make retrospective

inferences about data from prior studies. For instance, the original investigation into the

DP-mediated activation of human platelet adenylate cyclase reported that PGD2 and
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BW245C were functioning in a biphasic manner. first through the hDP receptor and then

through another receptor which was suggested to he the hIP receptor (535). This

speculation is probably tlawed. based on the data available from the panel of recombinant

human prostanoid receptors. since neither PGD:! and nor BW24C have affinity for the hlP

receptor at the concentrations which were tested tup to 100 and 25 flM. respectively).

Rather. it is likely that the second phase of activation is mediated through hEP receptors

(probably hEP~) since: i) both PGD:! and BW245C have much higher affinities for hEP~

than for hIP (PGD:!: 1500 and> 100 000 nM; BW245C: 132 and> 25 000 nM.

respectively) and ii) the compounds uscd in the earlier study and deemed to he hlP

selective actually demonstrate cross-reactivity with hEP receptors (i.e. carbacydin is

equipotent at hiP (290 nM) and hEP.d350 nM)). Moreover. the presence of EP~

receptors on human platelets has been confirmed in a recent study (536).

The CUITent work afso addresses the activity of members of the PGl series of

compounds (PGl:!. ~J:!-PGl2. 15-deoxy-~1:!.I~_pGJ:!). which are metabolites of PGO:!;1I

vivo. These compounds. especially 15-deoxy-~J:!.J~-PGl:!(hereafter 15d-PGJ2). were

recently identified as ligands for the y isoform of the peroxisome profiferator-activated

receptor (PPARy> (537. 538). As part of the nudear receptor family. the PPAR family of

receptors (PPARa. PPARÔ. PPARy) function as Iigand-activated transcription factors

that regulate gene expression of enzymes involved in lipid homeostasis (539). Binding of

15d-PGl:2 to PPARyexpressed in fibroblasts promotes their di fferentiation to adipocytes

(537. 538). The concentration of 15d-PGl:! required to facilitate this process is 5-10 J,lM

(ECso = 7 J.1M) (538). which is - 20-fold higher than that shown here to stimulate cyclic

AMP accumulation at hDP (300 nM). Although micromolar concentrations seem

unreasonably high and physiological concentrations have not yet been determined for

15d-PGJ:!, PGl series metabolites induce cell cycle arrest (540) and apoptosis (541) at

similar concentrations. As weil, the ECso value for LTB4 necessary for ppARa

activation is in the same range, at 1-5 f.1M (539). When added exogenously. high ligand

concentrations may he required to concentrate enough of the ligand intracellularly at the

receptor site before an effect is observed. A specifie plasma membrane transporter for
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cyclopentenone PGs (PGA and PGJ series compounds) has been identitïed (542).

Depending on concentrations of the PGJ series of compounds that exist extracellularly

and/or the efficiency of the cyclopentenone transponer in l'il'o. the CUITent data indicate

that these compounds may also be physiologically active at the OP receptor. PGJ:! and

~1.!_pGJ.! might he particularly relevant. since they exhibited ECso values of 1 and 90 nM

in the stimulation of cyclic AMP accumulation. respectively. This is especially

interesting in light of the recent evidence for the presence of DP receptors in the nuclear

membrane fraction of porcine brain (543).

166



• 7.2. A novel biological role for prostaglandin Dz is suggested by distribution
studies of the rat DP prostanoid receptor

•

The DP receptor was the last known homologue of the prostanoid receptors to he

cloned from the rat. making it a natural focus for investigators working in the prostanoid

receptor field. Just prior to submission of the CUITent work for publication. another group

reported the cloning of rDP (544). However. this study did not demonstrate functionaJ

expression of the cloned cDNA. and instead the investigators tumed their attention to an

ill sirli hybridization analysis of rDP limited to the brain and the eye. As alluded to

earlier. the reason for this may he that the investigators were unable to functionally

express this cDNA. Comparison of the sequence identified in the current work with thal

of Gerashchenko et al. (1998) highlights two amino acid substitutions [0 for H al

position 71 and T for A at position 334 (position 338 when aligned to hOP)). Based on

homology to the cloned human DP receptor. for which hydropathy analysis has been

performed (368). these residues lie in the second transmembrane domain and carboxyl

tail of the receptor. respectively (see Figure 7.2.). The 0 residue is conserved amongst

many GPCRs. a..r,; previously noted. The H for D substitution at this position is

nonconservative. and has been shown to impair both G protein coupling and downstream

signal transduction of the rat angiotension Il type 1receptor (545).

The importance of this conserved D residue is more apparent when a

bioinfonnatics database is consulted. such as the TinyGRAP database of GPCR clinical

and mutagenesis studies (http://w~·w-grap.fagmed.uit.no/GRAP/homepage.html)(546).

This database documents many studies of the D residue conserved at this position. The

substitution of N for D (which is more conservative than H for D) has generally

disruptive effects on different GPCRs. ln facto the N for D subsùtution impairs the G

protein-coupling and signal transduction of a variety of receptors that couple to different

G proteins and different effectors such as the rat ATn type 1 (545). human muscarinic Ml

(547). rat neuropeptide Y type 1 (548). human PAF (549). human J32-AR (550), and

human serotonin 1A (551) receptors. In many cases this substitution effects the binding

of agonists but not antagonists. implicating a generaI role for 0 in G protein coupling that

may he independent of G protein subtype. This is highlighted by a study addressing the

porcine a!-AR. which normally couples to three different G proteins: Gas, Ga., and
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G<:xq. The N for 0 substitution reduces the efficiency of coupling between a!-AR and ail

three of these G proteins compared to the wildtype receptor (552). Even the conservative

substitution of Q for 0 can be detrimental to the functional expression of sorne GPCRs.

such as the rat neuropeptide Y type 1 (548) and the human chemokine CXCR2 (553)

receptors. Thus. evidence presented here argues for a general role in GPCR structure

and/or function for this conserved 0 in transmembrane domain Il. which may extend to

the rOP receptor. Il is quite possible that the second substitution identified between the

two rDP cONAs (A for T) is also deleterious to the functional expression of the rOP

receptor. However. this T residue is not conserved between GPCRs and has not been

routinely studied.

Ligand binding and signal transduction (cyc1ic AMP accumulation) assays were

performed as part of the characterization of the functional expression of rOP in this study.

and hOP was used as a positive control in all experiments. Differences in the rank order

of affinity were observed between the two receptors. specifically for the novel OP agonist

L-644.698. For rOP and hOP. the rank orders of affinity were PGO! = BW245C > L­

644.698 and L-644.698 > PGO! = BW245C. respectively. Ail the OP agonists

demonstrated higher affinity for hOP lhan for rOP. PGO! and BW245C demonstrated a

decreased affinity for rOP of 4 and 8-fold. respectively. However. L-644.698

demonstraled a decrease of -180-fold in ilS affinity for rOP. A change in the rank arder

of aftlnity for species homologues of OP is also apparent for BW245C at mOP (424)

when compared with hOP (423.554). though the values are less disparate. BW245C has

2- to 4-fold more affinity than PGO! for hOP. but 12-fold less affinity than PGO! for

rnDP. [n addition to rank order of potency. the degree of receptor selectivity exhibited by

a ligand cao also change between species homologues of receptors. BW245C is -6-fold

more selective for mOP over mFP. However, its selectivity changes to > 25 OOO-foid for

hOP over hFP. Il wouId he of obvious interest to determine the affinity between L­

644,698 and the panel of recombinant mouse prostanoid receptors, to determine if its

selectivity for OP is maintained in this system. Changes in ligand rank order of affinity

have been observed for other receptors. both prostanoid and otherwise. For instance. the

agonist M&B-28767 exhibits species-dependent differences in selectivity for EP
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receptors between human and mouse (EP:;» EP~ > EPI> EP1 and EP3 »> EPI > EP~

» EP1• respectively). The species selectivity of chemically distinct nonpeptide

antagonists for the human neurokinin-I receptor over the rat homologue ( 15-76-fold) has

been shown to he dependent on two divergent residues. Interestingly. these residues do

not effect the naturdl peptide ligand (555). Elsewhere. a single point mutation that

increases the aftïnity of four human serotonin receptors (5-HT ID. 5-HTIB. 5-htIC:' and 5­

ht If) for J3-AR antagonists (propanolol and pindolol) but leaves the affinity for serotonin

unchanged l'rom wildtype receptors (556) has been identified.

The current work also addressed the cell-specifie localization of OP mRNA in the

CNS and GI tract of the rat. ln sirli hybridization identitïed positive signais in the brain.

spinal cord. and various GI tract tissues. A rigorous discussion of the latter tïndings

(those in the spinal cord and GI tract) is presented in the body of the current study.

Therefore. the tïndings in the brain will be the focus of the present discussion. OP

mRNA was localized in the rat brain to the leptomeninges and. for the tïrst time. to the

choroid plexus. These two structures are interconnected by foramina and are exposed to

the CSF that is generated by the choroid plexus. Recently. the signal transduction of

PGD:! in promoting sleep has been studied in the rat. The immediate early gene Fos

(considered a marker for distinguishing between wake- and sleep-active neurons (557»

was studied to neuroanatomically identify the neurons activated following PGO:! infusion

into the subarachinoid space of the rostral basal forebrain (558). Fos immunoreactivity

was detected in the ventrolateral preoptie area (VLPO). which lies in the periphery of the

brain next to the subaraehinoid space. and was positively correlated with the preceding

amount of sleep and negatively correlated with Fos expression in the tuberomammillary

nucleus. which is the source of the histaminergic acousaI system. The investigators

surmised that PGO:! induces sleep via peripheral leptomeningeal DP receptors with

subsequent activation of the VLPO. However. this model (559) of PGD:!-reguIated sleep

is probably incomplete.

The choroid plexus is the major site of L-PGDS rnRNA expression in the brain

(560). though the L-PGOS protein is subsequently secreted into and circulates within the

CSF (561). The presence of DP reeeptor mR!'lA in the choroid plexus observed here is
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supponed by earlier repons addressing the distribution of the OP receptor by ligand

binding autoradiography (562. 563). The OP receptor of the choroid plexus is probably

involved in sleep promotion since PGOz infusion into the subarachinoid space induces

slow-wave sleep (SWS) without rapid eye movement (REM) sleep. while PGO:! infusion

into the brain ventricles that contain the choroid plexus induces both SWS and REM

sleep (564. 565). Thus. depending on the site of PGDz administration there is a clear

distinction in the type of sJeep observed. A contribution by the choroid plexus toward

sleep is further supported by studies demonstrating increa,ed glucose utilization in this

organ compared to the rest of the brain during sleep (566). The choroid plexus did not

demonstrate any Fos immunoreactivity following PGO:! administration into the

subarachinoid space (558). suggesting perhaps a lack of cerebroventricular penetrance of

the infused PGO:! or that the choroid plexus uses another mechanism of action in the

promotion of sJeep.
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• 7.3. The human prostanoid DP receptor stimulates mucin secretion in LS174T
ceIls

•

Central to this body of work is the endogenous expression of the OP receptor in

the human colonie adenocarcinoma cellline. LS 174T. PharmacologicaJ characterization

of the endogenously expressed hDP receptor in LS 174T ceUs involved ligand binding and

signal transduction assays. The binding experiments clearly showed that hDP is

endogenously expressed in these ceUs. However. in signal transduction assays all DP

agonists exhibited EC50 values which were loo-fold less potent than those observed

against the recombinant hDP receptor (554). Moreover. both L-644.698 and PGJ:!

performed a-, panial agonists. PGJ:! functioned as a partial agonist in a previous study

addressing acti vitYagainst the DP receptor endogenously expressed in human noo­

pregnant myometrium (567). Low receptor number and poor receptor-G protein coupling

in these cells could explain these observations. Indeed. L-644.698 and PGJ:! may exhibit

low intrinsic efficacy (568) and might be incapable of facilitating coupling as efficiently

as PGD:! or BW1~5C. Under this premise. L-644.698 and PGJ:! would need to initiate

more individual receptor-G protein interactions to function as full agonists. Although

feasible in a high receptor expression system. such as that observed for recombinant hDP

(554). this might be unachievable in a system of lower receptor expression due to an

insufficient receptor reserve. This premise could he tested by artificially increasing the

amount of receptor expressed in LS 174T ceUs. and then reassessing the degree of

efficacy exhibited by L-644.698 and PGJ:! in the stimulation of cyclic AMP production.

Altematively. these compounds could he tested in a system where the recombinant hOP

receptor is expressed at a variety of levels.

The ligand binding experiments clearly showed that hOP is endogenously

expressed in LS 174T ceUs. However. the value for L-644.698 in tbis regard was IO-fold

lower than that demonstrated at the recombinant OP receptor in HEK 293(EBNA) ceUs.

Differences in receptor number would not explain this observation, since high affinity

binding as predicted by the temary comple=< model for GPCRs (569) is independent of

receptor number. instead being dependent on the ligand. receptor and G-protein under

study. Based on this mode!. the disparity between the affinities observed in the two
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systems could only have arisen l'rom differences in either the receptor or G-protein, since

the ligand remained unchanged. Differences at the level of the receptor might be

explained by the existence of splice variants for hDP, for which the following evidence

exists. In the human myometrium (567), the pKB values for antagonism mediated by BW

A868C were dependent on the agonist studied and its concentration. ln the rabbit eye

(570). BW A868C was observed to antagonize the increase in conjunctival microvascular

penneability mediated by paD:! but not by BW245C. ln the canine colon (571 ).

BW245C did not mimic the inhibitory effects of pao:! on short-circuit current and was

not significantly inhibited by BW A868C. but instead produced dose-dependent increases

in short-circuit CUITent. Interestingly. ail these reports are based on observations made

with synthetic ligands (usually BW245C). suggesting perhaps that the issue is the cross­

reactivity of these ligands rather than a novel OP receptor subtype. After ail. by

detïnition this novel splice variant of OP would have to bind the endogenous ligand,

PGO:!. Aiso. none of the receptors phylogenetically related to DP have been found to be

subject to this fonn of receptor heterogeneity. However. particularly dissuasive in the

argument for DP receptor splice variants is the fact that cyclic AMP production is

observed to he the single. predominating signal transduction pathway reponed for the DP

receptor. both endogenous and recombinant alike. POO:! ha." been reported to increase

intracellular Ca:!-+- concentrations. however. this was observed to occur through the FP

receptor (572) or in a cyclic AMP-dependent. post receptor manner (573). Notably, none

of the species homologues of recombinant DP have been reported to activate signal

transduction mechanisms other than cyclic AMP production.

Thus. differences at the level of the G-protein most probably explain the

dissimilarities observed in affinity and potency values between endogenous and

recombinant OP. Specifically, this could he related to the cell-type specific spectrum of

GIl and Gy subunits with which the GŒs subunit can associate. If certain heterotrimeric

G-protein complexes associate more effectively with the receptor. this couId translate into

a shift in affinity and potency values. Specific agonists (i.e. L-644,698) may he more or

less sensitive to this. depending on their contact points on the receptor. The more general

effects 00 the fuoctional activity of the receptor, specifically the -loo-fold shift in the

EC50 vaIues observed for all the OP agonists studied. might aIso he explained al the level
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of the G-protein. For instance. the expression of different isozymes of adenylate cyclase

(for which at least 9 isoforms exist) or of different RGS proteins (regulators of G-protein

signaling: responsible for GTPase activation) might explain the dissimilar potencies

observed for ail DP agonists between the two systems.

ln the current work. BW A868C demonstrated insurmountable antagonism at the

hOP receptor. This compound had previously been described as a competitive.

surmountable antagonist of the DP receptor (535). As mentioned previously. this

difference in antagonism may be a product of the kinetics of formation of the antagonist­

receptor complex. which has been suggested to explain the antagonism by candesanan of

the angiotensin Il AT, receptor (574). Candesartan c1early exhibited insurmountable

antagonism of the ATII-mediated accumulation of inositol phosphate. Kinetic

experiments indicated that the antagonism mediated by candesartan increases with

preincubation time and is optimal following prolonged incubation. while that mediated by

the surmountable amagonist losartan is independent of preincubation lime. Investigators

demonstrated the attenuation of the effects of candesartan in the presence of losartan

suggesting that they share the sarne binding site on the reeeptor, and therefore dismissed

the possibility of candesartan inducing allostcric modulation of AT, reeeptors as its

mechanism of action. Similar experiments would c1arify the type of antagonism

mediated by BW A868C. However. another well-charaeterized DP-specifie antagonist

has not yet become available.

Molecular biological and pharmaeologieaI confirmation of the endogenous

expression of hOP validated the use of the LS 174T cell line to study hOP in its ability to

stimulate mucin secretion. An alternative to using a cultured cellline for this purpose is

to use explanted tissue preparations from the organ(s) of interest. 80th model systems

have caveats associated with them (575). Explanted tissue preparations are inherently

variable sinee they contain a mixture of cell types and they are derived from various

animais. As weil. the mechanical manipulation involved in the harvest of tissue explants

can itself result in muein secretion. ln contrast. cultured eelllines are transfonned and

are perhaps Dot as representative of the relevant in vivo physiology. However~ they
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inherently require less manipulation prior to experimentation. As weil. the number of

stimuli to which most cultured cell lines respond and the response patterns observed

suggest a high degree of similarity to the parent tissue (475). Human colonic cancer eeU

lines represent nonnal intestinal cells in many aspects such as cell polarity. restricted

junctional permeability. enterocytic differentiation. as weil as in water. ion and mucin

secretion (576). Much of the progress in the field of mucin secretion has been made

using cultured epithelial cells. such as LS 174T. as i" vitro model systems.

The measurement of the secreted mucin in the current work was facilitated by

exposing cells to the radiolabelled mucin precursor CH]glucosamine for a period of 48

hours prior to experimentation. Immunological and microscopie techniques have also

been used to assess mucin secretion. and each is bctter suited for certain endpoints (475).

As mentioned previously. mucins l'rom the same gene can he heterogeneous in nature due

to variability in post-translational glycosylation. Immunological methods have been used

to detect mucin secretion but are highly sensitive to this variability. They have found

utility in the detection of certain mucin glycoforms as cancer markers. Classically.

microscopie methods have been qualitative rather than quantitative. though computer­

enhanced microscopy is now making quantitation a possibility. Microscopy has proven

useful in assessing the aforementioned event of compound exocytosis. The current study

involved the overall measurement of mucin secretion and the use of a general

radiolabelled mucin precursor was judged to best facilitate this. Although glucosamine is

a component of other glycoproteins such as proteoglycans. experiments performed here

with and without gel filtration chromatography demonstrate that the vast majority of the

radiolabelled protein collected in the media following mucin secretion is high molecular

weight material. which corresponds to mucins. This has been previously documented

(518) and has been corroborated by immunological methods (577).

Work in this laboratory provided the first evidence that the stimulation of mucin

secretion might be mediated through the OP receptor (578). The current study confirmed

this in an in vitro cell model. As noted in the body of the study. no prior results have

demonstrated a link between gastrointestinal mucous secretion and either PGD2 or the DP

reeeptor. ln facl. only two other studies suggest that PGD2 may mediate mucio secretion.
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ln contrast to the current findings. both suggest the involvement of a receptor other than

OP. In the rabbit conjunctiva. a decrease in the gobler cell population has been

associated with POO:! and PGJ:! administration (579). However. since administration of

the OP-specifie agonist BW245C did not stimulate goblet cell depletion. the investigators

sunnised that the mucin secretion indueed by POO:! and PGJ:! was not a DP receptor­

mediated event. In another study. mucous secretion from human lung explants was not

significantly enhanced by exogenous administration of PGO:! except at a concentration of

lOO J,lM. which the investigators themselves deemed to he a nonphysiological effect

(580). Il would be of interest to test L-644.698 in these preparations since PGO:! has high

affinity for the hFP receptor (423.554) and POF1a is a potent mucin secretagogue (581).

especially in the human lung (580). There is evidence for eH]PGO:! binding to the

serous cells of the bovine trachea (575). which contain antibacterial proteins (i.e.

lysozyme). Perhaps the OP receptor has a more general role in exocytosis. whieh might

include serous cell secretion.

This study does not provide a physiologieal context for OP-mediated mucin

secretion. which would he the next logica! extension of the CUITent work. The OP

receptor probably does not play a role in the muein secretion of the normal resting colon.

since POh is the major prostanoid fonned under these conditions (582. 583). However.

OP may function to heighten colonie mucin secretion as part of the host's response to

gastrointestinal inflammation. such as during inflammatory bowel disease (mO). This is

based on the following analogy. A role for POO:! in both the immediate and late phases

of allergie-type reactions (i.e. atopic rhinitis. bronchial asthma) is weil documented in the

literature (584). Central to its role in the allergie inflammation of the immediate phase

reaction is the release of pao! from mast cells. along with other potent preformed

inflammatory mediators (i.e. histamine and LTs). A similar mechanism of action has

been suggested to describe the role of eicosanoids in intestinal electrolyte transpon

[borrowed from Powell ( 1991) and modified by Eberhan & Dubois ( (995)J. Here.

primary stimuli (i.e. a microorganism) would stimulate the production of mediators of

inflammation (i.e. PGs) from primary effector eeUs (i.e. mast cells). The inflammatory

mediators formed would act to directly or indirectly influence ion flux (i.e. Cr). PGD2-
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mediated mucin secretion through the OP receptor might he explained through an

extension of this model (see Figure 7.3.).

In support of this, the primary second messenger mediating cr ion flux is cyclic

AMP (585. 586), which is the signal transduction pathway activated by the OP receptor.

Funhermore. cells may integrate cr ion secretion and mucin granule exocytosis to

maximize their secretory response (475). In parasite rejection models (i.e.

Nippostongyllis brllsilie1Zsis). a significant increase in the number of goblet cells and mast

cells ha..~ been noted preceding expulsion of the parasite (587, 588). Mast cell

degranulation has been noted at the point of expulsion in the parasite rejection model

(588) and clinically, in the small intestine ofCrohn's disease patients (589). The other

preformed inflammatory mediators that are released following mast cell degranulation

also provide corroborative evidence. Histamine is released in hypersensitivity reactions

in the guinea pig intestinal mucosa. and enhances cr ion secretion (590). Histamine also

stirnulates mucous secretion in the human colon (591). LTs are correlated with tluid

hypersecretion in a number of species (592. 593). though they do not induce mucous

secretion l'rom rabbit intestinal goblet cells (594).

Many of the observations for the individual intlammatory mediators are

undoubtedly species-specific. For instance. PGD2 does not function as a mucin

secretagogue in mouse mucosal explants (595). Additionally, the various contributions

of genetic abnormaJities and pathogenic antigens to lBD still need to he l'ully understood

(596). In fact, it is not even clear whether mast cell-derived intlammatory mediators help

or hinder the development of IBO. A recent report describes the suppression of the

development of an experimental colitis model in genetically mast cell-deficient rats.

suggesting that the mast cells themselves contribute to the development of the disease

(597). As mentioned in the introduction, fluid and mucous hypersecretion may deplete

the host' s defense system, a1lowing the invading pathogen to colonize. In contrast,

NSAIDs do not improve IBO but instead aggravate it (598, 599). Nonetheless, it is clear

that eicosanoids can modulate the state of gastrointestinal inflammation (296). The

current results warrant further investigation into a possible role ill vivo for DP-mediated

mucin secretion.
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Figure 7.3.
i\. possible model for DP-mediated mucin secretion in vivo. The DP receptor may stimulate
mucous secretion in a manner analogous to a model proposed by Powell ( (991) for the role of
eicosanoids in intestinal electrolyte transport. Here, Mediators released by primary effector cells
(i.e. mast ceIls) may directly stimulate epithelial cell secretions. An indirect pathway for intestinal
electrolyte transport bas also been demonstrated, wbereby an elaboration of mediator release
occurs due to stimulation of mesenchYmaI ceIls (i.e. fibroblasts). These Mediators can aet as
neuromodulators of acetylcholine (Ach)-stimulated secretions. The in vitro observations made in
the current research only lend support to the direct pathway of DP-mediated mucin secretion.
Thus, the tentative applicability of the rest of the model to DP is symbolized by the sequence of
hatched figures connected by dasbes instead ofanows.
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8. ORIGINAL CONTRIBUTIONS TO THE LITERATURE

Elements of the thesis that constitute original scholarship and an advancement of

knowledge include the following:

1. Presented here is the tïrst comprehensive comparison of the binding selectivity of a

variety of the currently accepted OP-specitïc prostanoids and synthetic prostanoid

analogues within a previously characterized system of recombinant human prostanoid

receptors.

L-644.698 has been identified as a novel OP-specifie agonist. Ils pharmacological

characterization within the aforementioned system of recombinant human prostanoid

receptors has contïrmed that it is one of the most highly selective OP-specifïc

agonists identitïed to date. making it a valuable tool for disceming the contributions

of the DP receptor in heterogeneous receptor systems.

3. The molecular cloning and functional expression of the rat OP receptor has becn

accomplished. Pharmacological characterization using prostanoids and synthetic

prostanoid analogues. including L-644.698. has contïrmed its identity as a species

homologue of the OP receptor.

4. III Sirli hybridization using a cONA representing the novel rat OP receptor has

identified the cell-specific localization of mRNA corresponding to rat OP in the

mucous-secreting goblet cells of various tissues of the gastrointestinal tract. including

the stomach. small intestine. and colon. This led to the hypothesis of a novel

biological activity for the OP receptor. namely the regulation of mucin secretion.

Using these same in sitll hybridization conditions in the central nervous system. rat

OP-specifie mRNA has been localized to the choroid plexus of the cerebroventricular

system. as well as to the motor and sensory neurons of the lumbar spinal cord.
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5. The endogenous functional expression of the human DP receptor has been

demonstrated in LS 174T cells. an established in vitro model for mucin secretion of

colonic origin. The stimulation of mucin secretion has been confirmed to result from

activation of the DP receptor. This has been demonstrated pharmacologically through

the use of DP-specilic agonists (inc1uding L-644.698) and a DP-specifie antagonisl.
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10. APPENDICES

Appendix A: Future directions for this research

Below are listed sorne of the possible future directions that stem frorn the research for

this thesis. This list is not in order of irnponance and is not meant to be exhaustive.

1. The most obvious question to be answered is whether the DP receptor plays a role

in the regulation of gastrointestinal mucin secretion ;11 vivo. Animal models for

the ;11 vivo study of mucin secretion are established. however. the protocols are

eomplieated and the results are difficult to assess. One method that couId be used

is the colonie loop method. Here. segments of colon are surgically isolated ;n

sirli. in the anesthetized animal. Compounds of interest are applied to the

preparation and the mucins secreted are collected for anaJysis. This technique has

been used successfully for a number of mucin secretagogues. including PGEz.

2. As alluded to earlier. the OP reeeptor has been shown to modulate chloride ion

secretion in the T84 colonie eellline. As weil. it has been proposed that cells may

integrate electrolyte secretion and mucin exocytosis to maximize their secretory

response. This has been shown for a number of mucin secretagogues. including

PGE1• The regulation of choride transpon by the OP receptor and its effect on

DP-mediated mucin secretion could be investigated in the LS 174T cellline by

fifst measuring electrolyte transpon in response to OP-specific agonists and then

blocking chloride secretion. Previous studies have demonstrated that chloride

secretion can he repressed by Ca!+ channel inhibitors (i.e. Ba:!"}. The

interdependence between OP-mediated chloride transpon and mucin secretion

could also he assessed using these inhibitors.

212



• 3. Outside of the gastrointestinal tract. the next most obvious question is whether the

DP receptor plays a role in the regulation of mucin secretion in other

mucosecretory tracts (tracheobronchial. reproductive). As discussed previous!y.

there is sorne evidence for a role for PGD:!-mediated mucin secretion in the eye

and the tracheobronchial tract. However. the results from these studies suggest

that a receptor other than OP is responsible for mediating the muein response in

these tissues. In sitll hybridization studies. similar to those performed here. and/or

immunocytochemical experiments would help clarify whether the DP reeeptor is

present on goblet eeUs in these tissues. ClassicaUy. tissue explants have been

used to study mucin secretion from these tissues in vitro. and couId he applied

here.

•

4. Although it does not stem from this researeh. an interesting observation is that the

L-PGOS is a retinoid transporter and the PGl series of compounds require

receptor heterodimerization hetween PPARyand a retinoid receptor (RXR) to

mediate biological activity. Effectively. the L-PGDS isofonn might he able to

modulate the signal transduction of the PGJ series of compounds by regulating

receptor recruitment. in addition to heing involved in their synthesis. Thus. an

interesting question is whether these processes are Iinked. In this regard. it might

be usefuI to see if L-PGDS and PPARy co-Iocalize. Furthermore. it would he

interesting to see how a change in L-PGDS synthetic activity (PGD:! synthesis)

effects retinoid transport. retinoid receptor aetivity. and ultimately PGJ-mediated

activity.

213



•

•

Appendix 8: Copyright waiver forms

214




