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We investigated the lysophosphatidic acid (LPA) pathway during early pregnancy in sheep. LPA was
detected in the uteri of early-stage pregnant ewes. Using quantitative RT-PCR, the expression of
autotaxin, the LPA-generating enzyme, was found in the endometrium and conceptus. In the latter
autotaxin, transcript levels were low on d 12–14 and increased on d 15–16, in parallel with the level
of LPA. Autotaxin was localized in the luminal epithelium and superficial glands of the endome-
trium and in trophectoderm cells of the conceptus. The expression of G protein-coupled receptors
for LPA was also examined in the ovine conceptus. LPA receptor LPAR1 and LPAR3 transcripts were
expressed during early pregnancy and displayed a peak on d 14, whereas the highest level of
protein for both receptors was observed at d 17. LPAR1 was localized in cellular membranes and
nuclear compartments of the trophectoderm cells, whereas LPAR3 was revealed only in mem-
branes. LPA activated phosphorylation of the MAPK ERK1/2 in ovine trophectoderm-derived cells.
Moreover, the bioactive lipid increased the proliferation of trophectoderm cells in culture, as
shown by thymidine and bromodeoxyuridine incorporation. Furthermore, LPA induced changes to
the organization of �-actin and �-tubulin, suggesting a role for it in rearrangement of trophec-
toderm cells cytoskeleton. Because a link had previously been established between prostaglandin
and LPA pathways, we analyzed the effect of LPA on prostaglandin synthesis. LPA induced an
increase in the release of prostaglandin F2� and prostaglandin E2, with no significant modifications
to cytosolic phospholipase A2� and prostaglandin synthase-2 expression. Taken together, our
results suggest a new role for LPA-mediated signaling in the ovine conceptus at the time of
implantation. (Endocrinology 150: 422–434, 2009)

Lysophosphatidic acid (LPA) is a naturally occurring, small
phospholipid. LPA exerts a broad range of biological actions,

such as cell proliferation, differentiation, migration, invasion,
adhesion, survival, and morphogenesis (1), and it plays several
roles in female reproductive physiology (2). In rodents, LPA has
been reported to be involved in oocyte maturation (3). In mice,
LPA has been implicated in tubal transport of the ovum (4) and
the preimplantation development of embryos (5). More recently
the LPA signaling pathway was demonstrated as exerting an
influence on mouse embryo implantation (6). LPA is produced
extracellularly in the serum and plasma, mainly from lyso-

phosphatidylcholine by a secreted lysophospholipase-D, which
has been identified as autotaxin (7). Autotaxin, also known as
ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2),
is an exoenzyme that was initially identified as a tumor cell au-
tocrine motility factor (8). Autotaxin has phosphodiesterase and
phospholipase activities and has been demonstrated to be a se-
creted enzyme (9) that catalyzes the production of LPA in ex-
tracellular body fluids (10).

LPA acts on target cells through six specific G protein-cou-
pled receptors (LPARs), LPAR1-6 (11). LPAR1-3 are structur-
ally related and were originally described as members of the
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so-called endothelial differentiation gene family (EDG). Nearly
all mammalian cells, tissues, and organs coexpress several LPAR
subtypes. LPAR1 is the most widely expressed receptor, with
high levels in the brain, colon, heart, placenta, small intestine,
and prostate. LPAR2 and LPAR3 exhibit a more restricted dis-
tribution pattern and are found in the testes, kidney, heart, lung,
and brain. The other two identified LPARs (LPAR4 and LPAR5)
and the recently discovered LPAR6 are distinct from LPA-EDG
receptors (12, 13). High levels of LPAR4 mRNA have been found
in human ovary, whereas in mice, LPAR5 is expressed at low
levels in most tissues. The great variety of cellular and biological
actions of LPA can be explained by the broad tissue distribution
of LPARs and their coupling to several types of G proteins (Gq,
Gi, Gs, G12/13) (14). LPA binding to cell membrane receptors
influences several signaling routes, including the inhibition/ac-
tivation of adenyl cyclase, the activation of phosphatidyloinosi-
tol-3-kinase, the induction of the mitogenic Ras-MAPK cascade,
the stimulation of phospholipase C, and activation of the Rho
kinase family.

The activation of ERK(1/2) MAPK is reported to be a widely
observed effect after LPAR1-3 activation (15). Genetic null
mouse studies have revealed the importance of the biological
functions of LPARs, particularly in embryo development (16).
The targeted deletion of LPAR1 in mice resulted in about 50%
of lethality, with surviving animals showing reduced size and
other abnormalities (17), whereas no obvious phenotype abnor-
malities were found in mice lacking LPAR2 (18). The deletion of
LPAR3 results in delayed embryo implantation; reduced litter
size, probably due to defects in implantation; altered embryo
spacing; and embryo crowding (6). In mice lacking LPAR3, ex-
pression of the rate-limiting enzyme in prostaglandin produc-
tion, prostaglandin synthase-2 (PTGS2), is markedly reduced
with lower levels of prostaglandin E2 (PGE2) and PGI2. The
implantation phenotype of LPAR3-deficient mice has been re-
ported to be similar to that observed in mice deficient in cytosolic
phospholipase A 2� (cPLA2�) (19) and PTGS2 (20). Because the
principal implantation defects were restored by an exogenous
administration of prostaglandin, it has been considered that
cPLA-2�, PTGS2, and LPAR3-mediated signaling have a crucial
role in embryo implantation through prostaglandin signaling. In
ruminants, as in other species, implantation is the result of a
complex series of interactions between the trophectoderm and
the maternal endometrium. Unlike human and mouse blasto-
cysts, the hatched ruminant blastocyst remains detached from
the uterus and undergoes dramatic morphological changes be-
fore implantation. In sheep, rapid expansion of the trophecto-
derm transforms the spherical blastocyst at d 10 into a tubular
form on d 11–12, and a filamentous conceptus between d 13 and
16. This elongation process leads to a 15-cm-long ovine concep-
tus and initiates the implantation phases, which, successively,
involve apposition and transient attachment and then firm ad-
hesion by d 16–17 (21, 22).

To date, LPA-mediated signaling has been deemed to play a
crucial role in mouse embryo implantation through the uterine
LPAR3 receptor. In domestic mammals, the expression of the
LPAR3 receptor in uterus has been reported only in pig (23, 24).
No data are available describing the LPA pathway in embryos

during the periimplantation period. During this study, we ex-
amined the key actors in the LPA signaling pathway at the time
of the maternal recognition of pregnancy in the sheep. We mea-
sured LPA levels in the uterus and established the expression of
autotaxin and LPAR1-3 receptors in the ovine uterus and
conceptus.

Our results have identified an unique expression pattern of
LPA receptors in the trophectoderm of the ovine conceptus. Be-
cause we previously evidenced developmentally regulated ex-
pression of PTGS2 in the sheep embryo (25), our purpose was to
test the current hypothesis, which affirms that LPA signaling
affects PTGS2 expression and prostaglandin synthesis. Using an
ovine trophectoderm cell line, we showed that LPA increased the
release of PGF2�, and we then evaluated the effect of LPA on
cPLA2� and PTGS2 gene expression.

Materials and Methods

Animals and sample collection
All procedures relative to the care and use of animals were approved

by the French Ministry of Agriculture and completed with French reg-
ulations (86/609/EEC updated April 19, 1988) concerning animal ex-
perimentation. Ewes of the Préalpes-du-Sud breed were synchronized as
described previously (26), fertilized or not. The animals were slaughtered
on d 12–15 of the estrous cycle and d 12–18 of pregnancy. Five to seven
pregnant ewes at d 12–18 and four to five nonpregnant ewes at d 12–15
were used to investigate gene expression and protein studies in the uterine
endometrium during early pregnancy and the estrous cycle, respectively.
The uterus was removed and conceptuses were collected from pregnant
ewes by flushing each uterine horn with 20 ml PBS at 38 C. The devel-
opmental stage and morphology of conceptuses were identified by bin-
ocular observation. Trophectoderms were obtained by dissecting the
embryonic disc from the whole conceptus. A total of 65 conceptuses,
obtained from three series of pregnant ewes, were collected from d 12 to
d 18. When the conceptus size was large enough, the trophectoderms
were divided into halves. An average of eight conceptuses per develop-
mental stage were subjected to transcript analysis, and four to five per
developmental stage were subjected to protein analysis using Western
blotting. Endometrial tissues were dissected from the myometrium. En-
dometria and trophectoderms were frozen immediately in liquid nitro-
gen and stored at �80 C until RNA and protein extraction. Uterine
flushes were clarified by centrifugation and stored at �20 C for lipid
extraction. For immunohistochemistry, cross-sections of uterine horns
and conceptus pieces were fixed in fresh 4% paraformaldehyde in PBS
(pH 7.5). After washes in cold 0.1 M phosphate buffer (pH 7.5), the
tissues were successively immersed in 15% (wt/vol) and 18% (wt/vol)
sucrose in phosphate buffer, embedded in Shandon Cryomatrix
(Thermo-Scientific, Courtaboeuf, France), frozen in liquid nitrogen va-
por, and stored at �80 C.

Culture of trophectoderm cells
Trophectoderm cells were derived from d 16 conceptuses. The tro-

phectoderm was dispersed mechanically by pipetting up and down
through 1.2-mm-internal diameter needle. Small clumps of cells were
plated on a rat collagen gel substratum and cultured in DMEM/F12
medium with 100 IU/ml penicillin, 100 �g/ml streptomycin, 250 IU/ml
nystatin, 2.5 �g insulin, 1.25 �g/ml transferrin, and 1.25 ng/ml sodium
selenite and supplemented with 10% (vol/vol) lipid-free fetal calf serum
in a humidified atmosphere of 5% CO2 at 38 C. The time of cell division
and morphology remain stable during passages. The cells required 18–20
h to duplicate and were able to reach confluence after 7–8 d of culture.
The presence of cytokeratin 7 proved the epithelial nature of the cells,
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whereas the absence of vimentin excluded the contamination of trophec-
toderm cells with cells of mesoderm origin. The trophectoderm nature of
cells was confirmed by interferon-� expression. The functional stability
of the cells was verified throughout 35 passages by maintaining the ex-
pression of genes for prostaglandin and LPA pathways.

Radioenzymatic quantification of lysophosphatidic acid
Radioenzymatic quantification of LPA was performed as described

previously (27). Lipid extraction from 10 ml of uterine flushes was per-
formed with 1 vol butanol-1. After shaking and centrifugation (15 min
at 2500 � g), the upper phase of butanol-1 was collected and evaporated
under vacuum at 50 C. Dry samples were solubilized in 200 �l chloro-
form and stored at �20 C until LPA quantification by radioenzymatic
assay. Chloroform was evaporated and dry lipid extracts were resus-
pended in 200 �l of 20 mM Tris (pH 7.5) in the presence of 20 �M sodium
orthovanadate and 1 mg/ml Tween 20 and containing 8.6 10�10 mol of
[14C]oleoyl-CoA (58 mCi/mmol; PerkinElmer Life Sciences, Courta-
boeuf, France) and 10 �l of 1 �g/�l of recombinant 1-acyl-sn-glycerol-
3-phosphate acyltransferase enzyme prepared as previously described
(28). The samples were incubated for 2 h at 20 C and vortexed every 15
min. The reaction was stopped by adding 400 �l of chloroform-meth-
anol-12M hydrochloric acid (40:40:0.26) and centrifuged for 5 min at
3000 � g. The lower chloroform phase was collected and evaporated
under vacuum. Dry samples were resuspended in 20 �l chloroform-
methanol (1:1) and spotted on a silica gel thin-layer chromatography
glass plate (Merck, Frontenay sous Bois, France). Lipids were sepa-
rated by migration in a solvent mixture composed of chloroform-
methanol-ammonium hydroxide-water [65:25:0.9:3 (vol/vol/vol/vol)].
The plates were exposed to imaging screens (Fujifilm Life Science, FSVT,
Courbevoie, France), and the image was captured using a Fuji FLA-3000
to localize 14C-labeled lipids. Known amounts of LPA standards were
used on thin-layer chromatography as a reference to quantify the amount
of LPA in samples.

Quantitative RT-PCR analysis of autotaxin and LPARs
Total RNA was extracted using the phenol-based method described

previously (29). The concentration and purity of RNA samples were
determined by spectrophotometry at 260 and 280 nm. To estimate RNA
integrity, aliquots were electrophoretically separated in 1% agarose gel
and visualized by staining with ethidium bromide. First-strand cDNA
was synthesized from 1 �g of total RNA using Moloney murine leukemia
virus reverse transcriptase and oligo-deoxythymidine primer (Invitro-

gen, Cergy Pontoise, France) in a total volume of 20 �l. Real-time PCR
was carried out using the real time Applied 7000 PCR system (Applera
France SA, Courtaboeuf, France) with 5% of the retro-transcribed prod-
uct and 300 nM of gene-specific oligonucleotide primers in a total volume
of 25 �l of mastermix SYBR Green reagent (Applera France). Primers
(Table 1) were designed using Primer Express software (Applera France).
Real-time PCR conditions were 2 min at 50 C and 10 min at 95 C,
followed by 45 cycles of 15 sec at 95 C and 1 min at 60 C. To confirm
that the quantitative results were reliable, the homogeneity of PCR prod-
ucts was verified by dissociation curve analysis. Four to seven indepen-
dent trophectoderm and endometrium samples were analyzed for each
developmental stage. Standard curves were produced in parallel with
several dilutions of the purified PCR product used as a polymerase tem-
plate. Real-time PCR data were normalized for differences using glyc-
eraldehyde-3-phosphate dehydrogenase levels. Real-time PCR data were
analyzed using 7000 System SDS software (Applera France).

Western blot analysis
Trophectoderm tissues and cells were homogenized in cold 50 mM

HEPES (pH 7.4) lysis buffer containing 150 mM NaCl, 5 mM EDTA, 16
mM 3-[(3-cholamidopropyl)-dimethylammoniol]1-propane-sulfonate,
1 mM benzamidine-HCl, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
soybean trypsin inhibitor, 10 �g/ml leupeptin, 10 �g/ml aprotinin (10
�g/ml), 200 �M Na3VO4, and 100 mM NaF (Sigma-Aldrich, St. Quentin
Fallavier, France). Samples standardized for protein with the Bio-Rad
protein assay (Bio-Rad, Marnes-la-Coquette, France) were separated by
10% SDS-PAGE and electrotransferred onto a Hybond-P, polyvinyli-
dene difluoride membrane (GE Healthcare, Orsay, France). Dedicated
membranes with different quantities of extracts were generated with 25
�g of total protein for the immunodetection of LPAR1, LPAR3, and
autotaxin and with 10 �g for ERK1/2 and phospho-ERK1/2. Blots
probed with anti-phosphoERK1/2 antibody were stripped in 50 mM

Tris/HCl, 2% sodium dodecyl sulfate, and 100 mM �-mercaptoethanol
and reprobed with anti-ERK1/2 antibody. Different antibodies [anti-
LPAR1(rabbit polyclonal EDG2 antibody used at a 1:500 dilution), Ab-
cam, Paris, France], �anti-LPAR3 (rabbit polyclonal EDG7 antibody
used at a 1:200 dilution), Abcam], �anti-autotaxin (rabbit polyclonal
ENPP2 antibody used at a 1:1000 dilution), CosmoBio, Tokyo, Japan],
�anti-phospho-ERK1/2 (mouse monoclonal phospho-ERK1/2 antibody
used at a 1:1000 dilution), Cell Signaling Technology, Ozyme, St. Quen-
tin en Yvelines, France], �anti-ERK1/2 (rabbit polyclonal ERK1/2 anti-
body used at a 1:5000 dilution), Santa Cruz, Tebu-Bio, Le Perray en

TABLE 1. Sequence of primers used for RT-PCR and quantitative real-time RT-PCR

Gene

Oligonucleotide primer sequences (5�3 3�)
Product
size (bp)

Annealing
temperature (C)Forward Reverse

Semiquantitative RT-PCR
Autotaxin ACGATGGCTTACACGACACA GTCTTGCGGAAGAAGTCCAG 298 62
LPAR1 CTCATTGACACCACCGTGAC GTTGAAAATGGCCCAGAAGA 264 62
LPAR2 GGTCATCATGCTGATTGTGG TCAGCGTTGTTTCACGGTAG 275 62
LPAR3 CCTGACCAAAAAGAGGGTGA GCTGATGGACCCACTCGTAT 271 60
LPAR4 TTCCTGGCCATTGTCTATCC GGAGGGTTTTTAGCACCACA 286 60
PTGS2 AGGTGTATGTATGAGTGTAGG GTGCTGGGCAAAGAATGCAA 484 57
cPLA2� GAGAAAGGGCCAGAGGAGAT ATCGGGTTTGACATGGAGAC 279 60
GAPDH TGTCCGTTGTGGATCTGACC AGCCGAATTCATTGTCGTACC 151 60
Quantitative real-time RT-PCR
Autotaxin CGACAACGACGAGAGCTGC TGAGATGCTCGATGTCCCG 101 60
LPAR1 ACGGTCATTCCGTATGCAGC GGATAGCCCCCATGACGAT 101 60
LPAR2 TCTTCCTGCTCATGGTGGC GCGTTGTTTCACGGTAGCG 111 60
LPAR3 TCCAACCTCATGGCCTTCTT GACCCACTCGTATGCGGAGA 101 60
LPAR4 ATGCAACCACCACCTGCTTT AGGAATGATAAAACCAACAACTTCAA 101 60
PTGS2 TCCGCCAACTTATAATGTGCAC GGCAGTCATCAGGCACAGGA 101 60
cPLA2� CTTCGGGATGTTAATAGGAGAAACA GAGGCAAAGGACACTGTCCAG 101 60
GAPDH TGTCCGTTGTGGATCTGACC AGCCGAATTCATTGTCGTACC 151 60
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Yvelines, France], �antiglyceraldehyde-3-phosphate dehydrogenase
(GAPDH; mouse monoclonal GAPDH antibody used at a 1:100), MAB
374; Chemicon, Interchim, Montluçon, France] were diluted in 20 mM

Tris-HCl, 500 mM NaCl, 5% (wt/vol) low-fat milk, and 0.1% (wt/vol)
Tween 20. Peroxidase-conjugated donkey antirabbit and antimouse IgG
(Jackson ImmunoResearch, Interchim, Montluçon, France) were diluted
to 1:100,000 and 1:40,000, respectively. Immunoreactive signals were
revealed by the ECL Plus Western blotting detection kit (GE Healthcare),
visualized using a Fuji film LAS-1000 camera system, and analyzed by Ad-
vanced Image Data Analysis software (FujiFilm Life Science, FSVT). The
molecular weights of the proteins identified were calculated using the Pros-
ieve color protein marker (BMA Product, Tebu-Bio, Le Perray en Yvelines,
France). For immunoneutralization control experiments, LPAR1 and
LPAR3 antibodies were presaturated with the peptide antigens that
had been used to generate antibodies [LPAR1 synthetic peptide:
DRSASSLNH TILAGVHSN; LPAR3 synthetic peptide: MNECHYD-
KRMDF (Cayman Chemical, SpiBio, Montigny le Bretonneux France)].

Immunohistochemistry
Immunohistochemistry was performed on 10-�m frozen tissue sec-

tions with the Vectastain Elite ABC peroxidase System (Vector, Abcys,
Paris, France) as previously described (30). Slides were delipidated for 5
min with chloroform and were then rehydrated with 0.1 M phosphate
buffer (PB) containing 0.2% (wt/vol) BSA. The sections were treated with
an unmasking procedure in 10 mM citrate (pH 6) at 85 C for 10 min and
then 30 min in 0.1% (vol/vol) hydrogen peroxide in H2O to quench
endogenous peroxidase activity. The same antibodies as for Western
blots were used at dilutions of 1:200 (LPAR1), 1:400 (LPAR3), and
1:500 (autotaxin) in PBS containing 2% BSA (wt/vol) and 1% donkey
serum. The sections were incubated overnight at 4 C with primary an-
tibodies and then for 1 h with the biotinylated second antibody at 1:1000
(donkey antirabbit IgG antibody; Jackson ImmunoResearch). The avi-
din-biotin peroxidase complex was applied for 1 h and the staining re-
action performed for 5 min in the presence of 3, 3�diaminobendizine
hydrochloride (Sigma-Aldrich). As a negative control, primary antibod-
ies were omitted. Slides were mounted with AquaPerm mounting me-
dium (Thermo Electron France, Cergy Pontoise, France) and Entellan-
new mounting medium (Merck VWR, Strasbourg, France).
Photomicroscopy was captured using an Olympus DP50 microscope, a
digital camera system and software (Olympus SA, Rungis, France).

Immunohistofluorescence
Frozen tissue sections (10 �m) from conceptus and uterine tissue,

mounted on Superfrost Plus microscope slides (Menzel-Gläser, CML,
Nemours, France), were delipidated for 5 min with chloroform and then
rehydrated with 0.1 M PB containing 0.2% BSA and saponin 0.05%. The
sections were incubated overnight at 4 C with LPAR1, LPAR3, and
autotaxin antibodies diluted at 1:50, 1:100, and 1:125, respectively, in
0.1 M PB with 0.2% BSA, 0.05% saponin, and 0.01% donkey serum.
Immunoreactive protein was detected using a fluorescein-conjugated
donkey antirabbit IgG at a dilution of 1:200 (Jackson ImmunoResearch).
Nuclei were stained for 5 min with 0.5 �g/ml 4�,6-diamidino-2-phe-
nylindole (DAPI) in 0.1 M PB. The sections were rinsed in 0.1 M PB and
0.3% Tween 20 and mounted using a Vectashield mounting medium
(Vector, Abcys). Trophectoderm cells from the in vitro culture were
treated as described above but without the delipidation step. Cells were
incubated with LPAR1 and LPAR3 antibodies at 1:100 and 1:125, re-
spectively. Photomicroscopy was captured as described above. Immu-
noneutralization experiments were also performed to confirm the spec-
ificity of the LPAR1 and LPAR3 antibodies. The antibodies were
presaturated as for Western blot experiments.

Activation of ERK1/2 by LPA in trophectoderm cells
Preconfluent cell cultures were starved of serum during 24 h in fresh

medium supplemented with 0.1% fatty acid-free BSA (Sigma-Aldrich). The
dose (0–50 �M) and time (0–30 min) effects of LPA treatment were ana-
lyzed. When tested, the antagonist of LPAR1-LPAR3, VPC32183 (Avanti,

Coger, Paris, France) was added for a 30-min pretreatment period at a
concentration of 10 �M. The cells were then treated for 30 min with 20 �M

LPA (1-oleoyl-2-hydroxy-sn-glycero-3 phosphate sodium salt; Avanti,
Coger). At the end of experiment, the cells were washed with ice-cold PBS,
collected, centrifuged for 10 min at 10,000 rpm, and stored at �80 C before
analysis. Three independent experiments with four dishes per condition
were performed.

Cell proliferation assays

Thymidine-based cell proliferation assay
Trophectoderm cells were seeded in 12-well tissue-culture dishes and

cultured as described above. Preconfluent cell cultures were starved of
serum by means of culture for 24 h in fresh medium supplemented with
0.1% fatty acid-free BSA. The cells were then incubated for a further 24 h
with different concentrations of LPA and finally exposed for 2 h to 0.5
�Ci/ml tritiated-thymidine [thymidine-(methyl-3H), 78.5 Ci/mmol;
PerkinElmer Life Sciences]. The cells were washed with ice-cold PBS,
precipitated with trichloroacetic acid, and dissolved in 0.1 M NaOH. The
radioactivity of incorporated [3H]thymidine was determined by liquid
scintillation counting. Two independent experiments were performed
with three dishes per LPA concentration tested.

Bromodeoxyuridine (BrdU)-based cell proliferation assay
Trophectoderm cells were grown to semiconfluence on glass cover-

slips coated with collagen. Cells were starved of serum for 24 h as de-
scribed above and then incubated for 24 h with 20 �M LPA. BrdU (10 �M;
in situ cell proliferation kit; Roche Diagnostics, Meylan, France) was
added to the medium for the final hour of culture. Cells were fixed in cold
ethanol for 5 min and treated with 2 N HCl. BrdU-labeled cells revealed
by sequential incubation with anti-BrdU antibody at a dilution of 1:20
(Abcys) for 1 h, and antirat-IgG Texas-Red conjugated antibody (Jack-
son ImmunoResearch) for 1 h. Cell nuclei were stained with 0.5 �g/ml
DAPI (Sigma-Aldrich). The coverslips were mounted on slides and pho-
tomicroscopy was captured as described above. Two independent ex-
periments were performed with three dishes per condition. Ten fields of
each dish were analyzed using Image Tool software [Image Tool version
2.0; University of Texas Health Science Center at San Antonio
(http://ddsdx.uthscsa.edu/)].

Effect of LPA on cell morphology
Trophectoderm cells were grown to confluence on glass cover slips

coated with collagen. After that, cells were starved for 24 h as described
above. The cells were then treated or not with 20 �M LPA for 1 h and fixed
10 min with 4% paraformaldehyde in PBS. �-Actin was visualized using an
0.5 U/ml rhodamine-phalloidin probe according to the manufacturer’s pro-
tocol (Molecular Probes, Invitrogen, Cergy Pontoise, France). �-Tubulin
was detected by overnight incubation at 4 C with anti-�-tubulin mouse
monoclonal antibody (Sigma-Aldrich) diluted 1:200 in 0.1 M PB containing
0.2% BSA, 0.05% saponine, and 0.01% donkey serum. The fluorescent
signal of the protein was visualized with a fluorescein-conjugated donkey
antimouse IgG at a dilution of 1:200 (Jackson ImmunoResearch). Photomi-
croscopy was captured as described above. Two independent experiments
were performed with four dishes per condition.

Effect of LPA on arachidonic acid metabolism in
trophectoderm cells

The effect of LPA on cyclooxygenase-derivatives of arachidonic acid
was analyzed on cells starved of serum for 24 h before the experiment.
Cells cultured in 60-mm dishes were incubated in 5 ml DMEM/F12
medium with 0.1% BSA and treated for 6 h with 0.5 �Ci/ml
[5,6,8,9,11,12,14,15(N)-3H] arachidonic acid (specific activity
180–240 Ci/mmol; PerkinElmer Life Sciences) and incubated with dif-
ferent concentrations of LPA. At the end of the incubation period, the
cultured medium was collected, centrifuged, and acidified with 100 �l/ml
0.5 M citric acid. The culture medium was extracted by solvents and
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analyzed using the HPLC procedure described previously (31). Four
samples per condition were analyzed. Based on dose-response experi-
ments, 20 �M LPA was the dose selected for testing the effect of LPA on
the expression of gene involved in prostaglandin synthesis. cPLA2� and
PTGS2 mRNA was analyzed by quantitative RT-PCR as described above

using primers indicated in Table 1. Four independent experiments were
performed in triplicate.

Statistical analysis
Quantitative results were analyzed using one-way ANOVA with the

SYSTAT software (GMBH, Erkrath, Germany). Data are presented as
least squares mean � SE.

FIG. 1. LPA content in uterine flushings from pregnant ewes measured by
radioenzymatic assay as described in Materials and Methods (n � 5 ewes/
day of pregnancy). Low levels of LPA were found at d 12 of pregnancy,
which then increased (P � 0.038) at d 15.

FIG. 2. Autotaxin transcript expression in the ovine endometrium during
the estrous cycle and early pregnancy (A) and trophectoderm during
conceptus development (B). A, Real-time quantitative RT-PCR analysis of
the endometrium from d 12 to 16 of the estrous cycle and early
pregnancy measured in duplicate. Autotaxin mRNA transcript levels were
normalized to GAPDH (n � 5 ewes per status per day). Strong expression
of the transcript was detected from d 12 to 16 without any significant
differences between the pregnant and nonpregnant states (P � 0.164). B,
Real-time quantitative RT-PCR analysis of three to five independent
trophectoderm samples for each developmental stage measured in
duplicate. Autotaxin mRNA transcript levels were normalized to GAPDH.
Autotaxin was present from d 12 to 16 and the levels increased at d 15
and 16 (P � 0.049).

FIG. 3. Immunohistochemical localization of autotaxin in the uterus (A–E)
and conceptus on d 12 (G), d 14 (H), and d 16 (I) of development.
Representative transversal sections of uteri from d 14 of the estrous cycle
(n � 5 tissue samples) and sections of conceptuses (n � 5 tissue samples
per stage of development) were incubated with antiautotaxin polyclonal
antibody and revealed by antirabbit-fluorescein isothiocyanate (A and B)
or using a peroxidase Elite-ABC Vectastain kit and diaminobenzidine
substrate (C–E and G–I). F and J, Negative controls: primary antibody was
omitted in immunohistochemistry detection. LE, luminal epithelium; dGL,
deep glands; sGL, superficial glands; St, stroma; Myo, myometrium; Tr,
trophectoderm; End, endoderm. Scale bar, 50 �m. In endometrium,
autotaxin was found in superficial glands, luminal epithelium, and deep
glands. In conceptuses, autotaxin was detected in trophectoderm cells and
levels increased between d 12 and 16.
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Results

Presence of LPA in the ovine uterus
Local accumulations of LPA were detected in uteri of preg-

nant ewes. As illustrated in Fig. 1, low levels of LPA were found
at d 12 of pregnancy, which then increased (P � 0.038) at d 15,
reaching an average quantity of 700–800 pmol in the total flush-
ing. Until d 14, similar levels were found in flushings from non-
pregnant ewes (data not shown).

Expression of autotaxin in the ovine endometrium and
trophectoderm

Using real-time RT-PCR analysis, we detected the expression
of autotaxin in the endometrium and trophectoderm. In the en-
dometrium (Fig. 2A), strong expression of the transcript was
detected from d 12 to 16 without any significant differences
between the pregnant and nonpregnant states (P � 0.164). In the
trophectoderm (Fig. 2B), autotaxin was present from d 12 to 16
and the levels increased at d 15 and 16 (P � 0.049). The auto-
taxin transcript was much more strongly expressed in the endo-
metrium (5000–8000 copies per 50 ng of RNA) than in the
trophectoderm (100–1500 copies per 50 ng of RNA). The cel-
lular localization of autotaxin protein was analyzed by immu-
nohistochemistry. Figure 3, A–F, illustrates the uterine distribu-
tion of autotaxin on d 14 of the estrous cycle. Autotaxin was
found in superficial glands. A weaker signal was also detected in
the luminal epithelium, the deep glands, and the myometrium. In
glands, autotaxin was mainly found at the apical pole of cells,
close to the glandular lumen. These observations were better
illustrated by immunofluorescence detection (Fig. 3, A and B)
than by the immunoperoxidase technique. This localization of
autotaxin is consistent with the secretory nature of the enzyme.
In conceptuses (Fig. 3, G–J), autotaxin was weakly expressed in
trophectoderm cells on d 12, but the levels then rose on d 14 and
16. Autotaxin was not detected in the extraembryonic endoderm
(Fig. 3I).

LPARs in ovine conceptus
We examined the expression of four LPARs (LPAR1-4) in con-

ceptuses from d 12 to 18 of development. Using semiquantitative

and real-time RT-PCR, only the three related receptor subtypes,
LPAR1, LPAR2, and LPAR3, were clearly evidenced in trophec-
toderm extracts. LPAR1 and LPAR3 were present at all develop-
mental stages (Fig. 4, A and C) and displayed the same, precisely
regulated,patternofexpression.Expression remained weak until
d 13 (6000 and 800 copies per 50 ng of total RNA for LPAR1
and LPAR3, respectively), peaked at d 14 (70,000–80,000
copies for LPAR1 and 30,000–40,000 copies LPAR3 per 50 ng
of RNA), and then declined (15,000 for LPAR1 and 1,000 for
LPAR3; P � 0.009 and P � 0.001, respectively). The LPAR2
transcript was also expressed from d 12 to 18. Its level remained
stable during the period analyzed (Fig. 4B). LPAR4 was not de-
tected in significant amounts in trophectoderm extracts (�10
copies per 50 ng RNA). Western blot analysis of conceptus ho-
mogenates revealed a single band at the expected theoretical size
of 40 kDa for both LPAR1 and LPAR3 (Fig. 5A, a and c). The
preabsorption of LPAR1 and LPAR3 antibodies with the peptide
antigen completely abolished the Western blot signals obtained
with conceptus protein extracts (Fig. 5A, b and d), demonstrat-
ing the specificity of the antibodies used to detect LPAR1 and
LPAR3. Figure 5, B and C, shows representative Western blots
for LPAR1 and LPAR3 obtained from four to five individual
conceptuses for each developmental stage between d 14 and 18.
At d 14, the levels of both receptors were very low, rising between
d 15 and 16 to reach a maximum at d 17 and then declining at
d 18 (P � 0.031 and P � 0.042, respectively). Using immuno-
fluorescence (Fig. 6, A and B), LPAR1 and LPAR3 receptors were
localized in the trophectoderm of ovine conceptuses. Immuno-
reactivity for LPAR1 was detected in the cellular membranes and
perinuclear/nuclear compartments of trophectoderm cells. By
contrast, the LPAR3 receptor was observed only in the mem-
brane of trophectoderm cells. Preabsorption of the antibodies
with the peptide antigens resulted in the extinction of immuno-
staining (Fig. 6, C and D).

LPAR1 and LPAR3 receptors in a conceptus-derived
trophectoderm cell line

We established an ovine trophectoderm cell line to assess the
functionality of LPA on LPARs. Real-time PCR measurements

FIG. 4. LPAR1 (A), LPAR2 (B), and LPAR3 (C) transcript expression in ovine conceptus. Real-time quantitative RT-PCR analysis of three series of three to
five conceptuses for each developmental stage measured in duplicate. The levels of each transcript were normalized to GAPDH expression. LPAR1, LPAR2,
and LPAR3 were present in ovine conceptuses between d 12 and 18. LPAR1 and LPAR3 showed high increase in expression levels at d 14 (P � 0.009 and
P � 0.001, respectively), whereas LPAR2 remained stable (P � 0.05).
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showed that trophectoderm cells stably expressed transcripts of
LPAR1 and LPAR3 receptors over the period of subculture. The
receptors were expressed at levels comparable with these found in
conceptuses on d 16 (data not shown). Immunohistochemical anal-
ysis confirmed the presence of LPAR1 and LPAR3 receptors in
trophectoderm cells in culture (Fig. 6, E and F). As observed in the
conceptus,LPAR1was localized inboth thecytoplasmandnuclear/

perinuclear areas, whereas the LPAR3 receptor was found only in
the cytoplasmic compartment.

Activation of the ERK1/2 pathway by LPA in
trophectoderm cells in culture

Because LPA has been shown to activate ERK1/2 in many cell
types, we examined the ability of LPA to activate ERK1/2 in
trophectoderm cells under in vitro conditions. LPA activated the
phosphorylation of ERK1/2 in a time- and dose-dependent man-
ner (P � 0.022 and P � 0.004, respectively; Fig. 7, A and B).
Treatment with 20 �M LPA significantly stimulated a 3-fold in-
crease in the phosphorylation of both ERK1 and ERK2 proteins.
Pretreatment with VPC32183, an antagonist of LPAR1 and
LPAR3 receptors, blocked the stimulatory effect of LPA on
ERK1/2 phosphorylation, whereas levels of the nonphosphory-
lated forms of ERK1/2 were the same in control and LPA-stim-
ulated samples (Fig. 7C). These results indicate that LPA medi-
ates ERK1/2 activation through LPARs in trophectoderm cells.

LPA-induced proliferation in cultured ovine
trophectoderm cells

LPA is the major mitogen present in serum, and it has been
reported to induce cell proliferation in numerous cell systems. As
shown in Fig. 8A, LPA promoted the DNA synthesis of trophec-

FIG. 5. Western blot analyses of LPAR1 and LPAR3 proteins in ovine
conceptuses. A, Using polyclonal antibodies, two immunoreactive bands
at about 40–43 kDa and corresponding to the predicted band sizes were
detected for LPAR1 (a) and LPAR3 (c), respectively, in ovine conceptuses at
d 16. Immunoneutralization experiments were performed to evaluate
specific binding in Western blotting. LPAR1 and LPAR3 antibodies were
neutralized by incubation with an excess of the peptides used to raise the
polyclonal antibodies. The resulting Western blot shows an absence of
bands corresponding to LPAR1 (b) and LPAR3 (d) proteins. B and C, Graphs
show integrated signals of LPAR1 and LPAR3 proteins in four to five
conceptuses per developmental stage. Representative Western blots of
LPAR1 (B) and LPAR3 (C) in two conceptuses per day of pregnancy. After
detection of LPARs, membranes were stripped and reprobed with
antibody anti-GAPDH to confirm equal loading of samples on the gel.
LPAR1 and LPAR3 proteins were observed in conceptuses between d 14
and 18 with maximum level at d 17 (P � 0.031 and P � 0.042,
respectively).

FIG. 6. Immunohistochemical localization of LPAR1 and LPAR3 in
conceptuses at d 16 and in trophectoderm cells in culture.
Immunofluorescent signals of LPAR1 (A) and LPAR3 (B) were detected in
the trophectoderm. C and D, Controls. LPAR1 (C) and LPAR3 (D) antibodies
were presaturated with the peptide antigens used to raise the polyclonal
antibodies. E and F, Representative fields of preconfluent trophectoderm
cells cultured on a collagen substrate with lipid-free serum. The
immunofluorescent signal of LPAR1 (E) is observed in the cytoplasm of
dense cells in clusters and in the nuclei of spread cells. LPAR3 (F) is
localized in cytoplasm structures. Scale bar, 50 �m.
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toderm cells through an increase in thymidine incorporation.
The stimulation of LPA increased the proliferation of trophec-
toderm cells in a dose-dependent manner (P � 0.001). A 2-fold
increase in [3H]thymidine incorporation was observed after 24 h
of treatment with 20–100 �M of LPA. There was thus an increase
in the number of BrdU-positive cells in the presence of LPA (P �

0.001; Fig. 8B). The percentage of BrdU-positive cells vs. total
nuclei stained by DAPI increased after 24 h of LPA treatment
from 3.65 to 10.69%.

LPA-induced cytoskeletal changes of
trophectoderm cells

LPA is known to signal through intracellular signaling path-
ways to affect cytoskeletal reorganization in many cell systems.
The treatment of cultured ovine trophectoderm cells under
serum deprivation with 20 �M LPA for 1 h led to a strong
induction of stress fiber formation, promoted by �-actin po-
lymerization (Fig. 9, A and B). Additionally, modifications to
�-tubulin architecture in the cellular cytoskeleton were ob-
served after exposure to LPA (Fig. 9, C and D).

Effect of LPA on prostaglandin synthesis by
trophectoderm cells in culture

This study was performed to test the hypothesis
that LPA is involved in regulating prostaglandin syn-
thesis in ovine trophectoderm cells. Prostaglandin
release was increased in a dose-dependent manner by
LPA (P � 0.0007 and P � 0.002 for PGF2� and
PGE2, respectively; Fig. 10A). Treatment with 20–
100 �M LPA induced a 2-fold increase in the pro-
duction of both PGF2� and PGE2 in the culture me-
dium over 6 h. cPLA2� and PTGS2 are the two
rate-limiting enzymes in prostaglandin synthesis,
the former releasing arachidonic acid from mem-
brane phospholipid and the latter converting the
fatty acid in prostaglandin-H2 that is subsequently
converted to bioactive prostaglandins. Because
LPA had been found to increase prostaglandin re-
lease, we examined its effect on cPLA2� and
PTGS2 gene expression (Fig. 10B). During 6 h of
LPA treatment, no significant differences in
cPLA2� and PTGS2 mRNA levels were observed
(P � 0.647 and P � 0.971, respectively).

Discussion

For the first time, our studies investigated, the in-
volvement of LPA pathway in early embryo devel-
opment in sheep. Increased levels of LPA were de-
tected in the ovine uterus, suggesting that the LPA
pathway contributes to the intricate relationships be-
tween mother and embryo at the beginning of ges-
tation. In humans, LPA had been identified in serum
from pregnant women and its levels gradually rose
until term (32). Recently the presence of different
configurations of LPA has been reported in the

uterus of pregnant pigs (24). In the present study, the molecular
composition of LPA, which depends on the nature of the fatty
acid group, has not been analyzed. However, it has never been
established that the different LPA species can discriminate the
diverse LPA receptors in vivo. In ruminants, because the two
sides of the luminal epithelium are in close contact, the uterine
lumen defines a virtual uterine volume. In physiological situa-
tions, the volume of fluids that accumulate in the uterine lumen
is extremely low and does not exceed 1–2 ml in ewe (33). More-
over, during early pregnancy, there is a dramatic reduction in the
volume of the uterine luminal fluid, which is associated with
blastocyst implantation (34).

In our work, we reported that 800-1000 pmol of LPA were
recovered from the uterine flush. As indicated above, if we
consider that the maximal volume of uterine cavity of ewe is
around 1 ml, the local concentration of LPA was, at the very
least, 0.8 –1 �M. These concentrations were similar to those
recently reported in the porcine uterus (24) and were in the
same range as the concentration we used for the in vitro stud-
ies. In vitro effect may require higher concentration of LPA
that under in vivo conditions. LPA concentration is main-

FIG. 7. Effect of LPA on the phosphorylation of ERK1/2 in trophectoderm cells in
culture. Trophectoderm cells were serum starved for 24 h and then treated with LPA. A
and B, Graphs show, respectively, the time effect and dose effect of LPA treatment on
the phosphorylation of ERK1/2 in trophectoderm cells (two independent experiments
with four cell dishes per condition were performed). Representative Western blots of
phosphorylated ERK1/2 (two cell dishes per condition) are shown. LPA induced the
phosphorylation of ERK1/2 in trophectoderm cells in a time- and dose-dependent
manner (P � 0.022 and P � 0.004, respectively). LPA was used at 20 �M for the time-
effect experiment, and the incubation period was 30 min for the dose effect
experiment. C, Trophectoderm cells after starvation were pretreated or not for 30 min
with 10 �M VPC32183, followed by 30 min of incubation with or without 20 �M LPA.
Three independent experiments with four dishes per condition were performed. A
representative Western blot using antiphospho-ERK1/2 antibodies on 15 �g of total
protein extracts is shown. In all experiments, the blots were stripped and reprobed with
anti-ERK1/2 antibody.
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tained by the dynamic equilibrium between production and
degradation reactions. In general, under in vitro conditions,
LPA production is lowered due to the lower availability of
substrate (lysophosphatidylcholine), but the degradation re-
actions are still fully operational. This makes the concentra-
tion of exogenously added LPA less stable along time. Thus,
in vitro experiments require higher LPA concentration to min-
imize the impact of its rapid degradation.

LPA can be produced under various conditions in both cells
and biological fluids. At least two pathways of LPA synthesis
have been proposed, in which enzymes from the phospholipase
family participate. One is the sequential action of phospho-
lipase-D and phospholipase-A1 or -A2. Another route involves
phospholipase-A1 or -A2 followed by autotaxin (35). The dis-
ruption of the autotaxin-encoding gene has identified this en-
zyme as that responsible for the extracellular production of LPA
(36, 37). During our experiments, autotaxin was found to be

expressed by the uterus and conceptus. Autotaxin levels were 4-
to 5-fold higher in the uterus than the trophectoderm. The apical
localization of autotaxin in uterine cells of glands and luminal
epithelium indicates that the lysophospholipase-D activity of au-
totaxin is orientated toward the uterine lumen. Taken together,
these findings suggest that the extracellular production of LPA
detected in the ovine uterus may be due to lysophospholipase-D
activity on the maternal side. However, the elevating expression
of autotaxin in conceptuses, which paralleled the increasing
level of LPA within the uterus, indicates that the trophecto-
derm may also contribute to the production of LPA during
pregnancy.

In humans, autotaxin has been found to be highly expressed
in the placenta (8), and the elevated levels of serum LPA found
during pregnancy were reported to arise from both the placenta
and the fetus (32). During embryonic development in mice, the
analysis of autotaxin mRNA expression identified the yolk
sac and embryo as sources of autotaxin, which was consequently
found in amniotic fluids. In the ovine conceptus, trophectoderm
cells were identified as a source of the autotaxin because we
detected it in both the mRNA and protein of the enzyme in these
cells. Autotaxin-deficient mice were shown to be lethal, with
profound vascular defects in the yolk sac and embryo (36, 37).
In sheep, vasculogenesis occurs first in the yolk sac by d 15–17
and then extends to the embryo and allantoic membranes. Our
data indicating an increased expression of autotaxin at the time
of yolk sac formation suggest that autotaxin could also be in-
volved in vascular development during pregnancy in sheep.

The potential role of LPA would depend on both its local
concentration and the distribution of its receptors. LPARs are
widely and differentially expressed in embryonic and adult tis-
sues (11). In the present study, we have described the gene ex-
pression profile of three LPARs in the ovine trophectoderm dur-
ing the perimplantation period. Two of them (LPAR1 and
LPAR3) exhibited a strictly regulated pattern of expression. We
observed high and narrow peaks for transcripts levels at d 14 of
embryonic development, the increase in protein levels being de-
layed by 1 or 2 d. A similar time interval between peak expression
of the protein and the transcript had previously been reported for
the major product secreted by the trophectoderm of the sheep
embryo, i.e. interferon-�. Embryonic interferon mRNA has been
found to be most abundant at d 14, whereas the interferon pro-
tein reaches its highest levels on d 16–18 when the RNA is almost
undetectable (38, 39). Our data suggest that in the ovine con-
ceptus, the function of LPA is largely controlled at the level of
LPA receptor expression. Because LPAR1 and LPAR3 expres-
sions were found to be regulated during early pregnancy, one
possibility is that these receptors are under steroid hormone con-
trol in the same way as uterine LPAR3 in mice (40) and pigs (24).
Furthermore, because embryo implantation is regarded as a
proinflammatory situation and occurs in a cytokine-rich envi-
ronment (41, 42), cytokines may also be involved in the induc-
tion of LPARs. In human synoviocytes, LPAR3 receptors have
been shown to be up-regulated by the inflammatory cytokine
TNF-� (43). LPA has been reported as being both an extracel-
lular mediator and intracellular messenger because distinct
sources of LPA exist in the extracellular environment and cellular

FIG. 8. Effect of LPA on the proliferation of ovine trophectoderm cells in
culture. A, [3H]thymidine incorporation by trophectoderm cells. Serum-
starved ovine trophectoderm cells in culture were treated with different
doses of LPA for 24 h and exposed for 2 additional hours to [3H]thymidine
(concentration 0.5 �Ci/ml). Results are expressed as counts per minute/
well of incorporated radiolabeled thymidine in cells treated with LPA vs.
control cells. Graph shows the mean � SEM of six dishes per condition. LPA
increased the proliferation of trophectoderm cells in a dose-dependent
manner (P � 0.001). B, BrdU incorporation by trophectoderm cells. Cells
seeded on coverslips coated with collagen were treated for 24 h with 20
�M LPA. BrdU was added to the culture medium 1 h before the end of
culture. Black-and-white pictures show representative fields of BrdU-
labeled cells treated or not with LPA and revealed by BrdU antibody. An
increase in the number of BrdU-positive cells in the presence of LPA was
observed (P � 0.001) (see Materials and Methods for details).
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cytosol (44, 45). Moreover, the detection of LPA receptors on the
cell surface and in intracellular compartments suggests a dual
action of the lipid mediator (46, 47). Our experiments revealed
perinuclear/nuclear and membrane localizations of LPAR1 in
ovine conceptuses and trophectoderm cells cultivated in vitro,
whereas LPAR3 was found only in the cell membrane in both
systems, which is in agreement with previously published reports
(46, 47). The nuclear localization of LPAR1 has been reported to
be related to cell density (47) or to result from translocation from
the cell membrane to the nucleus in response to LPA (48). The
nuclear localization of LPAR1suggests that it may be involved in
regulating intranuclear protein phosphorylation and signaling.

Our results revealed that LPA stimulated the phosphorylation
of ERK1/2 in ovine trophectoderm cells under in vitro condi-
tions, and a specific antagonist of LPAR1 and LPAR3 receptors
(VPC32183) blocked this effect. These observations provide di-
rect evidence that LPARs operate and are functionally coupled to
signal transduction mechanisms in the trophectoderm cell. The
activation of ERK1/2 has been already reported in numerous cell
types [fibroblasts (49, 50), neuroblastoma cells (51), leiomyoma
cells (28)] and is commonly related to the proliferative effect of
LPA. During the periimplantation period, the sheep blastocyst
undergoes rapid trophectoderm development from d 12 to 16,
resulting in a filamentous conceptus (52). The size of the con-
ceptus increases more than 1000-fold during this elongation pe-
riod that requires the intense proliferation of trophectoderm
cells. Our results that demonstrated a proliferative effect of LPA
on trophectoderm cells support the hypothesis that the lysophos-
pholipid could be involved in this elongation phase. In ovine
conceptuses, we observed a time correlation between the phos-
phorylation of ERK1/2 and the up-regulation of LPA membrane
receptors (data not shown). However, it is not certain that, in

vivo, LPA is solely responsible for the phosphoryla-
tion state of MAPKs observed because the conceptus
develops in a uterine environment that is rich in
many factors that can induce ERK1/2 phosphoryla-
tion. ERK1/2 MAPKs have been found to be widely
expressed throughout early-stage embryo develop-
ment and have been suggested as participating in
trophectoderm development in both mice (53) and
humans (54). In addition to its role in the prolifera-
tion of trophectoderm cells during the elongation
phase, LPA could also be involved in mediating the
cellular differentiation required for ovine embryo
implantation. In mice, LPA accelerates the rate of
trophectoderm outgrowth (55, 56), and it induces an
accumulation of heparin binding epidermal growth
factor on the embryo surface (55), which has been
reported to be involved in embryo implantation in
several species (57–59).

In contrast to primates and rodents with invasive
implantation, sheep has superficial implantation in
which a prolonged preattachment period (	15 d) is
followed by incremental apposition and attachment
(21). Initiation of implantation involves adhesion of
trophectoderm cells to the epithelial lining of the en-
dometrium (21, 22). In mice, the trophectoderm ad-

hesion is distinguished by dramatic changes in cytoarchitecture
and cell behavior including actin stress fiber formation (60).
However the mechanisms regulating the adhesive properties of
trophectoderm during initiation of implantation are still incom-
pletely understood. Many literature reports demonstrated a role of
LPA in cytoskeletal rearrangement of numerous cell systems (61,
62). We report here on ovine trophectoderm cells under in vitro
conditions that LPA stimulates changes in the organization of actin
and tubulin architecture. These results give new insight into the role
of bioactive lipid mediators in the implantation process and suggest
that LPA may be involved in the mechanisms regulating morpho-
logical changes during conceptus adhesion to the uterus in
ruminants.

Our studies revealed that LPA induced a 2-fold increase in
PGF2� and PGE2 release from ovine trophectoderm cells in cul-
ture. However, with an incubation period of the same duration,
no increase in the gene expression of cPLA2� and PTGS2 was
observed. Using a shorter incubation period, the LPA-mediated
increase in prostaglandin synthesis was already detected (data
not shown). These results exclude the hypothesis that short-term
effect of LPA on prostaglandin release is due to changes in
mRNA of the two enzymes. Numerous reports have proposed
that the phosphorylation of cPLA2� by ERK1/2 is a critical
step in the sequence of events leading to the mobilization of
arachidonic acid (63, 64). In trophectoderm cells, the LPA-me-
diated phosphorylation of ERK1/2 may cause a rapid activation
of cPLA2� that results in a burst of prostaglandin synthesis in-
dependently of any modifications to gene expression. LPA has
previously been shown to increase PGE2 synthesis in human
monocytic cells (65) and mesangial cells (66) and up-regulate
PTGS2 expression in other cell types such as human ovarian

FIG. 9. Effect of LPA on cultured ovine trophectoderm cell morphology. Cultures of
ovine trophectoderm cells maintained under serum deprivation were treated with 20
�M LPA for 1 h and stained for �-actin (B) or �-tubulin (D). LPA induced formation of
stress fiber promoted by �-actin polymerization (B) and modifications to �-tubulin
architecture (D). A and C, Organization of the �-actin (A) and �-tubulin (C) networks in
control cells not exposed to LPA. Representative fields of trophectoderm cells from two
independent experiments are shown. Scale bar, 50 �m.
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cancer cells (67) and rat mesangial cells (68). If emerging evi-
dence suggests that LPA is a regulator of prostaglandin synthesis
and PTGS2 expression, other ways mechanisms have also been
put forward. LPA has been shown to regulate PTGS2 expression
via the transactivation of epidermal growth factor (69) and the
enhancement of mRNA stability (70). In mice, the targeted de-
letion of LPAR3 resulted in implantation defects accompanied
by a reduction in PTGS2 expression and levels of PGE2 and PGI2
(6). Moreover, the improvement in implantation achieved by the
exogenous delivery of prostaglandins in LPAR3-deficient mice
have rendered the LPA-induced PTGS2 expression of prime im-
portance for embryo implantation. In sheep, it is unlikely that the
same pathway will prove to be relevant. In the ovine conceptus,
PTGS2 reaches its highest levels on d 15 of embryonic develop-
ment (26), whereas we found maximum levels of LPAR1 and
LPAR3 proteins 2 d later at d 17. These findings thus lead us to

suppose that LPA-mediated signaling does not induce PTGS2
expression in the ovine conceptus. The LPA-induced release of
prostaglandin is probably due to a stimulation of arachidonic
acid mobilization. Taken together, the combination of a strong
expression of both the PTGS2 enzyme and LPARs may lead to a
synergetic effect that results in a massive synthesis of prostaglan-
dins in the presence of increasing amounts of LPA in the uterine
lumen.

Overall, our results designate a new biological function for
LPA in embryonic development and a key role in the regulation
of prostaglandin levels during the implantation process. Our
studies establish, in a mammalian species other than the mouse,
the importance of lipid signaling in implantation. It is still nec-
essary to clarify how prostaglandins of embryonic origin control
embryo-uterus interactions during implantation in sheep. In ru-
minant, prostaglandins are known to play a pivotal role in lu-
teolysis maintenance, maternal, and recognition of pregnancy.
The uterine source of prostaglandins has been extensively stud-
ied, but little is known about prostaglandins originated from
embryo and conceptus. In ruminant, the prostaglandin produc-
tion has been reported from cumulus-oocyte complex stage (71,
72), early blastocyst (73), through to elongated conceptus (25,
74, 75). PGE2 has been shown to increase the hatching rate of
ovine blastocysts (73), whereas PGF2� has been reported to be
detrimental to the development of the early bovine blastocyst
(76). However, the function of prostaglandins during the elon-
gation of the ruminant trophectoderm are not understood. PGE2
had been reported to regulate proliferation and migration of
human trophoblast (77, 78).

Of the two main defects observed in LPAR3-deficient mice, de-
layed implantation and embryo crowding, the exogenous delivery
ofprostaglandins rescuednormal implantationbutnot thedefectof
embryo spacing. Despite significant differences between implanta-
tion in the mouse and ruminant, prostaglandins may mediate sim-
ilar mechanisms. In sheep, intrauterine migration of embryos into
the uterine horn contralateral to the ovary was observed only when
twoormoreovulationsoccurredinoneovary(79).However, inthis
species, a role of LPA in the mechanisms of embryo spacing and
migration isunlikelybecausemigrationwas completedbyd15 (80)
and occurred before LPA signaling takes place.
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FIG. 10. Effect of LPA on prostaglandin production by trophectoderm
cells in culture and on cPLA2� and PTGS2 expression A, Trophectoderm
cells were treated for 6 h with different doses of LPA in the presence of
radiolabeled arachidonic acid. The culture medium was collected and
extracted, and cyclooxygenate derivatives were analyzed by HPLC.
Histogram represents PGF2� and PGE2 production per counts per minute
per microgram of cellular protein in trophectoderm cells (n � 4). LPA
induced an increase in the production of PGF2� and PGE2 in the culture
medium over 6 h (P � 0.0007 and P � 0.002, respectively). B,
Trophectoderm cells were treated for 6 h with or without 20 �M LPA. The
graph presents real-time quantitative RT-PCR measurements of cPLA2�

and PTGS2 gene expression from four independent experiments
performed in triplicate. Each transcript level was normalized to GAPDH.
No significant differences in cPLA2� and PTGS2 mRNA levels were
observed (P � 0.647 and P � 0.971, respectively) after LPA treatment.
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