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SUMMARY

Cytosolic phospholipase Aa (cPLA2a) is a major provider  deranged gestational development iPla2g4a’~ mice were
of arachidonic acid (AA) for the cyclooxygenase (COX) significantly improved by exogenous PG administration.
system for the biosynthesis of prostaglandins (PGs). Female The results provide evidence that cPLAo-derived AA
mice with the null mutation for Pla2g4a(cPLA2a) produce is important for PG synthesis required for on-time
small litters and often exhibit pregnancy failures, although  implantation. This study in Pla2g4a’~ mice, together with
the cause(s) of these defects remains elusive. We show thatthe results of differential blastocyst transfers in wild-type
the initiation of implantation is temporarily deferred mice provides the first evidence for a novel concept that a
in Pla2g4a’~ mice, shifting the normal ‘window’ of  short delay in the initial attachment reaction creates a
implantation and leading to retarded feto-placental ripple effect propagating developmental anomalies during
development without apparent defects in decidual growth. the subsequent course of pregnancy.

Furthermore, cPLA20 deficiency results in aberrant

uterine spacing of embryos. The deferred implantation and Key words: cPLAa, implantation, uterus, embryo, pregnancy

INTRODUCTION these signals should lead to strategies for correcting
implantation failures and pregnancy losses.
Embryo implantation in the uterus is one of the most crucial Prostaglandins (PGs) are implicated in various female
steps in mammalian embryo development. It requires botreproductive functions (Lim etal., 1997; Lim et al., 1999a). PGs
prior preparation of the receptive uterus and activation of thare generated from arachidonic acid (AA) by phospholipase A
blastocyst, and is initiated by the attachment of the blastocy8PLA2s) followed by cyclooxygenases (COX). PLAlays
trophectoderm to the uterine luminal epithelium between 22:06rucial roles in diverse cellular functions, including
and 24:00 hours on day 4 of pregnancy in mice (Das et aphospholipid metabolism, immune functions and signal
1994). Concurrently with the attachment reaction, an increasdchnsduction by generating bioactive lipid mediators (Gijon and
endometrial vascular permeability becomes evident at thieeslie, 1999; Valentin and Lambeau, 2000). Once activated by
site of implantation. This event is followed by localized a variety of stimuli, PLA hydrolyzes the ester bonds of fatty
endometrial decidualization with luminal epithelial apoptosisacids at thesn-2 position of phospholipids, producing free fatty
and subsequent invasion of the trophoblast through thacids and lysophospholipids. The mammalian PLA
basement membrane into the stroma (Dey, 1996). Coordinatedperfamily consists of four major subfamilies that include
interactions between ovarian estrogen and progesterahe (Rytosolic (cPLA), secretory (sPL4, Ca&*-independent
prime the uterus for implantation. For example, removal ofiPLA2) and platelet-activating factor (PAF) acetylhydrolase.
preimplantation ovarian estrogen secretion in mice byVhile cPLA and sPLA participate in various cellular
ovariectomy results in blastocyst dormancy and prevents tHanctions by generating free fatty acids, including AA, iBLA
attachment reaction. Dormant blastocysts can be activated and PAF acetylhydrolase primarily contribute to membrane
implant in the R-primed uterus by a single injection of remodeling and attenuation of PAF bioactivity, respectively
estrogen (Paria et al., 1993a; Paria et al., 1993b). Th@urakami et al., 2000). PLAderived AA gives rise to various
molecular signals that regulate implantation are ofipid mediators, including PGs, leukotrienes, thromboxanes and
considerable clinical relevance as understanding the nature efidocannabinoids. These mediators via various signaling
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pathways exert a wide range of cellular functions (Clark et alQvulation and fertilization
1995; Mechoulam et al., 1998; Serhan and Oliw, 2001). Amongo examine ovulation and fertilization, wild-type Pla2g4a’- mice
the PLA superfamily members, cPLAs a key regulator of were bred with fertile males with same genotypes, respectively. The
eicosanoid biosynthesis, because it selectively releases ARorning of finding a vaginal plug was designated day 1 of pregnancy.
(Clark et al., 1995). It lacks sequence similarity to otheMice were killed on day 2 of pregnancy and oviducts were flushed
members of the PLAsuperfamily, suggesting a unique role of with  Whitten'’s medlum to recovery eggs and_ embryos. Th(?lr
cPLA>. Recently, two oiher cPLAisoforms, cPLAB and  mebieony B8 CRmaee i 8 e o e ona.
E:Lljrl;(':la\;\r/\,/vg(?(;leetbf;ﬁnlglggr;]tlsﬂggg ";t tgl_e’ ?g&??asssi;—mggtibﬁz%g%ida dissection as previously described by us (Matsumoto et al.,
name for cPLA as cPLAaq, although they, unlike cPLA&, do '
not show substrate preference for AA (Song et al., 1999).  Implantation and decidualization

As a major source of AA for PG synthesis, cB&A Implantation sites on days 5 and 6 of pregnancy were visualized by
undergoes Ca-dependent translocation to the perinuclear ancin intravenous injection of Chicago Blue dye solution (Paria et al.,
endoplasmic reticular (ER) membranes, the sites of COX993b). The uteri of mice with a few or without implantation site were
enzymes (Clark et al., 1995; Murakami et al., 2000). To datdlushed with Whitten’s medium to recover unimplanted blastocysts.
more than ten PLAand two COX isoforms (COX1 and COX2) Recovered embryos were observed under a dissecting microscope.
have been identified in mammals (Smith and DeWitt, 1996; Six FOr reversal experiments, Pg&nd cPGI (Cayman Chemical, Ann

. . . - Arbor, MI) were prepared in 10% ethanol/90% saline. Injections
anq DanIS, 2.000' Vale.ntln .and '-ambea!" 2000), indicatin GE + cPGl, 5ug each/mouse, i.p.) were given at 10:00 and 18:00
their differential roles in distinct biological responses toy,

. . . . ours on day 4 of pregnancy. The control mice received the vehicle.
various stimuli. For example, in mast cells, sSBlAd cCPLAO  mpjantation sites were recorded on day 5 morning (10:00 hours) by
are functionally coupled to COX1 and COX2, and participat@ne blue dye method.

in early and late PGPDsynthesis, respectively (Reddy and To induce artificial decidualization, pseudopregnant wild-type or

Herschman, 1997). Pla2g4a’~ mice received intraluminal infusion of sesame oil (25
Owing to their vasoactive, mitogenic and differentiatingin one uterine horn on day 4 or day 5 (10:00 hours) and were killed

properties, PGs are implicated in ovulation and implantatior days later. Uterine weights of the infused and non-infused (control)

(Lim et al., 1997). Recent genetic evidence points towardgorns were recorded and the fold increases in uterine weights were

essential functions of enzymes responsible for PG biosynthed{§ed as an index of decidualization (Lim et al., 1997).

in reproduction. Consistent with our previous report of uterings|astocyst transfer

induction of COX-2 at the §ite (.)f blastocyst. impl"’mt""tionMating females with vasectomized males induced pseudopregnancy.
(Chakraborty et al., 1996), mice with null mutation RIgS2  pay 4 wild-type orPla2gda’~ blastocysts were transferred into the

which encodes COX2, show multiple female reproductiveyteri of wild-type orPla2g4a’~ pseudopregnant recipients on day 4
failures, such as defective ovulation, fertilization, implantation(Paria et al., 1993b). The number of implantation sites was recorded
and decidualization (Lim et al., 1997). By contrast, femaley the blue dye method on day 5 morning (10:00 hours) (Paria et al.,
mice with null mutation foPtgs1 which encodes COX1, are 1993b). To examine pregnancy outcome of implantation beyond the
fertile with limited parturition defects (Langenbach et al.,normal ‘window’ of uterine receptivity, day 4 wild-type blastocysts
1995). Studies OIPthZ" mice further showed that while Were transferred into wild-type pggudopregnant recipients on day 4 or
prostacyclin (PGJ) plays a major role in implantation, PGE day E|> of pseutljopregnancy. Recipients were ex?mlnelq for SL;bsequent
plays a complementary role in this process (Lim et al., 1999 e.er\rﬁ opmental events on day 12 or observed for delivery of pups at
Of the many PLAs, cPLA (cPLAxa) is known to couple '
functionally to COX2 in specific cell types (Reddy andGross observation and histological examination of
Herschman, 1997; Takano et al., 2000), and mice with nulinplantation sites and embryos
mutation for Pla2g4g which encodes cPLA&, have small Day 12 implantation sites and embryos were examined using the
litters with presumed parturition defects and often showprotocol as previously described with some modification (Hogan
pregnancy failures (Bonventre et al., 1997; Uozumi et al¢t al., 1994). Isolated day 12 implantation sites were weighed
1997). However, the underlying cause of this reduced ferti"t}i"]dividua”y, fixed in 10% formalin overn_ight an_d d_iS.SECtEd to iSO|at(f)
still remains unknown. UsinPla2g4a mutant mice and €mbryos. Isolated embryos were weighed individually and their
ifrenial bastonyst ansiers n wi-bpe mice, we shonS0S ere APy lo ecarine e e ano goss maphooy o
_here tha.t a short dgferral of the “Orma' window Ofi plantation sites were stained with Eosin and Hematoxylin.
implantation results in severe progressive developmentarf1
anomalies during the course of pregnancy. In addition, g®LA Measurement of PGs
deficiency results in abnormal uterine spacing of embryos. pGs were quantitated using gas chromatography/negative ion
chemical ionization mass spectrometric assays as described

MATERIALS AND METHODS previously (DuBois et al., 1994).
_ RT-PCR analysis
Mice RT-PCR analyses were performed using gene-specific primers by

The disruption of th&la2g4agene was originally achieved in J1 ES following a protocol previously described (Paria et al., 1993a).
cells by homologous recombination as described (Bonventre et al.,,

1997). Genotyping was by PCR analysis of genomic DNA. All of theHybridization probes

mice used were housed in the Animal Care Facility at the Universitense or antisens&S-labeled cRNA probes were generated using
of Kansas Medical Center, according to NIH and institutionalappropriate polymerases from cDNAsRta2g4a Pla2g2d Pla2g2e
guidelines for laboratory animals. Pla2g1Q Lif, HoxalQ Hegfl Areg Ptgsl and Ptgs2 for in situ
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hybridization as previously described (Das et al., 1994). Mous@-cell embryos on day 2 of pregnancy. All of the wild-type

cDNAs to Pla2g4a Pla2g2d Pla2g2eand Pla2gl0were generated (n=13) and P|a294a'/— (n=10) mice ovulated (Fig. 1A). A

by RT-PCR cloning using TOPO cloning kit (Invitrogen, Carlsbad,slight, but statistically insignificant, reduction in the number of

CA). ovulated eggs was noted iRla2g4a’~ mice. A modest

reduction in the fertilization rate in mutant mice was also

In situ hybridization was performed as previously described (Das Ote(.j' Th|§ modest re/guctlon was not due to defectllve Sperm

al., 1994; Song et al., 2000). Frozen sectiongufh? were mounted “”.CF'O”,S in Plazgaa ma!es, as fr"ssessed by in_ vitro

onto poly-L-lysine-coated slides, fixed in cold 4% paraformaldehydéert”|Zat|0n and Cross-brgedlng experiments (data not shown).

solution in PBS, acetylated and hybridized at@3or 4 hours in  Thus, subsequent experiments used wild-typeRiagg4a’-

hybridization buffer containing thé®S-labeled antisense cRNA females mated with males of the same genotypes.

probes. After hybridization, the sections were treated with RNase A

(20 pg/ml) at 37C for 20 minutes. RNase A-resistant hybrids wereCD1

detected by autoradiography. Sections hybridized with the senggur next objective was to determine if these phenotypes were

probes served as negative controls. retained inPla2g4a’~ mice on the CD1 background. While
ovulation and fertilization rates were increased in both wild-
type and Pla2g4a’~ mice, their profiles were similar to

In situ hybridization

RESULTS C57BL/6J mice (Fig. 1B). These results suggested that
) o ) cPLA2a has a modest role in ovulation and fertilization, but

Ovulation and fertilization are modestly reduced in not to the extent that was observed for COX2 deficient mice

Pla2g4a-'- mice showing profound defects in these processes (Lim et al., 1997).

To determine the cause(s) of reduced fertilityPla2g4a’~ ] . o ]
female mice, we examined in detail the reproductivéNormal ‘window’ of implantation is altered in
phenotypes of these females during pregnancy. There Rlazg4a~'- mice
evidence that genetic background of mice contributes télthough ovulation and fertilization were somewhat reduced
different phenotypes (Threadgill et al., 1995). Furthermore, & Pla2g4a’~ mice on C57BL/6J or CD1 background, these
number of inbred mouse strains including C57BL/6J andeduced rates cannot fully account for the reduced litter size
129/Sv have a natural null mutation BFla2g2a encoding observed in these mice (Bonventre et al., 1997; Uozumi et al.,
SPLAx-1IA (Kennedy et al., 1995; MacPhee et al., 1995). Thus1997). Furthermore, frequent pregnancy failure in plug-
defective reproduction inPla2g4a’~ mice on C57BL/6J positivePla2g4a’—mice (Bonventre et al., 1997) also suggests
background may reflect deficiency of both cRtAand sPLA- uterine defects between fertilization and parturition. We thus
IIA. By contrast, the outbred CD1 mice with larger litter sizesinvestigated whether cPL& deficiency impedes implantation
have variable genotype (+/+, +/—, —/-) Bfa2g2amutation  and decidualization in mice on these backgrounds. Increased
(Kennedy et al., 1995). Therefore, to study the reproductiveascular permeability at the site of blastocyst implantation was
events in more detail, we introduced cPtAdeficiency in  recorded on day 5 of pregnancy by the blue dye method (Paria
CD1 mice by crossing with C57BL/@la2g4a’~ mice. The et al., 1993b).
results on these two strains are described.
C57BL/6J
C57BL/6J While an average of approx. nine implantation sites
To examine the ovulation and fertilization statu®ia2g4a’~  (9.4+0.4/mouse) were observed in all of the eight wild-type
mice, we counted the number of ovulated eggs and fertilizexhice, only about three implantation sites (2.6+0.6/mouse) were
detected in nine out of 1Bla2g4a’~ mice on day 5 (09:00
hours) of pregnancy. The reduced number of implantation sites

A B(+4) B B (++) was not due to compromised ovulation and fertilization in
o4 . s - i) it Pla2g4a’- mice for two reasons. First, the few implantation
x sites that were detected Rla2g4a’~ mice on day 5 of
%a~ L g0 & %10— g0 & pregnancy showed a very _weak blue reaction, suggesting
2 " % 2 8l z E defective vascular permeability changes during the attachment
5 61 - 60 = 5 - 60 = reaction. Second, the number of blastocysts recovered from
3 & 386 & thesePla2g4a’~ mice was more than the visible implantation
M [40 8 ' (40 8 sites, suggesting that these blastocysts failed to initiate the
£ o | 5 5 | ,,5  attachment reaction.
z = - =
0 -0 0 = Lo CD-1
Ovulaton;  fertiization Dvutation  fertization Implantation defects were more prominenPia2g4a’~ mice

. . I - on this background. On day 5, an average of less than two
Fig. 1.Ovulation and fertilization rates iPla2g4a’—mice. The rate : : : :
of ovulation and fertilization in wild-type arRla2g4a’~mice was Implantatlon/_sne_s (1ﬂ3-3/m°“53) was detected in four out of
examined on day 2 of pregnancy on C57BL/6J (A) and CD1 (B) 12 Pla294a_r mice _exam_lned (Fig. 2A). Not only was the
genetic backgrounds. The numbers within the bars indicate the ~ nNumber of implantation sites remarkably low, but also a large
number of mice with ovulation/total number of mice. Results of number of unimplanted blastocysts was recovered from all 12
ovulation are mean+s.e.m. Statistical significance was evaluated ~mice after flushing their uteri (Fig. 2B). Of the 61 blastocysts
using unpaired-test andy?-test, respectively £<0.01). recovered, 55 of them were zona free and only six blastocysts
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g

Fig. 2. Implantation and decidualization in A
Pla2g4a’-mice. (A) The number of

implantation sites was examined on days 5

6 of pregnancy in wild-type arla2g4a’~

mice by the blue dye method. The number:
above the bars indicate the number of mice

with implantation sites/total number of mice
(unpairedt-test, #<0.001). The uteri of mice

with a few or without implantation sites wer
flushed to recover unimplanted blastocysts 0 A
The mice without implantation sites or Day 5 Day 6

blastocysts were excluded from the Days of pregnancy

experiments. (B) A representative C D
photomicrograph of blastocysts recovered

from Pla2g4a’-mice on day 5 of pregnancy

(1000 hours) is shown. Note blastocysts wi

(arrow) or without zona pellucida.

(C) Representative photographs of uteri wit  Day 5
implantation sites (blue bands) on days 5 a
6. Note very few or no implantation sites or
day 5, but unevenly spaced implantation sit
on day 6 inPla2g4a’mice. Arrowhead and
arrow indicate ovary and implantation site,
respectively. Brackets indicate crowding of
implantation sites. (D) Decidualization. Wilc
type orPla2g4a’mice received intralumina
oil infusion on day 4 of pseudopregnancy. (
day 8, uterine weights were recorded. Fold !
increases denote comparison of weights (+14) ()
between infused and non-infused uterine

horns. The numbers above the bars indicate the number of responding mice/total number of mice. No significant difference in
decidualization was noted between wild-type Rtalg4a’-mice (unpaired-test;P>0.05).
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were zona encased. Morphological appearance of thesgraluminal oil infusion (Lim et al., 1997). Although the

blastocysts apparently looked normal. Similar to C57BL/6Attachment reaction between the blastocyst and uterine luminal

Pla2g4a’ mice, the permeability changes at the implantatiorepithelium is deferred in the absence of cBitAwhether it is

sites were also poor (Fig. 2C, top). By contrast, an average afso crucial for decidualization is not known. Thus, we

11 distinct implantation sites was detected in seven out of sevexamined decidualization iRla2g4a’~ mice by intraluminal

wild-type mice examined (Fig. 2A,C). oil infusion on day 4 of pseudopregnancy (Fig. 2D). The results
It has long been held that implantation in rodents occurs onighow that 11 out of 1Pla2g4a’~ mice had similar decidual

for a limited period (~24 hours) defined as the ‘window’ ofresponse as the wild-type mice with respect to increased

receptivity for implantation (Paria et al., 1993b; Dey, 1996). Iruterine weight (14.5+1.6-fold versus 15.6+2.7-fold). Taken

mice, the uterus becomes receptive on day 4 of pregnancy witbigether, the results suggest that the initial attachment reaction

the initiation of the attachment reaction around midnight (Parizg perturbed inPla2g4a’~ mice, but not the ability of the

et al., 1993b; Das et al., 1994; Dey, 1996). We surmised thaterine stroma for decidualization. This is a novel finding that

unimplanted blastocysts that we observe®lam2g4a’~ uteri  has not been observed in many other mutant mice with peri-

on day 5 could implant beyond the normal ‘window’ of implantation defects (Benson et al., 1996; Lim et al., 1997;

implantation. As shown in Fig. 2A, all of tida2g4a’~mice  Robb et al., 1998).

(12/12) showed distinct implantation sites (6.8+0.6) on day 6 _ _ )

of pregnancy, providing evidence that implantation had”/@a2g4a expression follows dynamic changes in

occurred beyond the normal ‘window’. Similar results werePtgsl and Ptgs2 expression in the uterus during

obtained using C57BL/6J mice (data not shown). Collectivelyimplantation

these results establish that implantation occurs beyond thes Pla2g4a’— mice show implantation defects, it is possible

normal ‘window’ of implantation in Pla2gd4a’~ mice, that thePla2g4agene has a cell-specific expression pattern

suggesting that uterine and/or blastocyst cRLA crucial to  relevant to implantation. We compared the expression of

the initial attachment reaction. Pla2g4a with Ptgsl (COX1) and Ptgs2 (COX2) during

) ) ) o ) implantation by in situ hybridization. As shown in Fig. 3A,
Experimentally induced decidualization is normal in Pla2g4ais expressed in the uterine epithelia on day 4 of
Pla2g4a~"- mice pregnancy in a pattern similar to thatRifjs1(Chakraborty et

The blastocyst attachment reaction is followed by extensival., 1996). With the initiation and progression of implantation,
stromal cell proliferation and differentiation into decidual cells.the pattern oPla2g4aexpression was similar to that Bfgs2
Decidualization can also be induced experimentally i(COX2) on days 5-8 of pregnandjla2g4awas expressed in
pseudopregnant or steroid hormonally prepared uteri bgtromal cells surrounding the implanting blastocyst on day 5
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A B

(++) (1)

Hegfl

Day 5
Ptgs2

Day 6
g Lif

Fig. 3.Expression oPla2g4ain wild-type uteri during implantation and expression of implantation-specific gefésdg4ar— uteri.

(A) Comparison of expression Bla2g4awith PtgslandPtgs2in the mouse uterus during implantation. In situ hybridizatioRla2g4a
PtgslandPtgs2on days 4-6 (09:00 hours) of preghancy is shown. (B) In situ hybridizatidegif Ptgs2 andLif in uteri of wild-type and
Pla2g4a’~mice on day 5 of pregnancy (10:00 hours). Note aberrant expressi@gibPtgs2andLif in the luminal epithelium and/or
underlying stroma surrounding the blastocysRla2g4a’—mice. Arrows indicate the location of blastocysts. ge, glandular epithelium; le,
luminal epithelium; s, stroma; myo, myometrium.

of pregnancy. On day 6-8, the expression was primarilyterus surrounding the blastocyst during the attachment
restricted to the mesometrial pole of the implantation sitereaction (Chakraborty et al., 1996; Song et al., 2000), were
However, the expression Bfa2g4awas more widespread and either undetectable or aberrantly expressed at the sites of
apparently at lower levels than that Bfgs2 These results blastocysts inPla2g4a’= mice on day 5 in the absence of

suggest that cPLA is available as an AA provider for uterine implantation (Fig. 3B). These results show that the expression

PG biosynthesis during implantation. of genes involved during early implantation is altered when on-

] ) ) N time implantation does not occur in the absence of uterine
Expression of implantation-specific genes are cPLA2q, further confirming that the implantation process had
dysregulated in Pla2g4a~'- mice been deferred.

Deferred implantation irPla2g4a’~ mice could be due to ) ) _ _

deficiency of uterine cPLA and/or secondary to aberrant Maternal cPLA 2a is crucial for implantation

expression of genes considered important for implantatiorAlthough Pla2g4a is expressed in the uterus during
Normal implantation requires preparation of the uterus to theanplantation and the attachment reaction is temporarily
receptive stage and embryo-uterine interactions for thdeferred in the absence of cPIdA it is possible that embryonic
attachment reaction followed by vascular permeability andPLA2a is also a contributing factor in directing proper
stromal decidualization at the sites of blastocysts (Dey, 1996¢mbryo-uterine interactions during implantation. Thus, we
Thus, we examined uterine genes involved in these evengserformed reciprocal embryo transfer experiments. Day 4 wild-
Genes includingAreg (amphiregulin),Ptgsl HoxalOandLif  type orPla2g4a’= blastocysts were transferred into wild-type
are expressed on day 4 morning and implicated in uteriner Pla2g4a’~ recipients on day 4 of pseudopregnancy and
preparation (Benson et al., 1996; Chakraborty et al., 1996; Liimplantation rate was examined 24 hours later. As shown in
etal., 1997; Song et al., 2000). These genes were appropriatdgble 1, day 4 wild-type blastocysts transferred into wild-type
expressed inPla2g4a’~ mice, suggesting that uterine recipient uteri showed normal complementation of implantation
preparation was not altered (data not shown). Howeéiefl (42.4%, n=6). By contrast, wild-type blastocysts transferred
the gene encoding HB-EGF, the earliest known moleculanto Pla2g4a’~ recipients showed considerably reduced
marker of embryo-uterine interaction for implantation (Dasnumber of implantation sites (21.2%x8). However, reduced

et al., 1994), was not induced in the luminal epitheliumimplantation rate was not observed wiRta2g4a’—blastocysts
surrounding the blastocyst prior to the attachment reaction amere transferred into wild-type uteri; over 40% of the
day 4 night (data not shown) or on day 5 morninglaRg4a’~  blastocysts transferred showed implantation in all seven mice.
mice not showing implantation sites (blue bands) (Fig. 3B)Collectively, the results suggest that maternal cfl,Aut not
FurthermorePtgs2andLif, which are normally induced in the embryonic, is the primary contributor to on-time implantation.



2884 H. Song and others

Table 1. Implantation of blastocysts transferred into pseudopregnant wild-type oPla2g4a’~ mice

Genotypes

Number of Number of Number of Number of Number of
Blastocysts Recipients blastocysts transferred recipients mice with IS mice without IS IS (%)
+/+ +/+ 85 6 6 0 36 (42.4)*
++ —/—- 113 8 7 1 24 (21.2)
—I- +/+ 94 7 7 0 38 (40.5)*

Day 4 wild-type oPla2g4a’~ blastocysts were transferred into uteri of wild-typ@t2g4a’-recipients on day 4 of pseudopregnancy. Recipients were killed
on day 5 to examine implantation sites (IS) by the blue dye method. Uteri without IS were flushed with saline to recoveplamyashblastocysts.
* are significantly different fronf (x2-test;P<0.01).

Uterine levels of PGs are reduced in  Pla2g4a~"- mice consistent with co-localization oPla2g4a and Pla2g10

The production of eicosanoids is reduced Rta2g4a’~  (sPLAx-X) with Ptgsl on day 4 prior to the attachment
macrophages (Bonventre et al., 1997; Uozumi et al., 1997). ieaction, and primarily oPla2g4awith Ptgs2from the time

is not known whether similar situation exists Rta2g4a’~ of attachment reaction and thereafter (see Fig. 3A).
uteri. Thus, we examined whether cPiAdeficiency leads to  Furthermore, the reduced levels, but not complete abrogation,
the reduced PG levels prior to and during implantation. Ouof PGs inPla2g4a’~ mice suggest that other sPrAamily
results show that the levels of B@lere significantly reduced members contribute partially to maintain basal levels of uterine
in Pla2g4a’~ uteri on day 4, and both P&Gand PGE were  PGs. In this respect, our results show BlaRg1b(sPLAx-IB),
reduced on day 5 of pregnhancy (Fig. 4A,B). PiGlthe major Pla2g2a (sPLAx-11A), Pla2g2c (sPLAx-IIC), and Pla2g5

PG that is produced at the implantation sites in mice (Lim eisPLAy-V) are undetectable in day 4 pregnant uteri by RT-
al., 1999a). The less significant difference in uterine PGEPCR, although they are detected in other tissues used as
levels on day 4 could be due to the expression of specifontrols. However, RT-PCR detected uterine expression of
sPLA: family members as providers of AA for COX 1. This is three other memberBla2g2d(sPLAx-11D), Pla2g2e(sPLAx-

A B (+/+) B B (+/+)
Fig. 4. Uterine status of PGs and expression of 44 B () 41 u ()
genes encoding sPL8, and restoration of normal
implantation inPla2g4a’mice by PGs.
(A,B) The levels of PGs in uteri of wild-type and
Pla2g4a’-mice on days 4 and 5 of pregnancy,
respectively. PGlwas measured as 6-keto-PF
N.D., not detectable (unpair¢dest, #<0.05;
** P<0.01;n=4-5). (C) Expression of genes
encoding sPLAisoforms in various wild-type
mouse tissues by RT-PCR. Heart (H), intestine (1), 0
kidney (K), liver (Li), lung (Lu), spleen (S) and PGF,, PGl, PGE, TxB, PGF,, PGl, PGE, TxB,
testis (T) tissue samples were used as controls Day 4 of pregnancy Day 5 of pregnancy
along with uterine (U) samples obtained on day 4 c
of pregnancyActb, mouseB-actin. (D) In situ
hybridization ofPla2g10(sPLA2-X) in uteri of
wild-type mice on days 4 and 5 of pregnancy. Note
uterine expression &fla2g10similar to that of

nglg tissue
nglg tissue

H | K Lilu§ T U
Pla2gib

Pla2g2a

Plal2glec

Pla2g4aandPtgslon day 4 (compare with Fig. s
3A). The arrow indicates the location of a Fiatuae
blastocyst. ge, glandular epithelium; le, luminal Pla2gs

epithelium; s, stroma; myo, myometrium. Pla2g10
(E) Restoration of normal implantation in

i

*

Pla2g4a’- mice.Pla2g4a’~ mice were injected Pla2g10
with saline or PGEplus cPGI twice (10:00 and

18:00 hours) on day 4 and implantation sites were 10 1

examined on day 5 (10:00 hours). The numbers 78 Xoike i
above the bars indicate the numbePtz2g4a’- 8 ki ol -

mice with implantation sites/total number of
Pla2g4a’-mice used (unpaireistest; *P<0.001).
The mice without implantation sites or blastocysts
were excluded from the experiments.

(F) Representative photographs of day 5 uteri of

Number of implantation sites [Tl

»
' A . _
a Day 5 W\ / r i’
o \ / \
N BRAYAR V. R
() ()

Pla2g4a’-mice given the vehicle or PGs on day 4 24 i .
of pregnancy. Note increased number of j (+-)
implantation sites with prominent blue reaction 0A

after PG treatment. Brackets indicate crowding of Vehicle 'PGE;*-(:PG'E
implantation sites. Pla2g4a(-/-) mice
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IIE) and Pla2g10 (sPLAx-X), on day 4 (Fig. 4C). Further placental developmental phenotypes ranging from less severe
examination by in situ hybridization showed that while theto markedly retarded growth. Our observation of retarded
uterine expression dfla2g2dand Pla2g2ewas insignificant postimplantation development and demise of embryos was
(data not shown)Pla2g10 was expressed in the uterine reflected in high embryonic mortality (38% versus 2%) and the
epithelium similarly toPla2g4aon day 4, but the expression reduced number (4.8+0.8 versus 12.2+0.8) of pups delivered at
was very low on day 5 (Fig. 4D). These results suggest thairth by Pla2g4a’~ mice as compared to wild-type mice,
SPLA>-X could serve as an alternative source of AA inconfirming previous reports (Bonventre et al., 1997; Uozumi
Pla2g4a’~ mice prior to implantation, but its role during et al., 1997).

implantation is questionable. If deferred implantation is a cause for defective
postimplantation embryonic development, administration of

Exogenous administration of PGs restores normal PGs prior to the attachment reactiorPia2g4a’ mice should

‘window’ of implantation in  Pla2g4a~'~ mice improve later stages of embryo development. Thus, we

The reduced levels of PGsia2g4a’-mice led us to restore examined day 12 embryos frofta2g4a’— mice injected with
normal implantation timing in Pla2g4a’~ mice by PGEandcPGl at 10:00 and 18:00 hours on day 4 of pregnancy.
supplementing PGs (Fig. 4E,F). Administration of B@Ed  We noted considerable improvement in embryonic development
carbaprostacyclin (cPGI, a more stable analogue 0$)RGI with concomitant decreases in the number of retarded embryos
Pla2g4a’ mice twice on day 4 (10:00 and 18:00 hours, i.p.)compared to vehicle-treat&la2g4a’~ mice (Fig. 5E).

restored implantation when examined on day 5. For example, S ) _

seven out of eight mice injected with P&dhd cPGI showed Embryo spacing is disturbed in  Pla2g4a~"- mice

an average of approx. eight implantation sites similar to normélimited information is available regarding cellular and
day 5 implantation sites in wild-type mice (Fig. 4E,F). Bymolecular basis of embryo spacing in the uterus (McLaren and
contrast, parallel experiment without PG supplementatioMichie, 1959). Previous reports using pharmacological
again showed poor implantation rate as described above; seviehibitors suggested that PGs are involved in embryo spacing
out of 16 Pla2g4a’~ mice injected with the vehicle had an in rats (Wellstead et al., 1989). This prompted us to examine
average of two implantation sites, although blastocysts wemore closely the spacing of embryos Rta2g4a’~ mice.
recovered from all 16 mice examined. These results show thatthough we observed increased implantation rates in
PG supplementation restores the normal ‘window’ ofPla2g4a’~ mice on day 6, i.e. after a short delay, embryo
implantation inPla2g4a’~ mice, further reinforcing a major spacing was aberrant (see sites within brackets in Fig. 2C). This
role of cPLAa in PG biosynthesis. Although thromboxang B abnormal spacing was more prominent when examined on day
(TxBy) levels were drastically reducedmte2g4a’—uteri (Fig.  12. Implantation sites were closely apposed or even fused
4A,B), it is not likely to play any significant role in together (see sites within brackets in Fig. 5A). Upon dissection,
implantation, as mice deficient in thromboxane receptor do nate often observed that two or more embryos were residing in

show reproductive defects (Thomas et al., 1998). the same decidual envelope or conjoined by a single placenta
) . (Fig. 5F). This could be one reason for retarded embryonic
Implantation beyond the normal ‘window’ of development and resorptionfa2g4a’—mice, resulting from
implantation in -~ Pla2g4a~"- mice leads to defective crowding of embryos. However, retarded growth of well-
postimplantation development spaced embryos was also notedla2g4a’ mice.

We demonstrate here that implantation occurs beyond the Although PG treatment on day 4 of pregnancy restored
normal ‘window’ of uterine receptivity irPla2g4a’~ mice  normal implantation timing ifPla2g4a’~ mice (Fig. 4E), this
(Fig. 2). This new finding of deferred implantation and smaltreatment did not rescue altered embryo spacing (Fig. 4F),
litter size led us to scrutinize postimplantation embryosuggesting that other PGs or mediators, or AA itself are
development ifPla2g4a’—mice. We examined the growth and involved in normal embryo spacing prior to the attachment
development of the implantation sites on day 12 to assess theaction. Alternatively, failure of exogenously delivered PGs to
effects of deferred implantation on subsequent developmentadstore normal spacing could be due to inappropriate delivery
processes. As shown in Fig. 5A, while most of the implantationf PGs at the right time at the target tissues responsible for
sites in wild-type orPla2g4a’~ mice were well spaced and embryo spacing. Our results provide genetic evidence for a role
developed normally, many implantation sites Rta2g4a’~  of cPLAxa in this important event.

mice were smaller and showed signs of resorption. The median ) S )

weight of day 12 implantation sites or isolated embryos waBeferred implantation in wild-type mice leads to late

reduced significantly ifPla2g4a’~ mice when compared with gestational defects

wild-type or Pla2g4a’~ mice (Fig. 5B). Although there was To reinforce that implantation timing affects postimplantation
only a short delay in the timing of implantation, many of thedevelopment, we used embryo transfers in wild-type mice.
isolated embryos fronPla2g4a’~ mice exhibited retarded Wild-type day 4 blastocysts were transferred into day 4 or day
growth at varying degrees (Fig. 5C). Furthermore, defectivé wild-type pseudopregnant mice. We observed that blastocysts
development of feto-placental unit with hemorrhagic placentasansferred either on day 4 or day 5, when examined 48 hours
and preponderance of trophoblast giant cells was frequentlgiter, showed similar implantation rates (Fig. 6A). However,
noted, although decidual defect was not apparent (Fig. 5D$evere developmental anomalies and resorption of implantation
Similar dominance of trophoblast giant cells has previouslgites were noted later in pregnancy if blastocysts were
been reported in mice with mid-gestational placental defectsansferred into day 5 recipients when compared with their
(Tremblay et al., 2001). Our results show that a transient deldsansfer into day 4 recipients (Fig. 6B). Furthermore, the
in the attachment reaction produced heterogeneous fetoumber of pups born at term was much lower for recipients
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Fig. 5. Defective postimplantation developmentia2g4a’—mice. (A) A composite photograph of uteri in wild-type d@id2g4a’~ mice on
day 12 of pregnancy. Resorption sites were often noted (arrows) and many implantation sites were closely apposed and@&yen conjo
(brackets) to each other la2g4a’~ mice. (B) Median weights of implantation sites and their embryos on day 12. The implantation sites
without embryos (resorption sites) were excluded from this computation. (C) Photographs of embryos isolated from implastafionesi
representative wild-type and ti®a2g4a’—mice on day 12. Note retarded and asynchronous development of emidP@Bgaa’™ mice.

(D) Histological examination of day 12 implantation site®ia2g4a’ mice. Feto-placental units froRla2g4a’~mice were examined on day
12. Embryos and placentas show defective development with a preponderance of trophoblast giant cells. Arrowheads amdliaatarrow i
trophoblast giant cells and degenerating embryo, respectively. (c,d) Higher magnifications of a,b, respectively. la, Gabpphibirast; sp,
spongiotrophoblast; dec, decidua. (E) Distribution of embryonic weights on day@@2-75). The horizontal orange lines represent median
values of embryonic weightBla2g4a’~mice were given the vehicle or PGs at 10:00 and 18:00 hours on day 4 of pregnancy and killed on day
12. Note a reduction in numbers of retarded embryos in the PG-treated group. (F) Representative photographs of conjoinedaembryos
placenta (a,c) and three embryos in the same decidual envelope (b,®)d&gaa’~mice on day 12. (c) A histological section of (a) with two
embryos; embryos shown in (d) are from (b). Yellow arrows indicate the source of the embryos from the decidual envelope.

receiving blastocyst transfers on day 5 (16/130, 12.5%) thamplantation is a crucial determinant for normal feto-placental
those receiving transfers on day 4 (44/168, 26%) (Fig. 6C). Bgtevelopment and pregnancy outcome. It is surmised that an
contrast, as ifPla2g4a’~ mice, there was no difference in the altered uterine environment resulting from the shifting of the
decidual response induced by intraluminal oil infusion eithenormal ‘window’ of implantation cannot efficiently support
on day 4 or 5 of pseudopregnancy in wild-type mice (Fig. 6D)normal pregnancy. This finding has a major clinical
These results in wild-type mice, together with our findingssignificance, as implantation in humans beyond the normal
in Pla2g4a’~ mice, clearly demonstrate that timing of ‘window’ of uterine receptivity (8-10 days postovulation) is
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A B Broarded 15| the causes of small litter size and parturition defects previously
" B normal IS observed (Bonventre et al., 1997; Uozumi et al., 1997).
= 31/60 iy
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25 a0 DISCUSSION
: "é 60% 1
g A - cPLA2a is implicated in diverse biological functions (Clark et
§§ 201 al., 1995; Bonventre et al.,, 1997; Uozumi et al., 1997,
=% 49 20% 1 Fujishima et al., 1999; Gijon and Leslie, 1999). While cRLA
= il derived AA is a substrate for COX and lipoxygenase pathways
Day4 Day5 Day4 ~ Day5 for eicosanoid production, intracellular AA also has its own
PO ol OO OO s SR biological effects (Clark et al., 1995; Gijon and Leslie, 1999).
Recent studies showed depressed PG synthesis, small litters
Cc D and defective parturition iRla2g4a’ mice (Bonventre et al.,

1997; Uozumi et al., 1997; Fujishima et al., 1999). However,
il - L P the cause and underlying mechanism of these reproductive
251 defects were not defined.
We here demonstrate that it is the initiation of implantation

i that is affected ifPla2g4a’~ mice, leading to the derangement

% pups delivered at term
@

Fold increases in uterine weight
-]

16/130 of subsequent developmental processes. This is clearly evident
107 from our results that while normal implantation is noted after
e ¢ 1-day delay i.e., on day 6 iRla2g4a’~ mice, a gradual
i . embryonic demise occurs during the remaining period of
Day4 Day5 Day4 Day5 pregnancy. The postimplantation developmental defect is

Day of transfer in
pseudopregnant recipients

Day of pseudopregnancy not due to a defect in the decidualization process, as
decidualization occurs when embryos implant 1 day later or in

Fig. 6. Deferred implantation leading to retarded development and response to an artificial stimulus Rla2g4a’= or wild-type

poor pregnancy outcome in wild-type mice. (A) Implantation of day mice (Fig. 2D, Fig. 6D). This raises a very intriguing

4 wild-type blastocysts transferred into wild-type recipients on day 4, qiion that initial attachment reaction is crucial to the fate

(n=5) or 5 (=7) of pseudopregnancy. The numbers above the bars of subsequent developmental processes. Our present work
indicate the number of implantation sites per total number of q P P ; p

blastocysts transferred. Implantation sites were recorded 48 hours €MPhasizes the necessity for careful examination of mid or late
later by the blue dye method. Implantation rate was similar betweengestational developmental anomalies resulting from specific
the two groups. (B) Postimplantation developments of wild-type gene mutation in mice.

blastocysts transferred into wild-type recipients on day=8)or 5 The initiation of implantation and subsequent progression of

(n=4) of pseudopregnancy. Implantation sites were examined 8 daypregnancy are the results of coordinated integration of various
later after blastocyst transfer equivalent to day 12 of pregnancy.  signaling pathways between the embryo and the uterus. The
While resorption and retarded feto-placental growth were frequent ijttachment reaction is followed by uterine decidualization,

recipients that received blastocyst transfers on day 5, vastly normal angiogenesis, embryonic growth and placentation. A defect in
development was noted in those receiving blastocyst transfer on da '

4. Normal implantation sites (IS) represent sites with normally %my of these events affects pregnancy outcome. The role of

- , I cidua and placentas in supporting pregnancy is well
developing embryos, while retarded IS represents resorption sites aﬂ& ] .
IS with retarded embryo development. On day 12, the number of documented (Benson et al., 1996; Luo et al., 1997; Robb et al.,

normal IS was significantly higher in day 4 recipients than in day 5 1998; Barak et al., 1999; Tremblay et al., 2001). For example,
recipients (18/23 versus 10/42-test;P<0.001). (C) The pregnancy defective decidualization in mice deficient in Hoxal0 or IL11-
outcome of wild-type blastocysts transferred into wild-type Ra leads to pregnancy failures (Benson et al., 1996; Robb et
recipients on day 4€13) or 5 (=11) of pseudopregnancy. The al., 1998). Likewise, defective placentation attributed by
numbers above the bars indicate the number of pups delivered at  embryos deficient in PPAR or ERR3 also leads to
term/total number of blastocysts transferrgéitest; °<0.01). The  midgestational embryonic lethality (Luo et al., 1997; Barak et
number of pups born was significantly lower for mothers receiving - 5) "1999). Our results provide for the first time a novel concept
blastocyst transfers on day 5. (D) Decidualization in wild-type mice. i o+ 5 ghort delay in the initial attachment reaction propagates
Mice received mtralumlnal oil |_nfu5|on on day 4 or 5 of detri tal effects during the lat f th
pseudopregnancy. Uterine weights were recorded 4 days later. Fold etnimental €fiects during he fater course of the pregnancy.
increases denote comparison of weights between infused and non- This observation leads to the conclusion that the state of
infused uterine horns. The numbers above the bars indicate the ~ activity of the blastocyst and uterine environment conducive to
number of responding mice/total number of mice. No significant ~ Support the initial stages of implantation must be precisely
difference in decidualization was noted between these two groups synchronized for normal pregnancy outcome.
(unpaired-test;P>0.05). The deferred implantation observedRta2g4a’~ mice is
different from traditional lactational or experimentally induced
associated with higher risk of early pregnancy losses (Wilcogelayed implantation that occurs in wild-type mice for an
et al., 1999). There is evidence that the number of fetuses aagtended period in the absence of ovarian estrogen (Dey,
their developmental stages determine the parturition proced996). In the latter, blastocysts undergo dormancy and uteri
(Yoshinaga, 1983). Thus, retarded embryonic development atdtcome non-responsive to implantation. The removal of the
resorption observed iRla2g4a’~ mice are most likely to be suckling stimulus or supplementation of estrogen terminates
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blastocyst dormancy and resumption of implantation withthe blastocyst attachment reaction leading to striking defects

normal pregnancy outcome. in subsequent postimplantation development. Distinct
A two-way interaction between the blastocyst and the uteryshenotypes betweeRtgs2/~ and Pla2g4a’~ mice could be

is essential for successful implantation and decidualizatiordue to functional redundancy among the members of the PLA

Although growth factors, cytokines, transcription factors, anduperfamily. It is intriguing to see that although cBtAs

PGs are implicated in successful implantation andtrucial to on-time implantation, implantation still can occur

decidualization (Stewart et al., 1992; Das et al., 1994; Bensdreyond the normal ‘window’ in both the wild-type and mutant

et al., 1996; Chakraborty et al., 1996; Lim et al., 1999a; Linfemales. Understanding the molecular basis of embryo-uterine

et al.,, 1999b; Song et al., 2000), the molecular interactionsteractions during the deferred ‘window’ of implantation will

between these local mediators are not clearly understood. Opirovide further insights regarding normal and abnormal

observation of aberrant expression of the genes encoding HBaplantation.

EGF and LIF at the sites of blastocysts at the anticipated time In conclusion, usingPla2g4a’= mice and differential

of implantation without blue bands iRla2g4a’~ mice  embryo transfers in wild-type mice, we show that a short

suggests that cPlL& derived AA and/or eicosanoids deferral of implantation leads to late developmental defects.

coordinate these signaling pathways for implantation. It i©ur results provide a new concept that an early embryo-uterine

possible that the absence of HB-EGF in the luminal epitheliurmteraction during implantation sets up the subsequent

surrounding the blastocyst before the attachment reactiatevelopmental programming.

in Pla2g4a’~ mice makes the blastocysts implantation

incompetent. HB-EGF and LIF are effective in promoting Our sincere thanks to Brigid Hogan for her crucial reading and

blastocyst growth, zona-hatching and/or trophoblast outgrowtfPmments on the manuscript. This work was supported by NIH grants
in vitro (Das et al., 1994; Dunglison et al., 1996). Deferred!D12304, HD29968 and HD 33994 awarded to S. K. D.; HD37394

implantation could be due to either incompetence of"d HDP40193 to B. C. P GM15431, DK48831 and CA77839

blast ¢ a/ teri . ffici f imolantati awarded to J. D. M.; and DK39773 and DK38452 to J. V. B. J. D. M.
astocysts anajor -uteriné insuiiciency for implantation.is recipient of Burrough Wellcome Fund Clinical Scientist Award.

However, reduced implantation of normal wild-types k D is a recipient of an NICHD MERIT award. H. S. was

blastocysts transferred Rla2g4a’~ uteri suggests that uterine sypported by a KUMC Biomedical Research Training fellowship,

deficiency is the major cause of this temporary delay. whereas H. L. was supported by a Junior Investigator Award from the
In rodents, embryos are evenly spaced along the uterugellon Foundation and by the KUMC Research Institute. A Center

However, little is known regarding the underlying mechanisngrant in Mental Retardation and Reproductive Sciences provided core

regulating this process. Our observation of abnormal uterini@cilities.

spacing of embryos irPla2g4a’~ mice provides genetic

evidence for a role of PGs in this process and is consistent with
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