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Abstract

Endothelins arc a family of 21 amino acid peptides that act on G protein-coupled

heptahelical rcceptors. The original member of the endothelin family, endothelin-I (Er-I),

\Vas identified as a potent vasopressor derived from vascular endothelial cells. Three

known mammalian endothclins, Er-l, Er-2, and Er-3, are each encoded by separale

genes and expressed in a variety of vascular and nonvascular tissues. Two subtypcs of

endothclin receptors have been identified and termed endothclin-A and endothelin-B

reccptors (Er-A and Er-B). In the first part of this study, the Er-A gene was disrupted in

mouse embryonic stem cells to gener.lte mice deficicnt in Er-A. These Er-A homozygous

mice died of respir.ltory failure at birth and showed morpp'.Jlogical abnormalities of the

pharyngcal-arch-derivcd craniofacial tissues and organ$, indicating thc importancc of Er-A

in thc normal development of the ncur.J.I crest-derived tissucs.

In the sccond part of this study, wc invcstigated a targeted disruption of the mouse

ET-B gene that results in aganglionie megacolon associated with coat color spotting.

resembling a hereditary syndrome of mice, humans and other mammalian :'peeies

(Waardenburg syndrome). Thesc findings indicate an essential rolc for the ET-B in the

dcvelopmcnt of two neural erest-derivcd ccII lincuges, mycntcric ganglion ncurons and

epidermal mclanocytcs.
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ln the lhird part of this sludy. we demonslrated that a targeted disruption of the

mouse endothelin-3 ligand (ET-3) gene produces a similar recessive phenotype of

megacolon and eoal color spotting. These Iïndings indicate that inleraetion of ET-3 with

the ET-B is essential in the development of neur.!1 erest-derived eell Iinc:iges.

ET-I is convened from biologically inactive big ET-I to biologicallyactive ET-) by

the action of endothelin convening enzymes (ECEs). Two types of endothclin converting

enzymes (ECE-I and ECE-2) have been reeently identilïed. In the last pan of this study.

wc investigated the expression of ECE-\ in human tissues using immunohistochemistry

and in situ hybridization. and eompared it to those of ET-I and big ET-!. Histological

exarnination of specimens revcaled lhat the pattern of ECE-I-ir was paralicl to ET-\ and big

ET-l. In situ hybridization showed expression of the mRNA in similar sites to those of

immunostaining. These Iïndings indicate ECE-\ is widely expresscd in human tissues and

ils Icve\ of expression may differ under various patho\ogical states.
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Résumé

Les endothélins sont une famille de :! 1 acidcs amincs pcplidcs qui agissent sur les

receptcurs heptahelicals. Le mcmbre original dc la famillc d'endothélin-I (ET-I). a été

idcntifié commc un vasoprcsscur dérivé des ccllulcs vasculaircs cndothéliales. Trois

cndothélins mammiferes connus, ET·l. Ef-:!. el ET·3. sonltous encodés p;\r des genes

séparés el presents dans une variété de tissues vasculaires ct non·va.o;culaires. Deux sous-

types de recepleurs endothélins ont été identilïés comme récepteurs endothélin-A et

endothélin-B (Ef·A el ET·B). Dans la première partie de cellc étude, le gene ET-A a été

interrompu dans le cellule souche embryonique de souris afin de génerer des souris

délïcientcs en Ef-A. Ces souris homozygotes ET-A sont mortes de défaillance respirolloire

à la naissance ct ont montré des anamalies morphologiques des tissus crano-faciaux ct

organes arc pharyngiens. indiquanll' importancc de l'ET-A dans le développement normal

des tissus creles neurales.

Dans la seconde partie de celle recherche. nous avons étudié une interruption ciblée

du gene ET-B de la souris. qui résu1Leen un mégacolon congénital associé à des taches de
~

couleur de la fourrure. rcsscnblant à un syndrome héréditaire de la souris. de l'homme Cl

d'autres espèces mammiferes (Syndrome Warrdenburge). Ces découvertes indiquent le

role essentiel de l'ET-B dans le dévelopment de deux cretcs neurals de cellules dérivées

lincages ganglions mésentériques ct les mélanocytcs épidcrmaux.
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Dans la troisième partie de cette oStude, nous avons démontré qu'une interruption

ciblée du gene endothélin-3 (ET-3) de la souris produit un phenotype récessif similaire du

mégaeolon ct des l:Iehes sur la fourrure. Ces découvertes indiquent que l'interaction de

l'ET-3 avec l'ET-8 est essentielle dans le dévelop~ment des tissus eretes neurals.

L'ET-\ est converti à partir du biologiquement inactif ct large ET-\ au

biologiquement actif ET-l par l'action des enzymes convertisseurs endothélins (ECEs).

Deux types d'enzymes convertisseurs (ECE-l ct ECE-2) ont été récemment identifiés.

Dans la derniére partie de celle étude, nous avons examiné la présence de l'ECE-\ dans les

tissus humains en utilisantl'immunohistochimie etl hybridation in situ, ct l'avons comparé

à ceux de l'ET-\ ct du large ET- I. L'examen histologique des specimens a révélé que le

patron de l'ECE-\-ir est parraléle au ET-\ ct au large ET-1. L'hybridation in situ a

démo:ltré la présence du mRNA dans sitcs similaires de l'immuno coloration. Ces

découvertes indiquent que 1ECE-\ est largement présent dans les tissus humains ct que son

niveau de présence peut varier selon divers él:llS pathologiques.
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1.1 Discovery ofendotlzelins

Key discoveries in the past two decadcs rcvcalcd that endothelial ceUs synthesizc and

rclcase vasorclaxant (Moncada ct al., 1976; Furchgou ct al.. 1980), and \,asoconstrictor

(De May ct al.. 1982; Rubanyi and Vonhouue, 1986) substances. In 1982. a bioassay

study led to the discovery of a peptidergic endothelium-derivcd contr.lcting factor (EDCF)

(Hickey ct al.. 1985). In 1987. a group of Dr. Masaki isolatcd. purilïed. scquenced and

cloncd this pcptidergic EDCF, which they named endothelin (ET) (Yanagisawa ct al.,

1988).

1.2 Isotypes ofendotlzelin

Analysis of human genomic sequences rcvcalcd the existence of thrcc distinct genes for ET;

thesc encode thrcc distinct ET peptides (Clozcl ct al.. 1989) and were namcd endothelin-1

(ET-l), ET-:! and ET-3. These three isomers present slightly different N-terminal amino

acid sequences yet similar biological activities. ET-I has becn dcscribcd as the most potent

vasoconstrictive agent rclcascd by the endothelium (Schini ct al.• 1991).

Therc arc thrcc distinct ET-rclated genes in humans and other mammalian spccies.

In the human. the ET-l, ET-:! and ET-3 genes have been mappcd to chromosome 6

1
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(?.srker-Botelho et al.. 1992; Inoue et al., 1989), chromosome 1 (Parker-Botclho et al.,

1992; Inoue et al.. 1989) and chromosome 20 (Inoue et al.. 1989; Arinami et al., 1991).

Thus. the genes encoding endothclin·related peptides are located on distinct human

chromosomes.

1.3 Endothelin releasing cells

Thc formation and rclcasc of ET·1 has been charactcrizcd lÏrst in human (Yanagisawa et

al.. 1988). bovine. and porcine culturcd cndothclial cclls (Emori ct al.. 1989). ET-l is

also produccd by many types of cclls. including ncurons. cpithclial ccUs. Icukocytcs.

macrophages. canccr ccII lincs. among others. ET-l production or rclcasc in cndothelial

and othcr cells is rcgulatcd by various vasoactive substances. growth factors, cytokines.

and procoagulants among othcr factors (Yoshizumi ct al.• 1989; Schini ct al.• 1991). ET·

3 has becn shown to be rclcascd by neuronal and cndothelial ceUs (EC) (Yamaji ct al .•

1990). Evcn though ET·2 bas a1so becn shown to be relcascd mainly by EC. its presencc

(mRNA) in the kidncy mcdulla may prove to be physiologically important.

1.4 Structure ofendothelin peptides

Thc ET family coosists of thc thrcc ET isoforms and four highly homologous cardiotoxic

peptides. Ali family members contain 21 amine acid residues and show complete identity

.,
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at ten positions, including ail four cysteine rcsidues (positions 1,3, II. and 15). as weil as

position 8 (aspartic acid ). 10 (glulamic acid ). 16 (histidine). 18 (a~partic acid), 20

(isoleucine). and 21 (tryptophan) (Arinami ct al.. 1991).

Ali three Er isoforms arc synthcsi7~d a~ larger preproforms which are proccsscd by

dibasic amino acid endopcptidasc activities to propcptides of 37 to 41 amino acids. the 50

calicd big Ers. The subsequent c1eavage of these propcptides to the mature Ers is

inefficient both in vitro and in vivo, becausc big Ers have been identified in plasma

(Miyauchi ct al .• 1989) and in the media of the culturcd eclls (Parker-Botclho ct al .• 1992).

ln the Ers. ail four cysteine rcsidues participate in disulfide bonding ( Cysl_CysIS;

cyl-cys Il). It is now clcar that the disulfide bonds present in the Ers arc vital for high

affinity binding to one of Er rcccptors (Er-A) but lcss imporlant in recognition by another

c1ass of Er rcccptors (Er-B).

1.5 Mechanisms ofendothelin biosynthesis

Primary translation product of the human Er-I gene is a 212-amino acid prepropcptide

(Bloch et al.. 1989). Processing occurs in three stages: (a) di basic amino acid

endopcptidase(s) cleaves the precursor at Arg52_cys53 and at Arg?2_AJa?3. (b)

carboxypcptidasc(s) sequentially trims the Arg?2and Lys?1 rcsidues from the cOOH

3
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NHz·i-l--""I~·~·L..I__....~~·!·IL....._---'I·cOOH

~
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Sl 12
NH1.1L..__....I·W-COOH

"
B \\ \1

BET·'
lIoH,
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-COOH., .~ ~J ~

BET-2
(human)~~-COOtt

.,.~ ~I ...

J\ \1

BET·] ~H.

1
lhum.ln, dog) -COOH., .~ ~l ~

Figure 1. 1. Posttranslational proccssing of prcpro-Efs. A, 203-amino acid human

prcpro-Er-1 peptide is c1cavcd by dibasic amino acid endopcptidase action Olt two sites

(arrows. top), followcd by sequcntiaJ carboxypeptidasc 3Ctivily (small curvcd arrows) te

yicld prepro-Er-l (53 t091), refcrred te as pro ET-I or big Er-} (middle).The COOH

tenninal penion of prepro-Er-1 contUns the ET-1 likc peptide. Big Er-} is then c1eaved

by ECE te yicld the final 21-amino acid product.. Er-1.

lIIusuations taken from PhiUips et al.• 1992.

4
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terminus to produce pro-ET-I, more commonly known as big ET-1; (c) specifie clcavage

bctwcen Trp73_Val74 by ECE yields ET-\.

The physiological importance of the conversion of big ET to ET was demonstr.lted

by the observation that ET-1 was 140-fold more potent a.~ a vasoconstrictor compared to

the prccursor peptide (Kimur.l ct al., 1989), wherea.~ the prepropeptide is dcvoid of any

vasoconstrictor action. Molecular conversion of big ET-I to mature ET-l, which is

cssential for the full expression of ils biologie activity (Inoue ct al., 1989), is dependent on

putative endothelin convcrting enzymes (ECEs) (Figure \.1).

1.6 Endothelin converting enzymes

Initially, the endothelin converting enzymes (ECEs) aetivity was suggcsted to bc

ehymotrypsin-like enzymes (serin protcase) (Mc Mahan ct al., 1990). ProdUCls of

chymotrypsin-trcatcd analog of porcine big ET-l, big-ET (1-40 aa.), produccd in vitro and

in vivo rcsponscs similarly to ET ilsClf (Kimura et al., 1989). Using various expcrimental

models, ECE was later associated to an aspartie p~oteasc (pepsin or cathepsin-Iikc activity

at pH<5.5) and a metalloproteasc (1noue ct al.. 1989). The ECE-likc activity relatcd to an

aspartie protease was found in both culturcd bovine and porcine aortic endothelial cells

(Malsumura et al., 1991), bovine adrenal mcdulla (Yanagis.:twa ct aI_ 1988), and rat Iung

(Sawarnura et al., 1990). The metalloprotcasc type of enzymes prescnting activity al pH

7.4 were later found in culturcd bovine and porcine aortie end0thelial cells (SawarnUr.l ct

5
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al.. 1990). bovine and porcine vaseular smooth musele eells , in human and rat br.un

(Wamer ct al.. 1992) as weil as in whole blood. Therefore, there eould bc two and

possibly more differenttypes of ECEaetivity that eonven big ET-I to ET-l in vascular EC

(Hioki ct al.• 1991) or SMC (Matsumura ct al .• 1991); a ~embranous and a eytosolie one.

The aetivity in the eytosolie fr..letion would bc associated to a thiol-dependent soluble

metalloprotcasc. Reeent evidenee strongly suggests that the physiologically relevant ECE

is of the metallocndopeptidasc type, henee a neutral endopeptidasc (NEP 24.11). The

aetivity of the phosphor..lmidon sensitive-ECE is aise present in other systcmie vasculatures

or tissues (Hioki ct al.• 1991) as weil as in the mierocireulation (Matsumura ct al .• 1991).

The specifie convenoion of big ET-1 into ET-1 W·..IS aise demonstratcd in the central nervous

system and the urogenital traet; both the ehoroid plexus and kidney :lre rieh in

endopeptidase 24.11 (Lchoux ct al.• 1992).

The pathophysiological rclevanee of sueh an ECE-activity for the convcnoion of big

ET-I to its active ET-I relies on two observations: lïrst. it was shown that the

pharmacologie effccts of big ET-Ion systemie and regional hemodynamics (Boume ct al.•

1992) ean bc ab->Iishcd by phosphoramidon (O'Orleans ct al., 1990). The convenoion and

biologie activation of big ET-1 to ET-1 was specifie to a phosphoramidon-scnsitive NEP

bccause thiorphan. whieh is alse an inhibitor of NEP. had mueh Icss effeet on

cardiovascular rcsponse to exogenous big ET-l (Fukuroda ct al.. 1990). Moreover.

partîally purified ECE from bovine lung membrane \Vas not affectcd by thiorphan. but

inhibited by phosphoramidon (Me Mahom et al .• 1991). Secondly, phosphoramidon
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inhibitcd the rcle'lse of ET-I l'rom EC (Knudaci and Wilson. 1992). lntercstingly. it \\'a.~

shown that treatment with phosphorolmidon Imvers blood pressure in sponlaneously

hypertensive ral~ (Ikegawa cl al.. 1990).

Determination of the intraluminal secretion and locallevels of ET in ves.~c1 wall and

tissues is helpful in providing evidence for ET lumover and il~ implication in local ccII 10

ccII interaction and on Ihe regulation of va.~ular lone. In addition. conditions whi"h affect

ECE activity may bc instrumental in the nuctuations of circulating Ievcls of ET.

Preliminary resull~ (Naruse ct al.. 1991) suggest that the biosynthetic and/or degradation

proccss of ET under pathologie conditions such as acutc myocardial infarction. congestive

hcart l'ailure. esscntial hypertension. va.~pa.~tic angina appcars to bc different l'rom that

obscrved under normal condition.'i.

1.7 Endothelin receptors

Shortly 'lfter the cIoning an.i characterization of the thrcc ET isoforms. it bccame obviou.~

that saturable. high-affinity -binding sites for thcsc peptides eltÎst on ccII membranes. It

was prcsumcd that. like other bioactive peptides. ETs produccd thcir physiologica1 effccts

through binding to thcsc putative rcceptor sites. Many studies further suggestcd that the

many divelSC physiological and pharmacoIogical effcets of ETs could IlOt bc mcdiatcd bya

single reccptor subtype. f'ci~ 10 the discovCl)' of specifie ET reccptor anlagonists. reccplOr

7
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1.1'.'
,~lIul.,

\J:t.II"

Figure 1.:2 Primary structure of the human ET-A rcceptor. The reeeptor is proposcd to

consist of an extracellular NH2-tenninal rcgion, seven transmembrane heliccs scparatcd by

thrce extracellular and thrcc eytoplasmie loops, and a cytoplasmic COOH-tenninal rcgion,

rcsiducs that arc eonscrved in the human Er-B receptor sequence. Also shown arc two

potential N-linkcd glycosylation sites in the NH2-terminal rcgion (arrows), the conserved

sequence Asp-Arg-Tyr (D-R-Y) at the end of transmcmbranc hclix Ill, which may he

important in G-protein eoupling, and the sequence Cys-Lcu-Cys-Cys-Cys-Cys (C-L-C-C­

C-C) in the COOH-tenninal rcgion bclievcd 10 direct the myristylation of a cysteine, whieh

may he important in stabilization of the cxtr.1CClIular ligand-binding site.
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subtype classification were made on the basis of r.lnk order potencies of cither binding or

funetion.

Two subtypcs of endothelin receplors have been identilied and namcd endolhelin·A

and endothclin·S receptors (ET·A and ET·S) (Ar.u Cl al.. 1990; Sakomolo cl al.. 1993;

Sakuria ct al.. 1990). There is evidence for the exislence of a third receptor type (ET·C)

(Karne ct al.. 1993). The eDNA encoding of this third receptor type IS stil1 unidentilied.

These receptors arc also expressed in variou.~ target cel1s wilh a partial1y overlapping tissue

distribution. ln blood vcssels. for example. vascular smooth muscle cel1s express ET·A or

ET·S. bath of which can mediale the direct vasoconstrietor action of endothelins. ET·A

receptor exhibits different artinities for endothclin isopcptide ligands with a polcncy range

order of ET·1:!: ET·2:!: ET·3 (Yanagisawa ct al.. 1994). ET·S receptor aeeepts al1three

isopeptides cqually. Soth receptors initiate sever.!l intracel1ular signal transduction evenL~

via heterometrie G proteins. lcading to a variety of biological actions. Thesc include the

activation of phospholipase C~. inhibition of adenyl cyclase. activation of plasma

membrane ea2
+ channels. and activation of nonrcceptor tyrosine kinases such as focal

adhesion kinase pl2SFA
I: (Rubanyi and Polokoff. 1994: Simonson and Hennan. 1993:

Zachary and Rozcngurt ct al., 1992).

As is typical for the members of the G·protein·eoupled reeeptor superfamily. the

genes for ET·A and ET-S arc large. spanning 40 and 24 kb of DNA. rcspcctivcly. The

human ET·A gene is present on chromosome 4 and the ET-S gene is present on

chromosome 13.
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RecenLlY a selective ET-A antagonist, BQ-I23, has been shown to black the pressor

response induced by exogenously administered ET-1 in the circulation of eonscious rats

(lhar.l ct al., 1992). However, this antagonistwas not found to affeet basal mcan arterial

pressure in the same animal spceies. Sinec ET-A reccptars have in faet been panly localized

on smooth muscle, ET-I may interaet with these reccptors to induce vasoconstriction. It

has been reponed that BQ-I23 compctitivcly block the rcsponse of ET- 1 in coronary blood

vessels (lham ct al., 1992). This suggests that ET aclS directly on ET receptors in the

coronary vasculature after whieh DH? calcium channcls may then be indirectly activatcd by

a mechanism associatcd to reccptor-opcratcd calci um channels.

1.8 Mechanisms ofactions

Among the many biological aetions of ETs observed so far. the vasaconstrictor propcny of

ET- 1 \Vas the first to bc reeognized and most widely studied. Similarly. the signal

tmnsduction mechanisms triggered by binding of ET-1 to ET-A reeeptors in vascular

smooth muscle arc the mest extcnsivcly analyzed and bcst understood 50 far.

1.8.1 Signal tralzsdllctioll patllway lIIediating sllort terlll cllanges in cell

/ll1Ictioll

Endothclin-I-induced contraetions of i50latcd blood vcssels are more slowly developing.

arc maintained for a longer time. and arc more rcsistant ta agonist removai !han are

10
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Figure 1.3 Signal transduction mcchanisms involvcd in ET-l induced short-Lerm and long

term modulation of cell funclion. CaM. calmodulin; ETR' ET rcccplors; IP4. 1.3.4.5­

inositol tetrakisphosphatc; MLCK. myosin Iight chain kinase; PIP2 • Phosphatidylinositol

diphosphate; PA. phosphatidic acid; PC. phosphatidylccholine; POE.,. prostaglandin E,;- ..
PLA.... phospholipase A...; PLD. phospholipasc 0; ROC. rcceptor-opcralcd calcium- -
channel.
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contrJCtions cvokcd by most other vasoconstrictor agents. It is gcnerally accepted that. in

most vaseular smooth musclc prepar.!tions. ET·I inter.lCts with a specific ccII surface

rcceptor. the ET-A type. In some vaseular bcds. ET·S subtype is also involved in smooth

muscle contmction. Sever.!1 receptor signal tr.!nsduction mechanisms were suggested to bc

involved in ET·I-induced vascular contmction. and inc1ude (a) incrcase in cytosolie free

calcium concentmtion ([ca2J) by facilitation of ca2
• inOux and mobilization of intracellular

ca2
.; (b) O-prolein·mcdiatcd activation of phospholipasc C (PLC), lcading to phosphatidyl

inositol hydrolysis and mpid formation of inositol monophosphate (IP) and sustained SII­

I,2·diacylglycerol (DAO) accumulation; (c) activalion of protein kinase C (PKC); (d)

activation of phospholipase A2 and D and ar.lchidonic acid metabolism; and (e) changes in

intracellular pH alkalini7.ation via stimulation of Na··H· exchange (Rubanyi and Polokoff,

1994) (Figure 1.3).

1.8.2 Nnclear signal tratlSdnction mediating lot,g-term effects on cell

flmction

The linding that ET-I is a mitogen for culturcd vascular smooth muscle ceUs (Komuro ct

al., 1988), fibroblasts (Takuwa ct al., 1989), adrenal zona glomerulosa eells (Simonson

ct al., 1989) suggcsted that, in addition to short-term signal transduction pathways

mcdiating rapid endothc1in-l-induccd biological actions such as muscle contraction, ET-l

may rcgulatc gene expression to cvoke long·lasting cellular rcsponscs as weil.
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Indccd, ET-1 stimulalcd the exprc.~sion of the immcdiated carly response gene c./os

in YSMCs. 3T3 l'ibroblasts. and mesangial ccII (Muldoon ct al .. 1989). ET-I also

. 1 .. l' . YSMC d yL-'ll .. .sil mu aled the transcn piton 0 c·myc gene an s an gene transen piton an

fibroblasls (Simonson ct al., 1990).

Although the signaling pathway(s) mediating the Ir.mscription of genes after ET-l

binds to ils specifie receptor on the plasma membmne arc not known. elevation of lca~·I,

activation of PKC. tyrosine. and threonine phosphorylation of mitogen-activation protein

kinases. and stimulation of Na·-H· exchange. and consequent eytosolie alkalinizalion.

were all proposcd 10 play some role (Rubanyi and Polokoff. 1994) (Figure 1.3).

1.9 Actions ofendothelin in various biological systems

1.9.1 Cardiovasclllar system

Intravenous infusion of ET-I causes rapid and tr.lnsienl vasodilation. followed bya

profound and long-lasting inercasc in blood pressure. The vasodilator effcct was proposcd

te he duc to activation of the vascular endothclium.lcading te formation of PGh (De Nucci

ct al.• 1988) and endothclium-derived NO (Botting and Yane. 1990). ET-l is the mesl

potent endogenous substance known to induce conlmction of isolatcd blood vcsscls. 1n

general. thcsc contractions arc initiatcd by binding of ET isopeptides te ET-A rcccpter on

vascular smooth muscle (Ami ct al.. 1990).
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The direct cardiae actions of ETs indueed positive inotropic (Saydon ct al., 1989)

and ehronotropic effeeL~ (Karwatowska Prokopczuk and Wemmalm. 1990) as weil as a

prolongation of the action polenlial dur.llion (Watanobc ct al., 1989). ETs also affect hearl

function indireetly via profound coronary vasoconstriction. Studies with cultured

myocytes suggest that ETs may bc involvcd in cardiac hypcrtrophy as weil.

J .9.2 Kidllcy

ET is Sel.Telcd at sever.i1 sites in the kidney. where il acts in a paracrine or autocrine fashion

on ET rcceptors on target cells. Secausc of its biological actions (including vasoactive

propcrtics), ET probab1y contributcs to the control of RBF, renal plasma f1ow. GFR, and

sodium and water transport at diffcrent nephron sites. Systemic infusion of ET·1 incrcascs

renal vascular rcsistance (Tsuchiva et al.. 1989) and markedly decrcascs RBF and GFR.

(Sadr ct al.• 1989).

J .9.3 LUlIg

ET·1 is a potent constrictor of smooth musclc in trachca and bronchus isolated l'rom guinca

pig, man and many other spccics (Ninomiya et al.• 1992: Henry et al., 1990). Secause

of the thrcc isopcptidcs. ET-1 proved to bc the mest potent constrictor of airway smooth

muscle (Advenier et al., 1990), the rcsponsc is probably mcdiated by the ET-A receptor

subtypc.
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ln the ail"\vay epithelium, ET-1 stimulales ciliary bcat frequency in cultured canine

tracheai epithelial ceUs by elevating [Ca2+] (Tamaoki ct al.. 1991). suggesting that the

peptide may play a role in modulating airway mucociliary transport function. ET-1 also

inhibited methaeholine and phenylephrine-stimulaled ferret tracheal submucoS<l1 gland

secretion of mucous and Iysosomal enzymes and of active albumin tr.msport aeross the

epithelium (Yurdakos and Webbcr, 1991). Giaid ct al have also shown that increased

expression of ET- 1 in pulmonary epithclial and endothclial ceUs may renect a disease­

specific activation of the ccli types. which possibly contributes to the pathogenesis of

cryptogenic fibrosing alveolitis (CFA) (Giaid ct al.. 1993a) and pulmonary hypertension

(Giaid ct al.• 1993b)

1.9.4 Female reproductive system

ET-I. ET-2. and ET-3 cause contraction of mt (Borges ct al., 1989), rabbits (Suzuki.

1990). guinca pig (Eglen ct al.• 1989). shcep (Yang and clark. 1992), and human uterus

(Svane ct al.. 1993). ET-I causes two types of contractions in rat uterus: phasic

contractions. which can bc inhibited by ca2
+ channel antagonist, and tonie contractions,

which arc extraceUular ca2
+ concentration dependent but intensive to ca2

+ channel

antagonists (Kozaka ct al., 1989). ET-1 contracts bath nonpregnant and midpregnant

uterus. The phasie, but not the tonie, contractions could bc inhibitcd by ca2
+ channel

antagonists.
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J .9.5 Male reproductive system

ln leydig cells isolalcd from rallcslis. ET-I and 10 a lesser eXlenl, ET-3 stimulale basal and

human chorionic gonadolropin·induced lesloslerone produclion (ConIe et al., 1993).

Therefore, ET·I may play a raie in modulating sleroid production in the testis via a

par.u:rine mechanism.

J.9.6 Elldocrille system

ETs interact wilh sevcra! endocrine systems and hormones. including the renin-angiotensin

system. a1dosteron, AVP, and arterial natriuretic peptide. These intcractions exist at the

level of both biosynthesis and biological actions (Rubanyi and Polokoff. 1994).

J .9. 7 Celltral lIervous system

Intracerebroventricular infusion of ET-1 in rats and rabbits incrcascd plasma catecholamine.

AVP, glucose, and adrenocorticotropic hormone levels and enhanccd renal sympathetic

nerve activity (Makino ct al., 1990; Matsumum et al.• 1991). vasopressinergie receptor

antagonists, adrenergic receptor antagonists. and ganglionic blockade attenuatcd or

completelyabolishcd the presser rcsponsc (Kawano ct al., 1989), suggesting that centrally

administercd ET-1 activates the sympathoadrenal and AVP systems. which mediate the

central presser response.
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1.10 Presence ofendothelin ill bodyfluids

Significant quantities or ET-I-ir are detecled in circulating plasma in several spccies.

including humans (?-.lrker-Botclho et al.. 1992). The· circulating plasma concentration or

ET-1 are in lhe low pieomolar range in hcalthy humans. which can bc elevatcd 2-to 3o-rold

in various pathological conditions (Masaki el al.. 1992).

ln addition 10 the circulating peptide. irET has been delccted in human urine. It was

round that concentrations or ET were on average 6 rold higher in urine than in plasma.

Similarly. ET is present in normal human CSF at levels that are significantly greater

(approximatcly 7 rold) than in plasma (Rubanyi and polokorr. 1994). ET has aIso been

quantified in bronchial lavage nuid where the levels were elevated during the

bronchospastic phase or an asthma attack and returned to basal level aCter rccovery

(Nomura et al.• 1989).
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Role of the Endothelin-B Receptor Gene in

Normal Development
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2.1 Introduction

Development of the neural crest has been focus of intensive investigation. Neural crest

cells arise from the dorsal neural tube shortly after iLS closure and migrate cxtensively

through prcscribcd regions of the embryos. whcrc thcy differcntiatc into most of the

peripheral nervous system as weil as the facial skcleton and pigment ceUs (Anderson ct al .•

1994. Bronner-Fraser ct al.. 1994). Along the embryonic axis. several distinct neur.lI

crest populations diffcr both in their migratory pathways and range of derivativcs. A

numbcr of naturally occurring as weil as targetcd mutations in micc rcsult in specifie defccts

in various ncural crcst-dcrivcd cclllincagcs. Findings obtaincd by cxamining many mutant

mice [i.e. mutation at the dominant spouing (W) and steel (SI) loci (Jackson 1991).

targeted disruption of the c-ret reccptor tyrosine kinase (?-.lchnis ct al.. 1993: Schuchardt

et al., 1994). knockout of the basic-hclix-loop-helix (bHLH) transcription factor

mammalian achacle-SCU1C homolog 1 (Mash 1) (Guillemot et al., 1993>J, point 10 important

raies in neural crest development of rcceptor tyrosine kinases and thcir growth factor

ligands, as weil as lincage-spccific transcription factors.

Hercditary defccts in the dcvelopmcnt of cpidermat rnclanocytes and mycnteric

ganglion Jië..Jrons. two neural crcst-derivcd cclI lincages, oftcn appcar togcther. Such

defects accur in micc (Lane et al., 1966; Lyon and Searle 1989). rats (Ikadai et al••
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1979), horses (Mccabe ct al. 1990) and humans (Shah ct al .• 1981). Ali of them manifest

neurocristopathy (i.e. localized pigmentary disorder associated with aganglionie

megacolon) (Liang ct al.. 1983). This strongly suggests that these two celllincages share

a common regulatory pathway in the crucial phases of their development from the neural

crest.

Among the mousc mutations that producc this phenotypie combination. the piebald

mutants have been characterizcd in most detail (Pavan and Tilghmon. 1994; Silvers.

1979). Homozygous sls mice. which carry a mi Id mutation at this locus. manifest white

spotting in about 20% of the coat and a1most never manifest megacolon. In contrast, mice

homozygous for a more severe mutant allele. sI. are almost completely white and

invariably manifest megacolon. Thcsc cells normally migrate dorsal to the somites and

through the mcscnchymal layer bencath the ectoderm. eventually entering the epiderms.

The restriction of the pigment defect te skin melanocytes indicates that the coat color

spotting is due to a disruption of the development of neural crest-derived melanocytcs

precursors. rather than te a defect in the ability te producc melanin.

The megacolon in sils' homozygotes is causcd by the absence of enteric gangHa in

the distal large intestine (Webster et al•• 1973). The defect in s'/s' mice might he in any

one or a combination of the stages involved in the normal development of these two neural

crest-derived ccII lincages. This inc1udes their lineage determination. proliferation.

migration a10ng the unique paths. or local differentiation and survival in their final

destination. •
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Hcre wc show that a null mutation induccd by 'urgcted disruption of the mouse

endothelin-B receptor (ET-B) gene resulL~ in a reccssive phenotype of coot color spolling

and aganglionie megacolon, closely resembling the phenotype manifested by mice

homozygous for the piebald-Iethal mutation. Wc aise demonstrate !hat ET-B gene indeed

allelic to the piebald locus, a.~ indicated bya lack of complementation bctween these nulls

and piebald mutations.

Note: This pan of projeet was done in a collaborative work with the Howard Hughes

Medical [nsùtute and I>:partrrlent of Molecular Genetics in Dallas, Te.."a.....

2.2 Experimentalprocedures

2.2.1 Mutant mouse strains

SSULc sls t and SSULc sis brecding pairs were obtained from The Jackson Laboratory.

Homozygous s"s' mice were gencrated by crossing the sis· mice.

2.2.2 Targeted disruption of mouse ET-B gene

To target the ET-B gcne in mouse embryonic stem (ES) cells, a replacement vector was

COIISlIUCICd by substituting a42 kb segment ofdoned mouse gcnomic DNA COIItaining the

ET-B exon 3 with a ncomycin resistance (nco) cassette. In the next step of targeting this

genes, herpes simple." virus thymidine kinase (TK) cassettes were added te the 3' end of
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the targeting veetor for positive-negative selection (Ishibashi et al.. 1993). A 129/Sv

mousc ES cell line (Rosahi et al.. 1993) was tmnsfected with the lincarizcd targeting

vcctor. al.": the cells were selcctcd for double resistance to G418 and RAU (l-[2-deoxy-2­

nuoro-B-O-arabinofuranosyl}-5-iodo-umcil). 500 double-resistant colonies were sereencd

of ET-B targeting gene by polymer..lSe chain reaction (PCR). and - 20% of these clones

were positive for targeted insertion of the cassette. Six of these PCR-positive ES clones

were injccted into blastocysts from C57BU6J mice. Southem blot analysis confirmed that

thesc ES ccl_ .Ioncs of ET-B gene had a corrcctly targetcd their allcle.

2.2.3 Ilistology

Micc were perfusion fixed with formalin immcdiately after sacrifice. and tissues were

disscctcd and further immersion fixcd in formalin. After bcing embcdded. the tissues were

cut (5 microns). The slides were dricd for 20 min. at lOO·C and then dewaxed. The

staining was carricd out by immersing the slides in hematoxylin (5 mins). acid alcohol

(99% alcohol and 1% hydrochloric acid 6 N) (5 secs) distillcd water (5 mins). eosin (5

mins). 95% a1cohol (5 secs) as a standard procedure of hematoxylin and cosin staining

(Kafman. 199"'...a). Sections were then examincd under bright-field microscopy .

2.2.4 Skeletal examilUllion

For bane examination. the double staining method of C.Armot was used (Kaufman.

1992b). The tissues were fixcd in 80% ethanol for 24 hrs and dehydrated in 96% ethanol

for 24 hrs and then acclone for 3 days. Staining W~, carricd out for 6 hrs using the
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following solution: 0.1% alizarin red Sin 95% ethanol (1 ml), 0.3% a1cian blue in 95%

ethanol (1 ml) and 1% acid-alcohol (99 ml). The tissues \Vere c1carcd with 96% ethanol for

1 hr. 1% aqueous KOH for 48 hrs and 50% glycerin in 1% aqucous KOH for 2 weeks.

The tissues wcrc then stored in 100% glyccrin.

2.2.5 ftl sitll IlybridiUltiol1

In situ hybridization was carried out by a modification of a method rcported previously

(Giaid et al.. 1991). ET-B probes \Vere labeled \Vith H S_UTP using a commercial kit

(Ambion Inc.• Austin. TX). Frozen secLions (10 }lm thick) were mounted on poly-L­

lysine coated slidcs and dried at 37"C ovemighL The scctions were rehydratcd in PBS.

pcrmcabilizcd with proteinasc K and then fixed in 4% paraformaldehyde. To rcduce

background noise. an acetylation step in triethanolamine and acetic anhydride was carried

out followed by a solution of n-ethylmaleimide and iodoaeetomide. Scctions were

hybridizcd at42"C for 16 hours with the radiolabelcd probes for ET-B. Unbound probe

was removcd by immersing seetions in a solution conlaining RNAse A. Washcs at 22­

55"C in dcsccnding concentrations of sodium saline citrate was followed. Sections were

then proccssed for autoradiography. Negative control expcrimenls involvcd the use of

sense probes and incubation of sections with the hybridization buffer in absenee of the

radiolabclcd probe.
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• 2.2.6 Radioligatld bitlditlg assay

•

•

Kidney membrane fraelions were prepared from freshly saerifieed miee as deseribed

previously (Boiger cl al., 1990). Binding assay was carried oui as deseribcd earlier

-II 125
(Boiger cl al., 1990) Wilh 10 Mf 1] endolhclin-I as lracer and using 30 jlg of

membrane prolein per reaclion. Nonspecific binding was delermined in the

-7
presence of 10 M unlabeled endothelin-I and was - 8% of total binding in

the wild-lype membranes. ET-B binding was delcrmined by subtracting specific

l~ ~

binding of [ 1] endolhelin-I in the presence of 10 M IRL1620 from that in the absence

of the cornpeulor.

2.3 Results

2.3.1 Morpllology

Heterozygous FI mice were phenotypically normal. F2 offspring were obtained by

intercrossing FI heterozygolCS. A Iota! of 93 F2 mice of ET-B on day 3 postpartum: 24,

49, and 20 mice \Vere typed as ET-B-/ET-B-. ET-B-I+. and +1+ animais were genotyped.

Thesc genotyping \Vere compatible with Mendelian inheritanee and indicated that

homO"Lygosity did not cause letha1ity in UlCro or shortly aflCr birth.

The first obvious phenotype of the homozygous mice was extensive white spotting

of the coat. \Vhich bccame apparent by days 3-4 (Figure 21 A). In the homozygous mice.
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lhe skin and coal were complelely \Vhi le in >90% of lhe body surface arca, usually wilh

small, well-demarcaled pigmenled area(s) in lhe head and hip regions. The normally

pigmented areas were rarely symmelrical and occurred largely al nmdom. The coal color

within these pigmenled arcas was complelely normal agouti or black, depending on lhe

agouti background inheriled. The eyes \Vere dark in ail cases. MoSl homozygous mice

appeared olherwise healthy in lhe firsl few \Veeks afler birlh Howeyer, usually at 2-4

weeks of age, lhese mice became incrcasingly sick and emacialed. Their gain of weighl

retarded as eompared wilh wild-lype or helerozygous mice. Evenlually, ail homozygous

died premalurely. The median and ayer.lge life span of 30 mndomly chosen homozygous

micc were 27 and 25 days, respectivcly (r.lnge, 8-57 days).

An aUlopsy \Vas perforrncd on many homozygous mice, which \Vere sacrilïced al a

time we eSlimated lo have been 1-2 days before lhey would have died. We observed a

gross dislention of lhe intestine in all animals (Figure 2.1 C). ln sorne cases, we observed

a perforaùon of the distended inlestine associaled with severe perilonilis. Dissection of the

entire gastrointcstinal traet revealed that the distal portion of the colon was narrow and

spastic and that the immediatcly proximal portion was markedly dislended (Figure 2.1 D).

In a majority of cases, the spaslic segment spanncd from the sigmoid eolon to lhe distal

rectum. However, the extent of the ~-pastic segment varied; in some cases, il spanncd only

2-3 mm in the mosl distal part of lhe reClum, while in lWO cases the enùre colon was

spastic, giving the appcarancc of mierocolon. In all cases, however, the spasùe segmenl

e.""lendcd to the mesl distal rcelum. Thcsc gross anatomical fcalures were consistent with
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the diagnosis of aganglionic megacolon. Wc did not detect any other gross anatomical

abnormalities in the Homozygous ET-B mice.

Histological examination was consistent with the gross anatomical phenotype of the

homozygotes. Figure 2.2 comparcd longitudinal scctions of the colon from a wild-type

and an homozygous ET-B mouse. The myenteric (Auerbaehl ganglion neurons were

clcarly visible bctween the outer longitudinal and inner circular layers of smooth musele

cells along the entire length of thc wild-type colon. Thcsc neurons were completcly absent

from the distal, spastic segment of the homozygous ET-B colon (Figure 2.2 A l, but not

from the proximal, distended portion (Figure 2.2 Bl. Agangliosis was histologically

demonstmted in samplcs from all homozygous mice examincd.

Mieroscopic cxamination of skin sections from the homozygotcs confirmcd an

absence of mclanin pigment in the coat haïr and of melanocytcs in the haïr bulbs in the

regions where the coat was white. The amount of hair pigment and the numbcr of

epidermal melanocytes seemcd to he normal in the skin sections from the pigmented

regions, rcnccting the normal gross appcarancc of thcsc regions. Sections of the eye from

homozygous ET-B mice revcalcd a lack of melanin pigment in the choroidal layer of the

retina (Figure 2.2 0 l. ln contmst. the melanin content in the pigment epithelium appcarcd

normal. consistent with the dark eycs of the homozygote micc. ln the wild-typc rctina, we

observcd beth layers of mclanin pigment (Figure 2.2 E). Thcsc observations arc consistent

with the idca that the homozygous ET-B mice have defccts in the devclopment of neural
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crest-derived mclanocytes (Le.• epidermal and choroidal melanocytes) but not in the

neurocctoderm-derived pigment epithelium of the retina.

Autoradiogmphic analyses l'rom sections of Il.S retus hybridized with the

radioactive ET·S complimcntary RNA probes rcvcaled the expression of ET-S mRNA in

heart. lung. liver. colon (Figure 2.3), pancrca.~. adrenal kidncy. and skin. The

observations werc further conlïrmed with the use of non-r.ldioactive biotin·labeled RNA

probes on whole-mount prepamtion. Negative control e"perimenL~ did not show any

specifie hybridization signais.

Skeletal examination using double staining method of C. Armot revcaled skeleton

was largely unaffected.

2.3.2 ET·S is aUeUc to tlle piebald loc/ls

The phenotype of the homozygous ET-S mice c10scly resembled that obscrvcd in miee

homozygous for the natural mutation pieb.lld-lethal. The piebald locus has becn mapped to

region of mousc chromosome 14 (Metallinos et al.• 1994) that is believcd to be syntcnie to

human chromosome 13. where the ET-S gene maps in humans (Ami et al .• 1993). Thcsc

considerations lcd us to suspect that the piebald mutations may disrupt the ET-S gene.

There are two !mown. naturally occurring mutant alleles in the piebald locus: a severe

allele•• si. gives rise to megacolon and coat color spotting in homozygotes. whercas a mild

allele. s. result in coat color spotting only. To test the above hypothesis dircctly. wc

intcrcrosscd sis· compound hetcrO"Lygotc micc (which manifcst spotting only) w"i:l: ET-S"
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1+ heterozygotes. Becausc bath ET-B' and 5 (51) are recessive.the expression of a mutant

phenotype in offspring from these intercrosses indicates thatthesc loci are allelie. Out of

the 13 offsprings obtained from two intercrosscs. 6 showed the wild-type phenotype.

Thcsc pups were inferred to carry the wild-type allele from the ET-B"I+ parent. Out of 13

offspring, 3 exhibited mild spouing (40%-50% white body surfaee area) without

manifesting megacolon at up to 60 days. This rescmbled the phenotype of the 5/51 miee,

and their genotype was presumably slET-B". This was compatible with the idca that the

mild 5 allele is dominant over the null ET-B allcle with respeet to the megacolon phenotype.

Finally, 4 out of 13 pups showed extensive white spotting, rescmbling the 5'/5' and ET-B­

IET-B" mice (>90% body surfaee area). Ali of thcsc 4 offspring eventually dicd from

megacolon, and we inferred that the genotype of these miee was sI/ET-B-. These

observations indicate that the ET-B" and 5(51) alleles fail to complement cach other, and

therefore, ET-B is allelic to piebald. Thcsc lindings also suggest that the 51 allele iS,like

ET-B", a null or ncarly null allcle.

2.3.3 Tlle entire ET-S gene is deleted in tlle piebald letllal (sI)

c/lTomosome.

We conlinncd the allelism bctwccn ET-B and piebald by analyzing the 51/51 and sis strains

biochemica11y. As expccted, kidney membranes from 51/51 homozygotes did not show

signilicant numbcrs of ET-B-binding sites. ln contras\, membrane preparations from the

sis micc containcd a detce!ablc. but grcatly rcduccd dcnsity of ET-B-binding sites. We next

e.'l:amincd the expression of the ET-B mRNA in tissues that nonnally express relatively
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high amounts of the mRNA. The Er·B mRNA was undetectable by Northern blot analysis

in all s I1s1 tissues examined. The expression of the Er-A mRNA WOlS not appreciably

altered in these miee. Furthermore. Southern blots showed that a DNA segment

eneompassing 0111 of the coding exons of the Er-B gene was deleted in the sllsl genome.

These Iïndings. together with the identical phenotype of the Er-B'IET-B' and s11s 1

homozygotes. establish that the piebald gene encodes Er-B.

2.3.4 AttetllUlted ET-B IIIRNA expressioll Irolll tl,e piebald (s) aUele

In sis mice. northcrn blots revcaled an Er-B' mRNA of normal size (4.5 kb) in the lung.

However, the level of Er·B mRNA expression was markedly decrcased in sis lungs a.~

eompared with lungs l'rom wild-type mice. The intensity of the sis tissues was - 28% of

that in the corrcsponding wild-type tissues, as quantitated with a phosphorimagcr aI'ter

normalization with respect to the intensities of B-action mRNA signais. To examine

whether the Er-B mRNA is structur.ùly abnormal in sis mice, we cloned full-Iength Er-B

cDNA l'rom sis and wild-typc lungs by reverse transcription-PCR (RT-PCR) and

determincd the nucleotide sequence of the entire coding region. We detected two silent

nuclcotide substitution, which are considercd to bc polymorphisms bctwccn C57BU6J and

SSULc strains. No alterations in the encodcd amino acid sequence were obscrvcd in the

sis cDNA. Taken together, a dccrcascd but not absent expression of structurally normal

Er-B rnRNA in the sis tissues was compatible with the mild phenotype seen in the sis

homozygotes.
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Figure 21. Gross Anntomic:11 Phenotype: of ET-B NuII Miec.

(A) White-spoucd coat color of.a homozygou.'1 ET-S-/ET-S- mOUSe (middlc). An stlsl mouse (tcft) is

almost compleld}' white:. An sIs mou.'IC (right) elthibils less Clttcosive spotting. Z"otc the dark eycs of

thcsc mîcc.

(B) A cros... bctwccn n heh,:rozn~ous Er-BI+ fc:male (lop Icft) and.a compound hctcrozygote si,s male (top

right). Four of the pups from lhis cross (bouom. 1-4) arc shawn. Gcootypc ofpups: 1 and 4. ET-B-/s; 2.

ET-Bis l ; 3. +/~I and +/s.

(C) Autopsy of wild-typc (Ic:ft) :md ET-SiET-S- (right) micc. An arrow inmcnlcs the distcndcd coloo in the

bomozygous micc.

(0) Dissection of the cotire gastrointcstinal trael from wild-type (lert) and ET-S-'Ef-B- (rigbt) mice. ST.

stomach~ CE. cecum. Dissension of the disLal ileum. c;cçum. and pro:timal oolon is cvidcot in the ET­

S/Er-S intcstine. An.arrow dcpiets the trnnsitional zone bctwccn the pro:ümal distcndcd nad distal narrow

(ngangliolÛC:) segments oftht: Er-BiEr-S- colon.
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Figure 2.2. Hislologica1 E:U11l1illll1ion of Dcfects in ëf·B l'OuU ~6c:c.

(A·C) Longiludinal sections of the dislal (i\) lIlId proximal (8) calon from lbe same ET·BïI:T·B" IIIOUS" lIlId

lbe dislal colon from a wild·type mouse (C). Cr. Cl'l'Pls; Mm. muscu1aris mucousa; C. circu1ar la)'er of

muscle; L, longitudinallaycr of muscle. ASlcri.ks indienle mycntcrie (Aucrobach) gllllglia hctwccn lhe

circular lIlId longitudinallaycrs of muscle. The gan::Jia arc absent from lhc dislal .cgmcnl of lhc ET·BïET·

B' colon (A). l'Oote lbe infi=lÎon aDd partial destruction of mucou'la in lbe distcndcd proximal sq:mcnt

of lbe Ef·BïEf·B· colon (B) duc 10 lhc ....crc ilcus.

(0 :md E) Rctina from lhc Ef·BïEf·S· (0) and wild.type (E) manse. G. ganglion ecU layer; ln, inner

•
nuc/car layer; On. outer nuc/car la)'er; PF_ pigmcntcd cpitbclium; Cb. cboroid. Cboroidal mcIanocyla

arc absent from lhc Ef·B'fET·B· retiRa. The meI"';D conlcDlS of lhc pil:JllCllt cpitbclium appcors nonnaI in

lbc Ef·S'fEf·S' rctina.
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Fit:urc 2.3 ln situ bybridization.

E."(pn::ssion ofEr-B mR.\lA in wild lype Er-B c:olon.
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2.4 Discussion

The lindings prescntcd in this study establish ET-B as an essential componenl. in the nonnal

development of two neural crest-derived celllineages. namely, enteric ganglion neurons

and epidermal melanocytes. We did not detect a major anatomical abnormality in other

tissues or a gross bchavioral defect in the homozygous ET-S mice.

We have demonstrated that the entire ET-B gene is missing from the s'

chromosome 14. At this time. wc do not know the exact extcnt of the DNA deletion. or

whether one or more adjaccnt genes arc aise deleted. The ncar identical phenotype of the

homozygous ET-B and st/si mice indieatcs that the deletion of ET-B is suflicient for the

expression of bath coat color spotting and the megacolon phenotype. [n this regard. we

obscrvcd a very subtle differcnce in the coat color phenotype bctween the homO"l.ygous ET­

B and Si/si miee. the Homozygous ET-B micc almost always show smal[ pigmented

patches in the hcad and hip rcgions «10% of body surface area). whercas the si/si micc

are almost completely white. We fccl that this is due ta the difference in genetic

background bctwccn this strains. i. e.• the hybrid 129/Sv C57B/6J background of the ET­

S nul[ micc versus the SSULc background of the piebald-Iethal micc. The influence of

genetie background on the extcnt of white spotting in the piebald and other spotting mutants

has bccn discusscd extcnsive[y (Silvers. 1979). For example. the sis homozygotes exhibit

-20% coat co[or spotting in the SSULc background. However. when bred into a

C3H1nonagouti background. the sis micc present themse[ves as primari[y black micc with

only tiny white spots in the bclly. In contrast. an sis stock describcd by Mayer (Mayer.
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1977) is extensively (>50%) spottcd. these findings suggest the existence of other coat

color-determining loci that interact with the ET-B gene. [n addition. the random pattern of

white spotting in individual micc (even under an inbred genetic background as in the case

of s and s· stmins) indicates the existencc of a stochastic component that functions together

with the ET-B gene to determine whether a given skin region is pigmented or not (Pavan

and Tilghman. 1994).

We have demonstratcd that the ET-B mRNA is structurally intact in terms of the

overal[ [ength and coding region sequence in sis micc. However. the expression of ET-B

mRNA was decrcased to approximately 28% of the wild-type levcls in the sis mice as

assessed by Northern blolS. This was also consistent with our finding that sis

homozygotes showcd only - 27% of the ET-B density seen in wi[d-type mice as judged by

radioligand binding assay. We speeulate that a mutation in the regulatory regions of the

ET-B gene. in ilS introns or in its noncoding cxon sequence. results in a decreased leve[ of

mRNA expression. Considering that s· is a null a1le[e. the relative ratio of ET-B

expression in sI/si. sls1• sis. sl/+. and +/+ mice is presumab[y about 0%: 125%: 25%:

50%: 100%. 11 is intercsting to note that sl/sl, slsl , and sis micc show a graded coat color

phenotype in the extent of white spotting, having white coat in >95%, 40%-50% and about

20% of body surface arca, rcspectively (Lune et al., 1966; Lyon and searle. 1989) (our

experience confinncd thcsc reports). Thcsc observations indicate that the extent of white

spotting is precise[y dependent on the dosage of ET-B expression. In contrast, the

megaco[on phenotype occurs ooly in the sllsl and ET-B-IET-B- homoz'ygotes, both of
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whieh have zero ET-B expression. but almost n,,"ver in the slsi or sis miee (ume ct al .•

1966; Lyon and searle. 1989). This is compatible with the idca thatthe two neural erc.~t.

derivcd eelllincages rcquired different minimalthrcshold levcls of ET-B expression. ThlL~.

about 12.5% of the wild-type levcls of ET-B density is suffieient for the normal

devclopment of my"nteric ganglion neurons. whereas 25%-50% of the wild-typc level is

rcquircd for complelC development of epidermal melanocytcs.

Further studies arc necded to c1ucidate the exact devclopment role of the rcgulatory

signais transmittcd via ET-B in neurJl erest·derived ccII Iincagcs. A previous study of

piebald-Iethal miee that employed a Iincage specifie marker for mclanobla.~ts. tyrosina.~­

related protein 2 (TRP-2). has shown that the expression of TRP-2 Wa.~ virtually restrielCd

to the nonneural ercst-derivcd melanocytes of rctinal pigment epithelium and tcleneephalon

in si/si embryos by embryonie day 10.5 (Pavan and Tilghman. 1994). In W and 5/

mutant embryos. TRP-2 positive eells were still present in reduecd numbcrs in day 11

embryos (Steel ct al.. 1992). Taken together with the present findings. this indicatcs that

the absence of signaling via ET-B disrupls development of the neural erest-derived

melanocytes prior to the onset of TRP-2 expression. The detcction of TRP·2 Olt a lalCr

development stage in W and 5/ embryos than in si/si embryos suggesls that signaling via

ET-B mOlY funetion upstrcam of the interaction of the e-kit reeeptor and ils ligand in

mclanoblast devclopmenL This situation sœms to differ slightly in the myentcrie ganglion

neurons. A series of studics has becn carried out by Kapur ct 011.(1992) with a lacZ

reccptor transgene driven by the neuroblast-spccifie dopamine B-hydroxylase promotcr. A
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preliminary study shmved thal. in sllsl embryos. neuroblasts migrated in a cranial-to­

caudal direction. cxactly idcntically to wild-type micc until the)' reached the ilcocecal

junction at cmbryoni.. day 11.5. Al that point. furthcr coloni;;o..ation of the large intestine

wa.~ markedly impaired by the piebald-Icthal mutation (R.P. Kapur. personal

communication). Thesc lindings suggest that ET-a acts at much later stage in devclopment

cf myenteric ganglia in comparison with epidermal mclanocytes. Studies with carlier

markers for neuml crest cell lincuges. such a.~ c-ret (Pachnis et al.. 1993) and Ma.~h

((Anderson et al.. 1994). may further pinpointthe role of ET-a-mediatcd signaling in the

devclopmcnt of thesc ceUs.

Mayer et al. have shown by cross-explanation of embryonic skin and neural crest

that piebald acl~ in thc neural crest (melanoblast) r.lther than in the skin (Mayer et al..

1ml. He concluded that sis mclanoblasts possess a reduced proliferative capacity.

lcuding to a l'ailure of melanoblasts to occupy certain skin arcas. This view of a eell­

autonomous action of piebald prcdicts that the ET-a is expresscd on melanoblasts. in

which it mediates a prolifcrative or differentiation signal in thcsc migratory cells. Indeed.

scveral studies have shown that cullllrcd mclanoblasts and mclanoma celilines express ET­

Sand that endothclin agonists stimulate the proliferation and chemokinesis of thcsc ceUs

\'ia Er-a (Yada ct al.• 1991; Yohn et al.. 1994). In situ hybridization histochcmistry a1so

indicate that Er-a is exprcsscd on migrating melanoblasts in wild-type mousc embryos.

Human myenteric ganglion ncurons have a1so been shown to express Er-S (Inagaki et al.•

1991). This supports the notion!hat the piebald-Iethal mutation acts cell autonomously in
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myenterie ganglion neurons. The present demonstr.ltion of the molecular basis of the

piebald-Iethal mutation should hclp tu darify the mechanism of migr.ltion and colonil.ation

of entcrie neuroblasl~ in grcater details.

The aganglionic megacolon seen in sl/sl and ET·B·/ET·B· humozygous mlce is

considered to be pathophysiologically analogous to human Hirschprung's disea.~e (HSCR).

The region of mousc chromosome 14 in which piebald ha.~ becn mapped (Metallinos et al..

1994) is thoughtto be syntenic to human chromosome 13. which harbors the human ET-B

gene (Arai ct al.. 1993). A number of reporL~ describe interstitial dcletions of human

ehromosome 13 q a.~sœiated with HSCR (Lamon ct al.. (989). Furthennore. one of the

gencs responsible for a multigenic form of familial HSCR ha.~ recently been mapped to

human chromosome 13q:!:! (PuITenberger et al.. 1994a). These consider.ltions impliC'.lte

ET-B a.~ a plausible candidate gene for HSCR. Indeed. it ha.~ been described a mis.~ensc

mutation of ET-B that is associated with the HSCR phenotype in a large. inbrcd Mennonite

pedigree (Puffenberger et al .• 1994b). Some of the individuals in this pedigree who are

homozygous for the ET-B mutation manifcst pigmentary disorders including white

forclœk. regional hypopigmentation of skin. and bieolored iridcs (type IV Waardenburg

Syndrome). This indicatcs that ET-B plays an important l'ole in the devclopment of the two

neural crcst-derived celllincages in humans as in miee. However. the genetics of ET-B

show a number of important differences in the two species. First. in humans. the

penctranee of the HSCR phenotype is incomplele in individuals homozygous for the ET-B

misscnsc mutation (Puffenberger et al.• 1994b). Second. hetcrozygou.~ human individuals
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arc also at risk for aganglionic megacolon. although the risk is much lower than in

homozygous individua1s. These char.leteristics of inheritance arc in sharp eontr.lstto the

situations in the mouse. in which s'and ET-B allcles arc both complelely recessive to the

wild-type allcle and the coat coler sp<>tling and megacolon phenotypes exhibit I()()%

penetr..lnce in homozygous animais. These discrepancies may partiy bc explained by the

fact that the ET-B missensc mutation in this human pedigree significantly impairs but dose

not completely abolish signaling via ET-B. unlike the completcly null mutations in s1/s1

and ET-B'/ET-B' micc. and aIso that other geneùc loci. including the coret gene. arc clcarly

involved in the HSCR susceptibility in this Mennonite pedigree (Puffenbcrger ct al..

1994b). A similar specics related difference in mode of inheritance exists in the case of c­

ret mutations. which also produce enteric agangliosis. In the mouse. a targeted null

mutation of c-ret lcads to a recessive defect. \Vith total agangliosis throughout the

ga.~trointesÙnaI tr..lct in homozygous (Schuchardt ct al.. 1994). In contrast. loss-of­

function coret mutations. including those arc thought to bc functionally null. rcsult in a

dominant HSCR phenotype in humans probably duc to haploinsurliciency (Fisher and

Scarnbler. 1994; Romee ct al,. 1994).

ET-S receptor accepts ail three endothelin isopepùdcs with similar arliniùes

(Sakuria ct aL. 1990; Yanagisawa, 1994). Which isopeptide is the physiologically

relevant ligand in the development of neur.J! cn:st-derivcd melanocytes and cnteric neurons?

ln the next part of this projcet. wc demonstr.lle that miee deficient for endothelin 3 exhibit

the identical phenotype of white ~....... .' and megacolon. Thc:se findings cstablish that
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endothelin-3 is the relevant ligand. Our results indicate that intemelion or ET-3 with the

endothclin-B receptor is esscntial in the de\'elllpmenl or neuml cresl-derived celllincages.
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3.1 Introduction

ln ehapter 2. we have demonstraled that ET-B reeeptor plays an es.~ential role in the normal

development of epidermal mclanocytes and enteric ganglion neurons in mice and humans.

Miee homozygous for a knocked-out ET-B allcle exhibited white-spolled coat color

associated \Vith aganglionie megacolon. a phenotype c10scly rcscmbling the defeel~ secn in

three natural mouse mutants, piebald-Iethal (sI), lethal spolling (\s), and dominant

megaeolon (DOM) (Lyon and Searle. 1989). We demonstr.lled thatthe piebald locus

indeed eneodes ET-B. Although ail threc endothclin isopeptides c:m bind and activatc ET­

B reeeptor equally. the phenotype obscrved in thcsc miee was c1early different l'rom that

secn in the ET-I knockout mice (Kurihara et al.. 1994). In the present study, \Ve

demonstrate that ET-3-delicient miee exhibit an identieal phenotype of eoat eolor spolling

and aganglionic megacolon. We further show thatletha1 spolling is allelie ta the mou.~ ET­

3 gene. We also identify a misscnsc mutation of the ET-3 gene in the Isiis micc. Although

the mutation leaves the mature ET-3 sequence intact. it abrogatcs the produetion of mature

peptide by ECE-1 in thcsc animais.

Note: This part of projcct was done in a collaborative \Vork with Howard Hughes Medical

InstilUtc and Ocpartmcnt of Moiccular Gcnetics in Dallas. Texas.

41



•

•

qlfl{?/rr 3: Rait' oftltt' Elltiof/u!lin·3 Gt'IIt' ill Normal Dt'velopmen1

3.2 Experimental procedures

3.2./ Mutant mo/ue strains

LS/Lc Isiis males and LS/Lc IsI+ females are purchascd as brccding pairs from The Jackson

Labor.ltory.

3.2.2 Produetiotl of ET-3-dejieietlt II/iee

The mature ET-3 sequence resides in the middle portion of the prepro-ET-3 polypeptides

and is encodcd by exon 2 of the mousc ET-3 gene. To introduce an ET-3 null mutation by

homozygous recombination in mousc embryonic stem (ES) cells. a replacement vector was

constructcd. in which the mature ET-3-cncoding portion of ET-3 e:l:On 2 is substitutcd bya

ncomycin rcsistance cassette (neo) as dcscribcd in chapter 2 (2.2.2). Brieny, herpes

simplex virus thymidine kinase(TK) cassettes were addcd to the 3' end of the targeting

vector for positive-negative selection. Scrcening of lOS double-resistant cell clones by

PCR revcalcd nine homologous recombinant clones. Southem blot analysis conlirmcd that

thcsc clones had a corrcctly targctcd ET-3 allele. Five of the recombinant ES cell clones of

ET-3 gene were injectcd inlO CS7BL16J blastocysts, and four of thcsc clones yieldcd male

chimcric micc that lransmittcd the targctcd allele through the gcrmIinc.
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3.2.3 Histology

Mice \Vere perfusion lïxed \Vith forrnalin immediately after sacrifice. and tissues \Vere

dissected and further immersion lïxed in formalin. Embcddcd tissues \Vere eut into 5 }lm

sections and stained \Vith hematoxylin and eosin by a standard procedure that describcd in

chapter 2 (2.3.3). Sections \Vere then examined under bright-lïcld microscopy.

3.2.4 Skeletal examitUltiotl

The tissues \Vere lïxed in 80% ethanol for 24 hm and dehydratcd in 96% ethanol for 24 hm

and then acetone for 3 days. For skcletal examination. the double staining method of C.

Arrnot. that dcscribcd in chapter 2 (2.2.4), \Vas used. Brieny, tissuc.~ were stained \Vith

alcian blue and alizarin rcd for bone and cartilage examinations. The tissues were stored in

100% glycerin.

3.2.5 ln situ lIybridization

lu situ hybridization \Vas curried out by a modilïcution of a method reportcd previously

(Giaid et al.• 1991). The method completely dcscribcd in chapter 2 (2.2.5) Brieny, the

tissues \Vere fixed in paraformaldehyde and cut \Vith a cryostal ET-3 probes were then

35
labclcd using S-lITP.
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3.2.6 Radioügatld bitlditlg assay

Kidney membr.lne fmctions \Vere prepared from freshly saerilïced mice as described

(Boiger et al., 1990). Binding assay \Vas carried out as describcd in chapter 2 (2.2.6) with

·11 125 • •
10 M[ 1] endothelin-I as tracer and uSlOg 30 Jlg of membrane protein pcr rcacuon.

3.3 Results

3.3.1 pigltletllary disorder itl 1Iolllo:ygous ET·3 tluil ltIice.

We did not detcct any abnormality in heterozygous F2 mice. An extensive white spotting

of the skin and coat in homozygous ET-3 mice apparent by days 3-4 postpartum (Figure

3.1 A ). About 70%-80% of the coat \Vas completely white. Well-demarcated. normally

pigmented patches of coat were scen most often in the hcad and hip regions. The shapcs of

these pigmented patches are irregular and differ at random from mouse to mousc. In

comparison with the ET-B null micc, the degrce of white spotting in the homozygous ET-3

micc wa.~ apprcciably milder. We often obscrved a large. continuous patch of pigmentcd

coat in the hcad and hip of homozygous ET-3 mice. which were rarcly found in the

homozygous ET-B mice. The bclly was almost a1ways white. The eyes arc dark in ail

homozygotes.

HistologicaJ examination of the skin sections Laken from the spolted region of

homozygous ET-3 micc confirma! the absence of melanin pigment in the coat hair and the
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absenee of melanocytes in hair bulbs. In these skin seetions. we did not see "aml'Ianotic

mclanocytes" or c1car cells. which are orten round in the hair bulbs of albino mice. In the

skin sections taken l'rom the pigmented region of homo~ygousET·3 mice. the amount of

mclanin pigment and the numbcr of melanocytes appcared normal. Thcse Iïndings arc

consistent with the idca that depigmenlation in homo~ygous ET·3 mice is not due to an

inability of melanocytes to synthesi~e mclanin (as in the case of albino mice). but to a

regional l'ailure of mclanocyte coloni~tion in the skin. Secùons of the homo~ygous ET·3

eyes rcvcaled an absence of melanin pigment in the choroidallayer of the retina (Figure 3.2

A). By contrast. the mclanin content in the retinal pigment epithelium appcared normal.

consistent with the dark eycs of the homlYl:ygotes micc. In the wild.typc retina. bath layers

of melanin pigment were clcarly obscrved (Figure 3.2 B). Thesc Iïnding.~ are consistent

with the idca that the homozygous ET·3 mice have defect in the development of neural

crest-derivcd melanocytcs but not in the neurocctoderm derivcd rcùna: pigment epithelium.

3.3.2 Agallglionic megacolon in ET·3 nuU mice

Other than the spotted coat color, homozygous ET·3 mice appcarcd hcalthy in the Iïrst few

days after birth, and we did not detcct a gross bchavioral abnormality. Within the Iïrst

month after birth, however, most of the homozygous mice bccame incrcasingly sicle, and

they eventually died. The discasc·frcc pcriod varicd grcatly. Out of 44 randomly choscn

micc, 6 died by day 7, 16 by day 14,40 by day 30, and 43 by day 65. The mcan and

median Iife span of thcsc 43 animais were 21 days and 19 days, respectively (range. 4-65

days). One homO"l:ygote livcd lo mate and eventually dicd on day 85. We pcrformcd an
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autopsy on atlcast 30 of the ET-3 null mice, which were sacrified 1-2 days bcfore they

would have died. In all animais examined. we observed a gross distension of the intestine

(Figure 3.1 B). Upon dissection of the entire gastrointestinaltr"oICt, we found thatthe distal

large intestine was narrow. The narrow segment was directly preceded by a distended

proximal segment (Figure 3.1 C). This gross appcaranee was eonsistent with the diagnosis

of aganglionie megacolon. The spastic portion includcd the most distal part of the rectum

in ail cases. However, the position of the transitional zone bctween the distended

(proximal) and spastic (distal) segment varicd from animal to animal. In sorne

homozygotes, the entire colon appcared narrow (mierocolon). In others. only the most

distal 2-3 mm of the reetum W'lS spastic. resulting in distension of the entire colon. The

spa.~tic segment most often spanned from the sigmoid colon to the distal rectum. The

Icngth of the spastic segmcnt and the life span of the animal did not appcar closely

·corrclatcd.

The absence of myenteric ganglia in the distal narrow segment of the colon was

confirmcd in histological sections from ail 8 homozygous ET-3 animais examincd (Figure

3.2 Cl. Wc observed apparently normal myenteric ganglion neurons bctween the

longitudinal and circular layers of smooth in the proximal. distendcd segment of the

homozygotes colon. Ganglion cells were secn in the entire length of the colon from age­

matchcd wild-type animais (Figure 3.2 D).

Autoradivgraphic analyses from sections of II.S fetus hybridizcd with the

radioactive ET-3 complimentary RNA probes revealcd the expression of ET-3 mRNA in
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heart, Jung, Iiver, colon, pancreas, adrenal, kidney, and skin (Figure 3.3). The

observations were further confinned \Vith the use of non-mdioaclive biotin-Iabeled RNA

probes on whole-mount preparation. Negative control experimenls did not show any

specific hybridization signais.

Skcletal examination revcalcd skelelon \Vas largcly unaffectcd.

3.3.3 Till' letllal spottil/g loc//s el/codes ET-3

•

•

The recessive phenotype of the homozygous ET"3 mice closcly resembled the syndrome

manifested by two natuml recessive mutations in the mouse, piebald-lethal and lethal

spotting (Anderson Cl al., 1994). Lethal spotting has been mapped to a distal ponion of

mouse chromosome 2 (Lyon and Searle, 1989>, which harbors the human ET-3 gene

(Arinami ct al., 1991). Thcsc findings strongly suggested that the ET-3 gene may be

a1lclie to lethal spotting. To test this direetly, wc examincd whether the ~ive ET-3 and

1s mutations can complement cach other. lt has bee~ known that sorne homozygou.~ Is/Is

miee survive to mate and give rise to offspring. without manifesting terminal iIIncss. We

intererosscd two IslJs males who had not manifestcd an oyen megacolon phenotype with

thrcc heterozygous ET-3"/+ females. as weil as with the single homozygous ET-3 female

!hat had survivcd to mate. Out of 24 offsprings from the thrce lslls ET-3"/+ crosses, 15

were spottcd and the remaining 9 appcarcd wild-type: wc inferrcd the genotype of thcsc

pups as IsIET-3- and IsI+. rcspcctively. Ali of the 15 spottcd pups eventually dicd of

megacolon by day 125 postpanum. This demonstratcs that ET-3 cannot complement Is•
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and thereforc, they arc allelie. As expcclCd, ail of the 8 offsprings from the Islis ET-3"/ET­

3" inlcrcross were spoued, and 7 of them died of megacolon by day 102 postpartum.

Taken together with the identicul phenotype of the Is/ls and ET-3"/ET-3- homozygotes,

thcsc rcsults show that Iethal spotting disrupts the ET-3 gene.

3.3.4 A missense mutation of ET·3 gene in lIllI

•

To dissect the molecular basis of the Is mutation further, wc first determined tissue

concentmtion of immunorcactive mature ET-3 in the Islls mice. Three different tissues

from homozygous Is/ls mice did not contain a detectable amount of mature ET-3.

HeterO"l.ygous lsl+ animais had 36%-76% of the wild-type tissue levels of mature ET-3,

which wcre comparable to those secn in thc ET-3"1+ micc. This indicatcs that thc Is

mutation abrogatcs production of maturc ET-3. Wc nc:'Ct comparcd thc expression of ET-3

mRNA in tissues from Islls and wild-typc miee. Northern blots of three tissue

s that express relatively high amounts of ET-3 mRNA showcd that the level of ET-3

mRNA expression in the lslls mice was identical to that in the wild-typc animais. This

indicalcs that the Is mutation docs not impair production of ET-3 mRNA.

Wc then examincd whether the ET-3 mRNA is strueturally altcrcd in the Islis mice.

Wc c10ncd ET-3 cDNAs from wild-typc and Islls mice by reverse transerlption-PCR (RT­

PCR) and detcrmincd the nuclcotide sequence of the entire prepro-ET-3 coding region. In

the IsIIs cDNA. wc found a misscnsee- T change in nuclcotide 409 of the coding region.

whieh results in a substitution of an Arg-137 residue (codon: eOO) with a Trp residue
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(codon: TGG). This mutation climinalcs an Xmnl rcstriction site (nucleotides 400-4(6)•

producing a convenicnt restriction polymorphism for genotyping the Is allele. Wc found no

othcr sequence altcr.ltions in the Isiis mRNA exccpt for a silcnt C - A substitution of

nuclcotide 597 of the ET-3 coding region. which is considercd to he an interstr,lin

polymorphism.

3.3.S Tlle ls /lllltatioll abolislles prodllctioll of active ET·3 by ECE·J

The R137W mutation was found within the highly conserved c-tcrminal portion of the big

ET-3 sequence. The mutation replaces the Iirst Arg residue of a tetr.lpeptide sequence

RGKR. which is helieved to be the signal recognized by a furin-type prohormone­

processing enzyme (Barr.I991). The GKR sequence that immediately follows Arg-137

matches the consensus sequence for c-terminal peptide amidation (Eipper ct al.. 1993).

Indecd. human big ET-3 has rccently heen shown to he amidated at the C-terminal Arg

residue (Kosaka et al .• 1994). Thus. furin or a similar proccssing enzyme recognizc.~ the

tctrapeptide RGKR sequence and c1caves after Arg-I40. Then. a pcptidylglycine-amidation

enzyme forms Arg-137 amide by c1caving hetween the a carbon of G1y-138 and the main­

chain amido group in the N-terminal side of G1y-138.

Sinee we did not detcct immunorcactive ET-3 in the 1s1ls tissues. we postulatcd that

theRI37W mutation abrogatcs the formation of mature ET-3. even though the mutation

lcaves the mature ET-3 sequence itsclf intael To examine the role of the mutation dircctly.

we tested whether transfcetion of wild-typc and mutant ET-3 cDNA lcads to secretion of
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mature ET-3 into the culture medium. We subcloned the prepro-ET-3 coding sequence

from the wild-type and Islls cDNAs into an expression ~ector and tmnsfccted the constructs

into CHO/ECE-I cells (Xu et al.. 1994). This cell line expresses ECE- j. which can

specilically c1cave big ET-3 inlo the mature peptide. CHO/ECE-1 cells tmnsfected with

wild-type ET-3 cDNA secreted immunorcaclÎ"e big ET-3 as weil as mature ET-3 into the

medium. In contr.l.~t. cells tr.lnSfeCled with the Rb7W mutant cDNA did not produce a

signilicant Icvel of mature ET-3. Howe"cr. these cclls produccd similar amounts of

immunorcaelÎ~ebig ET-3 indicating thatthc mUlalion ducs not abolish the production of the

prccursor peptidc.

•
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Figure 3.1. White Spouing and Mcgacolon in ET·3·Ocficicnl Mic:e.

(A) Coat color spolting in 3 homozygous ET-) mouse (righl) and on ll'Ils mousc: Odl). Note the lar~e.

çontinuous pigmenled palchc:s in the hcad and lùp w;ions of lhcsc: micc.

(B) AUlopsy of wild-typc (lOp) and bomozygous ET-3 (bollom) micc. An arrow indieatCl lhe: distcndaJ

ileum of the homozygous ET·3 micc.

(C) OisscdÎon of the cntirc gastroinlcstinal tract (rom wild-type (right) and homaqgous ET·) (lal) uû~.

St. stomach; Cc. ClCQlD1. Distension or the ileum and cecum is c:vidcll in the bomozygous ET-3 intClltinc.

In this paniaùar mousc. the: cntirc colon W~ 3ganglionic.
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Figure 3.2. l-Iomozygous ET·3 Mice Lack Rctinal ChoroidW MclanocytC.'l and Mycnteric Ganglion

CA 3Dd B) Retina froID the homolY~ous ET-3 (A) and wild.t)'PC (B) moUS&:. G. g3Dglion cclI l:a)'cr. In.

iMer nuc1car l:a)'cr; On. outer nudc::ar l:ayer. PE. pigment cpithclium; Ch. choroid. The pigment

cpilhclium appc::u'S nonm1ly pigmcntc:d in the bomozygous Er·) n:tina. but the cboroidal pigmentation is

(C and D) Lon~tudin.al sc:dioru of the distal colon from bomozygous ET·3 (C) and wiJd.cype (0) micc. Cr.

cr:-pts; ~1m. muscubris mucous.:l~ C. circul;ar bycr of musdc; 1.. longitudin;aJ b)'cr or muscle:.

Arrowbc:Kls in (0) iudîcalc tn)colcrîc CAue:rbac:h) gungliol1 l1CW'ODS bctwCCD the: circu1ar and longjtudinal

muscle b)'cr5 of the wild-t)"pc c:oIon. The g:mglia 0Jt1:;absc:ru from the homozygous E1'.) coIoo (c).
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Figure 33 ln situ hybritli/.atÎoll.

E:\prQ\."ion or E"f·3 mR.'\;'\ in wild 1)'PC mousc slcin.
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3.4 Discussion

ln this study, wc have demonstrated that ET-3 plays an essential role in the normal

development of thesc two neur.ll crest·derived ccII lincages. epidermal and ehoroidal

melanocytes and enterie ganglion neurons. In chapter :!. wc have shown that ET·B

receptor is also essential for development of two ccII lineages. The three known

mammalian isopcptides, ET-l, ET-:!. and ET-3, ail funetion as potent agonists for ET·B

receptor. These isopcplide ligands have similar affinities and efficacies toward ET-B

receptor (Sakuria ct al., 1990). The prescntlindings establish thatthe signal eonveyed by

ET-3 via ET-B rcceptor is spccilically rcquired in the development of thcse eells.

The homozygoLL~ET-3 animais had normal tissue levcls of immunorcaetive mature

ET·I plus ET-:!. This indicatcs that thcsc isopcptides cannot eompcnsate for the funetion

of ET-3 in the de\'elopment of epidermal melanocytcs and enterie ganglia. These findings

suggestthat endothelin isopcptides do not funetion as eireulating hormones. even though

theyare produccd a.~ small soluble molcculcs. If they did aet as systematically eireulating

peptides. ET-I (or ET-:!) eould have eompcnsated for the laek of ET-3. sinee ET-B

rcccptor aceepL~ ail three isopcptidcs cqually and the plasma and tissue levels of ET-I arc

generolily higher than thase of ET-3 (Matsumoto ct al.• 1989; Suzuki ct al.. 1990). Therc is

the formai possibility!hat ET-I (or ET-:!) is available to ET-B reeeptor blii !hat different

endothelin isopcptides produee different intmeellular signais upon binding to ET-B

rcccptor. For example. binding of diffcrcnt endothelins to ET-B rcceptor m:ght induee the

rc,-"Cptor to intcmct \Vith diffcrcnt cla.~cs of G protcins. Howcvcr. thcrc is no known
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example for sueh multiple differential modes of rcceplor aclivation. One trivial explanation

might bc that ET·I and ET·2 arc not expressed during embryonic lives. However.

homozygous ET-I knockout mice die shortly after birth due to cmniofacial abnormalities

involving the Iïrst branchial arch·derived tissues (Kurihara ct al.. 1994). ln situ

hybridization conlïrmed that ET· 1 is expressed in the Iïrst bmnchial arch in the wild-type

embryos. lt is not clear whether ET-I·delïcient homozygotes had any abnormalities in

epidermal mclanocytes or enteric neurons. since thcse defecL~ do not become obvious until

a mueh later time (e.g.• until days 3-4 postpartum for skin color spolling). However. the

strikingly similar phenotype of the homuzygous ET-B and homozygous ET-3 mice

suggcsls thatthe absence of ET·3 is suflicientto reproduce ET-B nul! phenotype anJ that

ET-I or ET-2 dusc not play a major raie in development of thcsc two cel!lincagcs.

ln this regard. wc obscrved that the phenotype of homozygous ET-3 and Islis mice

wa~ appreeiably milder than that of the homozygous ET·B and sl/sl mice. The

homozygous ET·B mice were >90% white and the sl/sl almost completcly white. In

eontrast. the homozygous ET·3 and Islis mice usually had pigmented coat in 20%-30% of

body surfaee arca. often as large pigmented belL~ in the hcad and hip regions. sometimes

giving a panda-like appcamnce. With regard ta the megaeolon phenotype. none of the

homozygous ET-B mice survived to mate. and si/si mice in SSULc background ha.~ been

rcported almost never to survive to mate (Lane. 1966; Lyon and Scarle.I989). In contr.L~t.

- 15% of homozygous ET-3 and Isiis miee a~ well as the IslET-3 mice survived well

bcyond adulthood. Thcsc differcnecs cannot be explaincd byan incompletc nature of the
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mutation or by difference in genetic background.Homozygous ET·B. sI. and homozygous

ET-3 arc ail null alleles. Wc have demonstr.lted thatthe Is allcle is also functionally null,

although wc cannol exclude the possibility that mature ET-3 was produced in the Isl1s

animais at an extremely low level thal was bclow our detection limil. There was no

systematic difference in genetic background bctween the homozygous ET-3 and

homozygous ET·B str.lins. buth of which had a hybrid 129/Sv C57BU6J background.

Wc feel that the milder phenotype secn in the ET-3 mutant mice in comparison with the ET·

B mutanl~ is duc to a small degree of compensation by diffusi bic ET· 1 and ET-2 that arc

produced in ncarby or remote embryonic tissues. or possibly by endothe1in isopcptides

carricd over from the maternal circulation.

We have demonstrated that CHO/ECE-1 cells tmnsfeeted with the R137W/ (1s)

mutant ET-3 cDNA did not produ':e mature ET-3. Signilïcantly. however. the production

of immunorcactive big ET-3 was not affcctcd by L'Je mutation. The sandwich ElA for big

ET-3 use<! in this study recognizes peptides that carry buth an epitopc in the N-terminal

loup region of ET-3 and anotherepitope within the c-terminal 20 amine acids of big ET-3

(Matsumoto et al .• 1989). Therefore. this ElA cannN distinguish bctwccn fully proccsscd

big ET-3 and larger precursor peptides. The prepro-ET-3 contains two consensus

recognition sequences for the prohormone-processing enzyme furin. (KlR)x(KlR)R~.

immcdiatcly bcfore and after the big ET-3 sequence. This prcdicts that furin or a similar

proccssing enzyme lïrst produccs big ET-3 fmlll (pre)pro-ET-3. which is then c1cavcd to

mature. active ET-3 by ECE-1 or ather enzyme(s) \Vith big endathelin-converting activity
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(Fabbrini et al.. 1993: Xu .:t al.. 1994). The RI37W mutation disrupts the furin

recognition scquence. RGKR. at the c-terminus of big ET·3 by substituting the first Arg

residue that is at the P4 position with respect to the furin c1cavage site. Previous studies

with natural and site-direcled mutanl~ of various furin substr.ltes have demonstrolled that.

for thosc substr.ltes with a P4 basic residue. replacement of this residue with a nonbasic

amino acid l'ully inhibits proccssing in vivo (Barr. 1991 : Bentley et al.. 1986). Therefore.

it is plausible to assume that the RI37W mutant prepro-ET-3 cannot bc clcaved at the c­

terminus of big ET-3. In this case. the big ET-3 immunorcactivity we detccted l'rom the

R137W ET-3-lrolnSfccted cells was an incomplelcly proccsscd precursur of big ET-3 with a

c-terminal extension. Alternatively. the RI37W mutant may still bc clcaved by a

proccssing cnzyme with a less stringent recognition sequence. e.g.• the ba.~ic pair site

(KlR)R (Barr. 1991; Steiner et al.• 1992). In this later ca.<;e. the big ET-3 immunorcactivity

we detected might hilve becn a l'ully processed. 41 residue big ET-3 that had a point

mutation at its very C-terminus. In either cases. our rcsull~demonslr.lte that the mutant big

ET-3 (or its bigger prccursor) cannot bc further clcavcd by ECE-I to bccome r.:Iature. active

ET-3. This is of intercst bccausc the ECE-I clcavage site is 20 amino aciCl's upstrcarn l'rom

the mutatcd Arg rcsidue. In this regard. we and others have previously shown that the c­

terminal part of big ET- 1 harbors an important structure for ECE-I recognition (Okata et

al.• 1993; Xu et al.• 1994). Collectivcly. thcsc Iindings indicate that the Is mutant allele

generates ac-terminal mutated (or abcrrantly extended) big ET-3. which cannot bc

rccognizcd by ECE- 1 for the subsequent proteol)tic activation. This rcsults in the l'ail ure of

mature ET-3 production obscrvcd in the Isiis micc.
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Previous studies using eross·explanation of embryonic skin and neuml crest demonstmted

thatlethal spolling acL~ in the neuml crest. which gener.lles migr.lting mclanoblasts. mther

than in the skin. which provides an appropriate environment (Mayer. 1977). Similar

studies wi th the piebald mice showed that s also is melunoblast autonomous. Taken

together with the presentlindings. these observations are consistent with a model in which

bath ET-B receptor and ET·3 ligand arc expressed in the neur.ll crest-derived mclanoblasL~

and funetion as an autocrine signal to maintain the propcr migmtion and eolonization of

these cells. By eontmst. previous studies on the migration of enterie neurons in ls/ls miee

have led to quite different conclusions. Two indepcndent studies have becn condueted that

employed aggregation chimeras bctween wild-typc embryos and lslls embryos that were

labcled with either tr.lnsgenic orendogenous markers (Kapur ct al., 1993; Rothman et al.,

1993). Both studies demonstr.lted that, in the aggregation chimems, the labcled Isils

neuroblasL~ normally migr.lte (together with the unlabcled wild-typc neuroblasts) to the

distal end of the rectum. supponing the idca thatthe defcct causcd by the Is mutation is not

neuroblasL~ autonomous. However. the present Iinding that Is encodes the diffusible

eXlracellular factor ET-3 may complicate the interpretation of thcse previous rcsults. For

example, thesc studies cannot exclude the possibility that wild-typc neuroblasts rcscue

ncarby Isiis neuroblasts by secreting ET-3 (Kapur et al., 1993). Unfonunately, analogous

studies with sIls· embryos have not yet becn carricd out

ln ehapter 2, we have demonslrated that defeets in the ET-B receptor gene can

rcsult in pigmentary disorder and aganglionic megacolon in humans as weil as in mice
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(Hosoda et al.. 1994; Puffenbcrger et al.. 1994 b). Puffenbcrger et al. ha\'e identilïed a

missense point mutation in the human ET-B receptor gene in patienL~ with a hereditary

form or Hirschsprung's disease (PuITenbcrger et al.. 1994). The near-identieal phenotype

of aganglionie megaeolon and white spolling shared by the homozygous ET-B (sl/sl) and

homozygous ET-3 (ls/15) mice. which carry defecL~ in the inter.leting pair of cell surface

receptor and extr.lcellular ligand. poinL~ to the possibility Ihat defecL~ in human prepro-ET-3

gene may also cause Hirschsprung's discase. Our Iïndings indieale thatthe inter.letion of

ET-3 with ET-B reeeptor is essentia! for the normal de\'elopment of IWO additional neur.ll

erest eelllincagcs. the \'aga! neur.ll erest-deri\'ed enterie neurons and the trunk neuml crest­

deri\'ed epidermal mclanocytes. The endothclins emerge as important regulators or

mammalian neuml erest de\'elopment.

59



•

•

•

Chapter4

Role of the Endothelin-A Receptor Gene in

Normal Development

60



•

•

•

Clzamer 4: Role oUlle Elldolllelill-A Reremor GI'I/I' il/ Nonlln/ /)eve/o"lIIl'lI1

4.1 Introduction

To induee its numerous effeets on smooth muscle eontroletion and stimulation of the rclease

of autocoids and peptides. ET aeL~ direelly on speeilie receptors. Two types of G prolein­

eoupled ET reeeptors have reeently been described: ET-A and ET·B (Aroli ct al .• 1990;

:;akuria ct al. 1990; Sakomoto et al.. 1993). Ae~"ording 10 the relative binding aflinities

and biological aetivitics of the thrcc isopeptidcs for their receptors. ET·I is equipotentlo

ET·2 but more potentthan ET-3 on systems containing ET-As. whereas ET· 1 is equipotent

to ET·2 and ET-3 for the ET-B type (!hara et al.. 1992). The reeeptors whieh are

rcsponsible for the vasoconstrietive effeets of ET have becn identilicd a.~ ET-As.

The human ET·A reeeptor genomic DNA has been c10ned and characterized

(Hosoda et al.. 1992). Human ET-A gene present on chromosome 4. conlains eight exons

and seven introns. Introns 2 to 7 of ET-A oceur within the eoding region immcdiately

procccding or following one of the transmembrane helix domains. suggcsting that the

corrcsponding exons may encode functional units.

In the present study. after disrupting the ETA gene in mousc ES cclls to producc

micc deficient in ET-A. we cxamincd the phcnoLypc of ET-A deficicnt micc ta elucidate the
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physiologica1 role of ET-A gene demonstr.lting thatthe mutation in the ET-A gene causes

abnormal manifestation in felal devclopmenl

Note: This part of project wa.~ donc in a collaborative work with Howard Hughes Medical

!nstitutc and Ocparunent of Molecular Genetics in D!.IIIa.~. Texa.~.

4.2 Experimental procedures

4.2. J Targeted disruptioll of 1I/00ISe ET·A gelle

To introduce an ET-A null mutation by homozygous recombination in mousc embryonic

stem (ES) eeUs. a replacement veetor was constructcd. in which thL' mature ET-A is

substituted by a ncomycin resistance cassette (neo) as describcd in chapter 2 (2.2.2).

Brieny. herpes simplex virus thymidine kinase (TK) cassettes were addcd to the 3' end of

the targeting vector for positive-negativc selection. Screening of double-resistant eell

clones by PCR revca1cd nine homologous recombinant clones. Southem blot analysis

confirmcd that thcsc clones hall a correctly targetcd ET-A a1lele.

4.2.2 Histology

Micc \Vere perfusion fixed with formalin immcdiately aCter sacrifice. and tissues \Ver;:

dissccted and funher immersion fixcd in formalin. Embcddcd tissues were eut into 5 jJm
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sections and stained \Vith hematoxylin and eosin by a standard procedure that describcd in

chapter 2 (2.3.3). Sections \Vere then examined under brighl-Iïeld microscopy.

4.2..3 Skeletal examitlalioll

•

•

For skeletal cxamination. the method of C. Arnott \Vas used. The tissues \Vere Iïxed in

80% ethanol for 24 hrs and dehydrated in 96% elhanol for 24 hrs and then acetone for 3

days. Staining \Vas caricd out for 6 hrs using the follo\Ving solution: 0.1 % alizarin red S

in 95% ethanol (1 ml) and 1% acid-aleohol (99 ml). The tissues \Vere c1eared \Vith 96%

ethanol for 1 hr. 1% aqueous KOH for 48 hrs and 50% glycerin in 1% aqueous KOH for 2

\Vccks. The tissues \Vere then stor;:d in 100% glycerin

4.2.4 ftl silll hybridi:atioll

ln situ hybridization \Vas carried out by a modificatior. of a method reported previcusly

(Giaid ct al.. 1991). Briefiy. the tissues \Vere Iïxed in paraformaldehyde and eut \Vith a

3S
cryostal ET-A probes \Vere then labclcd using S-UTP.

4.3 Results

Mice heterozygous for the ET-A mutation appcar normal and \Vere fenile. Although the

heterozygous and wild-typc ne\Vbom micc bcgan to brcathe and tum pink \Vithin 10 min.

after birth. none of homozygolCS opcncd their mouths to brcath. and ail rcspondcd poorly
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tapping and pinching stimuli. Thcy rcmaincd blu.-: and cvcntually dicd of anoxia within 15­

30 min. cxamination of thcir lungs showcd that thcy had ncvcr becn vcntilated.

4.3.1 Morp1l%gy o[ ET-A 1I01ll0:ygOllS lIIicc

ln ail of ET·A homozygous ncwborn micc cxamincd. thc samc pattcrn of conspicuous

cr.tniofacial abnormalitics was found. Thc mandiblc \Vas poorly dcyclopcd and ils fusion

in thc midlinc \Vas incomplctc in thc homozygous nc\Vboms. In addition. thc antcrior neck

was thin and auriclcs \Vcrc hypoplastic. Thcsc abnormalilics \Vcrc found in nonc of

hctcroz)'gous or wild-typc micc (Figure 4.1).

Histological cxamination rc"caIcd that homozygous micc. whcn comparcd to

hctcrozygou.~ and wild·typc nc\Vborns had scycr.l1 morphological abnormalitics panicularly

in the head and ncck regions. Hyoid bone was smaller than that of wild-typc or

hetcrozygous. The anterior neck was thin an': thc mandible. submandibular glands. muscle

and connecti"c tissue wcre poorly dc"clopcd. As weil, the mandible fusion in midlinc was

incomplcte. Nasopharynx and oropharynx \Verc narrow, but the lowcr airway appcarcd to

bc normal (Figure 4.2). Most of the tongue \Vas missing. ho\Vever the basal region

remaineJ and appcared hypcnrophic. The muscle libbers were irregular (Figurc 43). In

the outer C<lJ', the auriclcs (pina) \Vcre hypoplastic and extemal auditory mcatus was absent

ln the middIe car, the incus and malleus \Vere absent, but the stapcs \Vere missing (Figure

4. 4). The inncr car appcarcd to be intact No ossilication oi the mandible condyle was

secn, and the primitive gum and tecth were missing. Basiosphenoid bone was malformcd
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(Figurc 4.5). ln somc homozygous. thc ycntriclc wall of thc hcart appearcd hypertrophic.

and cndocardial cushion dcfcct was yisiblc (Figurc 4.6).

Examination of thc skclcton with Alizarin l'cd staining rcycalcd that homozygous

wcrc lacking thc tympanic ring. thc audilory os.~iclc. and lowcr incisor tooth. Ma.xillary.

prcma.xillary and hyoid boncs wcrc smallcr than thosc of wild-type. Mandibular bonc Wa.~

rctardcd (Figure 4.7). Zygomatic bonc was abermnt. and an cxtr.l bony protubcr.lncc in thc

thyro-hyoid rcgion and also mandibular rcgion Wa.~ sccn (Figurc 4.X). Olhcr parL~ of lhc

skclcton wcre largcly unafrCClcd.

Autoradiogr.lphic analyscs l'rom scctions of 11.5 fctus hybridizcd with thc

mdioacti\'c ET·A complimcntal')' RNA probes rcycalcd thc cxprcssion of ET-A mRNA in

mandibular componcnL~ or lïrst bmnchial arch (Figurc 4.9). mcdial na.~al proccss.

submandibular glands. cndocardial cushion tis.~uc lining thc atrioycntricular canal. and in

midlinc dorsal aorta. Thc obscrvations wcrc funhcr conlÏrmcd with thc usc of non­

r.ldioacti\'c biotin-Iabclcd RNA probes on wholc-mount prcpar.ltion. Ncgativc control

cxperimcnls did not show any specific hybridization signais.
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Figure ~.l. Comp.vison of Gross Analomical Phenolype of ET-A Homozygous (a and c) and ET·A Wild­

lype: (b and d) Mice. Homozygous mousc shows short and con·(tJ.!U:d mandible (big arrow).lhin ;mtc:nor

neck (sm.-ùl arrow).and h)'POplasticauridcs (arrowbCôld).
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A B

•

Figure 4.2. Wholc Body Sections (S:J~it;d) of ET·A 1-I0molYl,."Ous (1\) ,lI1d ET-A Wild type (B) Mie.:.

Homozygous mousc shows a short and non-fuscd mandibh: (big arrow).lhip' antcrior neck (,mail arrow).

sm:dl nnd h)-pc:rtrophie tongue (1). as ""dl a.'i n..urow 'Ippct airway (arrowhcd).
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Figure *.3. Comporisoo oC TODguc Scdioos oC Er·A Homozygous (A) and Er-A Wild.lypc (B) Mia:.

Tooguc muscle libers iD Er·A bomozygous mousc arc inc;:ular.
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Figure *_*_ Comparison of :'vliddlc Ear ScctiOll5 of ET·A Homozygous (A) and ET·A Wild·lypc (B) Miec_

MalIcus (big arrow) incus (.maIl anow). and.lapes (arrowbcad) in ET·A wild'lypc mousc lire ialaCL ID

ET.A homozygous lIIOlISC, mallcus and incus arc: inlaCl. bul 'lape is missiDg.
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Figure 4.5. Head Scclion of ET·A Homozygous Mouse.

ln éT·A bomozygous mousc, basiospbcnoid bene (anow) is moIfonncd.
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Figure 4.6. Comparison of He:ut Sections of Er-A HomozygoWl (A) nnd ET-A Wild.lypc (B> Mice. ln

ET-A homozygous mice. eodocardiaJ cushiOD dcfed (arrow) is visible. Hcart in Er-A wild.lypc is Donnai•
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Figure~" 7. Comparison of Head Skclcton of ET-A Homozygous (A) and ET-A Wild-typc (B) Miec.

Homozy~'OUS mousc bas short and dc:f'onncd mandibular boncs (big arrow). absent tympaoic ring (small

.:row) and audîlory ossidc (anowbcad).
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.A

B
,

Figure 4.8. Head SkclcloD E.'GlIDÏnatioD of ET·A Homozygous (A) and ET·,\ Wild '1J'C (B) ~Iice.

Homozygous mouse shows SlIlllU hyoid bolle (hi: nrrow) and aberrant zygom.tic booes (smali nrrow).

Thc:rc: ore :ùso some abllonnal bolle structure (arrowhead) iD lbyrobyoid rcgioll of ET·A bomozyl,'OllS

mouse•
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Figure -t9. ln Situ Hybridiz:uion: E,pression of ET-'\ mR:',A in the linl bronchial arcb of ET-A wild-

Iype 1110usc.
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4.4 Discussion

In this study, after disrupting the ET-A gene in mouse ES cells by gene targeting, we

stabilished mice bcaring the mutant ET-A- allcle. The resulting phenotype shows lethality

and malformations of cr.lniofacial tissues in ET-A homozygous. indicating the involvement

of ET-A in normal devclopment.

Anoxia due to respir.ltory failure is major cause of death in ET-A homozygous

mice. Rather, sorne other factors including inability to open the mouth bceausc of poor

musculature in the mandibular region and narrowing upper airway may involved in the

cause of iethality. Furthermore. ET-A homozygous mice showcd diflïculty in brcathing in

response to physical and noxious muscle. indicating the involvement of central rcspiratory

eontrol or rcspiratory muscle in the cause of lethality. AIthough the precise mechanism of

the lethality is not clcar, these rcsults suggcst that ET-A may bc important in the neur.ll

regulation of the rcspimtory system.

The homozygous ET-A micc show sorne craniofacial anomalies alTecting the

mandible. zygomatic and temporal bancs. tympanic ring. hyoid. tongue. soft tissue in the

anterior neck. paJate. outer and middle cars. and endocardial cushion tissue. Ali of thcsc

organs are deveIoped from the pharyngcal arches whose origin is mainly neu.-.d crest­

derived eetomesenchymal cells. Migration of neumI crest cells into the region of

ph:l.'j'ngcal arches completes bcforc 10 d.p.c and their differentiation stans thcrcafter
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(Lumsden et al., 1988)). Examination of embryos at seriai developmental stages suggests

that disturbance in the development of pharyngeal arches alrcady starts around this carly

stage and their differentiation to Meckel' cartilage, tongue. primordium and other specifie

tissues are impaircd in ET-A homozygous micc.

ln this regard. we observed the linkage between the genotype and phenotype are

complete in ail mice, indicating tllat these abnormalities cao not bc due to an incidental

mutation. ln addi~<Jn. ET-A has a stimulatory effect on tongue development in organ

culture and high ET-A gene expression is detecled in the pharyngcal arches at the carly

stage of embryonie organogenesis by in situ hybridization. These findings indicate the

involvement of ET-A in pharyngcal arch developmenl.

Epithelial cells in the pharyngcal arches scems to expre~ ET-A. It is clcar that

pivotai events in organ devclopment in <he pharyngcal region as weil as in many other

regions include epithcIial-mcscnchymai intenlctions. Although the precise mcchanism of

epithelial-r.::::senchymal intenlctions is not c1car, scveral growth factors, for example

membcrs of thc tr.msforming growth factor-f3 family (Curdon, 1992), arc considercd to bc

in'Jolved in these contr.tctions. Our results strongly suggest that ET-A may affcct the

epithclial-mesenchymal intenlctions to inducc pharyngcal arch devcIopment. Thus the

present data indicate a novel physiological rolc of ET-A in ontogeny in mammals.

Prcvious studies demonstrated mice mutant for homcotic genes such as Hox-1.5

(Chisaka ct al., 1991), or Hox-1.6 (Lufkin et al., 1991: Chisaka et al., 1992), or retionic
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ucid induced embryopathy manifestthe sume phenolype of ET-A homozygous mice. There

is a gross similarity on chromnsomallinkagc bct\\'een man and mice. so it is unlikcly Ihat

mutation of any homeotic gene contributed to the morphological abnormality in ET-A

homozygous mice.

The phenotype of ET-A homozygous mice is qui te similar to the human congenital

disease kno\\'n as first pharyngeal arch syndrome. such as Pierre-Robin syndrome. Firsl

pharyngca!-arch-derived tissues sueh as mandible. palate and eye show morphological

abnorrnalities in this syndrome. and it is thought to be duc to abnormality in the

development of a specifie neural crest cclllincage. Future studies arc neecssary to identify

the causative gene(s) of this syndrome. ET-A homozygous mice may bc a useful tool 10

investigate the development of the pharyngeal arch and to c1arify the phatogenesis of the

tirst pharyngcal arch l>-yndrome.

This part of the project demonstrated that mice deticient for ET-A manifest severe

defects in the devclopment of tirst br.mchial arch-derived connective tissues. in which ccli

lincages originating from the cephalic neural crest play major parts. The tirst and second

part of this project (chapter 2 and 3) indicated that the interaction of ET-3 with ET-B is

essential for the normal development of two additional neural crest celllincages. the vag<d

neural cresl-derived enteric neurons and the trunk neural crest-derivcd epidermal

melanocvtcs. Therefore. th:: endothelins and their receptors have an important role in

mammalian neural crc:st developmenl
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5.1 Introduction

The three endothelin isopeptides (ET-1. ET-2. and ET-3) are each produeed l'rom

corresponding -200·residue prepropolypcptides that are encoded by separate genes

(Arinami et al.. 1991). Longer intermediates lermed big ET-I. 2 and 3 (38-41 amino

acids) are Iïrst excised l'rom the (pre-) propeptides by proleases lhal c1eave al sites thal

contain paired basic amine aeids (Xu ct al.. 1994). Big endothclins whieh arc biologically

inactive. are then rurther c1caved al Trp-21 Val-III-22 10 produee the 21 residue mature

peptides. The importance or precise clipping is illustrated by the finding that the

vasoconstrictor aClivity or ET-I (1-20) and ET-I (1-22) is three orders or magnitude

wcaker than authenic ET-I (1-21) (Kimuro et al.. 1989). C·terrninal amidation or Trp-2 1

also causes a marked decrcase in the biological activities or the peptide (Inoue et al..

1989).

The putative endopcptidase(s) that catalyzcs the specifie c1cavage at Trp-21 has becn

terrncd endothclin-converting enzymc (ECE) (Xu et al.. 1994), Two distinc. lincs or

evidence have indicated that ECE is inhibited by the metalloprotease inhibitor

pho~;phoramidon.First. exogenously administered big ET-I is eonvertcd into mature ET-I

both in whole animais and in isolated pcrruscd organs. Phosphoramidon consistently

inhibiL~ the conversion in most assay systems (Matsumura el al.• 91: Hioki et al., 1991).
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Second. cul tured endOlhclial cells secrete mature and big ET·I in the r.ltio of :!: 1 to 5: 1•

indicating an eflïcient (>60'11.'·80%) conversion of the endogenously produced big ET·!.

Phosphommidon added to the medium deercascs the production of mature ET·1. c;\using ;\

concomitant increa.~e in the amount of big ET·l (Fukurod;\ ct al.. 1(90),

Production of ET-I is regulated at the levelof mRNA tr.lnscription (Rubanyi and polokol1'.

1994). In vascular endothelial cells. the peptide is seerctcd via the constitutive pathway

without further regulation atthe levcl of exocytosis,

Accclemted production of ET-1 in damaged va.~cular endothelial cells is strongly

suggestcd to bc involved in the devclopment of various disorders such a.~ acute myocardial

infaretion (Margulies ct al.. 1990), acute renal failure (Shibovta ct al.. 1990), and post

hemorrhagic cerebml va.'>Ospasm (Ar.li ct al.. 1990),

5.2 Methods

5.2.1 Tissue preparatiou

Human tissues were collected at autopsy (age r.lnge 19-45. 3-10 hrs postmortem). For

immunohistochemical studies. tissues were Iïxed in Bouin's solution contmning 75% picric

acid. 24% formaldehyde. and 1% glacial acetic acid. Tissues were then washcd in 30%

ethanol and embcdded in paraflïn. For in situ hybridization. tissues were immerscd in a

Iïxative solution of 4% paraforrnaldehyde in PBS (pH 7.2) for 4 hrs. Tis.~ues were then
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washed in P8S containing 15% sucrose and 0.01 'il, sodium ozide at4° C and cut with a

cryostal.

5.2.2 /111/11/111oilistoellelIIistry

•
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Multiple-slep pamlTin sections (5 f'm) \Vere immunostained wilh three polyclonal antisera:

ECE-I. big ET-I and ET-I. by the avidin-biolin-pcroxidase complex melhod. Sections

were dewaxed in toluene. dehydrated in ethanol. and immersed in a solution of 2%

hydrogen pcroxide in P8S lo inhibil endogenous pcroxidase aetivity. After three 5 mins

lI'ashes in P8S. sections were incubaled \\'ith 10% normal goat serum for 1 hr at roum

tempcr..lture. The serum \\'as drained and sections \\'ere im:ubaled with prirnary an tisera

overnight at4°C. Sections were \\'a.shed. incubaled with biotinylated goat anti-r..lbbit IgG

antiserum for 45 mins. washed in P8S. and incubated \\'ith avidin-biotin pcroxida.se

complex. The irnmunorcaction silCS \\'ere visualized in a solution of diaminobcnzidine and

hydrogen pcroxidase. After counlerslained with haematoxylin and c1eared, sections were

rnounted in permounl. As control, sorne sections of cach organ were incubated with

normal goat serum instead of the primaI)' antiscm or wilh the antiserum/antigen mixture.

The Iight-microscopicaJ sections \\'erc examined for ECE-J irnrnunorcactivity (ECE-l-ir),

big ET-I-ir, and ET-I-ir.
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ln situ hybridir.ation \Vas carricd out by ;1 modilïcation of a mcthod rcporlcd prcviously

(Giaid ct al., 1991), Briclly, thc tissucs \Vcrc Iïxcd in paraformaldchyde and cut \Vith a

.'.5
eryoslal. ECE-l probes \Vcre then labelcd using S-UTP,

5.3 RESULTS

Immunohistochemistry conlïrmed the presence of ECE-l-ir in endothclial cells and somc

parenehymal cells in a variety of human tissucs, The most inlense immunoreactivity for

ECE-l \Vas localizcd primanly to endothclial cells of 'Ill kind of vessels in most organs

investigated induding brain, heart, aona, lung. liver, pancreas. slomaeh. duodenum.

ileum. colon. adrenal, kidney,testis, ovary. uterus. and vagina. ECE-l-ir \Vas alsoseen in

epithclial cells of respiratory, gastrointestinal. urinary and reproductive systems.

Infiammatory cells in the respiratory. gastrointestinal and reproductive tmcLs showed

moderate slaining for ECE- I. ECE-1-ir \Vas also seen in cortical neurons (Figure 5.1), and

in smooth muscle cclls of pulmonary and systemie vesscls,

Immunoslaining of the hean revcaled strong ECE-.-ir over endothelial cells of

eoronary vcssels and endocardium. and moUer.lte staining in the myocardial cells (Figure
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5.2 A).!n the aorta, llilTuse ECE·I·ir \l'as seen in enllothelial anll smooth muscle eells

(Figure 5.2 B).

ln the Jung, immunoreaetivity for ECE-I was observell in the surface epithelium,

enllothelial eeUs, anll to a lesser extent in vaseular smtxlth muscle cclls. In the ainvay

epithclium, \l'eak to strong llilTuse eytoplasmie staining \l'as seen over ciliated and basal

eells. Endothelial eells of ail I..inlls of vessels inclulling capillaries, veins and artcries

showell mollemte staining for ECE·I. Inllammatory eells also sho\l'ell modemte ECE-l-ir.

Big ET-! sho\l'ell similar pattcrn of localization 10 ECE-!-ir.

ln different parts of the gastrointestinal tr.lct, moder.lte leveJ of ECE·!-ir was

deteeted in epithelial, endothelial, and inllammatory eells. Examination of stomach

revcaled strong slaining in epithclial eells of gastric pil~ and endothelial cells of blood

vesscls. Modemte staining was seen in epithelial eells of gastric glands and inllammatory

eells. Strong ECE-ir \l'as seen in epithelial eells of villi in duodenum. jejunum, and ileum

(Figure 5.3). Moder.lle staining was also seen in inllammatory eells of these tissues. In

the colon, diffuse strong staining \l'as seen in tubular epithclial cells of colonic crypts,

inllammatory cells and endothelial eells of blood vcsscls.

AllrenaJ glands dispJayed strong ECE·l-ir in bath medulla and cortex. ECE-J-ir

\Vas locaJized to adrenal epithclial eells and endothclial cclls of sinoids and blood vcsscls.

The light mi<.Toscopical sections of panercatic tissues revcalcd slrong ECE-l-ir over

duetal epithclial cells and islet of Langerhans and moderate ECE-l-ir in acinar cells and
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vascular endolhclial cells (Figure 5,4 A). Big ET-I I\'a.' co\oc;ùized with ECE-l in the islet

cells bUl nol in lhe acimlr or ducla\ cells (Figure 5.4 B).

ln lhe liver, weak to moderate smining was seen over endolhelia\ cells or hepatic

sinusoids, veins and arteries as weil as hepalocytes. Examination or kidney's tissues

revealed slrong ECE-l-ir in duclal epithelial cells (Figure 5.5 A) and vascular endolhelial

eells. including those of lhe glomerulus (Figure 5.5 B).

The light microscopica\ sections or reproduclive organs showed modemte smining

in differenl parL' of lhis system. Sections of ovary revealed diffuse modemle staining in

rollieular epithelial cells. Iïbrocytcs and endothelial cells. Ulerus sections sholVed moder.lle

ECE-I-ir in myocardial cells and endothelial cells of blood vcsscls. Examination of vagi ml

sections showed moderate staining in slr.ltilïed squamous noncornilïed epithelial cells.

endolhclial eells or blood vessels, inllammatory cells and sebaceous glands. Testis

sections revealed mooer.lte smining in spermatogoniums and spermatocytes. mild smining

in leydig eells and interstitialtissucs.

The light mieroseopical examination of skin revcaled diffuse modeMc ECE-I-ir in

stmtum gmnulosum. and endolhelial cells of blood vessels.

The distribution of ECE-I mRNA demonstr.lled by in-situ hybridi7..ation IVa.' similar

to the distribution or ET-I-ir (Figure 5.6). The most striking exprcssion was secn over lhe

endothelial cclls or most or the organs examined. No hybridi7..ation signais wcre seen over

control sections.
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Figure 5.1 ECE-I-ir in human brain section. Arrow indicatcs a ncuron.

85



•

•

C/zapter 5: Expression of Endotllelin·Collverlillf! E";yme./ in Hilma" '/ïS.\'IIt.'S

Figure 5.2.

A: ECE-l-ir in Human Hcart Section. Small arrow incicalcs coronary artery and big

atfOW indicates cardiac myocytc.

B: ECE-l-ir in Human Aorta. Arrowhead indieates endothcljaJ ceUs.
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Figure 5. 3.

ECE-l-ir in ~;uman Intestine Section.

Big arrow indicllcs cpithcliaJ 1.'Clls of villi. and smaIl arrow indicates inflammatory ccUs.
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Figure 5.4. A: ECE-l-ir in Human Pancreas Section. B: Big Ef-J-ir in human pancn:as

section. Big arrows indicate ductal epithelial ccUs, and small arrows indicate islet ccUs.
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Figure S.S.

A and B. ECE-l-ir in human kidney section.

Small arrow indieates epithelial ecUs. and big arrow indicates glomcruli.
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Figure 5.6 E.xprcssion of ECE-l mRNA in human Iivcr section.
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• 5.4 Discussion

•

•

Sincc lhe inilial reporl of iL~ exislence (Yanagisawa Cl al,. }9~). ECE has been considercd

lu be a pUlenlial sile of regulalion of endolhelin produclion as weil as a plausible largel for

lherapeulic inlervenlion in lhe endolhelin syslem, Xu el al. have recenlly reporled lhe

isolalion. cloning. and cellular expression of bovine endolhelin.converling enzyme.}

(ECE·!) (Xu el al.. 1994), ln lhe presenl sludy we invesligaled lhe expression of human

lissues using immunohislochemislry and in SilU hybridi1.alion. and compared il 10 lhose of

endolhelin-I and big endOlhclin-!. Daia oblained l'rom lhis sludy showed lhal ECE-}·ir.

occur nol only in vascular endolhclium bul also in a number of non vascular eell lypes in a

variely of lissues. including inllammalory cells in lhe lung. spleen. and colon; epithclial

cells of lhe respir.llory. reproduclive. gaslroinleSlinal and urinal')' lmcl; conical neurons;

smoolh muscle cells of pulmonary and syslemic vessels. and cardiac myocyles and islel of

langerhans, ln SilU hybridizalion also conlirrned the expression of ECE-I mRNA in similar

siles 10 those of immunoslaining. Thesc Iindings shows lhe cellular localization of ECE-}

lhroughoul lhe human body. and demonslrJ.le lhal ECE-I is expressed in similar and

different sites to ET-!.

Our immunohistochemical dala demonslr.lled similar colocalizalion of ECE-I. big

ET-1 • and 10 a lesscr degrcc ET-} in various human organs. Previous cullure experimenlS

provided evidence that a portion of ECE-l is expresscd endogenously and another part is

expresscd on lhe cell surface of the lr.msfeclanlS as an ectocnzyme lhat is capable of

c1caving the big ET· ( supplicd l'rom oUlSide lhe cells (Xu cl al .. 1994). This apparenl ccII

surface conversion of cxogenous big ET-1 was much (css efficienl as compared with lhe

intrJ.cellular conversion of endogenous big ET-!. A major finding of this study is

similarity in locali1A1tion of ECE-I-ir and big ET-I-ir in various organ.~_ It scems likely lhal
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in lhcsc organs ECE-\ runcliolls 'IS a loc'II cnzymc. cOIl"crting big ET-I 10 ET-!.

Ho\\'c"cr. ECE-I-ir and ET-I-ir \\'crc round inucpcnucnlly. suggcsling lh:ll allc:ISI somc ,,1'

thc high Ic"c1s or circulaling pla.~ma big ET-\ is con"crlcd in silCS l'al' a\\'ay from il~ origin,

Indccd. thcsc lïndings suggcSl an imporlanl rolc for ECE-l in :1 nllmber or p;llhologic:11

conditions assœiatcd \\'ilh high Ic"cl ET-!.

Bcsidc cndolhclial eclls. ECE-\-ir and ilS mRNA \\'crc also cxprcsscd in :1

hctcmgcnous ccII populations in cardio"a.~cular. gaslroinlcslin:ll. urinary. and rcproducli"c

systcms. It is inlcrcsling lhal ECE-! is prodllccd by cpithclial and inllammatory eclls

\\'ithin thcsc organs. Prc"ious sludics ha"c dcmonstr.Jlcd thc lœaliz:tlion or ET-I mRNA

and immunorcaclivily in similar structurcs lo thosc ,,1' ECE-! sho\\'11 in thc prcscnt study

(Rubanyi and Polokoll. 1994». As wcll. altcrations in thc sitc and Icvcl of ET-I

cxprcssion havc becn rcporlcd in a number or discascd condilions (Rubanyi and PolokolT.

1994». Thcrcforc. our currcnl morphological \'indings suggcSI Ihal ECE-I is widcly

cxprcsscd in human tissucs and its Icvcl or cxprcssion may dillcr undcr various

pathological statcs.

Onc important lïnding in lhc currcnl sludy was lhc localizalion of ECE-) in

inl1ammalory cclls lhroughoUl lhc body. ET-l is known lo be a producl of mono- and

polymorphonuclcar cclls (Ma.~ki. !992). Funhcrmorc. a number or sludics havc shown

that inl1ammalory cclls cxprcss abilily lo con"cn and prœcss big ET-l (Randall. 1994).

consislcnl \Vilh our currcnl lïndings. ET-! is lhoughl to play an important mlc in

inl1ammalion. and iL~ has bccn implicatcd in a numbcr or inllammatory discascs.

Intcrcslingly. wc havc rcccnlly nolcd incrcascd cxprcssion of ECE-l in paticnts with

chronic rhinilis and in palicnL~ wilh inlcrslilial pncumonilis. suggcsling a mlc for ECE·) in

thc palhogcncsis of thcsc and olhcr inl1ammalory conditions.
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Conclusions
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ln the first part of lhis study, study of ET-S knockout mice, wc did not delect an abnorm'Il

phenotype in heterozygous or wild type mice. ln the homo/.ygous mice. the skin and coat

were completely white in >90% of the body surface area. Microscopic examination of skin

sections from the homozygous conlirmed an absence of melanin pigment in the coat h'lir

and of melanocytes in the hair bulbs in lhe regions where the coat \\'a.' white. Histological

examination of colon also re"caled the myenleric ganglion neurons were completely absent

from the dislal, spa.,tic segment of the homozygous ET-S colon. These observations arc

consistent with the idea that the homozygous ET-S mice ha"e defecL' in the de"e1opmenlof

two neur.ll crest-derived ccli lincages. namcly, enleric ganglion neurons and epidermal

melanocytes. Piebald-lethal (si) mice exhibited a recessi"e phenotype identical to that of

the ET-S knockout mice. ln crossbreeding studies. the two mutations showed no

complementation. Soulhern blotting re"caled a delelion encompa.,sing the enlire ET-S gene

in the s' chromosome. A milder allele. piebald (s). which produces coat color spotting

only. expressed low le"els of structur.llly intact ET-S mRNA and protein. These

observations indicate that the extent of white spotting is precisely dependent on the dosage

of ET-S expression. In contr.lSt. the megacolon phenotype occurrcd only in the sIls' and

ET-S homozygotes. bath of which have i'.cro ET-S expression. but almost never in the sis'

or sis mice. This is compatible with the idca that the two neur.ù crcst-derivcd celllincagcs

rcquircd different minimal threshold leyels of ET-S exprcs.'ion. Our linding also indicate

an csscntial role for ET-S gene in normal de"elopment of two neur.ll crcst-derived ccII

lincagcs. myenteric ganglion neurons an J epidermal mclanocytes. The aganglionic
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megacolon seen in sl/sl and homozygous ET·B mice IS considered to be

pathophysiologically analogous to human Hirschsprung's disease, We concluded that

defecls in lhe human ET-B gene cause a hereditary form of Hirsehsprung's disease that has

been recenlly mappcd 10 human chromosome 13. in whieh ET·B is localed.

From lhe /ïrsl part of lhis project. we concluded defecls in lhe gene encoding the

endothclin-B receplor produce aganglionic megacolon anJ pigmentaI)' disorders in miee

and humans. In lhe next part of this sludy we demonstnlted that a targetcd disruption of the

mouse endothclin-3 ligand gene produces a similar recessil'e phenotype of megaeolon and

coat color spolling. A natur.ll recessil'e mUlation that results in the sume developmental

defecls in mice. lethal spolling (ls). failed to complement the targeled ET-3 allcle. The Is

mice carl)' a poinl mUlalion of the ET-3 gene. whieh replaces the Arg residue atthe C·

terminus of the inaetive inlermediale big ET-3 with a Trp residue. This mutation prevents

the prolcolytic actil'ation of big ET-3 by ECE-l. These lïndings indicate that interaction of

ET·3 with the ET-B receptor is essential in the del'clopment of neur.ll crcst-deril'ed eell

lineages. We postulated that defecls in the human ET-3 gene may cause Hirschsprung's

disease.

ln the third part of this projeet. we examined the phenotype of ET-A homozygous

mice and compared \Vith ET-A heterozygous and wild-type miee. Severe eraniofaeial

malformations ir. tissues deril'ed from the lïrst branchial arch in ET-A homozygous mice

\Va.s seen. indicating the importance of ET·A in normal del'clopment of neural crcst-derivcd

tissues.

95



•

•

•

C/werer 6: COIlt'iIl.l'ioll.l'

Cephalic neural crest. trunk neur.ll crest and vagal neural crest are three distim:t

parts of neur.ll crest-derived tissues. We conduded lhat ET-A is essential for norm,ll

devclopment of pharyngeal arch ectomesenchymaltissues from lhe ccphalic neural cres!.

ET-B and ET-3 are essential for normal development of epidermal mclanocyles from lrunk

neur.ù crest and myenterie ganglion neurons from lhe \'agal neur.ll cres!.

In lhe last part of this project. we investigated the expression of ECE-I in human

tissues using immunohistochemislry and in situ hybridil.al:on. and compared itlo lhosc of

endothelin-\ and big ET-\. Strong diffuse immunoreaclivity (ir) for ECE-I was localil.ed

primarily to vascular endothclial cells of ail organs investigated. ECE-l was also seen in

epithelial cells of the respiratory. gastroinlestinal. and urinary tr.lcL~. Occasionally. ECE-I­

ir was seen in cortical neurons and. in smooth muscle cells of pulmonary and systemic

vesscls. Inflammatory cells in lhe lungs. spleen and colon showed strong staining for

ECE-\. Islet of langerhans showed mOOer.lte staining for ECE-\. The pattern of ECE-I

was par-tllel to that of endothclin-l and big endolhelin-\. In situ hybridil.ation showed

expression of the mRNA in similar sites to lhose of immunostaining. In conclusion. ECE­

\ is widcly expresscd in human tissues and iL~ levcl of expression may dilTer under various

pathological states.

CUITent investigations are focuscd on lhe role of ECE-\ in normal developmenl.
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