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Summary

In mammals, fertilization and preimplantation embryo development occurs in the oviduct. Cross-talk
between the developing embryos and the maternal reproductive tract has been described in such a way
as to show that the embryos modulate the physiology and gene expression of the oviduct. Different
studies have indicated that transforming growth factor beta (TGF-β) can modulate the oviductal
microenvironment and act as an autocrine/paracrine factor on embryo development. LEFTY2, a novel
member of the TGF-β superfamily is involved in the negative regulation of other cytokines in this
family such as nodal, activin, BMPs, TGF-β1 and Vg1. In previous studies, we have reported that
LEFTY2 is differentially expressed in the rat oviduct during pregnancy. In this study, we describe the
temporal pattern of LEFTY2 in pregnant and non-pregnant rat oviduct by western blotting, which
showed higher levels of LEFTY2 on day 4 of pregnancy, a time at which the embryos are ending their
journey along the oviduct. The cellular location of LEFTY2 was assessed by immunohistochemistry,
which showed immunolabelling in the cytoplasm and at the apical surface of the oviductal epithelial
cells. The oviductal fluid also presented a 26 kDa band, which corresponds to the biologically active form
of this protein, at the preimplantation period of pregnancy, indicating LEFTY2 secretion to the lumen.
As LEFTY2 is expressed at a high level just before the embryos pass to the uterus, its biological effect
might be relevant and significant for the preimplantation stage of embryo development in the oviduct.
The fact that embryos do not express LEFTY2 at this stage of development supports this hypothesis.
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Introduction

The oviduct provides an optimal environment for
crucial events that occur during the early reproductive
stage, leading to the establishment of pregnancy.
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These occurrences include transportation of gametes,
fertilization and embryo early development. In fact,
the development of preimplantation embryo occurs
almost entirely inside the oviduct, where a wide
range of growth factors, cytokines and their receptors
are synthesized (Buhi et al., 2000; Hardy & Spanos,
2002). Early embryos also express growth factors and
their receptors, therefore the developing embryos find
themselves in a rich growth-factors milieu (Hardy &
Spanos, 2002; Osterlund & Fried, 2000). Transforming
growth factor beta (TGF-β) superfamily members
are closely associated with tissue remodelling and
reproductive processes and are involved in maternal–
embryo dialogue and in embryo development (Chang
et al., 2002; Wolf et al., 2003). A novel member
of the TGF-β family, LEFTY2, has been detected
in uteri in humans and mice, and is involved in
endometrial tissue remodelation during the sexual
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cycle and the embryo implantation process (Cornet
et al., 2002; Tang et al., 2005a, b). Valdecantos et al.
(2004) and Argañaraz et al. (2007) reported, for the first
time, lefty2 expression in the rat oviduct. We have also
shown that lefty2 transcripts were more abundant at 4
days after mating, when the embryos are completing
their transit along the oviduct (Valdecantos et al.,
2004; Argañaraz et al., 2007). In silico analyses of
the rat lefty2 sequence (AY758558) revealed that this
gene encodes a 366 amino acid preproprotein with
a predicted mass of 40.91 kDa and with two RXXR
putative cleavage sites, which could lead to the
secretion of two cleavage products: a 26 kDa (short
processed) form and a 32 kDa (long processed) form
(Argañaraz et al., 2007). These data are in agreement
with other studies that reported that the shorter
processed form is biologically active and induces
MAPK activation, while the 32 kDa form is inactive
(Ulloa et al., 2001). At present, it is known that the
LEFTY2 biologically active forms require processing
of their preproteins by members of the proprotein
convertase (pc) family. The proprotein convertases are
secretory proteolytic enzymes that activate precursor
proteins into biologically active forms by limited
proteolysis at one or multiple internal sites (Scamuffa
et al., 2006). In addition, there is evidence that the
LEFTY2 preproprotein can be differentially processed
depending on the cell of synthesis (Meno et al., 1996).
However, several questions related to lefty2 remain
unknown: i.e., how its transcriptional, posttran-
scriptional and posttranslational modifications affect
protein secretion, maturation and movement within
the extracellular milieu. Furthermore, no mechanism
of action in other organs, besides the uterus, has
been described. The abundance or scarcity of LEFTY2
protein in the oviduct during the early pregnancy and
estrous cycle would be significant for understanding
its role in early pregnancy or in embryo development.
lefty2 expression in the rat embryo at the morula stage
was also studied to assess new evidence of the cross-
talk between embryos and the maternal tract.

Material and methods

Animals

Wistar virgin 3-month-old adult female rats, weighing
200–300 g were used. Animals were housed individu-
ally under standard environmental conditions (12 h
light:12 h dark cycle) with chow and water ad libitum.

Each phase of the estrous cycle was determined
by vaginal smears (Marcondes et al., 2002). Vaginal
smears were checked daily and only rats that showed
at least two consecutive 4-day estrous cycles were
included.

To achieve pregnancies, the animals in proestrus
were caged with adult males. The first day of preg-
nancy was designed by the presence of spermatozoa
in the vaginal smears. Animals were sacrificed by
carbon dioxide inhalation and oviductal samples were
collected between 10 a.m. and 12 a.m. on days 2,
4 and 6 of pregnancy and during proestrus (PE),
estrus (E) and diestrus (DE). In each case, oviducts
were immediately removed, flushed with phosphate-
buffered saline (PBS) and processed for SDS-PAGE
and western blot analysis or immunohistochemistry.
All assays were performed on single oviducts, and
samples were never pooled.

Oviductal fluid collection and preparation

Oviductal fluids of rats on the fourth day of pregnancy
were recovered by flushing both oviducts with a
32G blunted syringe and 100 μl of PBS. The fluid
was centrifuged to eliminate cells and debris. The
supernatants from the six oviducts were pooled and
precipitated by addition of 20% cold trichloroacetic
acid (TCA), pellets were dissolved and the protein
contents of the samples were quantified using the
Quant-iT protein assay kit (Invitrogen).

Oviductal protein isolation

Total proteins from flushed oviducts were isolated
using a lysis buffer containing 50 mM Tris–HCl
(pH 8), 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM ethylenediaminetetraacetic
acid (EDTA), 1% Nonidet P40, 1 μg/ml aprotinin,
1 μg/ml leupeptin and 1 μg/ml pepstatin. Both ovi-
ducts were homogenized in 250 μl ice-cold buffer by
using an Ultraturrax homogenizer (1:10 w/vol.); the
homogenates were centrifuged at 10,000 g for 10 min at
4◦C and supernatants were collected for assays. Total
proteins were quantified using the Quant-iT protein
assay kit (Invitrogen).

Western blot analysis

The pooled oviductal fluid or 100 μg of oviductal
protein, obtained as indicated before, was subjected
to 12.5% SDS-PAGE. Then, proteins were transferred
onto nitrocellulose membranes (Sigma-Aldrich) and
run at 30 volts for 10 h at 4◦C. The membranes
were blocked in 2% albumin in PBS-T (8 g NaCl,
0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 0.1%
Tween 20) for 8 h, then incubated overnight at 4◦C
with a goat polyclonal antibody against the LEFTY
carboxyl terminal peptide, M-20 (1:100, goat anti-
mouse, Santa Cruz Biotechnology) or rabbit anti-
γ -tubulin (1:750, T3320, Sigma-Aldrich), followed
by incubation with the secondary antibody for
1 h at 37◦C (1:1000, biotinylated rabbit anti-goat
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IgG or biotinylated goat anti-rabbit IgG; Sigma-
Aldrich). Finally, blots were incubated for 15 min
with alkaline phosphatase-linked ExtrAvidin (1:50,000,
Sigma-Aldrich) and protein bands were developed
using the Sigma Fast kit (Sigma-Aldrich). Membrane
digital images were obtained with an Olympus C5060
Wide Zoom colour digital camera (Olympus) and
densitometry of band intensities was performed using
ImageJ software (http://rsbweb.nih.gov/ij/), then
the ratios of LEFTY2/γ -TUBULIN band intensities
were calculated. Prestained molecular weight marker
proteins were run on a separate lane to determine
the molecular weights of the immunostained bands.
Primary antibody or secondary antibody omitted from
the staining reaction was used as the control.

Immunohistochemistry

Oviducts were fixed in 4% paraformaldehyde, dehyd-
rated in ethanol and embedded in paraffin. Sections
of 7-μm thickness were collected on Frosted HiFix
slides (Inprot). Paraffin sections were deparaffinized
and rehydrated. Non-specific sites were blocked for 6 h
with 2% albumin in PBS (8 g NaCl, 0.2 g KCl, 1.44 g
Na2HPO4, 0.24 g KH2PO4) and then incubated with
goat polyclonal antibody against the Lefty peptide,
M-20 (1:50), overnight at 4◦C. Afterwards, the slides
were incubated with biotinylated anti-goat (1:1000)
for 1 h at room temperature and detected with
alkaline phosphatase conjugated ExtrAvidin (1:1000).
Tissue sections were developed for 30 min in the
dark using the Sigma Fast kit (Sigma-Aldrich). A
minimum of five sections was examined for each
oviduct sample. Representative tissue sections were
photographed with an Olympus C5060 Wide Zoom
colour digital camera (Olympus). Two types of assay
controls were performed: (i) the primary antibody
was omitted; and (ii) the antibody was neutralized
with the immunogenic peptide, according to the
manufacturer’s recommendation. Briefly, the antibody
was incubated with a five-fold excess of the peptide
(20 ng/ml) in PBS overnight at 4◦C. Sections were
viewed, analysed and photographed under a light
microscope without a counterstain.

Embryo collection and RT-PCR assays

Embryos at the morula stage were obtained by
oviductal flushing from day-4 pregnant rats. The
embryos were pooled and immediately processed for
total RNA extraction with SV Total RNA Isolation
System (Promega) and reverse transcribed using
oligo-dT primers (Invitrogen) and M-MLV Reverse
Transcriptase (Promega). β-actin expression was used
as an internal RNA loading control for each sample.
PCR was performed with specific primer pairs for
lefty2 (forward 5′-ACCATCGAGTGGCTGAGAG-3′

and reverse 5′-GATGGTCAGAGACTCTGGCA-3′),
and primer pairs for the β-actin (forward
5′-CGTGGGCCGCCCTAGGCACCA-3′ and reverse
5′-TTGGCCTTAGGGTTCAGGGGGG-3′). The PCR
conditions were: an initial denaturation time of 2 min
at 94◦C, followed by 30 cycles for 15 s at 94◦C; for
35 s at 58◦C; for 1 min at 72◦C and an extension step
of 7 min at 72◦C. lefty2 and β-actin RT-PCR products
were run by 1.5% agarose gel electrophoresis, stained
with SYBR Green, and then visualized by using a Gel
Doc 1000 image analyzer (BioRad).

Statistical analysis

All experiments were performed with four different
samples and repeated at least twice to confirm
reproducibility of data. Density of bands and ratios
of LEFTY2/γTUBULIN were pooled and analyzed
by ANOVA followed by Student’s t-test. Every
experiment showed the same trend. p-values of less
than 0.05 were considered to be significant.

Results

LEFTY2 protein expression in rat oviducts during
estrous cycle and pregnancy

To ascertain that LEFTY2 is translated in the oviductal
tissues, western blotting was carried out on extracted
proteins from rat oviducts during proestrus, estrus,
diestrus and early pregnancy (days 2, 4 and 6).
LEFTY2 was identified by its reactivity with M-20,
a commercially available polyclonal goat antibody
raised against a synthetic LEFTY peptide. The
antibody detects the LEFTY2 different isoforms: the
preproprotein of 41 kDa, as well as the long processed
form of 32 kDa and the short processed form of 26 kDa.
Only two immunoreactive bands were detected in all
oviductal samples: the preproprotein of 41 kDa and
the 26 kDa short processed form, showing different
intensities according to the physiological stage.

During the estrous cycle, the 41 kDa LEFTY2
preproprotein level remained unchanged, whereas the
26 kDa LEFTY2 short processed form decreased at
proestrous, in relation to estrous and diestrous stages.
In addition, the immunoreactivity of the 41 kDa band
was markedly greater than 26 kDa bands in all stages
of the estrous cycle (Fig. 1).

During early pregnancy, the 41 kDa LEFTY2 pre-
proprotein level remained unchanged. The 26 kDa
LEFTY2 short processed form intensity was higher
at day 4 of pregnancy, increasing 3.86-fold respect
on day 2 of gestation (p = 0.0001) and 1.94-fold
respect on day 6 of gestation (p = 0.0125) (Fig. 2).
Remarkably, on the second day of gestation the 41 kDa
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Figure 1 (A) Western blot analysis of LEFTY2 at estrous (E), diestrous (DE) and proestrous (PE) in oviductal homogenates
by using polyclonal anti-human lefty M-20 antibody. Each sample was reprobed with antibody to γ -tubulin to ensure equal
loading. (B) Plot of LEFTY2/γ -TUBULIN optical relative densities (arbitrary units) of the mature LEFTY2 (26 kDa band) and
immature LEFTY2 (41 kDa band) during the estrous cycle. ∗Short processed form significant difference among the estrous
cycle, p ≤ 0.02. #Significant difference between the precursor and the short processed form, p ≤ 0.0005.

Figure 2 (A) Western blotting of LEFTY2 of pregnant rat oviduct 2, 4 and 6 days after mating by using polyclonal anti-
human lefty M-20. Each sample was reprobed with antibody to γ -tubulin to ensure equal loading. (B) Plot of LEFTY2/γ -
TUBULIN optical relative densities (arbitrary units) of the mature LEFTY2 (26 kDa band) and immature LEFTY2 (41 kDa)
during pregnancy. ∗Short processed form significant difference among pregnancy, p ≤ 0.01. Significant difference between the
precursor and the short processed form, #p ≤ 0.025; ##p ≤ 0.01.

band intensity is higher than that of the 26 kDa band
(p = 0.024); in contrast at day 4 of pregnancy, the
26 kDa short processed form was more abundant than
the 41 kDa form (p = 0.011) (Fig. 2).

Immunolocalization of LEFTY2 in rat oviduct

Sections of rat oviductal tubes from the fourth day of
pregnancy, when LEFTY2 protein levels were higher,
were subjected to immunohistochemical staining.
Sections incubated with the primary antibody showed
positive staining in several different oviductal com-
partments (Fig. 3B). In the oviductal mucosa, staining
was observed at the apical surface and in cytoplasm
of epithelial cells. In this area, both ciliated and non-
ciliated cells of the ampulla and isthmus showed no
difference in intensity of immunostaining (data not
shown) (Fig. 3C). Connective tissue located under the

mucosa also exhibited positive immunoreactivity for
LEFTY2, staining was observed in the cytoplasm of
fibroblasts but not in their nuclei.

Sections either without lefty antibody or with lefty
antibody absorbed with the immunogenic peptide
showed no staining or showed slight staining in the
apical surface of oviductal mucosa (Fig. 3A).

LEFTY2 in the oviductal fluid

To determine whether LEFTY2 produced in the
oviduct was secreted into the lumen, the oviductal
fluids of day-4 pregnant rats were subjected to western
blot analysis. Only the 26 kDa immunoreactive band,
corresponding to the short processed form of LEFTY2,
was detected. Neither the 41 kDa precursor nor the
33 kDa long processed form was observed (Fig. 4).
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Figure 3 Immunohistochemical detection of LEFTY2 in
pregnant rat oviduct on day 4 after mating revealed with
alkaline phosphatase (see Material and methods for details).
A representative section of ampulla is shown. (A) Negative
control, sections were incubated without the polyclonal anti-
human lefty M-20. Bar 100 μm. (B) Sections incubated with
polyclonal anti-human lefty M-20. Bar 100 μm. (C) Positive
staining in epithelial cells and mucosa apical surface. Bar
10 μm.

lefty2 expression in preimplantation embryos

The expression of lefty2 in the Wistar rat embryo at
the morula stage was examined by RT-PCR. lefty2
expression was not detected at the fourth day of
pregnancy, during the preimplantation period. Figure
5 shows a unique band corresponding to the predicted
size of β-actin, the 484-bp product corresponding to
lefty2 was absent. As a positive control, a sample of
oviductal RNA from day-4 pregnant rats was used; in
this sample, both genes were amplified. These results
showed that rat embryos did not express lefty2 on the
fourth day of pregnancy (Fig. 5).

Figure 4 Western blot analysis of LEFTY2 in oviductal fluid
on the fourth day of pregnancy using polyclonal anti-human
lefty M-20. Lane 1, pooled oviductal fluid from pregnant
rats 4 days after mating, lane 2, prestained protein marker
(51.4, 34.7, 28.1 and 20.4 kDa), lane 3, positive control, day-4
pregnant oviduct.

Figure 5 Lack of lefty2 gene expression in preimplantation
embryos at morula stage. Lane 1, 100 bp molecular weight
marker, gene β-actin in the oviduct of pregnant rats (fourth
day); lane 2, lefty2 in preimplantation embryos; lane 3,
positive control of lefty2 in the oviduct of pregnant rats on
the fourth day after mating. β-actin was amplified as loading
control.

Discussion

Understanding the molecules and mechanisms that
are involved in the reproductive process has been of
great interest for enhancement of in vitro production of
embryos. The development of optimal human embryo
culture conditions is critical for assisted reproduction
programmes (Jones et al., 1998), and also beneficial
to the derivation of human embryonic stem cells
(Mercader et al., 2006). In vitro experiments suggest that
oviductal cells secrete a variety of components that
enhance embryo development (Yeung et al., 2002) by
influencing embryo gene expression and metabolism
(Lee et al., 2003, 2004; Knijn et al., 2005). Different
studies have found that TGF-βs signalling derived
from the oviduct may act as an autocrine/paracrine
factor for embryo development and for modulation of
the microenvironment where this development takes
place (Hardy & Spanos, 2002; Armant, 2005). Cornet
et al. (2002) and Tang et al. (2005) demonstrated that
LEFTY2 is expressed in the uteri of humans and mice,
where it has been exclusively related to the endo-
metrial remodelling and embryo implantation. For
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functional studies of LEFTY2 in the oviduct during the
preimplantation embryonic stages, we have evaluated
LEFTY2 temporal expression and localization in the
oviductal cells. In this way, if LEFTY2 is secreted
to the oviductal lumen, participation in embryonic
development would be a possibility.

As for other members of the TGF-β superfamily,
LEFTY2 is synthesized as a preproprotein and then
cleaved at RXXR sites to release the mature form of
the protein (Drummond & Findlay, 2006). By carrying
out in silico analyses, we predicted that LEFTY2
preproprotein (40.91 kDa) exhibits at least two such
RXXR sites, which are located at amino acid residues
74–77 and 132–135. If one of these sites was the
cleavage site, a mature protein of 32.58 kDa (long
processed form) or 25.81 kDa (short processed form)
should be produced (Argañaraz et al., 2007). Therefore,
there must be endoproteolytic processing in order to
release the LEFTY2 bioactive polypeptide.

In this study, western blot analysis of rat oviduct
during estrous cycle and pregnancy revealed the
presence of two bands; one of 41 kDa, corresponding to
the preproprotein, and the mature 26 kDa form (short-
processed form), whereas the 33 kDa (long processed
form) mature protein was not detected. There is
evidence that the preproprotein can be differentially
processed depending on the cell of synthesis and that
proteolytic cleavage may regulate not only the activity
of LEFTY2 but also its specificity (Meno et al., 1996).
Recently, it was demonstrated that a soluble protein
convertase, PC5A, is localized in the extracellular
matrix and exerts its proteolytic action on the cell
surface or in the extracellular matrix (Nour et al., 2005).
PC5A cleaves the preproprotein at the 74–77 amino
acid residue site yielding the long processed form
(33 kDa); meanwhile, cleavage at the 132–135 amino
acid residue site may require an unknown PC that
is expressed only in certain cell types (Sakuma et al.,
2002). Therefore, our results suggest that this unknown
PC should exist in the rat oviduct and that it might be
more abundant or/and active during early pregnancy.

During the estrous cycle, LEFTY2 protein was
mainly present as an inactive preproprotein, whilst
the short processed form was detected at low levels –
suggesting that LEFTY has a low biological activity in
the oviduct of non-pregnant rats.

We observed that LEFTY2 expression pattern
changes throughout pregnancy. Interestingly, the
LEFTY2 biologically active form (short processed
form) increased 3.8-fold from day 2 to day 4 of
pregnancy, a fact that coincides with the embryo final
steps in the oviduct. When the embryos have reached
the uterus at 6 days after mating, the biologically
active form of LEFTY2 in the oviduct began to
decrease (1.94-fold). These protein levels were almost
consistent with our previous observations in which

lefty2 transcripts increased five-fold from day 2 to day
4 of pregnancy (Argañaraz et al., 2007). These data
might indicate that the function of LEFTY2 is restricted
to the preimplantation stage, consistent with the final
steps of the embryo in the oviduct on its way into
the uterus. In agreement with this hypothesis, we
found LEFTY2 biologically active polypeptide (26 kDa
band) in the oviductal fluid, consistent with it being
produced and secreted by oviductal cells to the embryo
milieu. LEFTY secretion was previously reported by
Meno et al. (1996), who detected LEFTY processed
forms of 32 and 26 kDa in BALB/3T3 cell conditioned
medium. Therefore they concluded that these cells
could secrete these processed forms. Also, LEFTY2
has been described in endometrial fluid during the
secretory phase, this finding would suggest a role in
human reproduction (Tabibzadeh et al., 2000).

Immunoreactive staining shows that LEFTY2 syn-
thesis mostly takes place in the oviductal epithelial
cells, mainly on the luminal surface. Human en-
dometrial glands and adjacent stromal cells could
synthesize LEFTY as was suggested by in situ
hybridization assays. LEFTY2 plays a role in human
reproduction, as it has been described in endometrial
fluid during the secretory phase (Tabibzadeh et al.,
1998; 2000).

LEFTY2 participates in the negative modulation
of TGF-β1 and BMP4 signalling by inhibition of R-
Smad receptor phosphorylation and by providing
a repressed state of responsive genes, such as
metalloproteinases, collagen and the connective tissue
growth factor (CTGF). However, the mechanism of
action remains unknown (Ulloa et al., 2001). Also,
LEFTY blocks the effects of NODAL, another TGF-
β, by binding to NODAL itself or to its co-receptor
CRIPTO. In this way, LEFTY prevents NODAL binding
to its receptor (Chen & Shen, 2002; Hamada et al.,
2003; Cheng et al., 2004). In this way, it is possible
that a LEFTY2 negative feedback response is likely
to be involved during TGF-β and BMP signalling
in preimplantation embryo development. Interestingly
with LEFTY2 expression, one of its targets, TGF-
β1, was detected in embryos and in non-pregnant
and pregnant oviductal tissues (Zhao et al., 1994;
Fitzpatrick et al., 2002; Strandell et al., 2004; Refaat et al.,
2008). In fact, in vitro studies have demonstrated that
growth factors, including TGF-β1, play an important
role in oocyte maturation, embryogenesis, and early
embryo development (Marquant-Le Guienne et al.,
1989, Larson et al., 1992; Osterlund & Fried, 2000).
In support of the concept that LEFTY regulates other
TGF-β members, it had been demonstrated that TGF-
β1, TGF-β2, TGF-β3 and their receptors were present
in oviductal epithelial cells, and in human and mouse
oviductal fluid (Zhao et al., 1994; Chow et al., 2001;
Strandell et al., 2004), as well as in preimplantation
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in the embryo (Hardy & Spanos, 2002; Chow et al.,
2001).

During the fourth day of the embryo journey
through the oviductal tube, LEFTY2 secretion would
be restricted to the oviduct. Our results demonstrate
that preimplantation embryos at in the morula stage
(fourth day after mating) did not express the lefty2
gene. In mice, the expression of lefty2 is first detectable
in 6-day embryos in the visceral endoderm of the
distal region (Shen, 2007). In this context, the particular
timing and location of LEFTY2 in the oviduct,
four days after mating, might be important for the
preimplantation period of pregnancy in rats.

To summarize, we demonstrated that LEFTY2 is
present in the rat oviduct. The epithelial cells synthes-
ize and secret LEFTY2 to the lumen. The preproprotein
is more abundant during the estrous cycle, while the
short processed form is higher in early pregnancy,
specifically when the embryos are still in the oviduct.
In addition, the day-4 embryo expressed lefty2. Taken
together, our results, and the fact that LEFTY2
regulates TGF-β family members, suggest that Lefty2
signalling has a role during normal in vivo rat embryo
preimplantation development in the oviduct. These
findings extend the understanding of the LEFTY2
pathway in the reproductive process, demonstrating
its participation in the oviduct of mammals through-
out early pregnancy. Nevertheless, further studies are
needed to determine Lefty2 function in the oviduct.
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