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The physiological role of the prostaglandin (PG) E, receptor EP4 subtype was investigated by the generation of
EP4-deficient mice by gene targeting. Loss of the EP4 receptor was not lethal in utero, but most EP4 (—/—) neonates
became pale and lethargic approximately 24 h after birth, and died within 72 h. Less than 5% of the EP4 (—/—) mice
survived and grew normally more than a year. Marked congestion in the pulmonary capillaries were observed before
death, suggesting that EP4 (—/—) neonates had left-sided heart failure. Histological examination revealed that the duc-
tus arteriosus in dead neonates remained open, while it was partially closed in the survivors. In situ hybridization study
showed that EP4 mRNA was strongly expressed in the ductus. The treatment of indomethacin, an inhibitor of PG syn-
thesis, on wild-type fetus induced constriction of ductus arteriosus, while the ductus in EP4 (—/ —) fetus was insensitive
to indomethacin. These results suggest that neonatal death is at least partly due to patent ductus arteriosus, and that the
EP4 receptor plays a role in the regulation of the patency of this vessel. They also indicate that the normal function of
the EP4 receptor is essential in neonatal adaptation of the circulatory system.
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PGE, is synthesized from arachidonic acid by the actions of cyclooxygenase and PGE synthase.

Table 1. Molecular and Biochemical Properties of the Prostaglandin E Receptor Subtypes

I—F 4 YUHEREEDIFY V32 TFY 2T

Receptor Amino Kd (nM) [*H] Rank order of Signaling G
. L. . . Gene locus Isoforms
type acids PGE, binding affinity protein
[Ca2t] % 19p 13.1 (human)
EP1 405 21 PGE,>L,>E,;>F,, G hr § (mouse) 2 (rat)
EP2 362 27 PGE,=E >,>F,,, D, CAl\éft not identified None
cAMP ¥ 1p31.2 (h 7 (h
EP3 365 3 PGE,=E,>1,>D,>F,, [Ca2*] ¢ p 31.2 (human) (human)
R chr 3 (mouse) 3 (mouse)
Gi(Gq, Gs)
EP4 513 11 PGE,=E,>L, Fy, D» cAMP 1 5p 13.1 (human) None
Gs chr 15 (mouse)
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Fig. 2. Distribution of the PGE Receptor Subtype mRNAs in
Various Mouse Tissues
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Fig. 3. Disruption of the Gene Encoding the EP4 Receptor

(A) Strategy used for EP4 gene targeting. Construct of the targeting vector, organization of the EP4 gene, and the structure of the targeted genome are shown.

Restriction sites are indicated: B: Bam HI, and N: Nsi I. Arrowheads indicate PCR pr

imers. The mutated allele is identified by using the primers 401 and 402. The

wild type allele is identified by using the primers 401 and 403. The thick line indicates the DNA probe used in Southern hybridization. TK: thymidine kinase gene,
Neo: neomycin-resistant gene. (B) Southern blot analysis of Nsi I-digested genomic DNA from a representative litter of 12 pups. +/+: wild type, +/—: heter-

ozygote, —/—: homozygote. (C) Northern blot analysis. Total RNA was isolated fro

m the intestine and spleen of newborn mice and was used for hybridization

with a specific probe. Hybridization signals for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown in the lower panel.
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Table 2. Genotypes of Progenies of Heterozygote Inter-
crosses

Genotype of progenies

Genetic Time of analysis  from (+/—=)x(+/-)
background
i+ A= =/
E 14.5 fetuses 16 41 20
(120/01la) x E 19.5 fetuses 40 67 37
(CSTBL/6) 5 4.
-day-old
neonates 181 309 3
(C57BL/6) ~ >-day-old 50 84 0
neonates

The genotypes and numbers of living mice and fetuses are shown.
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T DRI « KEBIRITITIEE A ERBNED 5N
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FIRE VIR 2 b WRIBHIICB W T, ffig)
k& REMRZINA XA L TWASMETH D, HEBITE
WZEBBTHEEHICHET L ZENASNTN
5. 9% 2T, EBITRITDHIRE DK T 2 HiEY)
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HODFIREINFEZR L TWEZ EXD, KE
@ EP4 ZRKRRIE< T 2 DT R KIS HIRE DB
EAEICXDZ ENRBINT-.
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Fig. 4. Histological Analysis of Lungs from a Wild Type (A) and a Homozygous (B) Mouse Sacrificed at 30 h after Birth
Marked congestion of the pulmonary capillaries and disorganized alveolar structures are seen in the homozygous lung. Bar: 50 um.
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Fig. 5. In situ Hybridization of the EP4 Transcripts

Photomicrographs are thoracic sections of a wild type E18.5 fetus. These sections were hybridized with a 3*S-labeled antisense RNA probe for the EP4 receptor
in the absence (A, B and C) or presence (D) of an excess amount of unlabeled probe (A and C: bright-field, B and D: dark-field). Strong signals are observed in the
smooth muscle layer of the ductus arteriosus. Ao: aorta, dAo: descending aorta, DA: ductus arteriosus. Bars: 200 um (D) and 25 um (C). The magnifications of

micrographs A, B and D are the same.
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Fig. 6. Morphological Changes of Ductus Arteriosus after Birth of Wild Type Mice (Left) and EP4 (—/—) Mice (Right)

Middle: the model of fetal circulation. Ductus arteriosus are shown by arrowhead. A: aorta, DA: ductus arteriosus.
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Fig. 7. Patency of the Ductus Arteriosus in EP4 (—/—) Neonates

Thoracic sections of a wild type (A, C) and a homozygous (B, D) neonate sacrificed at 6 h after birth are shown. Bottom panels are magnifications of the ar-
rowhead on each top panel. In the wild type, the ductus arteriosus is completely closed and its wall is thicken. On the other hand, in the homozygous neonate, the
ductus is open and its wall is thin. Ao: aorta, dAo: descending aorta, P: pulmonary artery, DA: ductus arteriosus. Bar: 200 um (B) and 25 ym (D).

Fig. 8. The Ductus Arteriosus in the Survived EP4 (—/—) Neonate

Thoracic sections of a wild type (A) and a survived homozygous (B) neonate sacrificed at 3 days after birth are shown. Eight surviving homozygous mice at vari-
ous ages were examined, and representatives are shown. The ductus arteriosus (arrowhead) in the survived homozygous animals are almost closed. Ao: aorta, dAo:
descending aorta. Bar: 200 ym.
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728, i« ELE - ELEICEWAREZH5Z 5. i
12BN TR L7 O BN A i D a5 A R — X 25>
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Table 3. Survival Ratio of EP4-Deficient Mice Having
(129/0la) x (C57BL/6) Genetic Background

Parental genotype Survival ratio™

g Q
F2 (+/=)x(+/-) 2.8%
F3 (—/=)X(+/-) 4.0%
F4 (—/=)X(—/-) 4.6%
F5 (—/=)X(=/-) 29.6%
F6 (—/=)X(=/-) 34.5%

EIEIND, ZOXDBEA (D> im, FEhik -
EOZEOIR, RHEMERAL) IXFEBICEP4RE
BRMARTEHREINTHD, Hm§§WKE7¢X
WHAEROBIRE OMEARICKD, DS >z
PES ELEARICE D%tbf:%@&%i%hé.
3-2. EIREOMEICEAHD TOXY /M1 KD
B ERKDIFREBORMKIZS > RAY T Vs
ED PG G ER 25 LG5, BIEO#HIKE
IHEMNER Z D, TR, KRB DI &AM AN
HZ ETHARMEMEEZSI SR I T Z ENAS
NTNWE 2 INSDERZEZTTITy NaEz

Table 4. The Expression of Prostanoid Receptors and Cyclo-
oxygenases in Embryonic Ductus Arteriosus and Aorta

Relative grain densities in in situ hybridization

Ductus arteriosus Aorta

EP1 + +
EP2 - -
EP3 + +
EP4 HH +
1P - -
TP + +
FP - -
DP + +
COX-1 + +
COX-2 - -

* Compared with +/+ littermate (F2), +/ — littermate (F3 & F4) and
offspring of (+/+)X(+/+) mate (F5 & F6).

Relative grain densities: Hfft: very high, +: moderate, +: low, —: back-
ground level.

Fig. 9. Effect of Indomethacin on the Fetal Ductus Arteriosus

The ductus arteriosus of a wild type (A, C) and a EP4 (—/—) (B, D) fetus are shown after four hours exposure to indomethacin. Bottom panels are magnified
on upper panels. Indomethacin (5 mg/kg) was administered to E19.0 pregnant EP4 (+/ —) mice intraperitoneally. The ductus arteriosus of the EP4 (—/—) embryo
remains open, while constriction of the vessel has occurred in the wild type littermate.
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Fig. 10. Model of Fetal and Neonatal Circulations
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Z & TEIIRE OILEERLIHHEEN AL L TW % il e
EEZ, BIREICB IS 82 REROREH 2B ER &
RIEIETHE L, LALRNS, MEICHRREDE
WidEZg s hiam->7=. L7zn->7T, EP4RIEY
T ADHIRE DEITT O RY ) A REZEALISD
BEICLHPPDEEZSND.

HEDEZ A, BEP4ZRKRRIEY T 2 DHIRE
MEDEIBMHEIZENL TWBENIZTDNT O
WEmoTHE6T, SBOBETHS. JORY J
A RUSMCTENIRE OILEE - I 2SI L TS KT
123, $EERT & LTI NO, INHiKT & L T
BEIEOLER, TRV RENMSN TN
% 18720 Z QNTILH . 35 70 IE D 71T K 5 IUHE
13, KEIRTIZR SNV S O CTEIIRS 1T RN
BWRENEET R EZEZONS. BfEOEZ A, BHE
DI D A T = X AT DWW T OS2 >
TW/RWWAS, 4-aminopyridine &P K+ channel
DG DRJREMDNRIBIN TR, EP4ZHBAER
B Z0EIREN NS DRFICHL EDL S 7
FOSHEZFDOMIIMA I N N EFEENEETH
5.
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3-4. FIRERFESORE  HRITBWTH
AR T O B IRE BA S A 23 B IR B A E & T
N, RARTIZI0% L EoHEETREZ 22, FHRK
ELTIE, MFoTORyY TSI EBENEGNWD
&, BRITHTBRBERMENW ElENET 5N
THO, BEEELTEA D RAY S BENHN
5NTW5S. L, 12RAYTORIWEREL
TEARL - HiIfl « RIBRIEENFEEL, AR E
ZHHAT R EBHZN. SEIOMF KD PGE, ITX
2 EIRE AR VR L EPA /AN T L TS &&
AN, KOBIREICERSEYEL T, EP4Y
CHTZZANOEENEZSNS, Tz, FiEkE
SEE/: & D RIERIETIE, BIRENVL TN
52 EMEFIKLETHD, FilvAiic PGE, 25
T5ZETEHREZENMN TNWDEN, ZOXD7E
ABHEPAT7 I A M55 & TXROREIEH
WO BB HREENEZ NS, LhLianss
[B D EP4 Z AR 7 A DR 5 H EP4 2%
KRZDH DIZEENFEET 255 3BIRE FTFIEZ
BIERITZEMNHBALTHBD, ZOHAFI R
AZ L UREPATY O T A NS DIBEE LB
iChkhastEBZ5NS. FHir, COX-1, COX-2 DT
FERBLEYTATOERBNHE X4, EP4
R T X ERIBRIZAR 24 REFEIDANIZIET L, B
MREDEHE L TWRWI EAVHBHL, EERNSD
FHIREICBITZTOXY A ROEEENREN
7=. £/, COX-1,COX2 & ZFNFNREBSIE
ROUZXATIHZIOEDIBREFHBNENZ N &M
5, 2420 B iR & 12 ) < PGE, 1 COX-1, COX-2 [
ENSEAINDIDHDEEZ OGNS,

4. #ERE

%#13 PGE 2K EP4 Y7 % 1 7/RIEX T AD
ER E ZORBAICET 2T 2170, Zhsxy
A DK 95% INHIEBEH AN O A BT §
5ZEEHRWHL, ZORECERIE, BEERRT
& 2 ENIRE O EASE A 21T K B MG O Fs gl &
EZTOARIIHD I EERB L. £/2, HAE
A D RBRBIIRE 1213 EP4 225K mRNA 28 K& ITH
HLTwaZEzRWHL, PGE,!l3 EP4 2%k
Z9r U CTEIIRE O ULHE - stk e 2 filH L T b n]
e 2 RB L 72, EPAZAKRITIHRED A5
9, MR - N - BT SR A IR HAR I E DR
A LN, 5HBEGELZEPAZAEKRIEY YT AT
DFRFTMN S EIZE < ODRBBNFLNE TN 5 iTaelE
MH5. LMD PGE ZHREKYTH A TDRET
DAL L TR ZTD &K D ERNITBT
% PGE, DIERMNZ BT T & A THD L NV T
X% EHifEINn5.

HEE AW REEIMREREGEE AR RS
WAHLZHEIIBNWTITONZDDTH D, KIRA
WIEEB WM EZ R D £ L 72 sl R

R EEE W JEReAdicomh sl E L EiF X
T, XEAMTEO KO DERE W 272025
HRZFPELPTREE e EkE, FEPHE
REhEER pAm:EE, BT HPEZEE,
JEJNER R ZHER FE st NS MITERT
Pl EiEt, SEERERER T HEREEE
FEBEBEOHRICESEHHNZLET. BBAR
7% D —ERII GBI E B SR ZEIC K o
TITONZHDOTH O P TEH N ZL E£T.
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