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A B S T R A C T

This study investigated the effect that bovine oviductal epithelial cell (BOEC) and ovine spermatozoa co-culture
exposed to different hormonal environments had on ram sperm function over the course of a 24-h incubation
period. Ram cooled-stored spermatozoa were selected by swim-up and then co-cultured separately for 24 h at
38.5 °C under 5% CO2 with either: (1) Fert-TALP medium (positive control [POSControl]), (2) Fert-TALP
medium supplemented with 17β-estradiol (E2) and progesterone (P4) at concentrations similar to follicular
phase (Follicular NEGControl), (3) Fert-TALP medium supplemented with E2 and P4 concentrations similar to
luteal phase (Luteal NEGControl), (4) BOEC cultured in the same medium as that of the Follicular NEGControl
group (Follicular BOEC group), or (5) BOEC cultured in the same medium as that of the Luteal NEGControl group
(Luteal BOEC group). The sperm kinematics, capacitation status, and plasma membrane (PM) integrity were
evaluated at different intervals. Sperm PM integrity was not affected (P ˃ 0.05) by BOEC co-culture, regardless of
the phase of the estrous cycle. After 4 h of incubation, the Luteal BOEC group presented lower (P < 0.05)
progressive motility and total motility than the Luteal NEGControl group while the Follicular BOEC group
showed lower (P < 0.05) velocimetric parameters and progressive motility than the Follicular NEGControl
group. Throughout the incubation period, both BOEC co-culture groups showed a decrease (P < 0.05) in their
capacitation rate in comparison to the POSControl group. Conversely, the Luteal BOEC group presented a higher
(P < 0.05) non-capacitated rate than both the POSControl and Luteal NEGControl groups. In conclusion, BOEC
co-culture with ovine spermatozoa at either the follicular or luteal phase decreases sperm kinematics and delays
sperm capacitation.

1. Introduction

The oviduct of non-primates is an organ that provides the optimal
microenvironment for the fertilization process [1]. After mating, mil-
lions of sperm are deposited in the female reproductive tract; however,
only a fraction of the sperm reach the oviduct. Of those, many bind to
the oviductal epithelial cells (OEC) and subsequently form a sperm
reservoir. The interaction between sperm and the OEC plays an im-
portant role in ensuring the sperm remains viable until ovulation occurs
[1]. Previous studies have concluded that the attachment of sperm to
the OEC has a positive effect on sperm motility [2], enhances sperm
viability [3], and delays premature capacitation [4]. Despite the posi-
tive correlation between spermatozoa-OEC binding and sperm function,
there remains a lack of in vitro co-culture studies that have adequately

replicated in vivo oviductal microenvironment conditions during the
estrous cycle to investigate the physiology of sperm function and the
capacitation process.

The oviductal epithelium consists of ciliated cells, which are in-
volved in gametes and embryo transport, and secretory cells, which
participate in protein secretion in the oviductal fluid [5,6]. During the
estrous cycle, the oviduct epithelium undergoes physiological changes
that are predominantly regulated by the 17β-estradiol (E2) and pro-
gesterone (P4) ovarian steroids. In the presence of E2, the ciliogenesis
of bovine oviductal epithelium is stimulated. In contrast, P4 suppresses
ciliogenesis leading to a deciliation process [7]. Furthermore, stimula-
tion with these steroids promotes alterations in OEC transcriptome and,
consequently, in the secreted product [8–10]. During the follicular
phase—locally within the oviduct—the E2 concentration is high, and
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P4 is low. By contrast, in the luteal phase, the opposite occurs [11]. As
such, it is possible that throughout the estrous cycle, hormonal stimu-
lation acts in oviductal epithelium altering this microenvironment and,
therefore, modulating sperm function in different ways.

Steroid hormones also have dualistic effects on sperm function.
Studies have ascertained that P4 is involved in sperm chemoattraction,
the stimulation of capacitation and acrosome reaction processes, and
the binding and fusion of sperm-zona pellucida [12,13]. Conversely, E2
suppresses the acrosome reaction and hyperactivation motility process
induced by P4 [14]. However, the potential impact that dynamic
changes in E2 and P4 can have on the regulation of sperm function
during the estrous cycle is not clearly understood.

The majority of existing studies that have evaluated the sperm
function in sperm-OEC co-culture have employed a homologous system

[2,3,15,16]. However, heterologous systems have been successfully
used as an equivalent to homologous systems in different species
[17–19], including ovine species. For example, in one study, ram
spermatozoa were able to attach to both sheep and hamster OEC [20].
Furthermore, a heterologous system could represent a viable alternative
to a homologous system if the OEC cannot be routinely collected due to
a lack of suitable animal samples (wild species and endangered species)
and/or inaccessibility to a slaughterhouse. Therefore, the co-culture
between ram spermatozoa and BOEC may be considered a feasible
model for the investigation of sperm-OEC interactions.

In summary, there is still a lack of literature on the basic physiology
of sperm function in the oviduct during the estrous cycle. Given pre-
vious indications that steroid hormones modify oviductal epithelium in
different phases of the estrous cycle, we hypothesized that variations in

Fig. 1. Experimental design of the study. Effect of bovine oviductal epithelial cell (BOEC) on ram sperm function and capacitation status during incubation of 24 h at
38.5 °C in 5% CO2.
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P4 and E2 concentrations alter the profile of the proteins secreted in
vitro and subsequently have different impacts on the BOEC modulating
sperm function and capacitation process during the estrous cycle. Thus,
the objective of the current study was to evaluate the effect that the
presence and direct contact of BOEC previously treated with E2 and P4
concentrations similar to the follicular and luteal phase of estrous cycle
has on ram sperm function over the course of a 24-h incubation period.

2. Material and methods

2.1. Ethics

This research was approved by the Animal Care Committee of
Universidade Federal Fluminense (protocol approval: 879/2016). In
addition, this manuscript follows the Animal Research: Reporting of in
vivo Experiments (ARRIVE) guidelines.

2.2. Reagents

Unless specified otherwise, all chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

2.3. Experimental design

The aim of this experiment was to evaluate the effect that sperm-
BOEC co-culture supplemented with E2 and P4 at concentrations si-
milar to either the follicular or luteal phase had on ovine sperm func-
tion and capacitation status over a 24-h duration. After sperm selection
(swim-up), the sperm were diluted in a final concentration of 8×106

sperm / mL in different media: (1) POSControl: Fert-TALP medium; (2)
Follicular NEGControl: Fert-TALP medium without capacitating agents,
supplemented with E2 and P4 at concentrations similar to the follicular
phase in bovine oviductal fluid (bOF); (3) Luteal NEGControl: Fert-
TALP medium without capacitating agents, supplemented with E2 and
P4 at concentrations similar to the luteal phase in bOF; (4) Follicular
BOEC: BOEC cultured in the same medium of Follicular NEGControl
group; and (5) Luteal BOEC: BOEC cultured in the same medium of
Luteal NEGControl group. A separate culture well was set up for as-
sessment at each time point, and the four-well culture dishes containing
selected sperm suspended in 500 μL of fertilization medium in each
experimental group were incubated for 24 h at 38.5 °C in 5% CO2. The
parameters of sperm kinematics and sperm PM integrity were evaluated
after 0 h, 2 h, 4 h, 6 h, 18 h, and 24 h. Sperm capacitation status and the
rate of ram sperm bound to BOEC were evaluated after 0 h, 1 h, 2 h, 4 h,
6 h, 18 h, and 24 h (Fig. 1). In the BOEC co-culture groups (either the
Follicular or Luteal BOEC group), the sperm kinematics and sperm ca-
pacitation status of BOEC-binding sperms and freely swimming sperms
(unbound sperms) were assessed during 24 h of co-incubation. At each
sampling time, the medium containing unbound sperms were removed
and replaced with BOEC co-culture medium. Then, BOEC-binding
sperms were sampled by positioning the tip of the pipette at the bottom
of the wells. Five replicates were performed.

2.4. Media

2.4.1. BOEC culture medium
BOEC were cultured in tissue culture medium-199 (TCM-199) sup-

plemented with 10% of heat-treated fetal calf serum (FCS) (Gibco,
Invitrogen Corp., Carlsbad, USA) and 1% of antibiotic/antimycotic so-
lution (ATB/ATM). The culture medium was filtered with a 0.22 μm
filter and stored at 4 °C.

2.4.2. Sperm-BOEC co-culture medium
BOEC co-culture was carried out in a modified Fert-TALP medium.

This medium consisted of Fert-TALP without capacitating agents (caf-
feine, heparin, penicillamine, hypotaurine, and epinephrine). This

medium contained 114mM NaCl, 3.1 mM KCl, 0.4mM NaH2PO4,
10mM sodium lactate (60%), 25mM NaHCO3, 10 μg/mL phenol red
(0.5%), 2.0mM CaCl2·2H2O, 0.5 mM MgCl2, 10mM Hepes, 1 mg/mL
bovine serum albumin (BSA; fraction V), 0.45mM sodium pyruvate,
and [1x] ATB/ATM. The co-culture medium was filtered with a 0.22 μm
filter and stored at 4 °C.

2.4.3. Positive control group medium
The positive control (POScontrol) group medium consisted of Fert-

TALP medium, which is commonly used for in vitro fertilization (IVF).
This medium contained 114mM NaCl, 3.1mM KCl, 0.4 mM NaH2PO4,
10mM sodium lactate (60%), 25mM NaHCO3, 10 μg/mL phenol red
(0.5%), 1.4mM caffeine, 2.0mM CaCl2.2H2O, 0.5mM MgCl2, 10mM
Hepes, 6 mg/mL BSA (fatty acid free), 0.45mM sodium pyruvate, [1x]
ATB/ATM, 5 IU/mL heparin, 1.47mM hypotaurine, 29.4mM peni-
cillamine, and 0.14mM epinephrine. The positive control medium was
filtered with a 0.22 μm filter and stored at 4 °C.

2.4.4. Negative control groups media
The media of the negative control (NEGControl) group consisted of

modified Fert-TALP medium, identical to that described per the BOEC
co-culture medium. The negative control media were filtered with a
0.22 μm filter and stored at 4 °C.

2.5. Hormonal treatments

The in vivo oviductal microenvironment conditions were in vitro
replicated as closely as possible by adding concentrations of E2 and P4
at the follicular (E2= 290 pg/mL; P4=6 ng/mL) phase or the luteal
(E2=80 pg/mL; P4=85 ng/mL) phase as per the measurements per-
formed on the bovine oviductal fluid [11]. BOEC monolayers were
pretreated for 24 h before the experiment with exogenous E2 (Sigma –
Aldrich Corp.; E2758) and P4 (Sigma – Aldrich Corp.; P8783) according
to the experimental group. On the day of the experiment, the BOEC
culture medium was removed and replaced with BOEC co-culture
medium supplemented with E2 and P4 at concentrations aligned with
the estrous cycle phase (follicular or luteal) of the respective experi-
mental group.

2.6. BOEC culture

The oviducts and ovaries of cows and/or heifers at random phases of
estrous cycle were obtained at a local slaughterhouse, transported to
the laboratory on ice within 1 h post-mortem, and processed im-
mediately as per the following process. Once in the laboratory, the
oviducts (n=20) were separated from their attached ovaries and
quickly washed: once with a 70% ethanol solution (Jand Química, São
Paulo, Brazil) and twice with Dulbecco’s phosphate-buffered saline
(Nutricell, Campinas, Brazil). Then, the oviducts were transferred on ice
to Petri dishes and any surrounding tissues were removed. BOECs were
isolated by mechanical scraping of the oviduct with a sterile glass slide
as previously described [21]. BOECs were then washed three times for
5min by sedimentation with 5mL of HEPES Buffered TCM-199 sup-
plemented with BSA (fraction V; 3mg/mL) and 0.25% of ATB/ATM.
The resulting cellular pellet was diluted 100 times (dilution factor: 1/
100) in TCM-199 supplemented with 10% of FCS (Gibco, Invitrogen
Corp., Carlsbad, USA) and 1% of ATB/ATM. Following that, 5 mL of the
cell suspension (final concentration: 2× 105 cells/mL) was seeded into
tissue culture flasks (25 cm2; Corning, New York, USA) and placed in a
humidified atmosphere 5% CO2 at 38.5 °C. The culture medium was
renewed after 48 h and subsequently half-renewed every 48 h until cell
confluence (7–8 days). When cell confluence was 100% (Fig. 2),
monolayers were trypsinized in a cocktail solution consisting of 0.4mg/
mL of collagenase type I-A, 0.4mg/mL trypsin-EDTA, and 0.24mg/mL
of DNase (Invitrogen Corp., Carlsbad, USA). Then, the BOECs were
frozen in order to avoid the lack of reproducibility between replicates
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that occur in studies that use different primary cultures [22]. The
BOECs were frozen in a freezing medium (TCM-199 supplemented with
10% of dimethyl sulfoxide [DMSO], 20% of FCS and 0.5% of ATB/
ATM) according to the previously described protocol [23] with some
modifications. First, BOECs were cooled at 4 °C for 1 h, maintained at
−80 °C for 24 h, and then stored in liquid nitrogen (−196 °C). After
thawing, cells (final concentration: 1× 105 cells/mL) were cultured
until 100% of confluence (5–7 days) into individual wells of four-well
plates (Nunc, Roskildle, Denmark) in a humidified atmosphere 5% CO2

at 38.5 °C and subsequently used for sperm co-culture. The same BOEC-
frozen/thawed line was used for each replicate of the experiment.

2.7. Semen collection and cooling process

Prior to the experiment, the extra-gonadal reserve was exhausted by
daily semen collection for four consecutive days followed by two days
of sexual rest [24]. In each replicate, fresh semen from three adult rams
with proven fertility was collected using an artificial vagina. Semen was
pooled with the objective of eliminating the individual factor as a
variable of the analysis [25]. After measuring the volume of the semen,
a sperm sample was immediately evaluated for motility, vigor, and
concentration. Subsequently, the pooled semen was diluted with the
OPTIXcell® extender (IMV Technologies, l’Aigle, France) to obtain
600×106 sptz/mL [26]. The diluted semen was packaged in 0.25mL
straws (IMV Technologies, l’Aigle, France), sealed, and then progres-
sively cooled to 5 °C at a rate of−0.25 °C/min (TK3000® equipment; TK
Equipamentos, Uberaba, Brazil) over the course of approximately 1.5 h.
After cooling, straws were transported to the laboratory in a semen
transport box (Botutainer®; Botupharma, Botucatu, Brazil) within 2 h.
This semen transport thermobox maintained the temperature of the box
at 5 °C for up to 36 h. In the laboratory, the straws were rewarmed to
37 °C and centrifuged (600 × g, 7 min) to flush out the extender [27].

2.8. Sperm selection (Swim-up technique)

The sperm selection procedure was performed using a method
previously described by our group [28], with some modifications:
200 μL of cooled-stored sperm was carefully placed in the bottom of a
15mL tube that contained 1mL of modified Fert-TALP. The tube was
positioned at a 45° angle and incubated for 45min at 38.5 °C in a hu-
midified 5% CO2 atmosphere. After incubation, the supernatant con-
taining selected sperm was centrifuged (300 × g, 8 min). The sperm
concentration of the pellet was estimated using a Neubauer counting
chamber following dilution of the sperm sample in formaldehyde buf-
fered saline (1:400).

2.9. Rate of ram sperm bound to BOEC

At each interval of incubation, medium with unbound spermatozoa
was removed with a pipette, and the sperm concentration of the solu-
tion was calculated. The rate of spermatozoa attached to BOEC was
estimated at different intervals of incubation (1, 2, 4, 6, 18 and 24 h) by
subtracting the number of unbound spermatozoa from the total number
of spermatozoa added to each well (i.e., 4× 106 sperm) [29]. The rate
of ram sperm bound to BOEC was estimated by dividing the number of
spermatozoa attached to BOEC by 8×104.

2.10. Sperm evaluation

2.10.1. Sperm kinematics
Computer-assisted sperm analysis (CASA) was used to assess sperm

kinematics. This was achieved using a computer with an SCA® system
(Sperm Class Analyzer Microptic, Version 3.2.0, Spain) connected to a
phase contrast and epifluorescence microscope (Nikon TM H5505,
Eclipse 50i, Japan) equipped with a Basler Ace ACA780-75GC digital
camera. The analysis was performed in phase contrast and to a

Fig. 2. Light micrographs of bovine oviductal
epithelial cells (BOEC) in monolayer culture.
(a) BOEC primary line after 2 days of culture
presenting cell aggregates (arrows) capable of
forming vesicles (arrowheads) that float in the
culture medium. (b) Confluent monolayer of
BOEC primary line after 7 days of culture
showing a typical epithelial morphology with
highly packed polygonal cells. (c) BOEC
frozen/thawed after 2 days of culture showing
a non-covered area. (d) Confluent monolayer of
BOEC frozen/thawed after 7 days of culture.
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magnifying power of x 100. Aliquots of 10 μL were placed on a pre-
warmed slide (37 °C) and covered with a 24 x 24mm coverslip. For each
evaluation, 10 microscopic fields, including at least 200 cells, were
analyzed [30]. Software settings were adjusted for ram sperm. The
standard parameter settings were as follows: 25 frames/s, 18–60 μm2

for sperm head area and curvilinear velocity (VCL)< 10 μm/s to clas-
sify spermatozoa as immotile. Sperm cells presenting straightness (STR)
above 80% were featured as progressive. The variables analyzed were:
total motility (TM; %), progressive motility (%), VCL (μm/s), straight-
line velocity (VSL; μm/s), average path velocity (VAP; μm/s),
straightness (STR: VSL/VAP; %), linearity (LIN: VSL/ VCL; %), ampli-
tude of lateral head displacement (ALH; μm), and beat/cross frequency
(BCF; Hz).

2.10.2. Sperm PM integrity
The parameter for this factor were determined according to the

process described in [31] with slight modifications consisting of acri-
dine orange (Sigma – Aldrich Corp.; A9231) [dilution factor: 1(acridine
orange):9999 (distilled water), v/v] and 0.5mg/mL propidium iodide
probes. Acridine orange is a PM permeable probe selective to nucleic
acids that emits green fluorescence. Propidium iodide is a non-PM
permeable probe that binds to nucleic acids and subsequently emits red
fluorescence. The test was performed using the CASA system connected
to a microscope under epifluorescence illumination equipped with the
appropriate filter sets (465–495 nm excitation and 515–555 nm emis-
sion) using x100 magnification. The analyzed slides included a
minimum of 300 spermatozoa per slide [32].

2.10.3. Sperm capacitation status
Sperm capacitation status was assessed using chlortetracycline

(CTC) staining as previously described [33] with some modifications
[28]. Every day, a 0.75mM CTC solution (pH 7.8) was prepared in a
buffer containing 20mM Tris, 130mM NaCl, and 5mM l-cysteine. The
sperm sample was mixed with an equal volume of CTC solution (10 μL)
on a glass slide and, after a few seconds, 1 μL of 4% paraformaldehyde
was added [34]. A drop of 0.22M 1,4-diaza-bicyclo (2,2,2) octane
(DABCO) was also added to reduce the fading of the CTC fluorescence.
The slides were covered with 24× 24mm coverslips and stored at 4 °C
overnight in the dark. CTC patterns were evaluated using a microscope
(Nikon Eclipse Ci5) under epifluorescence illumination, at 1000 x
magnification with oil immersion. Cells were observed with a blue-
violet 2 A (BV-2 A) filter with 400–440 nm excitation and 470 nm
emission fluorescence. Two hundred spermatozoa per slide were clas-
sified according to the pre-defined criteria suggested in [35] into either
uniform bright fluorescence over the whole head (non-capacitated cells,
F pattern), fluorescence-free band in the post-acrosomal region (capa-
citated cells, B pattern), and full fluorescence over the whole head for a
thin, bright band of fluorescence along the equatorial region (acrosome-
reacted cells, AR pattern) [36].

2.11. Statistical analysis

Statistical analysis was performed using Prism 5.01 software
(GraphPad Software, San Diego, CA, USA) and SAEG statistical software
(SAEG 9.0, Minas Gerais, Brazil). The results are presented as the mean
and standard error of the mean (SEM). All quantitative variables were
subjected to a normality test (Lilliefors test) and homoscedasticity test
(Bartlett test). When necessary, data were subjected to arc sine or
logarithmic transformation prior to a two-way repeated measures
ANOVA (mixed model). The statistical model considered the effects of
treatment and incubation time and their interaction on sperm char-
acteristics. When the ANOVA revealed a significant effect, values were
compared using the Bonferroni post hoc test. Differences with a P-value
of less than 0.05 were considered to be statistically significant.

3. Results

3.1. General aspects of BOEC morphology during culture

After 48 h of seeding in primary culture, active ciliary movement
was observed under phase contrast microscopy. However, on Day 7 of
culture, the monolayer achieved 100% confluence and the resulting
monolayer presented loss of beating cilia (free cilia) from adhering
cells. Cells showed similar morphology of epithelial cells presenting
highly packed polygonal cells (Fig. 2).

3.2. Effect of treatment, time and their interaction on sperm parameters
during incubation of 24 h

Two-way repeated measures ANOVA was performed to determine
how a response was affected by two factors (treatment and incubation
time) and to evaluate the interaction between these factors. The in-
teraction of treatment× time was considered significant (P < 0.05) in
some of the sperm parameters evaluated (VSL, LIN, STR, and BCF).
When treatment and incubation time did not interact with each other
(P > 0.05), the time effect was extremely significant (P <0.0001) in
all sperm parameters and the treatment had a significant (P<0.05)
effect on progressive motility, rates of capacitated, acrosome-reacted
and non-capacitated sperm.

3.3. Effect of BOEC at either the follicular or luteal phase of co-culture on
sperm kinematics during a 24-h incubation period

The kinematic parameters of sperm obtained during incubation with
different media are shown in Table 1. Co-culturing BOEC with ram
sperm, regardless of the phase of the estrous cycle, affected most of the
sperm kinematics throughout the 24 h of incubation. Two hours after
the start of co-culture, the proportion of progressive motility and total
motility decreased (P < 0.05) more in the BOEC Luteal group

Fig. 3. Sperm motility of bound (Follicular
BOEC) and unbound (Follicular BOEC
Unbound) ram spermatozoa in co-culture with
bovine oviductal epithelial cells at the follicular
phase [total motility (a) and progressive moti-
lity (b)] during incubation of 24 h at 38.5 °C in
5% CO2. Analyses were performed after 2 h,
4 h, 6 h, 18 h, and 24 h of incubation and
parameters were evaluated using a CASA
system. Data are expressed as mean ± SEM.
Incubation time (0 h): moment after sperm se-
lection and before the addition of different
media.
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Fig. 4. Sperm kinematics of bound (Follicular BOEC) and unbound (Follicular BOEC Unbound) ram spermatozoa in co-culture with bovine oviductal epithelial cells
at the follicular phase [VAP (a; average path velocity), VCL (b; curvilinear velocity), VSL (c; straight-line velocity), LIN (d; linearity (ratio VSL/VCL)), STR (e;
straightness (ratio VSL/VAP)), ALH (f; amplitude of lateral head displacement), and BCF (g; beat/cross frequency)] during incubation of 24 h at 38.5 °C in 5% CO2.
Analyses were performed after 2 h, 4 h, 6 h, 18 h, and 24 h of incubation and parameters were evaluated using a CASA system. Data are expressed as mean ± SEM.
Incubation time (0 h): moment after sperm selection and before the addition of different media.
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compared with the Follicular and Luteal NEGControl groups (sperma-
tozoa in the culture medium without cells). At 4 h of incubation, co-
culture of BOEC at follicular phase reduced (P < 0.05) some of the
kinematic parameters of sperm (VAP, VCL, VSL, BCF, and progressive
motility) evaluated by the CASA system in comparison with the Luteal
and Follicular NEGControl groups. At 6 h, the kinematic parameters of
sperm evaluated by the CASA system were not affected (P > 0.05) by
BOEC co-culture during either the follicular or luteal phases. However,
the presence and interaction of BOEC in the luteal hormonal environ-
ment with ram sperm (BOEC Luteal group) continued promoting a re-
duction (P < 0.05) in some kinematic parameters of sperm (VSL, LIN,
and STR) compared with the controls groups (POSControl, Luteal and
Follicular NEGControl groups).

3.3.1. Ram spermatozoa bound to BOEC vs. Unbound ram spermatozoa
Data are shown in Figs. 3–6. The binding of ram sperm to BOEC in a

hormonal environment similar to the follicular or luteal phase did not
affect (P > 0.05) the kinematic parameters of sperm during the 24 h of
incubation.

3.4. Effect of BOEC at either the follicular or luteal phase of co-culture on
capacitation status and sperm PM integrity during a 24-h incubation period

The capacitation status and PM integrity during incubation with
different media are presented in Fig. 7. The interaction between ram
sperm and BOEC, regardless of the phase of the estrous cycle, decreased
the sperm capacitation process during the 24-h incubation period. After
1 h of incubation, the proportion of capacitated spermatozoa was
higher (P < 0.05) in the POSControl group than it was in the Folli-
cular BOEC group but not the other groups. At 4 h of incubation, the
proportion of capacitated spermatozoa was lower (P < 0.05) in the co-
culture BOEC groups (Follicular and Luteal BOEC groups) than it was in
the POSControl group. Correspondingly, the proportion of non-capaci-
tated spermatozoa was higher (P < 0.05) in the Luteal BOEC group
than the respective negative control group (NEGControl group). From 6
h to 24 h, the proportion of capacitated spermatozoa continued to be
higher (P < 0.05) in the POSControl group in comparison to the Lu-
teal BOEC group. On the other hand, the proportion of non-capacitated
spermatozoa was higher (P < 0.05) in the Luteal BOEC group com-
pared with the POSControl group. Co-culture of BOEC, regardless of the
phase of the estrous cycle, had no effect (P > 0.05) on sperm PM
integrity at all incubation intervals.

3.4.1. Ram spermatozoa bound to BOEC vs. Unbound ram spermatozoa
The capacitation status of the population of ram spermatozoa bound

to BOEC in comparison to the population of unbound ram spermatozoa
is shown in Fig. 8. The interaction between ram sperm and BOEC, re-
gardless of the phase of the estrous cycle, had no effect on capacitation
status at all incubation intervals (except at 2 h). At 2 h, the population

of ram spermatozoa bound to BOEC in a hormonal environment similar
to the luteal phase exhibited a lower (P < 0.05) proportion of capa-
citated spermatozoa in comparison to the population of unbound ram
spermatozoa.

3.5. Rate of ram sperm bound to BOEC at follicular or luteal phase during a
24-h incubation period

The phase of the estrous cycle did not affect (P > 0.05) the ability
of ram spermatozoa binding with BOEC during all incubation intervals
(Fig. 9). Also, no differences (P > 0.05) were observed in the rate of
ram sperm bound to BOEC throughout the incubation time in either
follicular or luteal hormonal milieu (Follicular BOEC and Luteal BOEC
groups).

4. Discussion

In addition to maintaining the fertilization ability of sperm, the
oviduct reservoir also plays a key role in sperm selection, ensuring that
only a competent sperm population is present at the time of ovulation
[37]. This study investigated the effects of co-culture between ram
sperm and BOEC pretreated with E2 and P4 concentrations similar to
the follicular phase or the luteal phase on in vitro sperm capacitation
and general sperm function during a prolonged period (18–24 h) of
incubation. The main findings of this in vitro study are: (1) ram sperm
co-incubation with BOEC, regardless of the phase of the estrous cycle,
decreases the kinematic parameters of sperm until at least 4 h of in-
cubation; (2) co-incubation with BOEC, regardless of the phase of the
estrous cycle, delayed the in vitro ram sperm capacitation, indicating
that a heterologous interaction could play a role in the capacitation
process; (3) direct contact between ram sperm and BOEC, regardless of
the phase of the estrous cycle, had no impact on the selection of ram
spermatozoa with high motility.

Previous research has found that co-culture between OEC and sperm
maintains sperm motility in several species [2,3,38,39]. However, other
studies report that this interaction has the opposite effect on sperm
motility [37,40]. Our findings indicate that the direct contact between
ram sperm and BOEC in the presence of a hormonal concentration si-
milar to either the follicular phase or the luteal phase promotes a ne-
gative effect on the kinematic parameters of sperm. These results are in
agreement with those previously reported [40], which also observed a
reduction in progressive motility in a homologous BOEC co-culture
system. Indeed, attachment between spermatozoa and OEC is capable
of suppressing motility and maintaining sperm quiescent to prevent a
reduction in the ATP level and the reduction of the energy, ensuring
adequate sperm energetic metabolism to fertilization. Conversely, when
ovulation occurs and the ovulation-associated signal is released, sper-
matozoa detach from the OEC and acquire a “hyperactivated pattern”
[41].

Fig. 5. Sperm motility of bound (Luteal BOEC)
and unbound (Luteal BOEC Unbound) ram
spermatozoa in co-culture with bovine ovi-
ductal epithelial cells at the luteal phase [total
motility (a) and progressive motility (b)]
during incubation of 24 h at 38.5 °C in 5% CO2.
Analyses were performed after 2 h, 4 h, 6 h,
18 h, and 24 h of incubation and parameters
were evaluated using a CASA system. Data are
expressed as mean ± SEM. Incubation time
(0 h): moment after sperm selection and before
the addition of different media.
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Fig. 6. Sperm kinematics of bound (Luteal BOEC) and unbound (Luteal BOEC Unbound) ram spermatozoa in co-culture with bovine oviductal epithelial cells at the
luteal phase [VAP (a; average path velocity), VCL (b; curvilinear velocity), VSL (c; straight-line velocity), LIN (d; linearity (ratio VSL/VCL)), STR (e; straightness
(ratio VSL/VAP)), ALH (f; amplitude of lateral head displacement), and BCF (g; beat/cross frequency)] during incubation of 24 h at 38.5 °C in 5% CO2. Analyses were
performed after 2 h, 4 h, 6 h, 18 h, and 24 h of incubation and parameters were evaluated using a CASA system. Data are expressed as mean ± SEM. Incubation time
(0 h): moment after sperm selection and before the addition of different media.
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During long-term co-incubation, the interaction between sperm and
OEC seemed to slow down the process of membrane destabilization,
promoting a beneficial effect on sperm viability [18]. The positive effect
of the interaction between sperm and OEC in terms of sperm viability
has been described in several others species [2,3,18,42]; however, in
the present study, the heterologous OEC system appeared to have no
impact on ram sperm viability. Our findings are in agreement with the
results reported earlier [20], which also noted that neither the het-
erologous or homologous OEC system had a direct influence on ram
sperm viability during 24-h period of incubation. These authors sug-
gested that sperm viability could be regulated by oviductal products
(proteins, glycoproteins, amino acids, and/or sugars) secreted into their
surrounding medium as opposed to being the result of the direct contact
with OEC. In this study, we used a monolayer model, which has a flat
surface, to assess sperm-oviduct interactions. During sperm transport
through the oviduct, sperm bind to ciliated cells on isthmus and the
interaction prolongs sperm survival [1]. Thus, we believe that the
presence of cilia in the oviductal epithelial cells has a positive effect on
sperm viability.

Our results indicate that the co-culture between ram spermatozoa
and BOEC, regardless of the phase of the estrous cycle, decreased sperm
capacitation rate. These data support the view that sperm contact with
OEC prolongs the functional lifespan of sperm through selection of
uncapacitated sperm. This selection prevents the premature capacita-
tion process, ensuring that it does not incur undesirable spermatozoa
death before ovulation [43]. Our results are in agreement with those
reported earlier in several species, the findings of which indicated that
sperm interaction with OEC delays and decelerates capacitation,
keeping cytosolic calcium concentration at the basal level [3,4,18,44].

In the present study, we observed that 1 h of co-incubation (ram
sperm with BOEC) was sufficient to achieve ̴ 50% of spermatozoa bound
to BOEC. This rate did not reduce throughout the incubation period,
indicating that ram sperm quickly bound to BOEC and remained at-
tached after a long period of incubation regardless of the influence of
steroids and hormones. Recently, Lamy et al. [21] suggested that P4
induces the release of bound spermatozoa, and E2 (in concentrations

above 100 pg/mL) inhibits the releasing effect of P4 on bound sperm.
Although the finding was not significant, the addition of E2 in the
concentration of 1 pg/mL appeared to inhibit the releasing effect of P4.
In our study, we mimicked the oviductal environment during the es-
trous cycle by adding E2 and P4 to BOEC co-culture medium at the
following concentrations: 290 pg/mL E2 and 6 ng/mL P4 (follicular
phase) and 80 pg/mL E2 and 85 ng/mL P4 (luteal phase). Therefore, it
is possible that the duality of effects between E2 and P4 was presented
in both phases of the estrous cycle and the releasing effect was inhibited
by the presence of E2.

In an attempt to recreate oviductal epithelium during estrous cycle
in vivo, a previous in vitro study [45] reported changes in the mor-
phological (including in ultrastructural level) and functional (gene ex-
pression) aspects of porcine OEC during diestrus (P4-domination) and
estrus (E2-domination) phases. In contrast, our study showed that BOEC
previously treated with E2 and P4 at concentrations similar to the fol-
licular phase and the luteal phase did not have a different effect on ram
sperm function and the capacitation process. This finding is in agree-
ment with the findings of previous research [2], which also reported
that the use of a homologous co-culture system did not have an estrous-
cycle dependent effect. Therefore, our results suggest that the phase of
the estrous cycle does not influence the modulation of sperm function
and capacitation process in a heterologous OEC co-culture system. One
possible explanation for this finding is that estrous cycle-dependent
changes in OECs are time-dependent of hormonal stimulation [45] and
also reliant on a precise definition of estrous cycle phase [5]. In our
study, BOEC received a previous hormonal stimulation during 24 h,
while in the study performed by [45], hormonal supplementation to
mimic the estrous cycle phases lasted days (diestrus: 10 days and estrus:
2.5 days). Additionally, to the best of our knowledge, this is the first
study of its kind to evaluate the effect the estrous cycle has on sperm
function, simulating estrous cycle phases through the addition of ster-
oids based on the hormonal levels present in the oviductal fluid.
Therefore, the hormonal concentrations incorporated in our study were
different from the concentrations used in other studies that were based
on physiological blood hormone levels [5,45].

Fig. 7. Effect of bovine oviductal epithelial cells either at the follicular (Follicular BOEC) phase or the luteal (Luteal BOEC) phase on ram sperm capacitation status
and sperm plasma membrane integrity [rate of capacitated sperm (a), rate of acrosome-reacted sperm (b), rate of non-capacitated sperm (c) and rate of intact cells
(d)] during incubation of 24 h at 38.5 °C in 5% CO2. Analyses were performed after 1 h (except sperm plasma membrane integrity), 2 h, 4 h, 6 h, 18 h, and 24 h of
incubation. Data are expressed as mean ± SEM. Different letters indicate differences (P<0.05) among treatments according to the Bonferroni test. Incubation time
(0 h): moment after sperm selection and before the addition of different media.
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Although co-culture between ram cooled-stored spermatozoa and
BOEC previously treated with E2 and P4 at concentrations similar to the
follicular phase or the luteal phase did not affect ram sperm PM in-
tegrity, it was able to modulate sperm capacitation and promote a ne-
gative effect on sperm motility. The interaction between ram sperm and

BOEC reduced sperm capacitation, regardless of the phase of the estrous
cycle, promoting a delay in sperm capacitation, which prolongs the
lifespan of spermatozoa.

Declaration of interest

The authors have no conflict of interest to declare.

Author contributions

VAPA helped to conceive and design the experiment, acquire the
data, analyze and interpret the data and wrote the original draft of the
manuscript. JMGS-F and RITPB helped to conceive and design the ex-
periment and critically revised the manuscript. FZB contributed with
funding acquisition and critically revised the manuscript. LRC, GMB,
CVS and LCC helped to acquire the data. All authors approved the final
version of the manuscript.

Acknowledgements

The work was funded by Financier of Studies and Projects (Finep)
and Rio de Janeiro Research Foundation (Faperj – grant E-26/202.942/

Fig. 8. Sperm capacitation status of bound and unbound ram spermatozoa in co-culture with bovine oviductal epithelial cells either at the follicular (Follicular BOEC)
phase or the luteal (Luteal BOEC) phase [rate of capacitated sperm at the follicular phase (a), rate of capacitated sperm at the luteal phase (b), rate of acrosome-
reacted sperm at the follicular phase (c), rate of acrosome-reacted sperm at the luteal phase (d) rate of non-capacitated sperm at the follicular phase (e) and rate of
non-capacitated sperm at the luteal phase (f)] during incubation of 24 h at 38.5 °C in 5% CO2. Analyses were performed after 1 h, 2 h, 4 h, 6 h, 18 h, and 24 h of
incubation. Data are expressed as mean ± SEM. Different letters indicate significant differences (P<0.05) among treatments according to the Bonferroni test.
Incubation time (0 h): moment after sperm selection and before the addition of different media. At each sampling time, the medium containing unbound sperms were
removed and replaced with BOEC co-culture medium. Then, BOEC-binding sperms were sampled by positioning the pipette tip at the bottom of the wells.

Fig. 9. Rate of ram sperm bound to BOEC either at the follicular phase or the
luteal phase during incubation of 24 h at 38.5 °C in 5% CO2. Analyses were
performed after 1 h, 2 h, 4 h, 6 h, 18 h, and 24 h of incubation. Data are ex-
pressed as mean ± SEM.

V.A.P. Alfradique et al. Reproductive Biology 18 (2018) 368–379

378



2015). FZB is a National Council for Scientific and Technological
Development (CNPq) fellow. VAPA and LRC were supported by CNPq
and JMGSF, RITPB and GMB by Coordination for the Improvement of
Higher Education Personnel (CAPES). The authors want to thank Dr.
Luis Sérgio de Almeida Camargo for allowing us to use the laboratory
infrastructure of the Embrapa Dairy Cattle animal reproduction la-
boratory during the collection of the oviductal epithelial cells.

References

[1] Suarez SS. Formation of a reservoir of sperm in the oviduct. Reprod Domest Anim
2002;37:140–3. https://doi.org/10.1046/j.1439-0531.2002.00346.x.

[2] Kawakami E, Kashiwagi C, Hori T, Tsutsui T. Effects of canine oviduct epithelial
cells on movement and capacitation of homologous spermatozoa in vitro. Anim
Reprod Sci 2001;68:121–31. https://doi.org/10.1016/S0378-4320(01)00135-X.

[3] Yeste M, Lloyd RE, Badia E, Briz M, Bonet S, Holt WV. Direct contact between boar
spermatozoa and porcine oviductal epithelial cell (OEC) cultures is needed for op-
timal sperm survival in vitro. Anim Reprod Sci 2009;113:263–78. https://doi.org/
10.1016/j.anireprosci.2008.08.018.

[4] Murray SC, Smith TT. Sperm interaction with fallopian tube apical membrane en-
hances sperm motility and delays capacitation. Fertil Steril 1997;68:351–7. https://
doi.org/10.1016/S0015-0282(97)81528-2.

[5] Rottmayer R, Ulbrich SE, Kolle S, Prelle K, Neumueller C, Sinowatz F, et al. A bovine
oviduct epithelial cell suspension culture system suitable for studying embryo-ma-
ternal interactions: morphological and functional characterization. Reproduction
2006;132:637–48. https://doi.org/10.1530/rep.1.01136.

[6] Ghersevich S, Massa E, Zumoffen C. Oviductal secretion and gamete interaction.
Reprod Camb Engl 2015;149:R1–14. https://doi.org/10.1530/REP-14-0145.

[7] Abe H, Oikawa T. Observations by scanning electron microscopy of oviductal epi-
thelial cells from cows at follicular and luteal phases. Anat Rec 1993;235:399–410.
https://doi.org/10.1002/ar.1092350309.

[8] Szóstek AZ, Siemieniuch MJ, Deptula K, Woclawek-Potocka I, Majewska M, Okuda
K, et al. Ovarian steroids modulate tumor necrosis factor-α and nitric oxide–r-
egulated prostaglandin secretion by cultured bovine oviductal epithelial cells.
Domest Anim Endocrinol 2011;41:14–23. https://doi.org/10.1016/j.domaniend.
2011.01.007.

[9] Cerny KL, Garrett E, Walton AJ, Anderson LH, Bridges PJ. A transcriptomal analysis
of bovine oviductal epithelial cells collected during the follicular phase versus the
luteal phase of the estrous cycle. Reprod Biol Endocrinol 2015;13:84. https://doi.
org/10.1186/s12958-015-0077-1.

[10] Pinto-Bravo P, Galvão A, Rebordão MR, Amaral A, Ramilo D, Silva E, et al. Ovarian
steroids, oxytocin, and tumor necrosis factor modulate equine oviduct function.
Domest Anim Endocrinol 2017;61:84–99. https://doi.org/10.1016/j.domaniend.
2017.06.005.

[11] Lamy J, Liere P, Pianos A, Aprahamian F, Mermillod P, Saint-Dizier M. Steroid
hormones in bovine oviductal fluid during the estrous cycle. Theriogenology
2016;86:1409–20. https://doi.org/10.1016/j.theriogenology.2016.04.086.

[12] Guidobaldi HA, Teves ME, Unates DR, Giojalas LC. Sperm transport and retention at
the fertilization site is orchestrated by a chemical guidance and oviduct movement.
Reproduction 2012;143:587–96. https://doi.org/10.1530/REP-11-0478.

[13] López-Torres AS, Chirinos M. Modulation of human sperm capacitation by pro-
gesterone, estradiol, and luteinizing hormone. Reprod Sci 2017;24:193–201.
https://doi.org/10.1177/1933719116641766.

[14] Fujinoki M, Takei GL, Kon H. Non-genomic regulation and disruption of sperma-
tozoal in vitro hyperactivation by oviductal hormones. J Physiol Sci JPS
2016;66:207–12. https://doi.org/10.1007/s12576-015-0419-y.

[15] Lapointe S, Chian R-C, Sirard M-A. Effects of estrous cycle, steroids and localization
of oviductal cells on in vitro secretion of sperm motility factor(s). Theriogenology
1995;44:119–28. https://doi.org/10.1016/0093-691X(95)00153-Y.

[16] López-Úbeda R, García-Vázquez FA, Gadea J, Matás C. Oviductal epithelial cells
selected boar sperm according to their functional characteristics. Asian J Androl
2017;19(4):396–403. https://doi.org/10.4103/1008-682X.173936.

[17] Ellington JE, Evenson DP, Fleming JE, Brisbois RS, Hiss GA, Broder SJ, et al.
Coculture of human sperm with bovine oviduct epithelial cells decreases sperm
chromatin structural changes seen during culture in media alone. Fertil Steril
1998;69(4):643–9. https://doi.org/10.1016/S0015-0282(98)00023-5.

[18] Petrunkina AM, Simon K, Günzel-Apel A-R, Töpfer-Petersen E. Regulation of ca-
pacitation of canine spermatozoa during Co-culture with heterologous oviductal
epithelial cells. Reprod Domest Anim 2003;38:455–63. https://doi.org/10.1046/j.
0936-6768.2003.00463.x.

[19] Petrunkina AM, Simon K, Günzel-Apel A-R, Töpfer-Petersen E. Kinetics of protein
tyrosine phosphorylation in sperm selected by binding to homologous and hetero-
logous oviductal explants: how specific is the regulation by the oviduct?
Theriogenology 2004;61:1617–34. https://doi.org/10.1016/j.theriogenology.
2003.09.011.

[20] Gutiérrez A, Garde J, García-Artiga C, Vázquez I. Ram spermatozoa cocultured with
epithelial cell monolayers: an in vitro model for the study of capacitation and the
acrosome reaction. Mol Reprod Dev 1993;36:338–45. https://doi.org/10.1002/
mrd.1080360309.

[21] Lamy J, Corbin E, Blache M-C, Garanina AS, Uzbekov R, Mermillod P, et al. Steroid
hormones regulate sperm-oviduct interactions in the bovine. Reprod Camb Engl
2017;154:497–508. https://doi.org/10.1530/REP-17-0328.

[22] Lopera-Vásquez R, Hamdi M, Fernandez-Fuertes B, Maillo V, Beltrán-Breña P, Calle
A, et al. Extracellular vesicles from BOEC in in vitro embryo development and
quality. PLoS One 2016;11(2):e0148083. https://doi.org/10.1371/journal.pone.
0148083.

[23] Carvalho AV, Canon E, Jouneau L, Archilla C, Laffont L, Moroldo M, et al. Different
co-culture systems have the same impact on bovine embryo transcriptome.
Reproduction 2017;154:695–710. https://doi.org/10.1530/REP-17-0449.

[24] Kaya A, Aksoy M, Tekeli T. Influence of ejaculation frequency on sperm char-
acteristics, ionic composition and enzymatic activity of seminal plasma in rams.
Small Rumin Res 2002;44:153–8. https://doi.org/10.1016/S0921-4488(02)
00051-2.

[25] Bucak MN, Tekin N. Protective effect of taurine, glutathione and trehalose on the
liquid storage of ram semen. Small Rumin Res 2007;73:103–8. https://doi.org/10.
1016/j.smallrumres.2006.12.001.

[26] da Silva MC, de Oliveira Moura LC, Vaz de Melo MI, de Melo Mambrini JV, Neves
MM, MRJM Henry, et al. Prolonged post cooling but not pre-cooling equilibrium
length improves the viability of ram sperm cryopreserved in an extender containing
low-density lipoproteins. Small Rumin Res 2014;119:88–95. https://doi.org/10.
1016/j.smallrumres.2014.02.006.

[27] Makarevich AV, Spalekova E, Olexikova L, Kubovicova E, Hegedusova Z. Effect of
insulin-like growth factor I on functional parameters of ram cooled-stored sper-
matozoa. Zygote 2014;22:305–13. https://doi.org/10.1017/S0967199412000500.

[28] Olivares CCS, de Souza-Fabjan JMG, da Fonseca JF, Balaro MFA, de Figueirêdo
Freitas VJ, de Oliveira RV, et al. Comparison of different sperm selection techniques
in ram frozen-thawed sperm. Acta Sci Vet 2017;45:1–11.

[29] Bosch P, de Avila JM, Ellington JE, Wright RW. Heparin and Ca2+-free medium
can enhance release of bull sperm attached to oviductal epithelial cell monolayers.
Theriogenology 2001;56:247–60. https://doi.org/10.1016/S0093-691X(01)
00560-X.

[30] Najafi A, Daghigh-Kia H, Dodaran HV, Mehdipour M, Alvarez-Rodriguez M.
Ethylene glycol, but not DMSO, could replace glycerol inclusion in soybean lecithin-
based extenders in ram sperm cryopreservation. Anim Reprod Sci 2017;177:35–41.
https://doi.org/10.1016/j.anireprosci.2016.12.004.

[31] Yániz JL, Palacín I, Vicente-Fiel S, Gosalvez J, López-Fernández C, Santolaria P.
Comparison of membrane-permeant fluorescent probes for sperm viability assess-
ment in the ram. Reprod Domest Anim 2013;48:598–603. https://doi.org/10.1111/
rda.12132.

[32] Santolaria P, Vicente-Fiel S, Palacín I, Fantova E, Blasco ME, Silvestre MA, et al.
Predictive capacity of sperm quality parameters and sperm subpopulations on field
fertility after artificial insemination in sheep. Anim Reprod Sci 2015;163:82–8.
https://doi.org/10.1016/j.anireprosci.2015.10.001.

[33] Pérez LJ, Valcárcel A, de las Heras MA, Moses DF, Baldassarre H. In vitro capaci-
tation and induction of acrosomal exocytosis in ram spermatozoa as assessed by the
chlortetracycline assay. Theriogenology 1996;45:1037–46. https://doi.org/10.
1016/0093-691X(96)00031-3.

[34] Kumaresan A, Johannisson A, Bergqvist A-S. Sperm function during incubation with
oestrus oviductal fluid differs in bulls with different fertility. Reprod Fertil Dev
2017;29(6):1096–106. https://doi.org/10.1071/RD15474.

[35] Cormier N, Sirard M-A, Bailey JL. Premature capacitation of bovine spermatozoa is
initiated by cryopreservation. J Androl 1997;18:461–8. https://doi.org/10.1002/j.
1939-4640.1997.tb01953.x.

[36] Fraser LR, Abeydeera LR, Niwa K. Ca(2+)-regulating mechanisms that modulate
bull sperm capacitation and acrosomal exocytosis as determined by chlortetracy-
cline analysis. Mol Reprod Dev 1995;40:233–41. https://doi.org/10.1002/mrd.
1080400213.

[37] Gualtieri R, Talevi R. Selection of highly fertilization-competent bovine sperma-
tozoa through adhesion to the Fallopian tube epithelium in vitro. Reproduction
2003;125:251–8. https://doi.org/10.1530/rep.0.1250251.

[38] Pollard JW, Plante C, King WA, Hansen PJ, Betteridge KJ, Suarez SS. Fertilizing
capacity of bovine sperm may be maintained by binding of oviductal epithelial
cells. Biol Reprod 1991;44:102–7.

[39] Yeung WS, Ng VK, Lau EY, Ho PC. Human oviductal cells and their conditioned
medium maintain the motility and hyperactivation of human spermatozoa in vitro.
Hum Reprod Oxf Engl 1994;9:656–60. https://doi.org/10.1093/oxfordjournals.
humrep.a138566.

[40] Ellington JE, Padilla AW, Vredenburgh WL, Dougherty EP, Foote RH. Behavior of
bull spermatozoa in bovine uterine tube epithelial cell co-culture: an in vitro model
for studying the cell interactions of reproduction. Theriogenology 1991;35:977–89.
https://doi.org/10.1016/0093-691X(91)90308-Z.

[41] Coy P, Garcia-Vazquez FA, Visconti PE, Aviles M. Roles of the oviduct in mam-
malian fertilization. Reproduction 2012;144:649–60. https://doi.org/10.1530/
REP-12-0279.

[42] Abe H, Sendai Y, Satoh T, Hoshi H. Secretory products of bovine oviductal epithelial
cells support the viability and motility of bovine spermatozoa in culture in vitro. J
Exp Zool 1995;272:54–61. https://doi.org/10.1002/jez.1402720107.

[43] Rodriguez-Martinez H. Role of the oviduct in sperm capacitation. Theriogenology
2007;68:S138–46. https://doi.org/10.1016/j.theriogenology.2007.03.018.

[44] Dobrinski I, Smith TT, Suarez SS, Ball BA. Membrane contact with oviductal epi-
thelium modulates the intracellular calcium concentration of equine spermatozoa in
vitro. Biol Reprod 1997;56:861–9.

[45] Chen S, Einspanier R, Schoen J. In vitro mimicking of estrous cycle stages in porcine
oviduct epithelium cells: estradiol and progesterone regulate differentiation, gene
expression, and cellular function. Biol Reprod 2013;89(3):54. https://doi.org/10.
1095/biolreprod.113.108829.

V.A.P. Alfradique et al. Reproductive Biology 18 (2018) 368–379

379

https://doi.org/10.1046/j.1439-0531.2002.00346.x
https://doi.org/10.1016/S0378-4320(01)00135-X
https://doi.org/10.1016/j.anireprosci.2008.08.018
https://doi.org/10.1016/j.anireprosci.2008.08.018
https://doi.org/10.1016/S0015-0282(97)81528-2
https://doi.org/10.1016/S0015-0282(97)81528-2
https://doi.org/10.1530/rep.1.01136
https://doi.org/10.1530/REP-14-0145
https://doi.org/10.1002/ar.1092350309
https://doi.org/10.1016/j.domaniend.2011.01.007
https://doi.org/10.1016/j.domaniend.2011.01.007
https://doi.org/10.1186/s12958-015-0077-1
https://doi.org/10.1186/s12958-015-0077-1
https://doi.org/10.1016/j.domaniend.2017.06.005
https://doi.org/10.1016/j.domaniend.2017.06.005
https://doi.org/10.1016/j.theriogenology.2016.04.086
https://doi.org/10.1530/REP-11-0478
https://doi.org/10.1177/1933719116641766
https://doi.org/10.1007/s12576-015-0419-y
https://doi.org/10.1016/0093-691X(95)00153-Y
https://doi.org/10.4103/1008-682X.173936
https://doi.org/10.1016/S0015-0282(98)00023-5
https://doi.org/10.1046/j.0936-6768.2003.00463.x
https://doi.org/10.1046/j.0936-6768.2003.00463.x
https://doi.org/10.1016/j.theriogenology.2003.09.011
https://doi.org/10.1016/j.theriogenology.2003.09.011
https://doi.org/10.1002/mrd.1080360309
https://doi.org/10.1002/mrd.1080360309
https://doi.org/10.1530/REP-17-0328
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1530/REP-17-0449
https://doi.org/10.1016/S0921-4488(02)00051-2
https://doi.org/10.1016/S0921-4488(02)00051-2
https://doi.org/10.1016/j.smallrumres.2006.12.001
https://doi.org/10.1016/j.smallrumres.2006.12.001
https://doi.org/10.1016/j.smallrumres.2014.02.006
https://doi.org/10.1016/j.smallrumres.2014.02.006
https://doi.org/10.1017/S0967199412000500
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0140
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0140
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0140
https://doi.org/10.1016/S0093-691X(01)00560-X
https://doi.org/10.1016/S0093-691X(01)00560-X
https://doi.org/10.1016/j.anireprosci.2016.12.004
https://doi.org/10.1111/rda.12132
https://doi.org/10.1111/rda.12132
https://doi.org/10.1016/j.anireprosci.2015.10.001
https://doi.org/10.1016/0093-691X(96)00031-3
https://doi.org/10.1016/0093-691X(96)00031-3
https://doi.org/10.1071/RD15474
https://doi.org/10.1002/j.1939-4640.1997.tb01953.x
https://doi.org/10.1002/j.1939-4640.1997.tb01953.x
https://doi.org/10.1002/mrd.1080400213
https://doi.org/10.1002/mrd.1080400213
https://doi.org/10.1530/rep.0.1250251
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0190
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0190
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0190
https://doi.org/10.1093/oxfordjournals.humrep.a138566
https://doi.org/10.1093/oxfordjournals.humrep.a138566
https://doi.org/10.1016/0093-691X(91)90308-Z
https://doi.org/10.1530/REP-12-0279
https://doi.org/10.1530/REP-12-0279
https://doi.org/10.1002/jez.1402720107
https://doi.org/10.1016/j.theriogenology.2007.03.018
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0220
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0220
http://refhub.elsevier.com/S1642-431X(18)30252-3/sbref0220
https://doi.org/10.1095/biolreprod.113.108829
https://doi.org/10.1095/biolreprod.113.108829

	Supplementation of 17β-estradiol and progesterone in the co-culture medium of bovine oviductal epithelial cells and ovine spermatozoa reduces the sperm kinematics and capacitation
	Introduction
	Material and methods
	Ethics
	Reagents
	Experimental design
	Media
	BOEC culture medium
	Sperm-BOEC co-culture medium
	Positive control group medium
	Negative control groups media

	Hormonal treatments
	BOEC culture
	Semen collection and cooling process
	Sperm selection (Swim-up technique)
	Rate of ram sperm bound to BOEC
	Sperm evaluation
	Sperm kinematics
	Sperm PM integrity
	Sperm capacitation status

	Statistical analysis

	Results
	General aspects of BOEC morphology during culture
	Effect of treatment, time and their interaction on sperm parameters during incubation of 24 h
	Effect of BOEC at either the follicular or luteal phase of co-culture on sperm kinematics during a 24-h incubation period
	Ram spermatozoa bound to BOEC vs. Unbound ram spermatozoa

	Effect of BOEC at either the follicular or luteal phase of co-culture on capacitation status and sperm PM integrity during a 24-h incubation period
	Ram spermatozoa bound to BOEC vs. Unbound ram spermatozoa

	Rate of ram sperm bound to BOEC at follicular or luteal phase during a 24-h incubation period

	Discussion
	Declaration of interest
	Author contributions
	Acknowledgements
	References




