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Abstract

In cattle, the blastocyst hatches from the zona pellucida on days 8 to 9 and then forms a conceptus
that grows and elongates into an ovoid and then filamentous shape between days 9 and 16. The
growing conceptus synthesizes and secretes prostaglandins and interferon tau. Our hypothesis was
that the ovoid conceptus exerts a local effect on the endometrium prior to maternal recognition of
pregnancy on day 16 in cattle. In Study One, synchronized cyclic heifers received nothing or 20 in
vitro produced blastocysts on day 7, and uteri were collected on day 13. Interferon tau was not
detected by radioimmunoassay in the uterine flush of pregnant heifers containing multiple ovoid
conceptuses; however, total prostaglandin levels were higher in the uterine lumen of pregnant as
compared to cyclic heifers. Microarray analysis revealed that 44 genes were increased in the
endometrium of day 13 pregnant as compared to cyclic heifers, and many of those genes were
classical Type I IFN-stimulated genes (1SGs). Studies Two and Three determined effects of
infusing prostaglandins at the levels produced by the elongating day 14 conceptus into the uterine
lumen of cyclic ewes on ISG expression in the endometrium. Results indicated that prostaglandin
infusion increased the abundance of several ISGs in the endometrium. These studies support the
hypothesis that the day 13 conceptus secretes prostaglandins that act locally in a paracrine manner
to alter gene expression in the endometrium prior to pregnancy recognition in cattle.

Introduction

After conception (day 0) in cattle, the zona pellucida-enclosed embryo enters the uterus at
the morula stage on days 4 to 5 of gestation and forms a blastocyst. The spherical blastocyst
hatches from the zona pellucida on days 9 to 10 and continues to grow, changing from a
spherical to ovoid shape between days 12 and 14 during a transitory phase preceding
elongation, after which it is termed a conceptus (embryo and associated extra-embryonic
membranes) (Betteridge & Flechon 1988). After day 16, the time of maternal recognition of
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pregnancy in cattle, the elongating conceptus begins the process of implantation and
placentation (Guillomot et al. 1981).

Progesterone action via the endometrium of the uterus is critical for conceptus growth and
elongation (Spencer et al. 2008, Lonergan 2011, Forde & Lonergan 2012). The major
changes in the endometrium required to drive conceptus elongation occur between days 7
and 13 in response to ovarian progesterone, irrespective of whether an appropriately
developed embryo/conceptus is present or not (Gray et al. 2001, Forde et al. 2009, Simmons
et al. 2009, Forde et al. 2010, Forde et al. 20114, Forde et al. 2011b, Forde & Lonergan
2012, Forde et al. 2012). The outcome of the progesterone-induced changes in the cyclic and
pregnant uterus is to modify the intrauterine milieu, including an increase in select amino
acids, glucose, cytokines and growth factors in histotroph, for support of blastocyst growth
into an ovoid conceptus and elongation to form a filamentous conceptus (Spencer et al.
2008, Bazer et al. 2010, Forde & Lonergan 2012, Dorniak et al. 2013a). The trophectoderm
of the growing and elongating conceptus synthesizes and secretes prostaglandins (PGs) and
then interferon tau (IFNT) in ruminants (Lewis 1989, Ulbrich et al. 2009, Forde & Lonergan
2012, Dorniak et al. 2013b). Interferon tau is the signal for maternal recognition of
pregnancy in ruminants and is secreted predominantly by the elongating conceptus after day
15 (Roberts et al. 2003, Robinson et al. 2006). As a pregnancy recognition signal, IFNT acts
in a paracrine manner on the endometrium to inhibit development of the endometrial
luteolytic mechanism required for pulsatile release of PGF2a., thereby ensuring continued
production of progesterone by the ovarian CL (Thatcher et al. 1989, Spencer et al. 2007,
Bazer et al. 2010). Additionally, IFNT stimulates transcription of a number of genes and
activities of several enzymes, in a cell-specific manner within the endometrium, implicated
in establishment of uterine receptivity and conceptus elongation and implantation in
ruminants (Spencer et al. 2007, Hansen et al. 2010, Dorniak et al. 2013a). The precise role
of conceptus-derived PGs remains to be determined in cattle (Ulbrich et al. 2009); however,
PGs regulate conceptus growth and elongation in sheep through modulation of endometrial
genes important for elongation of the conceptus (Dorniak et al. 2011, Dorniak et al. 2012a).

Comparisons of the endometrial transcriptome in cyclic and pregnant heifers (days 5, 7, 12
and 13) found no difference prior to pregnancy recognition (Forde et al. 2011b, Bauersachs
et al. 2012). However, comparisons of day 15 to 18 pregnant and non-pregnant or cyclic
endometria revealed conceptus effects on endometrial gene expression, particularly the
induction or up regulation of classical IFN-stimulated genes (1SGs) (Bauersachs et al. 2006,
Forde et al. 2009, Forde et al. 2011b, Bauersachs et al. 2012, Cerri et al. 2012, Forde &
Lonergan 2012). We hypothesized that the ovoid conceptus exerts a local effect on the
endometrium during early pregnancy prior to pregnancy recognition in cattle. The rationale
is that the detection of local effects of the conceptus on the endometrium on day 13 of
pregnancy has been imperceptible to date due to the inability to isolate endometria adjacent
to a single small, ovoid conceptus. Consequently, analysis of the endometrium from the
entire uterine horn has masked conceptus-induced changes in gene expression in the
endometria of day 12 or 13 cyclic and pregnant cattle (Forde et al. 2011b, Bauersachs et al.
2012). In order to test our hypothesis, 20 in vitro-produced embryos were transferred into
the uterus of synchronized heifers on day 7 and then obtained and analyzed the uterus
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containing multiple conceptuses on day 13 as compared to cyclic heifers as a control. Based
on the results of that study, we next determined the effects of conceptus-derived PGs on
endometrial gene expression using sheep. Collective results support the hypothesis that the
ovoid conceptus secretes PGs that act locally in a paracrine manner to alter gene expression
in the endometrium during early pregnancy in cattle.

Materials and Methods

Experiment One: design and tissue collection

All experimental procedures involving cattle were licensed by the Department of Health and
Children, Ireland, in accordance with the Cruelty to Animals Act (Ireland 1876) and the
European Community Directive 86/609/EC and were sanctioned by the Animal Research
Ethics Committee of University College Dublin. Unless otherwise stated, all chemicals and
reagents were sourced from Sigma (Dublin, Ireland).

The estrous cycles of crossbred beef heifers (=21, predominantly Charolais cross) were
synchronized by insertion of a controlled internal drug release device (CIDR, Pfizer Animal
Health, Sandwich, Kent, UK) containing 1.38 g of progesterone for eight days. One day
prior to CIDR removal, each heifer received a 2 ml intramuscular injection of a PGF2a
analogue (Estrumate, Intervet, Dublin, Ireland; equivalent to 0.5 mg Cloprostenal) to regress
the endogenous corpus luteum. All heifers were observed for standing heat (designated as
day 0) and were then randomly assigned as either cyclic controls (n=7) or as recipients
(n=10) to which 20 in vitro produced blastocysts were transferred on day 7 of the estrous
cycle into the uterine horn ipsilateral to the ovary bearing the CL. On Day 13 of the
synchronised estrous cycle, all heifers were slaughtered at a commercial abattoir and the
reproductive tracts recovered, placed on ice and processed within 30 min. At recovery, each
uterine horn was flushed from the distal end near the uterotubal junction towards the
common body with 10 ml of PBS to recover uterine lumen fluid and conceptuses. The
uterine flush was then clarified by centrifugation at 1,000 x g for 15 min, aliquoted into 1 ml
tubes, and snap frozen. The caruncular and intercaruncular endometrium was physically
dissected from the underlying myometrium and mixed thoroughly. Aliquots were frozen in
liquid nitrogen and stored at -80°C for subsequent RNA extraction.

In vitro cattle embryo production

Unless otherwise stated, all chemicals were purchased from Sigma Chemical Company
(Poole, Dorset, UK). The techniques for producing embryos in vitro have been described in
detail previously (Rizos et al. 2002). Immature cumulus oocyte complexes (COCs) were
obtained by aspirating follicles from the ovaries of heifers and cows collected at slaughter.
The COCs were matured for 24 h in TCM-199 supplemented with 10% (v/v) fetal calf
serum (FCS) and 10 ng/ml epidermal growth factor (EGF) at 39°C under an atmosphere of
5% CO in air with maximum humidity. For IVF, matured COCs were inseminated with
frozen-thawed Percoll-separated bull sperm at a concentration of 1x10° spermatozoa/ml.
Gametes were co-incubated at 39°C under an atmosphere of 5% CO, in air with maximum
humidity. Semen from the same bull was used for all experiments. At approximately 20 h
post insemination, presumptive zygotes were denuded by vortexing and cultured in groups
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of 50 in 500 plI of synthetic oviduct fluid supplemented with 5% FCS for 7 days. Grade 1
blastocysts were selected for transfer.

Experiments Two and Three: design and tissue collection

Mature Rambouillet ewes (Ovis aries) were observed for estrus (designated as Day 0) in the
presence of a vasectomized ram and used in experiments only after exhibiting at least two
estrous cycles of normal duration (16-18 days). All experimental and surgical procedures
were in compliance with the Guide for the Care and Use of Agriculture Animals in Research
and Teaching and approved by the Institutional Animal Care and Use Committee of either
Texas A&M University or Washington State University.

Experiment Two—As described previously (Dorniak et al. 2011), ewes (n=20) were
checked daily for estrus (Day 0), subjected to a mid-ventral laparotomy and implanted with
two Alzet 2ML1 Osmotic Pumps on Day 10 post-estrus using a surgical approach (Bazer et
al. 1979, Dunlap et al. 2006). The catheter attached to each pump was inserted about 1 cm
into the uterine lumen via the uterotubal junction. Pumps were loaded with vehicle (CX; 2%
ethanol in saline), recombinant ovine IFNT (101 pg in vehicle), a PG mixture [PGE2 (251
ng), PGF2a (409 ng), and PGI2 (1,483 ng) in vehicle], or IFNT and PGs (IFNT+PGs) that
infused a constant 240 pl into the lumen of each uterine horn each day (n=5 ewes/treatment).
Recombinant ovine IFNT was prepared for intrauterine infusion as described previously
(Van Heeke et al. 1996). The amount of recombinant ovine IFNT infused each day into the
uterus is based on published estimates of daily IFNT production by a Day 14 ovine
conceptus, which is about 600 ng per h or 14.4 pg per day (Ashworth & Bazer 1989).
Intrauterine infusion of that amount of IFNT mimics effects of the conceptus on endometrial
expression of hormone receptors and IFNT-stimulated genes during early pregnancy in ewes
(Bazer & Spencer 2006, Dorniak et al. 2011). Prostaglandins were purchased from Cayman
Chemical Company (Ann Arbor, M), and the amount of PGs infused each day into the
uterus is based on their daily production by a Day 14 conceptus (Dorniak et al. 2011).

Experiment Three—As described previously (Dorniak et al. 2012a), ewes (n=25) were
checked daily for estrus (Day 0) and subjected to a mid-ventral laparotomy and implanted
with two Alzet 2ML1 Osmotic Pumps on Day 10 post-estrus. The catheter attached to each
pump was inserted about 1 cm into the uterine lumen via the uterotubal junction. Pumps
were loaded with vehicle (CX; 2% ethanol in saline), recombinant ovine IFNT (101 pg),
PGE2 (251 ng), PGF2a (409 ng), or PGI2 (1,483 ng) (n=5 ewes/treatment). The amount of
PGs infused each day into the uterus is based on their daily production by a Day 14
conceptus (Dorniak et al. 2011).

At necropsy on Day 14 for both Experiments two and three, the uterine lumen was flushed
with 20 ml of 10 mM Tris (pH 7.2). The volume of the uterine flushing was measured and
recorded, and then clarified by centrifugation (3000 x g at 4°C for 15 min). The supernatant
was carefully removed with a pipet, aliquoted, frozen in liquid nitrogen, and stored at -80°C.
Several sections (~0.5 cm) from the mid-portion of each uterine horn were fixed in fresh 4%
paraformaldehyde in PBS (pH 7.2). After 24 h, fixed tissues were changed to 70% ethanol
for 24 h and then dehydrated and embedded in Paraplast-Plus (Oxford Labware, St. Louis,
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MO). The remaining intercaruncular and caruncular endometrium was physically dissected
from myometrium and mixed thoroughly. Aliquots were frozen in liquid nitrogen and stored
at -80°C for subsequent RNA extraction.

RNA extraction and Affymetrix GeneChip array analysis

Total RNA was extracted from approximately 100 mg of endometrium (mix of caruncular
and intercaruncular) of each cyclic and ET pregnant heifer using Trizol reagent as per
manufacturer's instructions (Invitrogen, Carlsbad, CA, USA) and on column DNAse
treatment and clean up was performed (Qiagen). RNA quality and quantity was determined
using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and the
NanoDrop 1000 (Thermo Fisher Scientific Inc. Wilmington, DE, USA), respectively. Only
samples with an RNA Integrity Number of greater than 8.0 were used for microarray
analysis. Total RNA was labeled using a Gene Chip One-cycle Target Labeling Kit
(Affymetrix, Santa Clara, CA) and then hybridized to the Affymetrix GeneChip® Bovine
Genome 1.0 ST Array. Hybridization quality was assessed using GCOS 1.4 (Affymetrix).
Preparation of hybridization probes for Affymetrix GeneChip Bovine Genome 1.0 ST
Arrays (Affymetrix) was performed using 10 pg of total RNA and the One-Cycle Target
Labeling and Control Reagent package (Affymetrix). For the hybridization, wash, and
staining process, the GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) and a
Fluidic Station 450 (Affymetrix) were used. All steps were done according to the
manufacturer's protocol. The processed arrays were scanned with a GeneChip Scanner 3000
(Affymetrix).

Array output was normalized via the robust multiarray method (Irizarry et al. 2003), and
probe sets were filtered based on expression calls. Data analysis was conducted using
GeneSpring GX software (Agilent Technologies) using ANOVA (P=0.05) with a Benjamini
and Hochberg false discovery rate multiple test correction to determine differentially
expressed genes.

Radioimmunoassay of IFNT in the uterine flush

A double antibody radioimmunoassay (RIA) for IFNT was developed at Colorado State
University (A. Antoniazzi and T. R. Hansen, unpublished results) by using recombinant
ovine (ro) IFNT protein and anti-rolFNT polyclonal antibody (1:60,000) from Dr. Fuller
Bazer (Texas A&M University, College Station, Texas, USA). Second antibody (diluted
1:25) was anti-rabbit gamma globulin (generated at Colorado State University). Briefly,
rolFNT was radioiodinated with 12| using the chloramine T procedure and purified using
column chromatography (Sephadex G25; GE Health Care, Piscataway, NJ) using methods
generally described previously by Niswender and coworkers (Niswender et al. 1969).
Uterine flushings were initially diluted 1:50 in 0.1% PBS and analyzed in the RIA. In the
event that IFNT was not detected in diluted samples, uterine flushings were analyzed again
at full strength (not diluted). Anti-rolFNT antibody was added to uterine flushing samples,
vortexed and incubated at 4°C for 24 hours. Radioactive rolFNT was added, vortexed and
incubated for 24 hours at 4°C followed by incubation at 4°C for 72 hour with secondary
anti-rabbit gamma globulin antibody. The assay was then terminated with 3 ml of cold PBS
and centrifugation at 2800 rpm for 30 minutes. Supernatant was removed and radioactivity
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of the pellet was determined using a gamma counter. This RIA was optimized for detection
of rolFNT in uterine flushings at a sensitivity of 0.1 ng/ml and a range of detection of 0.1 to
13 ng/ml. The intra-assay coefficient of variation was 6.2%, and the inter-assay coefficient

of variation was 4.0%.

Real-time PCR analysis

Using methods described previously (Dorniak et al. 2011), total RNA was isolated from
samples of endometrium (mix of caruncular and intercaruncular), and reverse transcribed
and analyzed by real-time PCR using an ABI prism 7900HT system with Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster, CA). Specific oligonucleotide primers
were designed by Oligo 7 program (Molecular Biology Insights, Inc., Cascade, CO) (see
Supplemental Table 1 for sequences of the PCR primers, size of PCR products). All primers
spanned an intron, and primer specificity and efficiency (-3.6>slope>-3.1) were confirmed
using a test amplification run. Each individual sample was run in triplicate under the
following conditions: 50°C for 2 min; 95°C for 10 min; 95°C for 15 sec; and 60°C for 1 min
for 40 cycles. A dissociation curve was generated at the end of amplification to ensure that a
single product was amplified. PCR without template or template substituted with total RNA
was used as a negative control to verify experimental results. The threshold line was set in
the linear region of the plots above the baseline noise, and threshold cycle (Ct) values were
determined as the cycle number at which the threshold line crossed the amplification curve.

Enzyme immunoassay of prostaglandins in the uterine flush

An enzyme immunoassay (EIA) kit (catalog no. 514012; Cayman Chemical, Ann Arbor,
MI) was used to measure PG in the uterine flush according to the manufacturer's
recommendations. This assay determines the relative amount of total PG in samples using an
antiserum that exhibits high cross reactivity for most PG, which allows quantification of all
the PG in a given sample with a single assay. Assay sensitivity was 15.6 pg/ml, and the
intra- and inter-assay coefficients of variation (CV) were 2.8% and 5.4%, respectively. The
data are expressed as total amount of PG in the uterine lumen, which was determined by
multiplying assay results by the recovered volume of uterine flushing.

Statistical analysis

All quantitative assay data were subjected to least-squares analyses of variance (ANOVA)
using the General Linear Models (GLM) procedures of the Statistical Analysis System (SAS
Institute Inc., Cary, NC). For analysis of real-time PCR data, the Ct values of the target
mRNA was analyzed for effects of treatment with the GAPDH reference mRNA values used
as a covariate. Contrasts were used to determine effects of treatment in Experiment Two
(CX vs IFNT, CX vs PGs, PGs vs IFNT+PGs, CX vs IFNT+PGs) and Experiment Three
(CX vs IFNT, CX vs PGE2, CX vs PGF2a, CX vs PGI2). Significance (P < 0.10) was
determined by probability differences of least squares means (LSM). In all analyses, error
terms used in tests of significance were identified according to the expectation of the mean
squares for error. With the exception of real-time PCR, data are presented as LSM with
standard error (SE). Real-time PCR data are presented as fold change relative to the mRNA
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levels in control (CX) samples calculated using the LSM Ct values from the statistical
analysis.

Experiment One: conceptus recovery on day 13 in heifers

Synchronized recipient heifers (n=10) received 20 in vitro produced (IVP) blastocysts into
the uterine horn ipsilateral to the ovary containing a CL on day 7 post-estrus. Conceptuses
were recovered in 9 of the 10 heifers on day 13. As summarized in Table 1, the majority of
the transferred embryos developed into ovoid or tubular conceptuses and remained in the
uterine horn to which they were transferred on day 7. Conceptus size and morphology was
not different between the ipsilateral and contralateral uterine horns (data not shown).

Study One: IFNT and PGs in the uterine flush

A specific RIA was used to quantify IFNT in the uterine flush of cyclic and pregnant heifers
with a sensitivity of 0.1 ng per ml. Although IFNT was easily detectable in uterine flush
from day 14 pregnant ewes containing an elongated conceptus (Dorniak et al. 2011), no
IFNT was detected in the uterine flush of day 13 ET pregnant heifers containing multiple
ovoid or slightly tubular conceptuses (data not shown).

An ELISA was used to quantify the total amount of PGs in the ipsilateral uterine lumen
from day 13 cyclic and pregnant heifers; the antiserum used in this assay exhibits high cross
reactivity for most PGs (PGE1, PGE2, PGFla, PGF2a, PGF3a, PGE2 ethanolamide, 6-
keto PGFla, 8-is0-PGF2a, 8-iso PGE2, PGD2, 8-iso-2,3-dinor PGFla, PGE3, TXB?2) that
allows quantification of all the PGs in a given sample with a single assay (Cayman
Chemical, Ann Arbor, Michigan, USA). The total amount of PGs in the ipsilateral uterine
flush of day 13 ET pregnant heifers (95.4+16.1 ng) was higher (P<0.01) than in day 13
cyclic heifers (31.7£16.1 ng).

Experiment One: day 13 bovine conceptus effects on endometrial gene expression

Both caruncular and intercaruncular endometria were obtained from the ipsilateral uterine
horn of day 13 ET pregnant or cyclic control heifers. Transcriptional profiling of
endometrial total RNA was conducted using the Affymetrix Bovine Gene 1.0 ST array for
determination of whole-transcript expression with up to 26 probes per transcript. As
summarized in Table 2, 44 expressed transcripts were higher (fold change >1.5, P<0.05) in
endometria from day 13 ET pregnant than cyclic heifers, whereas only 14 expressed
transcripts were lower (fold change >-1.5, P<0.05) in day 13 ET pregnant than cyclic
heifers.

Several differentially expressed genes identified as increased in ET pregnhant endometria
were validated by qPCR (Figure 1). PLET1, ISG15 and MX1 mRNA was higher (P<0.01) in
the endometria of day 13 ET pregnant as compared to cyclic heifers. In addition, MX2,
OAS1 and RSAD2 mRNA was higher (P<0.05) in the endometria of day 13 ET pregnant
heifers. Expression of FABP3, PTGS2 and SLC5A1 mRNA was not different (P=0.20,
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P=0.97, and P=0.11, respectively) in the endometria of day 13 ET pregnant as compared to
cyclic heifers.

Experiments Two and Three: intrauterine infusion of prostaglandins increase classical
IFN-stimulated gene (ISG) expression in the endometria of cyclic ewes

Based on the outcome of Study One, we hypothesized that the increase in endometrial 1SG
expression could be due to the actions of conceptus-derived PGs rather than IFNT. Using an
established sheep model, ISG expression was analyzed in the endometria of cyclic ewes in
which pregnancy levels of PGs or IFNT were infused into the uterine lumen from Days 10
to 14 post-estrus; indeed, the effects of IFNT and PGs on a number of candidate
progesterone-regulated genes have been published recently from those experiments (Dorniak
et al. 2011, Dorniak et al. 2012a). As summarized in Table 3, intrauterine infusion of a
mixture of PGs (PGE2, PGF2a and PGI2), synthesized and secreted by the elongating ovine
conceptus, increased (P<0.01) the abundance of 1SG15 and RSAD2 mRNA in the
endometrium from ewes in Experiment Two. As expected, infusion of IFNT substantially
increased (P<0.01) levels of ISG15 and RSAD2 mRNAs in the endometrium of cyclic ewes.
However, no interaction of IFNT and PGs relative to PGs alone was detected (P>0.10, IFNT
vs IFNT+PGs). In Experiment Three, intrauterine infusion of pregnancy levels of PGF2a or
PGI2 alone increased (P<0.01) 1SG15 mRNA in the endometrium, whereas infusion of
PGE2, PGF2a or PGI2 alone increased (P<0.01) endometrial ISG15 and RSAD2 mRNA
levels.

Discussion

The present study supports the hypothesis that the elongating bovine conceptus has a local
regulatory effect on the endometrium that involves paracrine actions of PGs. Similarly in
day 12 pregnant pigs, the ovoid conceptus induces SPP1 in the uterine luminal epithelium
and STAT1 in uterine LE and subepithelial stroma via estrogens and IFNs (Johnson et al.
2009). The inability of previous studies in cattle to identify genes responsive to the small
ovoid conceptus on day 12 (Bauersachs et al. 2012) or day 13 (Forde et al. 2011b) of early
pregnancy is likely due to the inability to isolate and analyze endometrium immediately
adjacent to the small conceptus (<1 cm) compared to the uterine horn that is 10-15 cm in
length. Thus, the experimental design of Study One ensured the presence of multiple ovoid
conceptuses in the lumen apposed to the endometrium of the ipsilateral uterine horn on day
13. The loss of 1VVP embryos and transuterine migration of conceptuses in the present study
has been observed in other studies in which multiple I'\VP blastocysts were transferred on
day 7 (see (Berg et al. 2010)).

The lack of IFNT in the uterine flush of day 13 ET pregnant heifers is consistent with other
studies in which IFNT was not detected in uterine flushings of day 12 pregnant cattle as
determined by antiviral bioassay for IFNT (Short et al. 1991, Groebner et al. 2010). In
cattle, IFNT mRNA and IFNT protein is first detected as the trophectoderm forms at the late
morula to early blastocyst stage of development (Farin et al. 1989, Farin et al. 1990,
Hernandez-Ledezma et al. 1992), but both mRNA and protein levels are very low in
blastocysts (Kubisch et al. 1998, Kubisch et al. 2001). In vivo or in vitro derived hatched
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day 7 bovine blastocysts produce very low amounts of IFNT (~100 to 1000 pmol per day) as
measured by antiviral cell protection assay (Kubisch et al. 1998, Neira et al. 2007). Both
IFNT mRNA levels in the conceptus and detectable IFNT bioactivity, determined by
antiviral assay, in the uterine flush increases substantially after day 14 of pregnancy in cattle
as the conceptus grows and elongates (Short et al. 1991, Ealy et al. 2001, Robinson et al.
2006, Groebner et al. 2010). Based on the sensitivity of the IFNT RIA used in the present
study to measure uterine flushes with multiple ovoid conceptuses and previous studies,
available data support the idea that the day 13 ovoid conceptus is not secreting detectable
amounts of IFNT. One caveat is that the day 13 bovine conceptuses could be producing
IFNT at levels below detection by RIA or antiviral assay. Indeed, in vitro experiments with
cells and endometrial explants found that very low amounts (25 nmol and 0.1 pg) of IFNT
can increase 1SG15 mRNA and ISG15 protein abundance (Austin et al. 1996) (T. R.
Hansen, unpublished results).

Total PG levels were approximately 3-fold higher in the uterine flush of day 13 ET pregnant
as compared to cyclic heifers and likely emanate from the conceptus. The elongating
conceptuses of both sheep and cattle synthesize and secrete more PG than the underlying
endometrium (Lewis et al. 1982, Lewis & Waterman 1983, Lewis 1989). Thus, PG levels
are much greater in the uterine lumen of pregnant as compared to cyclic or nonpregnant
cattle (Bartol et al. 1981, Ulbrich et al. 2009). Ulbrich and coworkers (Ulbrich et al. 2009)
found that levels of PGI2 (6-keto-PGFla), PGF2a, PGE2, PGD2 and TXB2 were not
different in day 12 cyclic and pregnant flushes, but were substantially increased in the
uterine flush of day 15 pregnant as compared to cyclic heifers. Day 13 bovine conceptuses
produced substantial amounts of PGs, with higher abundance of PGF2a than PGE2
(Shemesh et al. 1979, Lewis et al. 1982). Similarly, day 14 sheep conceptuses in vitro
release mainly cyclooxygenase metabolites including PGF2a., 6-keto-PGFla, a stable
metabolite of PGI2, and PGE2 (Charpigny et al. 1997), and day 16 conceptuses produce
substantially more of those PG than d 14 conceptuses (Lewis & Waterman 1985). Given that
PG receptors are present in all cell types of the endometrium and conceptus during early
pregnancy in cattle (Arosh et al. 2003, Arosh et al. 2004) and sheep (Cammas et al. 20086,
Dorniak et al. 2011), PGs from the conceptus likely have paracrine, autocrine, and perhaps
intracrine effects on endometrial function and conceptus development during early
pregnancy (Dorniak et al. 2013a). Indeed, PGs are essential for conceptus elongation, as
intrauterine infusions of meloxicam, a selective PTGS2 inhibitor, prevented conceptus
elongation in early pregnant sheep (Simmons et al. 2010, Dorniak et al. 2011). Importantly,
Dorniak and coworkers (Dorniak et al. 2012a) infused PGE2, PGF2a., or PGI2 at the levels
produced by the day 14 conceptus into the uterus of cyclic ewes. In that study, expression of
several endometrial epithelial genes (gastrin releasing peptide]l GRP], insulin-like growth
factor binding protein one[l GFBP1], and lectin, galactoside-binding, soluble,
15[LGALS15]) was increased by PGE2 and PGI2 in the ovine uterus. Those genes encode
secreted proteins present in the uterine lumen that have biological activities to stimulate
trophectoderm cell proliferation, migration and attachment, which are critical for ruminant
conceptus growth and elongation (Spencer et al. 2008, Dorniak et al. 2013a). The biological
effects of conceptus-derived PGs have not been explored in the endometrium of the bovine
uterus. Indeed, expression of PTGS2 in biopsies of day 7 bovine blastocysts is a predictor of
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the successful development of that blastocyst to term and delivery of a live calf (El-Sayed et
al. 2006). Thus, PG are critical regulators of conceptus elongation and implantation in sheep
and likely cattle, as they are for blastocyst implantation and decidualization during
pregnancy in mice, rats, hamsters, mink and likely humans (Dey et al. 2004, Wang & Dey
2006, Kennedy et al. 2007).

In Study One, a relatively small number of genes were increased in the endometria of day 13
ET pregnant as compared to cyclic heifers, and placenta-expressed transcript 1 (PLET1),
also called C110RF34, was one of the genes. A recent study found that PLET1 was one of
the most abundantly up-regulated genes on days 15 and 18 of pregnancy in cattle, but not
stimulated by infusion of a Type I IFN, IFNA2 (Bauersachs et al. 2012). Little is known
about the biological function of PLET1, but the gene is expressed in the epithelium of the
bovine uterus (Mansouri-Attia et al. 2009) and implicated in development and homeostasis
(Depreter et al. 2008). Many of the other genes (BOLA, DDX58, GBP4, |FI127, IFI44L,
IFI47, IFITY, 1SG15, MX1, MX2, OASL, RSAD2, SAMDY9) up-reglated in endometria of day
13 ET pregnant heifers were classical ISGs. A number of transcriptional profiling
experiments conducted with human cells, ovine endometrium, bovine endometrium, and
bovine peripheral blood lymphocytes have elucidated classical ISGs induced by IFNT
during pregnancy (Spencer et al. 2007, Ott & Gifford 2010, Forde et al. 2011b).
Comparisons of day 15 to 18 pregnant and non-pregnant or cyclic endometria revealed that
most of the highly induced or up-regulated genes are classical 1SGs (Bauersachs et al. 2006,
Forde et al. 2009, Forde et al. 2011b, Bauersachs et al. 2012, Cerri et al. 2012, Forde &
Lonergan 2012). For instance, 1SG15 (1SG15 ubiquitin-like modifier) is expressed in LE of
the ovine uterus on days 10 or 11 of the estrous cycle and pregnancy, but is undetectable in
LE by day 12 to 13 of pregnancy (Johnson et al. 1999b). In response to IFNT from the
elongating conceptus, 1SG15 is induced in the stratum compactum stroma and GE by days
13 to 14, and expression extends to the stratum spongiosum stroma, deep glands, and
myometrium as well as resident immune cells of the ovine uterus by days 15 to 16 of
pregnancy (Johnson et al. 1999b, Johnson et al. 2000). As IFNT production by the
conceptus trophectoderm declines, expression of ISGs in the stroma and GE also declines,
but some remain abundant in endometrial stroma and GE on d 18 to 20 of pregnancy.
Similar temporal and spatial alterations in 1SG15 expression occur in the bovine uterus
during early pregnancy (Johnson et al. 1999a, Austin et al. 2004). One challenge is to
determine which of the large number of classical ISGs have a biological role in conceptus-
endometrial interactions given that they have traditionally been associated with cellular
antiviral responses, because the main function of Type | IFNs is to inhibit viral infection
(Pestka 2007). ISG15 conjugates to intracellular proteins through a ubiquitin-like
mechanism (Hansen et al. 1999), and deletion of 1sg15 in mice results in 50% pregnancy
loss manifest during early placentation (Ashley et al. 2010). In addition, MX proteins are
thought to regulate secretion through an unconventional secretory pathway (Toyokawa et al.
2007). The enzymes which comprise the 2”,5”-oligoadenylate synthetase (OAS) family
regulate ribonuclease L antiviral responses and may play additional roles in control of
cellular growth and differentiation (Johnson et al. 2001).
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Results of Study One support the hypothesis that induction of some I1SGs in the endometria
of day 13 ET pregnant heifers may be due to conceptus-derived PGs rather than IFNT,
because IFNT was not detectable in the uterine flush of heifers containing multiple ovoid
conceptuses. Therefore, we analyzed expression of two classical 1SGs (ISG15 and RSAD?2)
in the endometrium of cyclic ewes infused with PGs at levels produced by the elongating
conceptus (Dorniak et al. 2011). Indeed, 1SG15 and RSAD2 mRNA abundance was
increased in the endometria of cyclic ewes infused with a PG mix (Experiment Two) or
individual PGs (PGE2, PGF2a, or PGI12) (Experiment Three). These studies are the first
reports of PG effects on ISG expression in the ruminant uterus. Thus, classical ISGs may be
initially induces locally by conceptus-derived PGs and then, once IFNT is secreted by the
conceptus, their expression is maximally induced in the endometrium. Another possibility is
that PGs increase the sensitivity to very low amounts of IFNT produced by the ovoid
conceptus that are not detectable by RIA and antiviral activity assay. Indeed, the receptors
for PGE2, PGF2a and PGI2 are expressed in the LE, GE and stroma of the ovine uterus
during early pregnancy (Cammas et al. 2006, Dorniak et al. 2011), but the cellular pathways
mediating the paracrine effects of conceptus PGs on endometrial function are not known in
the sheep. In the ovine uterus, we recently reported that PG infusion stimulates endometrial
|GFBP1 expression (Dorniak et al. 2012b). In human uterine decidua, the stimulatory
effects of PGs on IGFBP1 expression are mediated by the cAMP/protein kinase A (PKA)
signaling pathway (Strakova et al. 2000). In human endometrial carcinoma cells, the PKC
pathway regulates IGFBP1 expression (Gong et al. 1992). Membrane receptors for PGE2
and PGI2 are coupled to adenylate cyclase and generate CAMP, whereas stimulation of
membrane receptors for PGF2a results in activation of PLC and consequent elevation in
calcium levels (Coleman et al. 1994, Narumiya et al. 1999). Of note, 1SG15 expression is
increased about 3-fold in human uterine cells treated interleukin one beta (IL1B) (Ashley et
al. 2010), and IL1B actions on endometrial stromal cells involves cAMP (Strakova et al.
2000).

In summary, available studies support the idea that the day 13 bovine conceptus secretes
PGs that act in a paracrine manner on the endometrium and differentially regulate gene
expression and functions that are likely important for uterine receptivity and conceptus
growth and development during early pregnancy. These results emphasize the importance of
PGs during early pregnancy in ruminants. Indeed, PGE2 and PGI2 are critical regulators of
blastocyst implantation, decidualization, and uterine angiogenesis during pregnancy in mice,
rats, hamsters, mink and humans (Wang & Dey 2006, Kennedy et al. 2007, Cha et al. 2012).
Studies are warranted to ascertain the cellular signaling pathways utilized by individual PGs
within the various cell types in the endometrium, explore interactive effects of PGs and
IFNT on endometrial gene expression and function, and determine genes and pathways that
PGs regulate in the endometrium during early pregnancy in ruminants.
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10
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Figure1.

Validation of expression of selected genes by quantitative real-time RT-PCR (qPCR). Endometrial mRNA abundance was
measured by real-time PCR and expressed as fold change of day 13 embryo transfer pregnant (ET) relative to cyclic control
heifers. Differences are denoted (*P<0.01 and *P<0.05).
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Table 1
Summary of conceptus number and measurementsrecovered from day 13 ET pregnant
heifers
MEAN | RANGE
Conceptuses recovered (number) | 9.3 5-14
Ipsilateral uterine horn 7.7 3-13
Contralateral uterine horn 0.8 1-2
Conceptus length (cm) 1.1+0.1 | 0.2-8.0
Conceptus width (cm) 0.7+0.1 | 0.2-4.0
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Effects of treatment on the abundance of mMRNA for selected genesin the endometrium of
cyclic sheep infused with control vehicle (CX), interferon tau (IFN) or prostaglandins

(PG)
Treatment@ 1SG15 | RSAD2
Experiment Two
IFNT vs CX 61.2* 112.5*
PGsvs CX 1.8* 3.3*
IFNT+PGsvs CX | 64.2* 116.2*
Experiment Three
IFNT vs CX 47.2* 99.0*
PGE2 vs CX n.e. 2.8*
PGF2a vs CX 1.8* 2.5*
PGI2 vs CX 2.5* 3.2*

aData from gqPCR analyses are presented as fold change (*P<0.01) for the comparisons; n.e. indicates no effect of treatment (P>0.05).
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