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Abstract In cattle, the oviduct plays a major role in the re-
productive process; however, molecular control of oviduct
receptivity to the embryo is poorly understood. A model for
receptivity based on size of the pre-ovulatory follicle (POF)
was used to compare oviductal morphology, cellular prolifer-
ation, and candidate transcript abundance. Growth of the POF
of Nelore (Bos indicus) cows was manipulated to produce two
groups: a large POF-large corpus luteum (CL) group (LF-
LCL; greater receptivity) and a small POF-small CL group
(SF-SCL). Samples of the ampulla and isthmus ipsilateral
and contralateral to CL were collected 4 days after GnRH-
induced ovulation. Tissues were either embedded in paraffin
for Harris-Hematoxylin and Eosin and periodic acid-Schiff
staining and K167 immunostaining, followed by morphologi-
cal analyses, or stored at —80 °C for RNA extraction, cDNA
synthesis, and qPCR analyses. The effects of group (LF-LCL
and SF-SCL), region (ampulla and isthmus), and side (ipsilat-
eral and contralateral) were analyzed using three-way nested
ANOVA. The ipsilateral ampulla of the LF-LCL group pre-
sented more primary mucosal folds, a greater mucosal-folding
grade and luminal perimeter, and more secretory cells and
proliferating cells when compared with the ampulla of the
SF-SCL group and with the contralateral ampulla of both
groups. There were no morphological differences in the
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isthmus between groups and sides. Changes in transcript
abundance are suggestive of LF-LCL-stimulated secretory ac-
tivity. In summary, ovulation of a larger POF generates a
periovulatory endocrine milieu that modulates morphological
and functional features of the bovine oviduct which may sup-
port embryo survival and development.

Keywords Ampulla - Isthmus - Secretory cells - Receptivity -
Cellular proliferation

Introduction

The oviduct, the anterior-most tubular segment of the female
reproductive tract, is composed of three specialized regions,
the infundibulum, ampulla, and isthmus, each with distinct
morphological, cellular, molecular and functional characteris-
tics (Hunter 1998, 2012; Leese 1988). The oviduct must pro-
vide a suitable environment for the transport of gametes, fer-
tilization, and early embryo development (Besenfelder et al.
2012; Hunter 2012). During pre-natal development of the re-
productive tract, the oviductal lumen is defined by a fairly flat
epithelial lining, without appreciable folding. The complexity
of mucosal folds starts to develop only in the postnatal life,
and, in the adult animal, oviductal folds develop a complex
organization exhibiting primary, secondary, and tertiary folds
(Agduhr 1927; Kenngott and Sinowatz 2007; Konishi et al.
1987). At this point, the oviductal epithelium forms longitu-
dinal folds that increase the epithelial surface area, allowing
for an improved interaction with gametes and embryos during
their transit through the organ. However, this organization
varies according to the oviductal region (Abe 1996; Bacha
and Bacha 2012) and the phase of the estrous cycle
(McDaniel et al. 1968; Mokhtar 2015; Restall 1966). In gen-
eral, the infundibulum and ampulla present greater numbers
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and complexity of folds than the isthmus; additionally, during
estrus, the number of folds, as well as their degree of folding,
is increased (Restall 1966). Furthermore, the oviductal epithe-
lium contains two main cell types: ciliated and secretory cells.
Ciliated cells are involved in sperm capacitation, transport of
sperm cells and embryo, and to some extent, secretion of
molecules into the lumen (Donnez et al. 1985; Hunter 2012).
On the other hand, unlike ciliated cells, secretory cells have
their cellular machinery specifically organized for the synthe-
sis and secretion of substances into the oviductal lumen
(Brower and Anderson 1969; Gandolfi et al. 1989). The pro-
portion of these cells varies across the oviductal regions; with
the ampulla exhibiting greater secretory activity compared to
the other two regions owing to its greater proportion of secre-
tory cells (Buhi et al. 2000).

Several studies have shown that appropriate timing and
prominence of sex-steroid hormones is important to ensure
maternal receptivity (Ashworth et al. 1989; Demetrio et al.
2007 Morris and Diskin 2008). It has also been established
that cows ovulating larger follicles can attain greater proestrus
estradiol (E2) plasma concentrations, form a larger corpus
luteum (CL), and produce greater progesterone (P4) concen-
trations during early diestrus (Demetrio et al. 2007; Mesquita
et al. 2014; Peres et al. 2009; Vasconcelos et al. 2001,).
Furthermore, cows with such a periovulatory endocrine pro-
file present increased fertility when compared to cows
ovulating smaller follicles and forming smaller CLs
(Pugliesi et al. 2016). This increase in fertility is associated
with changes in the endometrial (Mesquita et al. 2015) and
oviductal (Gonella-Diaza et al. 2015) transcriptome.
However, very little is known about whole-organ, cellular
and molecular mechanisms that could regulate oviductal func-
tions, and that are associated with fertility. In a recent study,
Gonella-Diaza et al. 2015 used an experimental model to ma-
nipulate the pre-ovulatory follicle growth producing two
groups of animals with distinctly different endocrine and ovar-
ian phenotypes, the large follicle, large CL (LF-LCL) and the
small follicle, small CL (SF-SCL) groups. On day 4 of the
estrous cycle, LF-LCL cows presented 692 and 590 differen-
tially expressed genes in the ampulla and isthmus, respective-
ly, when compared to SF-SCL cows. Among these differen-
tially expressed genes, several enriched cellular and metabolic
processes such as branching morphogenesis, cellular prolifer-
ation and secretion were identified. However, whether such
changes in transcript abundance resulted in phenotypic chang-
es that could be related to oviductal functions remains un-
known. Enrichment of transcripts associated with the afore-
mentioned processes in the oviducts of LF-LCL cows sug-
gests an increased proliferative activity of oviductal luminal
epithelium, leading to folding and, consequently, increased
surface area of the epithelial lining and secretion capacity.
This phenotype might represent an advantage for the oviductal
environment of cows via the local circulation of a more
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favorable endocrine profile arising from the ovulation of larg-
er follicles and CLs, thus resulting in improved production
and secretion of nutrients and growth factors by the oviduct,
ultimately leading to greater embryo quality and development
potential (Ahumada et al. 2013; Wetscher et al. 2005). Thus,
the objectives of this study were to compare (1) the oviduct
morphology, (2) abundance of transcripts related to branching
morphogenesis and cellular secretion, and (3) cellular prolif-
eration between cows treated to ovulate larger or smaller
follicles.

Materials and methods

Animal handling, reproductive management, and tissue
processing

All animal procedures were approved by the Ethics and
Animal Handling Committee of the School of Veterinary
Medicine and Animal Science of the University of Sao
Paulo (USP) in Sao Paulo, Brazil (CEUA/FMVZ; protocols
numbers 2281-2011 and 4,293,160,916). The hormonal ma-
nipulation procedures described here have been validated and
previously published (Gonella-Diaza et al. 2015; Mesquita
et al. 2014, 2015). Briefly, prior to starting the experiment,
56 multiparous and non-lactating Nelore cows (Bos indicus)
were selected, kept in grazing conditions (Brachiaria
brizantha pasture), and supplemented with mineralized salt
to fulfill their maintenance requirements. After a gynecologi-
cal examination, cows were selected according to three
criteria: no gross reproductive abnormalities, a body condition
score between 3 and 4 (0, emaciated; 5, obese), and normal
estrous cyclic activity.

Animals were randomly divided into two groups: LF-LCL
and SF-SCL. Briefly, animals were pre-synchronized by intra-
muscular injection of GnRH agonist (1 pg of buserelin ace-
tate; Sincroforte; Ouro Fino, Cravinhos, Brazil) and, 7 days
later an injection of Prostaglandin F2 alpha analog (PGF;
0.5 mg of sodium cloprostenol; Sincrocio; Ouro Fino). Onb
this day [day —20 (D-20)] animals received an ESTROTECT
Heat detector patch (Rockway, Spring Valley, WI, USA) and
estrus detection was performed twice daily from D-20 to
D-10. Only animals with a fresh, PGF responsive CL (at least
5 days old) on D-10 stayed in the experiment. The remaining
cows (n =41) received a new intravaginal P4-releasing device
(1 g; Sincrogest; Ouro Fino) on D-10 and an intramuscular
injection of 2 mg E2 benzoate (Sincrodiol; Ouro Fino). Only
cows of LF-LCL group received an im injection of PGF. P4-
releasing devices were removed after 8.25 and 8.75 days in the
LF-LCL and SF-SCL groups, respectively. The differential
animal handling (PGF injection at the time of P4-device in-
sertion and timing of device removal) during the synchroniza-
tion protocol was designed to enable animals of the LF-LCL
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group: (1) to develop a new follicular wave under a low P4
environment, and (2) to have more time to grow the preovu-
latory follicle during the proestrus. All animals received two
PGF injections 6 h apart at P4 device removal. Ovulation was
induced by an injection of 10 pg Buserelin on DO
(Sincroforte; Ouro Fino). Animals that responded to treat-
ments were slaughtered on D4 after induction of ovulation
(LF-LCL, n = 13; SF-SCL, 7 = 10).

Immediately after slaughter, the reproductive tract was
transported on ice to the laboratory where the oviducts ipsilat-
eral and contralateral to the ovary containing the CL were
identified and dissected to obtain samples of ampulla and
isthmus (Fig. 1). Two sub-samples were extracted from each
oviductal region. These sub-samples were either fixed in buff-
ered formalin or frozen in liquid nitrogen for histological or
molecular analyses, respectively.

Histological analysis

Freshly dissected tissues remained in formalin for 24 h, were
then dehydrated in a gradient of increasing ethanol concentra-
tions, and cleared in a gradient of increasing concentrations of
xylene before embedding in paraffin. Cross-sections were ob-
tained at 4 um hickness and from each sample; at least 5 non-
consecutive sections, 8§ um apart, were obtained. Three sec-
tions were stained with Harris-Hematoxylin and Eosin
(H&E), and two were stained with periodic acid-Schiff
(PAS). The H&E stained sections were photographed using
a stereomicroscope coupled to a digital camera and a comput-
er with specialized software to capture the entire tissue section
in the same image. PAS-stained luminal epithelium tissue sec-
tions were photographed with an optical microscope (Zeiss
Axioplan 2; Zeiss, Oberkochen, Germany) coupled to a digi-
tal camera (Zeiss MC 80 DX; Zeiss) using X100 magnifica-
tion with oil immersion. Initially, the pictures were analyzed
to assess the quality and integrity of the tissue sample.
Samples lacking unimpaired structural layer (tunica mucosa,
tunica muscularis, and/or tunica serosa) or with strong signals
of epithelial detachment were discarded. The remaining sam-
ples (n = 28) were used to perform the following analyses.
The thickness (um) of the tunica mucosa and tunica
muscularis was determined using images of the H&E-
stained sections loaded on Image Pro Plus 4.5 software
(Media Cybernetics, Silver Spring, USA), (Fig. 2a and b,
respectively). For each tissue sample, this procedure was per-
formed 5 times in each of three non-consecutive tissue sec-
tions. The arithmetic mean of the 15 values was used for
statistical analysis.

Using images of H&E-stained sections, the numbers of
primary (Fig. 2c) and secondary (Fig. 2d) folds were counted
using the “Cell Counter” plugin of ImageJ 1.48 software
(National Institutes of Health, Bethesda, USA). For each tis-
sue sample, this procedure was performed in three non-

consecutive sections and The arithmetic mean of the values
was used for statistical analysis. The ratio of the number of
secondary folds divided by the number of primary folds was
assessed as a new variable named the folding grade. Due to the
absence of tertiary folds in all isthmus samples, this variable
was not considered in the study.

In the H&E-stained sections, the “trace-wand” tool of the
Image Pro Plus software was used to draw the luminal epithe-
lial lining. Tissue fragments that were detached from the lu-
minal epithelium were ignored (Fig. 2e). For each tissue sam-
ple, this procedure was repeated on three non-consecutive
tissue sections and the arithmetic mean of the three values
was used for statistical analysis.

Images of PAS-stained tissue sections were loaded on the
Image] software and the number of ciliated and secretory cells
of the luminal epithelium was determined using the “Cell
Counter” plugin. In order to identify each cell type, the fol-
lowing morphological characteristics were considered: the
presence of cilia, the presence of cytoplasmic protrusions
and PAS-positive granules in the secretory cells, as well as
the position of the nuclei: basal for secretory cells and apical
for ciliated cells (Fig. 3). Counting was continued until a total
of 500 cells per sample were counted.

Determination of cellular proliferation

Paraffin-embedded oviductal samples were stained with anti-
bodies against KI67 in order to identify proliferating oviductal
luminal epithelial cells. Four-pm-thick tissue sections were
deparaffinized in xylene and rehydrated in an ethanol series.
These sections were then subjected to antigen retrieval by
pressure cooking in citrate buffer (10 mM citric acid,
pH 6.0), preheated to 80 °C for 1 min, allowed to cool for
20 min, and rinsed with PBS (1.09 g of Na2HPO4 anhydrous,
0.32 g of NaH2PO4 anhydrous, 9 g of NaCl, 1 ml of
Tween20, 1000 ml of distilled water, pH 7.4). Endogenous
peroxidase activity was blocked by incubation with
Peroxidase Block kit (code K0679; Dako, Denmark) for
15 min at room temperature. After 3 consecutive washes with
PBS, slides were incubated with Protein Block (Code X0909;
Dako). Immediately, slides were incubated with monoclonal
mouse anti-human KI67 primary antibody, Clone MIB-1
(code M7240; Dako) (Chanrota et al. 2017; Mesquita et al.
2015; Yoshioka et al. 2013), diluted in PBS (1:100, which
corresponds to 0.52 pg/ml). Negative control slides were in-
cubated with normal mouse IgG (sc-2025; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) with the same concen-
tration of primary antibody. Both incubations were performed
overnight at 4 °C. After the PBS wash series, slides were
incubated with Advance Kit (Code K4069; Dako) for
15 min at room temperature with the HRP link and then with
the HRP enzyme. After washing with PBS, 3,3-diaminoben-
zidine tetrahydrochloride (K3468; Dako) was used as
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Fig. 1 Experimental model. a Hormonal manipulation protocol used in
the present study. Animals (n = 56) were pre-synchronized by
intramuscular injection of GnRH agonist and, 7 days later an injection
of Prostaglandin F2 alpha (PGF) analog. At this day [day —20 (D-20)]
animals received an ESTROTECT Heat detector device and estrus
detection was performed twice daily from D-20 to D-10. All animals
received a new intravaginal P4-releasing device on D-10 along with an
intramuscular injection of 2 mg estradiol benzoate. Simultaneously, cows
in the LF-LCL received an intramuscular injection of PGF. The P4
devices were removed on day —2, 42 h and 30 h before the GnRH

chromogen. The sections were counterstained with hematox-
ylin, dehydrated, cleared in xylene, and mounted on glass
slides. Images were captured with a Nikon Eclipse TS100
microscope (Nikon, Tokyo, Japan) adapted to a digital camera
(Moticam 580; Motic Asia, Hong Kong, China) and uploaded
to the Image]J software. Cells with a dense nuclear staining for
K167 were considered to be proliferating. The number of these
cells was determined after counting a total of 500 cells per
sample, using the “Cell Counter” plugin of Imagel.
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injection in the LF-LCL and the SF-SCL groups, respectively. All
animals received a PGF injection at P4 device removal and a second
PGF injection 6 h later. Ovulation was induced by an injection of
GnRH agonist on DO. b Reproductive tract of the cow showing the
local of the sample collection. Immediately after slaughter, the
reproductive tract was removed, transported on ice and the ipsolateral
and contralateral ovi-ducts were dissected. Later, ampulla and isthmus
samples from each side were preserved for histological or molecular
analysis

Transcript abundance by quantitative PCR

Frozen samples (=20 mg) were ground in liquid nitrogen
using a mortar and pestle and immediately mixed with buffer
RLT from AllPrep® DNA/RNA/Protein Mini kit (No. 80004;
Qiagen, Sao Paulo, Sio Paulo, Brazil), according to the man-
ufacturer’s instructions. After homogenization with needle
(18G) and syringe, the tissue suspension was centrifuged at
13,000g for 3 min for debris removal and the supernatant was
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Fig. 2 The morphometric
analysis performed on cross-
sections of the isthmus (a, ¢) and
ampulla (b, d, e) stained with
hematoxy-lin-eosin.
Measurements were taken of the
height of muscular (a) and
mucosa (b) layers, numbers of
primary (c) and secondary folds
(d), and the luminal epithelial
perimeter (e). Arrows cell
accumulations that were detached
and not in direct contact with the
tissue were ignored from the
analysis

loaded in silica columns. Finally, the silica columns were
eluted with 30 uL of RNase-free water and RNA was kept
at —80 °C. The concentration of total RNA extracts was mea-
sured using the NanoVue spectrophotometer (GE
Healthcare). Total RNA (1 png) was reverse transcribed
(High Capacity cDNA Reverse Transcription Kit; Life
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. Briefly, samples were incubated at
25 °C for 10 min, followed by incubation at 37 °C for 2 h
and reverse transcriptase inactivation at 85 °C for 5 min and

storage at —20 °C. The cDNA obtained was used for gene
expression assays by qPCR. Step-One Plus (Life
Technologies) with SYBR Green Chemistry was used for
the amplification analysis. Primers were designed based on
GenBank Ref-Seq mRNA sequences of target genes.
Sequences were masked to remove repetitive sequences with
RepeatMasker (http://www.repeatmasker.org/) (Smit et al.
1996,2010) and, then, the masked sequences were used to
design primers using the PrimerQuest software (IDTI,
http://www.idtdna.com/primerquest/Home/Index). Primers
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Fig. 3 Luminal epithelium of an ampulla cross-section stained with
periodic acid-Schiff. Black arrows ciliated cells; yellow arrows
secretory cells

characteristics were checked with Oligo Analyzer 3.1
software (IDT1, http://www.idtdna.com/analyzer/
Applications/OligoAnalyzer/), while the specificity was
compared by BLAST1 (NCBI, http://blast.ncbi.nlm.nih.
gov). Quantitative PCR products from reactions containing
designed primers were analyzed by agarose gel
electrophoresis and SANGER sequencing, and identities were
confirmed. Details of primers are provided in Table 1.
Determination of qPCR efficiency and Cq (quantification
cycle) values per sample were performed with LinRegPCR
software (V2014.2; http:/linregpcr.nl/). Cyclophilin A (PPIA)
and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
were used as reference genes and their geometric mean was
used to normalize the target transcript abundance values (Cq
values). These reference genes were selected previously for
stability of expression in oviduct tissues (Gonella-Diaza et al.
2015). The following candidate genes were selected because
they were representative of ontology terms enriched in our
previous study and considered relevant to oviductal biology:
Branching morphogenesis [Bone morphogenetic protein 4
(BMP4); C-X-C chemokine receptor type 4 (CXCR4); Matrix
metalloproteinase 14 (MMP14); Vinculin (VCL)], and cellular
secretion [Cathepsin S (CT7SS); C-Fos Induced Growth Factor
(Vascular Endothelial Growth Factor D, FIGF); and
Glucosidase Beta Acid (GBA); Heparanase (HPSE))].
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Statistical analyses

In all statistical analyses performed, the animal was consid-
ered as the experimental unit. All data are reported as
mean + standard error of the mean. Data was analyzed using
Proc GLIMMIX of the SAS software (SAS 9.2; SAS
Institute). The fixed effects of group (LF-LCL vs. SF-SCL),
region (ampulla vs. isthmus), and side (ipsilateral vs. contra-
lateral to the CL), as well as two-way interactions
(group x region, group x side; region x side) and the three-
way interaction (group x region x side) were analyzed using a
three-way nested ANOVA. Animal, animal within the group,
animal within the interaction group X region, and animal with-
in the interaction group X side were considered random ef-
fects. The model was adjusted in order to consider the distri-
bution of the data of each dependent variable. The significance
of'the effects was determined using the type III sum of squares
F test.

Results
Histological analysis

The thickness of the tunica mucosa (P < 0.01) and the tunica
muscularis (P < 0.01) were different between regions (Fig. 4;
Table 2). The ampulla has a thicker mucosa
(676.74 £ 72.27 um) compared to the isthmus
(271.86 + 42.49 um), while the isthmus had a thicker tunica
muscularis (197.11 + 19.33 pum) than the ampulla
(96.36 + 15.56 um). There was a significant three-way interac-
tion in the number of primary mucosal folds (Fig. 5; Table 2;
P =0.01). The number of primary mucosal folds was always
greater in the ampulla than the isthmus. However, in the am-
pulla it was greater for the LF-LCL group in the ipsilateral side,
but not in the contralateral side. There were also no differences
across all isthmus samples. The number of secondary folds was
greater in the ampulla (15.16 + 2.62 secondary folds) than in
the isthmus (1.91 £ 2.30 secondary folds; P < 0.01). Due to the
interest in studying the morphogenic processes, the ratio be-
tween the number of secondary folds and the number of prima-
ry folds was analyzed as a new dependent variable, called fold-
ing grade, for which a three-way interaction (P = 0.03) was
detected (Fig. 5, Table 2). Although folding grade was always
greater in the ampulla than the isthmus, in the ampulla it was
greater for the LF-LCL group in the ipsilateral side, but not in
the contralateral side, while it was similar across all isthmus
samples. The luminal epithelial perimeter was affected by a
group x side interaction (P = 0.06). In the ipsilateral side, the
luminal perimeter was similar for both groups in the isthmus,
but significantly greater in the ampulla of cows in the LF-LCL
group, while in the contralateral side mean perimeter was sim-
ilar across regions and between groups. A three-way interaction
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Table 1  Primer sequences of target and reference genes analyzed using qPCR

Target Gene Gene Bank Number Forward primer sequence(5'-3") Reverse primer sequence (5'-3") Primer Amplicon
efficiency (%) length (bp)

BMP4 NM_001045877.1 AGAGCGCAGTCATCCCGGAT  TCCAGATGTTCTTCGTGGTGGAAGC 1.96 160

CTSS* NM_0010336152  AGAAGCCGTGGCCAATAAA CTTCCCGTCAAGGTTACCATAG 2.10 157

CXCR4 NM_174301.3 AAAGTGACCCTGAGGACTTG  CCGGAAGCAGGGTTCCTT 2.03 153

AGTAG

FIGF NM_001101043.2  CACCTGCAGCTGTGAGGAC GACATGGATGGGGAACTGGG 191 169

GBA NM_001046421.2  GATTTCCTTTCGCCTCCGGT AGGCATAGGATACTCCTCTCTGG 1.99 141

GAPDH* NM 0010340342  GCCATCAATGACCCCTTCAT TGCCGTGGGTGGAATCA 1.93 69

HPSE* NM_174082.2 CGGATTGTTGAGAAGATCAGA AAGGTGTTGGACAGGAAGGG 1.92 94

MMP14 NM 174390.2 TGCCTACTGACAGGATTGA GGGTATTCGCTTTCCACTATC 1.97 121

PPIA® NM 178320.2 GCCATGGAGCGCTTTGG CCACAGTCAGCAATGGTGATCT 2.02 64

VCL NM _001191370.1 GCTGTTCAAGGGAGTAATAGG TTCTGGCTTTGGGAAGAAATA 2.07 153

 Primers for these genes have been previously reported in Gonella-Diaza et al. (2015)

was identified when the number of secretory cells was analyzed
(P =0.01; Fig. 6; Table 2). Similar to number of primary folds
and folding grade, number of secretory cells was always greater
in the ampulla than the isthmus; in the ampulla it was greater for
the LF-LCL group in the ipsilateral side, but not in the contra-
lateral side, while it was similar across all isthmus samples.

Staining for KI67 on the oviductal samples revealed the
presence of proliferative activity in the luminal epithelium of
all samples. After KI-67-positive nuclei counting, a significant
effect of region (P = 0.03) and group (P = 0.02; Fig. 6) was
observed. The proliferation activity was stronger in the am-
pulla (7.72 £ 2.22 KI67-positive cells) than in the isthmus
(0.92 + 0.34 cells KI67 positive cells) and in the LF-LCL
group (7.60 = 1.90 KI67-positive cells) than in the SF-SCL
group (1.03 + 0.66 KI67-positive cells).

Gene expression

The P values of fixed effects and their interactions for the
transcripts abundance of candidate genes are shown on
Table 3. A three-way interaction was detected for transcript
abundance of GBA (P =0.02; Fig. 7) and CTSS (P =0.01; Fig.
7). While GBA transcript abundance in the SF-SCL group was
less in the isthmus than in the ampulla in both sides, abun-
dance in the LF-LCL animals slightly increased in the ipsilat-
eral isthmus and slightly decreased in the contralateral isth-
mus, compared to the respective ampullae. CTSS transcript
abundance was up-regulated in the ipsilateral isthmus and
the contralateral ampulla of the LF-LCL group. Group means
were similar in the ipsilateral ampulla and in the contralateral
isthmus.

There was a region X side interaction on the transcript
abundance of MMPI14 (P = 0.04; Fig. 7). Abundance was
greater in the contralateral isthmus compared with the other
regions, but similar between regions in the ipsilateral oviduct.

The group x region interaction of VCL transcript abundance
(P = 0.09; Fig. 7) indicated that, while group means were
similar in the ampulla, the LF-LCL group presented up-
regulated VCL expression in the isthmus.

There was a significant effect of the side in the BMP4
(P = 0.02; Fig. 8) and FIGF (P = <0.01; Fig. 8) transcript
abundance, both of them being up-regulated in the contralat-
eral side. The transcript abundance of CXCR4 (P = 0.09; Fig.
8), FIGF (P = 0.01) and, HPSE (P = < 0.01; Fig. 8) was
affected by region; transcripts were more abundant in the am-
pulla than in the isthmus. BMP4 transcript abundance was
greater in the LF-LCL group (P = 0.05).

Discussion

The positive role of the oviduct in embryo quality is well
accepted. For example, it is clear that quality and developmen-
tal potential of in vivo-produced embryos is greater than in
vitro-produced embryos (Rizos et al. 2002a, 2002b, 2002c).
However, there is a poor understanding of cellular and molec-
ular mechanisms that affect oviduct functions to impact em-
bryo development and quality. Previous assessment of the
oviductal transcriptome have elucidated a number of mecha-
nisms regulated by the periovulatory endocrine milieu, i.e.,
proestrus and estrus increase in E2 and diestrus increase in
P4 concentrations, potentially involved in oviductal function
(Gonella-Diaza et al. 2015). Such pathways included
branching morphogenesis, cellular proliferation, and secre-
tion. More importantly, genes in theses pathways were up-
regulated in the LF-LCL group, associated with a greater re-
ceptivity to the embryo. It was expected that, in response to
pre-ovulatory E2, the oviduct initiates morphogenic and pro-
liferative processes, resulting in invasion of the epithelium
into the lumen and the modifying of the number of secretory
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cells, finally increasing the functional epithelial area. The
main objective of this study was to compare the morphology,
gene expression, and cellular proliferation of two regions (am-
pulla and isthmus) of the ipsilateral and contralateral oviducts
between groups of cows showing distinctly different
periovulatory endocrine milieus associated with greater (LF-
LCL group) or lower (SF-SCL group) fertility.

Growth and ovulation of a larger follicle stimulate devel-
opment of the oviductal secretory mucosa. In the present
study, the number of primary folds, folding grade and the
luminal epithelium perimeter were greater in the oviduct of
animals of the LF-LCL group. In the endometrium, after an E2
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stimulus, cells are stimulated to proliferate and endometrial
glands reorganize, resulting in greater glandular epithelium
area (Gray et al. 2001; Wang et al. 2007). The oviductal mu-
cosa, due to structural simplicity and its lack of glands, de-
pends mainly on the luminal epithelial cells to synthesize ovi-
ductal fluid (Abe 1996; Leese 1988,). It is expected that a
greater secretory capacity is better able to provide molecules
important to support embryo development (Aviles et al. 2010;
Hunter 1998; Simintiras et al. 2016). As described previously,
variables associated with the secretory mucosa were better
developed in the ampulla than in the isthmus (Buhi et al.
1991; Buhi et al. 1992). Interestingly, mucosal development
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Table2 P value (Pr > F) of the fixed effects: group (LF-LCL vs. SF-SCL), region (ampulla vs. isthmus), and side (ipsilateral vs. contralateral) with

their respective double and triple interactions for the morphological variables evaluated

Dependent variable Group Region Side Group x region Group x side Region x side Group %
region X side

Thick of the tunica mucosa (pum) NS <0.01 NS NS NS NS NS

Thick of the tunica muscularis (ptm) NS <0.01 NS NS 0.09 NS NS

Number of primary mucosa folds 0.09 <0.01 NS 0.03 NS 0.09 0.01

Number of secondary mucosal folds NS <0.01 NS NS NS NS NS

Folding grade NS <0.01 NS NS NS NS 0.03

Luminal epithelium perimeter (pm) NS <0.01 NS NS 0.04 0.08 0.06

Ratio of secretory cells 0.02 <0.01 NS NS <0.01 <0.01 0.01

Number of Ki67 positive cells 0.02 0.03 NS NS NS NS NS

Statistically significant differences were determined by three-way nested ANOVA where NS depicts not statistically significant

was also greater in the ipsilateral compared to the contralateral
oviduct. Vascular arrangements in the cranial portion of the
uterus and the oviduct direct greater amounts of gonadal ste-
roids to this region of the reproductive tract. Thus, the side
ipsilateral to the pre-ovulatory follicle and the subsequent CL
is exposed to a greater concentration of sex-steroids (Hunter
et al. 1983; Wijayagunawardane et al. 1996, 1998). This may
explain the increased folding of the luminal epithelium of the
ipsilateral in comparison to the contralateral side. Morphology
of the oviduct compartments was consistent with previous
transcriptomic data, indicating enrichment of transcripts relat-
ed to branching morphogenesis in the oviduct of LF-LCL
cows (Gonella-Diaza et al. 2015). Taking these findings to-
gether, it was hypothesized that the greater luminal epithelial
surface developed by the LF-LCL cows would result in a
greater secretory capacity. However, because not all of the
epithelial cells secrete components of the oviductal fluid, it
was necessary to measure the numbers of secretory cells.
Growth and ovulation of a larger follicle increased the
number of secretory cells and KI67-positive proliferating
cells. The ampulla of LF-LCL cows has a greater amount of
both secretory and proliferating cells (Fig. 6; Table 2). The
secretory cells actively produce and secrete specific glycopro-
teins into the lumen and their secretions form the oviductal
fluid (Aguilar and Reyley 2005; Eriksen et al. 1994; Leese
1988). These cells are more abundant in the ampulla and,
during the estrous cycle, the number of secretory cells varies.
Indeed, during the follicular phase, the number of secretory
cells, as well as the volume of oviductal fluid, increase (Ayen
et al. 2012; Ito et al. 2016; Leese 1988). Therefore, it can be
assumed that cows ovulating larger follicles would exhibit
greater proliferation rates and, therefore, have more secretory
cells therein producing more oviductal fluid. Also, the KI67-
positive cells were almost ten times more frequent in the LF-
LCL group than in the SF-SCL group. These results are in
agreement with a recent study published by Ito et al. (2016),
who concluded that the proportions of ciliated and secretory

epithelial cells change during the estrous cycle and that only
the secretory cells proliferate. The data also suggest that the
remodeling of the bovine oviductal epithelium provides the
optimal environment for gamete transport, fertilization, and
embryonic development. Furthermore, remodeling is mainly
regulated by proliferation of secretory cells.

Morphological changes induced by growth and ovulation
of a larger follicle were not associated with changes in abun-
dance of selected transcripts. In this study, regulation of tran-
script abundance among groups, regions and sides was com-
plex. In the ipsilateral ampullae, the abundance of all tran-
scripts studied was similar between groups. It is possible that
transcript regulation associated with the morphological differ-
ences between groups, described above for that region, oc-
curred at an earlier point in time not sampled in the present
study. Conversely, despite the absence of morphological
changes between groups in the ipsilateral isthmus, there was
a greater abundance of transcripts associated with secretion
(CTSS, GBA) and branching morphogenesis (BMP4,
MMP14) in cows from the LF-LCL group. On D4, it is ex-
pected that the embryo will be in the isthmus, in transit to the
uterus (Kolle et al. 2009). Thus, morphological changes ob-
served in the ampulla may be important for processes that
occurred prior to the moment samples were collected, such
as fertilization, the initial embryo divisions and transport to
the isthmus. The D4 isthmus role is to support the final em-
bryo divisions before entering the uterus and to transport the
embryo. Based on the isthmus morphological variables that
we measured, changes in the secretory epithelium were prob-
ably not associated with a functional advantage for cows on
the LF-LCL group. Conversely, changes in transcript abun-
dance are suggestive of LF-LCL-stimulated secretory activity
per individual pre-existing cell because there was no evidence
of proliferation. Furthermore, tissue remodeling involving
MMP14 and BMP4 may be critical to transport the embryo
to the uterus. A recent study in which embryos were co-
cultured with bovine oviductal epithelial cells (BOEC)
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demonstrated that embryo—oviduct interaction in vitro induces
specific changes in the transcriptional levels of BMP signaling
(Garcia et al. 2017). Specifically, they found a reduction in the
expression levels of BMP signaling in the BOEC, while they
increased in the early embryo. So, it could be presumed that
the reduction in the BMP signaling is important for the em-
bryo during the first stages of its development. In another
study in which BOEC were cultured in a polarized system
with a high concentration of non-esterified fatty acids
(NEFA), it has been suggested that the oviduct serves as a
gatekeeper which may actively alter the environment in which
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the embryo development takes place (Jordaens et al. 2017).
All this together could indicate that it is not only necessary that
the oviductal cells provide the correct environment for embryo
development but also that these cells have the capacity to
respond to embryo signals and to systemic conditions.

In summary, exposure to greater proestrus—estrus concen-
trations of E2 and early diestrus concentrations of P4 dramat-
ically changes ampullary morphology to a highly secretory
phenotype that may be critical to support embryo early devel-
opment. Additional analyses to evaluate whether these mor-
phological and gene expression differences are associated
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with greater bioavailability of nutrients and growth factors to
the embryo are necessary. In the isthmus, similar morpholog-
ical changes were not regulated, indicating that they were not
required to support isthmic function. However, changes in
critical transcript abundance suggest that this region is also
under sex-steroid regulation, which is further supported by
the detection of cognate receptors reported earlier. Future ex-
periments are warranted to determine the role of the

— 4 - SF-SCL

periovulatory endocrine milieu on tissue remodeling.
Collectively, these observations may help to explain the great-
er fertility of cows ovulating larger follicles and developing
larger CLs. In conclusion, the present data provide functional
connections between a fertility model and the oviduct tran-
scriptome in beef cattle. We propose that sex-steroids act in
an oviduct region-specific fashion to support early embryo
development.

Table 3 P value (Pr > F) of the fixed effects: group (LF-LCL vs. SF-SCL), region (ampulla vs. isthmus), and side (ipsilateral vs. contralateral) with
their respective double and triple interactions for the abundance of transcripts evaluated by gPCR

Dependent variable Group Region Side Group x Region Group % Side Region x Side Group %
Region x Side

BMP4 0.05 NS 0.02 NS NS NS NS

CTSS 0.03 <0.01 0.03 NS NS NS 0.01

CXCR4 NS 0.09 NS NS NS NS NS

FIGF NS 0.01 <0.01 NS NS NS NS

GBA 0.06 0.02 NS 0.02 NS 0.03 0.02

HPSE NS <0.01 NS NS NS NS NS

MMP14 NS <0.01 0.07 NS NS 0.04 NS

VCL 0.09 <0.01 NS 0.09 NS NS NS

Statistically significant differences were determined by three-way nested ANOVA where NS depicts not statistically significant
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Fig. 8 Transcript abundance
(mean = SEM) of BMP4 (a, b),
FIGF (¢, d), CXCR4 (e, f), and
HPSE (g, h). Gene expression
was normalized to PPIA and
GAPDH in the oviducts
ipsolateral and contralateral to the
CL from beef cows synchronized
to ovulate a large (LF-LCL) or
small follicles (SF-SCL) on day 4
of'the estrous cycle (n = 7 animals
per group)
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