
animals

Article

Sperm Behavior and Response to Melatonin under
Capacitating Conditions in Three Sheep Breeds Subject to the
Equatorial Photoperiod

Melissa Carvajal-Serna 1,2, Jaime Antonio Cardozo-Cerquera 2 , Henry Alberto Grajales-Lombana 3,
Adriana Casao 1 and Rosaura Pérez-Pe 1,*

����������
�������

Citation: Carvajal-Serna, M.;

Cardozo-Cerquera, J.A.;

Grajales-Lombana, H.A.; Casao, A.;

Pérez-Pe, R. Sperm Behavior and

Response to Melatonin under

Capacitating Conditions in Three

Sheep Breeds Subject to the

Equatorial Photoperiod. Animals 2021,

11, 1828. https://doi.org/10.3390/

ani11061828

Academic Editor: Gianluca Neglia

Received: 17 May 2021

Accepted: 17 June 2021

Published: 18 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Grupo BIOFITER (Biología, Fisiología y Tecnologías de la Reproducción), Departamento de Bioquímica y
Biología Molecular y Celular, Instituto Universitario de Investigación en Ciencias Ambientales de
Aragón (IUCA), Facultad de Veterinaria, Universidad de Zaragoza, 50013 Zaragoza, Spain;
melissac@unizar.es (M.C.-S.); adriana@unizar.es (A.C.)

2 Researcher Center Tibaitatá, AGROSAVIA (Corporación Colombiana de Investigación Agropecuaria),
Bogotá 250047, Colombia; jcardozo@agrosavia.co

3 Departamento de Producción Animal, Facultad de Medicina Veterinaria y de Zootecnia,
Universidad Nacional de Colombia, Bogotá 111321, Colombia; hagrajalesl@unal.edu.co

* Correspondence: rosperez@unizar.es

Simple Summary: In temperate regions, sheep demonstrate seasonal reproduction regulated by
changes in photoperiod. This regulation is mediated by nocturnal melatonin secretion. However,
in equatorial regions, with no photoperiodic changes, sheep tend to breed in all seasons of the year.
Despite this, changes in seminal composition or sperm quality have been reported throughout the
year. We demonstrated that melatonin concentration in seminal plasma varies between rainy and
dry seasons in three Colombian breeds (Colombian Creole, Romney Marsh, and Hampshire). As
melatonin can exert direct effects on ram spermatozoa, in this study we hypothesized that melatonin
could modulate sperm capacitation in equatorial-located breeds as we had previously reported in
seasonal breeds from temperate regions. First, we assayed two media for in vitro capacitation and
found that the increment in capacitated and acrosome-reacted sperm was higher in the so-called
“cocktail medium” for the three breeds and in rainy and dry seasons. The addition of melatonin to
the cocktail medium partially prevented the increase in capacitated spermatozoa from all breeds and
during all seasons. This study could help in understanding how melatonin affects ram reproduction
in the equatorial photoperiod.

Abstract: In this study, we demonstrated that, in seasonal Mediterranean ovine breeds, supplement-
ing the TALP medium with cAMP-elevating agents (the cocktail medium) is effective for achieving
ram sperm capacitation, and that melatonin is able to regulate this phenomenon. We investigated
the behavior under capacitating conditions using the TALP and cocktail mediums, and the response
to melatonin, of spermatozoa from three sheep breeds (Colombian Creole, Romney Marsh, and
Hampshire) subject to the equatorial photoperiod, during the dry and the rainy seasons. The cocktail
medium was able to induce sperm capacitation, assayed by chlortetracycline staining and phospho-
tyrosine levels, to a greater extent than TALP, without a higher loss of viability (membrane integrity
and viable spermatozoa without phosphatidylserine (PS) translocation). The addition of melatonin
at 100 pM or 1 µM in the cocktail medium partially prevented the decrease in viability without PS
translocation and the increase in capacitated spermatozoa from all breeds, with no significant effect
on phosphotyrosine levels. Differences between breeds and seasons were evidenced. This study
shows that melatonin is able to exert direct effects on spermatozoa in ovine breeds under equatorial
photoperiod conditions, as it does in seasonal breeds located in temperate regions.
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1. Introduction

Sperm capacitation in mammalians is a pre-requirement for fertilization and it occurs
physiologically in the female reproductive tract, in the vicinity of the oocyte [1,2]. Sperm
capacitation can be carried out in vitro, by adding substances that trigger the cAMP/PKA
pathway [3,4]. Most spermatozoa from domestic species are easily capacitated in vitro in
the presence of substances such as calcium, bicarbonate, and cholesterol acceptors [5–8].
However, ram spermatozoa are very difficult to capacitate in vitro and also require other
substances that increase intracellular cAMP or avoid its degradation [4]. Our group
previously demonstrated that a cocktail of substances added to the TALP medium success-
fully promotes capacitation of spermatozoa from Rasa Aragonesa [4,9], a Mediterranean
breed raised in temperate latitudes with seasonal reproductive behavior. In temperate
regions (>30◦ and <45◦ north or south latitude), sheep demonstrate seasonal reproduction,
regulated mainly by melatonin according to changes in photoperiod (reviewed in [10]).
Melatonin is secreted during the night by the pineal gland and displays a circadian rhythm
with a nocturnal maximum and diurnal basal levels [11]. Sheep are short-day breeders,
which means that higher levels of nocturnal melatonin secretion during autumn and win-
ter nights in temperate regions have a stimulatory effect on their reproduction [12–14].
Although this seasonality is less marked in the ram than in the ewe [10,15], variations
in testicular volume, sexual behavior, and semen quality have been detected between
reproductive and non-reproductive seasons [16–18]. In the equatorial region (between 10◦

north and 10◦ south), with no changes in day length during the year, there are no changes
in nocturnal melatonin levels acting as a cue for the timing of breeding. Thus, ovine breeds
subject to equatorial photoperiod conditions tend to breed all-year-round [19]. Neverthe-
less, changes in seminal composition or sperm quality have also been reported in small
ruminants throughout the year at this latitude, which could be attributed to environmental
factors other than the photoperiod, such as rainfall [20–22].

However, melatonin can influence sheep reproduction through additional mechanisms
other than photoperiod translation. This hormone can also be synthesized in the ram
testes [23], it is present in seminal plasma and the female reproductive tract, and it can exert
direct effects on ram spermatozoa by binding to specific membrane receptors (MT1 and
MT2) [24]. Our group has demonstrated that melatonin is able to protect spermatozoa from
Mediterranean seasonal rams against oxidative damage and apoptosis [25,26] and modulate
sperm capacitation under in vitro conditions [25,27]. In a medium with a cocktail of
cAMP-elevating agents, melatonin at micromolar concentrations was able to prevent sperm
capacitation, whereas at lower concentrations it modified motile sperm subpopulations [28].

Despite the understanding of melatonin’s role in ram reproduction in temperate
regions, little is known about this hormone’s functions in males under the equatorial
photoperiod. Colombia, located at 4.5◦ N, has a 12L:12D photoperiod and an isothermal
climate with a bimodal precipitation pattern, with two rainy and two dry seasons. Among
ovine breeds in the country, Wool Creole, Romney Marsh, and Hampshire are predominant
in high altitude areas [29]. Wool Creole is a native breed that has emerged from extensive
crossbreeding since the 16th century [30]. This breed, adapted to the local environmental
conditions, represents a vital genetic resource for small-scale agriculture in Andean re-
gions [31]. As an alternative to this native breed, imported breeds such as Romney Marsh
and Hampshire have been introduced since 1963. These breeds have a higher productive
performance but are less adapted than the native breeds in terms of fertility [32].

In a previous study with these three Colombian breeds under equatorial photoperiod
conditions, we observed differences in the melatonin concentration in seminal plasma
obtained in the rainy and dry seasons [33,34]. As there was no change in night length that
would modify the nocturnal secretion of melatonin, we hypothesized that these differences
between seasons could be attributed to the content of phytomelatonin in the pasture [33].
Moreover, our group also demonstrated that spermatozoa from these Colombian rams also
contain MT1 and MT2 receptors, and there are differences between breeds and seasons
in the locations and densities of these receptors [34]. However, no previous studies have
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investigated how spermatozoa from these breeds, located in equatorial latitudes, respond
under in vitro capacitating conditions, and whether exogenous melatonin could modulate
this process.

Thus, the first objective of this study was to evaluate the response to in vitro capacita-
tion in spermatozoa obtained from one native (Wool Creole) and two imported (Hampshire
and Romney Marsh) sheep breeds reared in Colombia under a photoperiodic regimen of
12L:12D. The second objective was to elucidate whether melatonin can regulate ram sperm
capacitation in these breeds in a medium with cAMP-elevating agents. Both evaluations
were conducted during the rainy and dry seasons. This study could help in understanding
how melatonin affects ram reproduction in the equatorial photoperiod.

2. Materials and Methods
2.1. Animals

Semen was obtained from twelve mature rams (2–5 years old) of three different sheep
breeds (Wool Creole, Romney Marsh, and Hampshire; four rams of each breed). The
animals were kept under uniform nutritional conditions at the Center for Ovine Research,
Technological Development and Extension of the National University of Colombia, located
in Mosquera (4◦40′57′′ N. 74◦12′50′′ W) at 2510 m above sea level. The rams’ diet was
based on pasture (Pennisetum clandestinum, Lolium perenne), supplemented with 200 g of
pellets (Leche Standard 70) and 15 g of mineralized salt (Universal F), both from FINCA
S.A. The rams were kept under natural photoperiod conditions. The local amplitude of
the photophase throughout the year fluctuates from 12 h 21′ (11 h 39′ of darkness) in the
summer solstice to 11 h 49′ (12 h 11′ of darkness) in the winter solstice; i.e., with a total
of 32′ of difference between the longest and the shortest days of the year. The climate
of the region is classified as Cfb according to the Köppen Climate Classification System.
The medium temperature is 13.6 ◦C, the annual variation between the coldest and hottest
months being 0.7 ◦C. The daily temperature and relative air humidity varies from 18 ◦C
to 7 ◦C and from 92% to 70%, respectively. The mean annual rainfall is 960 mm, with a
mean of 205 rainy days per year. The experiments were performed in the rainy season
(April–May) and dry season (June–July) based on precipitation data from the Institute of
Hydrology, Meteorology, and Environmental Studies (IDEAM).

2.2. Semen Collection and Processing

Semen was collected once a week with the aid of an artificial vagina during four weeks
in the rainy season and four weeks in the dry season. All procedures were performed in
accordance with the Colombian Animal Protection Regulations (Law 84/1989, modified
by Law 1774/2016) and under approval of the Bioethics Committee of the Faculty of
Veterinary Medicine and Zootechnics of Bogotá, National University of Colombia (Project
license: CB-074-2014). Before including rams in the study, individual ejaculates of each
ram were analyzed separately during several months. All ejaculates showed ≥70% sperm
motility (evaluated by an IVOS II CASA system; Hamilton Thorne, Beverly, MA, USA) and
≥75% normal sperm morphology. For the experiments described in this study, ejaculates
from rams of the same breed were pooled and processed together in order to eliminate
individual differences, [35].

After semen collection, the ejaculates were kept at 37 ◦C upon arrival at the laboratory
located at the Tibaitatá research center which belongs to the Colombian Corporation for
Agricultural Research (AGROSAVIA).

A seminal plasma-free sperm population was obtained using a dextran/swim-up
procedure based on the modification proposed by Garcia-Lopez et al. 1996 [36]. It was
performed in a swim-up medium (SM) devoid of NaHCO3 and CaCl2 [37] with the follow-
ing composition: 200 mM sucrose, 50 mM NaCl, 18.6 mM sodium lactate, 21 mM HEPES,
10 mM KCL, 2.8 mM glucose, 0.4 mM MgSO4, 0.3 mM sodium pyruvate, 0.3 mM K2HPO4,
and 5 mg/mL de BSA (pH adjusted to 6.5).
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2.3. In Vitro Sperm Capacitation

Swim-up-selected spermatozoa (1.6 × 108 cells/mL) were incubated in a humidified
incubator for 3 h at 39 ◦C and with 5% CO2 in the air. Incubations were performed in a
complete TALP medium [4,38] composed of 100 mM NaCl, 25 mM NaHCO3, 21.6 mM
Na lactate, 10 mM HEPES, 3.1 mM KCl, 2 mM CaCl2, 1 mM Na pyruvate, 0.4 mM MgCl2,
and 0.3 mM NaH2PO4 with 5 mM glucose, 5 mg/mL bovine serum albumin (BSA) and a
pH of 7.2. As ram spermatozoa are difficult to capacitate in vitro, we also evaluated the
addition of a cocktail of agents that increase intracellular cAMP to the TALP medium [4,7,9].
The cAMP-elevating compounds were 1 mM dibutyryl (dB)-cAMP, 1 mM caffeine, 1 mM
theophylline, 0.2 mM okadaic acid, and 2.5 mM methyl-b-cyclodextrin (Sigma-Aldrich,
Merck KGaA, St. Louis, MO, USA). We named this high cAMP medium the “cocktail
medium”. This medium has already been proven for capacitating ram spermatozoa in
certain seasonal breeds located in temperate regions but not in non-seasonal ones located
in equatorial regions.

Melatonin was solubilized in DMSO (dimethyl sulphoxide) and PBS (phosphate-
buffered saline: 137 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, and 1.76 KH2PO4; pH 7.4)
and then added to samples in the cocktail medium at a final concentration of 100 pM or
1 µM. The final concentration of DMSO in all the melatonin samples was 0.1%. To take into
consideration the potential adverse effect of DMSO, the same concentration was included
in cocktail- capacitated samples to which no melatonin had been added.

Thus, five experimental groups were analyzed in the present study: swim-up (sperma-
tozoa selected by the dextran/swim-up procedure before inducing in vitro capacitation),
cap-TALP (swim-up-selected spermatozoa incubated under capacitating conditions in
TALP medium), cap-CK (swim-up-selected spermatozoa incubated under capacitating
conditions in cocktail medium), and cap-CK-100 pM Mel and cap-CK-1 µM Mel (swim-up-
selected spermatozoa incubated under capacitating conditions in cocktail medium in the
presence of 100 pM and 1 µM melatonin, respectively).

2.4. Evaluation of Motility and Plasma Membrane Integrity

Motility and viability, assayed as plasma membrane integrity, were sequentially
analyzed using an IVOS II CASA system (Hamilton Thorne, Beverly, MA, USA) on the
same five fields under phase contrast and fluorescent illumination (using the Viadent
filter), respectively [39]. For viability analysis, samples were previously stained using the
VIADENT™ stain biz-benzamide trihydrochloride (Hoeschst 33258, 5 µg/mL; Hamilton
Thorne, Beverly, MA, USA) which penetrates only in cells with a damaged membrane and
attaches to the DNA, emitting fluorescence.

2.5. Detection of Membrane Phosphatidylserine Translocation

Annexin V (AnnV) is a protein with a high affinity for phosphatidylserine (PS). PS
translocation is a marker of apoptotic-like changes in spermatozoa [40]. Simultaneous
staining with 6-CFDA and Annexin V-Cy3.18 (Apoptosis Detection Kit; Sigma-Aldrich,
St. Louis, MO, USA) was used in order to differentiate between viable spermatozoa with
or without PS translocation and non-viable cells. The non-fluorescent 6-CFDA enters the
cell and is converted to the green fluorescent compound 6-carboxyfluorescein (6-CF) only
in viable cells, whereas red fluorescence can be observed only in cells with translocation of
PS (AnnV+).

Aliquots of 300 µL (6 × 106 cells diluted with 1 x binding buffer) were stained with
5 µL 6-CFDA (1 mM in DMSO) and 2 µL Annexin V-Cy3.18. Viable cells (6-CFDA+)
were visualized in green with a standard fluorescein (Nikon B-2A) filter and AnnV+ cells
(labeling PS exposure, Annexin V-Cy3.18+) in red with a rhodamine (Nikon G-2A) filter
under an epifluorescence microscope (1000× magnification). At least 200 spermatozoa
were counted per slide.
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2.6. Assessment of Capacitation Status by Chlortetracycline (CTC) Staining

The capacitation status was determined by a modified chlortetracycline (CTC) flu-
orescence assay [41]. A CTC solution was prepared daily, adding 750 µM of CTC to a
buffer composed of 130 mM NaCl, 20 mM Tris, and 5 µM cysteine (pH 7.8), which was
then filtered through a 0.22 mm filter (Merck Millipore, Darmstadt, Germany). For a 20 µL
sample (1.6 × 108 cells/mL), 20 µL of CTC solution and 5 µL (12.2% w/v) paraformalde-
hyde (prepared in 0.5 M Tris-HCl, pH 7.8) were added. For evaluating CTC patterns,
the samples were examined using a Nikon Eclipse E-200 microscope (Nikon Instruments,
Kanagawa, Japan) under epifluorescence illumination in the V-2A filter (excitation filter
380–425 nm) at 1000× magnification. At least 200 spermatozoa per slide were classified
into three categories [42]: non-capacitated (NC, with uniform fluorescence on the head,
with or without a bright equatorial band), capacitated (C, showing fluorescence in the
anterior region of the head), and acrosome-reacted (AR, showing no fluorescence on the
head) spermatozoa.

2.7. Tyrosine Phosphorylation as Capacitation Assay

Sperm samples were subjected to protein membrane extraction. Proteins were ob-
tained by suspending sperm (1.6 × 108 cells/mL in 200 µL) in 200 µL of extraction sample
buffer (ESB; composed of 2% SDS (sodium dodecyl sulfate-polyacrylamide (w/v) and
0.0626 M Tris-HCl, pH 6.8) [4]. The samples were incubated for 5 min at 100 ◦C and
then centrifuged at 7500× g for 5 min at 4 ◦C. After recovering the supernatant, a mix
of phosphatase and protease (10% v/v) inhibitors (Sigma-Aldrich, St. Louis, MO, USA),
β-mercaptoethanol (5% v/v), glycerol (1% v/v), and bromophenol blue (0.002% (v/v) in
10% glycerol) were added and it was then stored at −20 ◦C until its use.

For sodium dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 15 µL
of samples were loaded on 10% (w/v) SDS-PAGE gels for detection of phosphorylated
protein in tyrosine residues. Proteins were separated by standard SDS-PAGE [43] and trans-
ferred onto polyvinylidene difluoride (PVDF) membrane using a transfer unit (Trans-Blot
pack and Trans-Blot Turbo Transfer System, respectively, both from Bio-Rad Laboratories,
Hercules, CA, USA).

Non-specific sites on the membrane were blocked with 5% BSA in PBS (w/v) for
4 h and membranes were incubated overnight at 4 ◦C with the mouse monoclonal anti-
phosphotyrosine primary antibody (Clone 4G10; Millipore, Temecula, CA; Cat# 05–321,
RRID: AB_309678), 1:1000 (v/v) in 0.1% (w/v) Tween-20–PBS containing 1% BSA (w/v).
Additionally, a rabbit anti-actin antibody (Sigma-Aldrich, St. Louis, MO, USA; Cat# A2066,
RRID: AB_476693), diluted 1:1000 (v/v) was used at the same time as a loading control.
After three 15 min washes with 0.1% (w/v) Tween-20–PBS, membranes were incubated
with a secondary donkey anti-rabbit IRDye 680-CW (LI-COR Biosciences; Cat# 926–32,223,
RRID: AB_621845) and donkey anti-mouse IRDye 800-CW (LI-COR Biosciences, Lincoln,
NE, USA; Cat# 926-32213, RRID: AB_621848) conjugated antibodies, both diluted 1:15,000
(v/v) in 0.1% (w/v) Tween-20–PBS containing 1% BSA (w/v) for 1 h at room temperature.

After extensive washing with 0.1% (w/v) Tween-20–PBS, membranes were scanned,
and the intensity of the bands was measured with the Odyssey CLx Imaging System
(LI-COR Biosciences, Lincoln, NE, USA). For densitometric evaluation, the signals cor-
responding to the high (60–250 kDa) and low (10–45 kDa) molecular weight phosphoty-
rosine proteins were considered, and the middle bands corresponding to the BSA signal
were omitted.

2.8. Statistical Analysis

The obtained results were presented as means ± S.E.M. The number of replicates was
four for all analyses (n = 4), except for PS translocation (n = 3). To determine whether there
were significant differences in protein tyrosine phosphorylation between the treatments
(swim-up, cap-TALP, cap-CK, cap-CK + 100 pM Mel, and cap-CK + 1 µM Mel), breeds,
or seasons, two-way ANOVA tests followed by Bonferroni post hoc tests were used after
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the normality of the data was evaluated by the Kolmogorov–Smirnov test (Graph-Pad
InStat software 3.01; San Diego, VA, USA). The percentage of total and progressive motility,
viability, viable sperm without PS translocation, and CTC staining patterns were compared
by means of Pearson’s chi-square test using SPSS software version 24.0, (IBM Corp, Armonk,
NY, USA). p < 0.05 was used to indicate significant differences.

3. Results
3.1. Evaluation of the Changes after In Vitro Capacitation in Spermatozoa from Different Breeds
and Seasons
3.1.1. Changes in Motility after In Vitro Capacitation

Creole rams generally presented better total and progressive motility than the other
two breeds in both seasons (p < 0.05, Table 1). After 3 h of incubation in capacitating
conditions, the percentages of total and progressive motility decreased (p < 0.05) in relation
to swim-up, and mainly when incubation was in the cocktail medium, for all breeds and
seasons, except for the Creole breed during the rainy season. During this season, the
percentages of total and progressive motility after in vitro capacitation remained high in
the Creole breed and decreased significantly in the Hampshire breed (p < 0.05). The decline
in motility was more pronounced during the dry season except for Hampshire spermatozoa
(Table 1).

Table 1. Percentage of total and progressive sperm motility in the rainy and dry seasons in three ram breeds before
(swim-up) and after 3 h of incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP (cap-TALP) or TALP with
cAMP-elevating agents (cap-CK).

Variables Total Motility Progressive Motility

Breed Creole Romney Marsh Hampshire Creole Romney Marsh Hampshire

Rainy season
Swim-up 77.9 ± 3.7 aA 72.8 ± 3.0 bA 65.7 ± 3.9 *cA 64.7 ± 11.7 aA 41.3 ± 9.0 *bA 43.9 ± 5.1 *bA

Cap-TALP 68.6 ± 3.0 *aB 55.4 ± 6.2 *bB 29.0 ± 5.2 *cB 44.4 ± 4.9 *aB 27.5 ± 5.9 *bB 5.8 ± 3.0 *cB

Cap-CK 76.7 ± 2.8 *aA 47.2 ± 6.8 *bC 22.0 ± 3.8 *cC 32.8 ± 7.0 *aC 17.0 ± 4.1 *bC 1.2 ± 0.3 *cC

Dry season
Swim-up 78.8 ± 3.4 aA 69.2 ± 4.0 bA 72.9 ± 3.3 bA 59.8 ± 3.9 aA 53.3 ± 5.0 bA 54.2 ± 0.6 abA

Cap-TALP 46.9 ± 13.6 aB 39.8 ± 3.6 bB 36.7 ± 9.6 bB 23.0 ± 11.5 aB 13.0 ± 4.6 bB 13.2 ± 5.3 bB

Cap-CK 33.8 ± 5.8 C 33.8 ± 5.2 B 28.1 ± 8.5 C 5.7 ± 1.9 C 3.9 ± 1.6 C 5.9 ± 3.0 C

Values are expressed as means ± S.E.M. (n = 4). * represents significant differences (p < 0.05) between seasons within the same treatment
and breed; different lowercase letters in the same row represent significant differences between breeds within a treatment and season;
different capital letters in the same column represent significant differences between treatments (swim-up, Cap-TALP, and Cap-CK) within
a breed and season.

3.1.2. Changes in Plasma Membrane after In Vitro Capacitation

The percentages of sperm viability (membrane integrity) in swim-up, cap-TALP, and
cap-CK samples were higher in the rainy than in the dry seasons for all breeds (p < 0.05)
except for Romney Marsh swim-up samples (Table 2). A significant decrease (p < 0.05) was
observed after 3 h incubation in capacitating conditions both in TALP and cocktail media,
with a difference between media for Creole and Hampshire breeds in the rainy season.
Moreover, during both seasons the sperm viability after in vitro capacitation, with either
media, was higher in the Creole breed than in the other breeds.

When PS translocation was evaluated simultaneously with plasma membrane in-
tegrity, significant differences between breeds were also revealed (Table 2). Swim-up sam-
ples from Creole rams showed a higher percentage of spermatozoa without PS translocation
than those from the other two breeds. However, incubation in capacitating conditions sig-
nificantly affected the Creole sperm in both seasons (p < 0.05), unlike the other two breeds
that were affected only in the dry season (Romney Marsh) or not affected (Hampshire).
Nonetheless, the rate of viable sperm without PS translocation remained higher than in the
other breeds after the incubation in capacitating conditions in the Creole breed, especially
when compared with the Hampshire breed (p < 0.05). On the other hand, there were no
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significant differences between seasons in any breed, except for cocktail samples from
Hampshire rams, in which this parameter decreased even more during the dry season.

Table 2. Percentages of viability (plasma membrane integrity) and viable sperm without PS translocation in the rainy and
dry seasons in three ram breeds before (swim-up) and after 3 h of incubation at 39 ◦C and 5% CO2 (capacitating conditions)
in TALP (cap-TALP) or TALP with cAMP-elevating agents (cap-CK).

Variables Viability (Plasma Membrane Integrity %) Viable Sperm without PS Translocation (%)

Breed Creole Romney Marsh Hampshire Creole Romney Marsh Hampshire

Rainy season
Swim-up 88.6 ± 3.6 *aA 80.4 ± 5.3 bA 86.5 ± 4.2 *aA 62.4 ± 5.2 aA 47.0 ± 3.5 bA 40.4 ± 9.2 bA

Cap-TALP 80.1 ± 1.3 *aB 68.2 ± 5.9 *bB 49.1 ± 4.5 *cB 53.6 ± 5.9 aB 53.0 ± 5.0 aA 35.4 ± 0.7 bA

Cap-CK 86.0 ± 1.0 *aA 63.0 ± 6.5 *bB 40.6 ± 3.9 *cC 56.3 ± 6.4 aAB 55.5 ± 7.5 aA 40.7 ± 1.3 *bA

Dry season
Swim-up 85.7 ± 2.9 aA 79.2 ± 3.3 bA 80.8 ± 3.9 abA 70.4 ± 11.9 aA 50.0 ± 6.5 bA 39.8 ± 0.2 cA

Cap-TALP 68.9 ± 8.5 aB 54.6 ± 3.9 bB 55.6 ± 2.2 bB 70.0 ± 2.6 aA 42.0 ± 10.6 bB 37.0 ± 3.0 bA

Cap-CK 71.7 ± 4.8 aB 56.7 ± 3.9 bB 53.5 ± 8.3 bB 51.3 ± 12.0 aB 43.0 ± 7.2 aAB 32.5 ± 4.5 bA

Values are expressed as means ± S.E.M. (n = 4 and n = 3 for viability and PS translocation, respectively). * represents significant differences
(p < 0.05) between seasons within the same treatment and breed; different lowercase letters in the same row represent significant differences
between breeds within a treatment and season; different capital letters in the same column represent significant differences between
treatments (swim-up, Cap-TALP and Cap-CK) within a breed and season.

3.1.3. Changes in Capacitation Status after In Vitro Capacitation

Swim-up samples from Hampshire rams presented much higher (p < 0.05) percentages
of capacitated (35.5 ± 4.74 vs. 18.56 ± 2.72 and 19.75 ± 3.75 for Creole and Romney Marsh,
respectively) and acrosome-reacted (6.00 ± 1.47 vs. 1.98 ± 0.57 and 1.00 ± 0.70 for Creole
and Romney Marsh, respectively) spermatozoa in the rainy season than the other two
breeds (Figure 1).

The incubation in TALP medium under capacitating conditions led to a significant
decrease in the percentage of non-capacitated spermatozoa in both seasons for all three
breeds (Figure 1). This decrease was concomitant with an increase in the rate of capacitated
spermatozoa, except for Romney Marsh and Hampshire in the rainy season, and with an
increment in acrosome reacted spermatozoa in most of the experimental groups. These
changes were more evident when incubations were performed in the cocktail medium in
both seasons for the three breeds. Moreover, during the dry season, a greater difference
between the effect of the TALP and cocktail medium on the rate of capacitated spermatozoa
was observed. Also, no differences between breeds were observed during the dry season
when spermatozoa were incubated with the cocktail medium.

The more noteworthy dissimilarities were found when the effect of the season was
analyzed. We found a substantial difference between dry and rainy seasons (p < 0.05) in the
Romney Marsh and Hampshire spermatozoa response to the high cAMP medium, but not
for the Creole spermatozoa. However, the Creole spermatozoa showed a higher response
in the TALP medium during the rainy season (p < 0.05).

3.1.4. Changes in Phosphorylation in Tyrosine Residues after In Vitro Capacitation

Incubation in the TALP medium did not significantly increase the phosphotyrosine
signal compared to the swim-up samples, except for Creole in the rainy season (Figure 2).
However, when the incubation was performed in the cocktail medium, a significant incre-
ment (p < 0.05) in the signal was observed in all breeds and seasons except for Romney
Marsh in the rainy season. This increase was much higher in the dry than in the rainy season
for the three breeds (Creole: 2335.86 ± 331.94 vs. 7211.04 ± 617.25; RM: 1254.89 ± 203.88
vs. 4247.92 ± 677.23; HS: 2091.26 ± 332.26 vs. 5468.36 ± 325.20; rainy and dry season,
respectively) (Figure 2), with significant differences between seasons (p < 0.05). The incre-
ment was lower in spermatozoa from Romney Marsh than in spermatozoa from the other
two breeds.
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Figure 1. Assessment of capacitation status of ram spermatozoa, evaluated by chlortetracycline (CTC) staining, before 
(swim-up) and after 3 h incubation at 39 °C and 5% CO2 (capacitating conditions) in TALP (cap-TALP) or TALP with 
cAMP-elevating agents (cap-CK). The distributions were done by breed and season (rainy or dry). Data for percentages of 
non-capacitated (NC), capacitated (C), and acrosome-reacted (R) spermatozoa are expressed as means ± S.E.M. (n = 4). * 
represents significant differences (p < 0.05) between seasons within the same treatment and breed; different capital letters 
represent significant differences between treatments (swim-up, Cap-TALP, and Cap-CK) within a breed and season; dif-
ferent lowercase letters represent significant differences between breeds within a treatment and season. 
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However, when the incubation was performed in the cocktail medium, a significant in-
crement (p < 0.05) in the signal was observed in all breeds and seasons except for Romney 
Marsh in the rainy season. This increase was much higher in the dry than in the rainy 
season for the three breeds (Creole: 2335.86 ± 331.94 vs. 7211.04 ± 617.25; RM: 1254.89 ± 
203.88 vs. 4247.92 ± 677.23; HS: 2091.26 ± 332.26 vs. 5468.36 ± 325.20; rainy and dry season, 
respectively) (Figure 2), with significant differences between seasons (p < 0.05). The incre-
ment was lower in spermatozoa from Romney Marsh than in spermatozoa from the other 
two breeds. 

Figure 1. Assessment of capacitation status of ram spermatozoa, evaluated by chlortetracycline (CTC) staining, before
(swim-up) and after 3 h incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP (cap-TALP) or TALP with
cAMP-elevating agents (cap-CK). The distributions were done by breed and season (rainy or dry). Data for percentages
of non-capacitated (NC), capacitated (C), and acrosome-reacted (R) spermatozoa are expressed as means ± S.E.M. (n = 4).
* represents significant differences (p < 0.05) between seasons within the same treatment and breed; different capital letters
represent significant differences between treatments (swim-up, Cap-TALP, and Cap-CK) within a breed and season; different
lowercase letters represent significant differences between breeds within a treatment and season.
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Figure 2. Protein tyrosine phosphorylation evaluated by densitometry in samples before (swim-up) and after 3 h of
incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP (cap-TALP) or TALP with cAMP-elevating agents
(cap-CK). Data for the Creole (CR), Romney Marsh (RM), and Hampshire (HS) breeds are distributed by season (rainy or
dry) and expressed as means ± S.E.M (n = 4). * represents significant differences (p < 0.05) between seasons within the same
treatment and breed; different capital letters represent significant differences between treatments (swim-up, Cap-TALP, and
Cap-CK) within a breed and season; different lowercase letters represent significant differences between breeds within a
treatment and season.
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3.2. Evaluation of the Effect of Melatonin on In Vitro Capacitation in Spermatozoa from Different
Breeds and Seasons
3.2.1. Effects on Motility during In Vitro Capacitation

When samples were incubated in capacitating conditions in the cocktail medium,
the presence of melatonin had no effect on total motility in most experimental samples
compared to the cap-CK without the hormone, except for a decrease in Creole and Hamp-
shire spermatozoa at 100 pM in the rainy season and the dry season, respectively, and an
increase in Romney Marsh spermatozoa at 1 µM in the rainy season (Table 3). Regarding
progressive motility, there were also no significant effects, except for a slight decrease
(p < 0.05) in Hampshire spermatozoa when melatonin was added at both concentrations in
the dry season (Table 3).

Table 3. Percentages of total and progressive sperm motility in the rainy and dry seasons in three ram breeds after 3 h of
incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP with cAMP-elevating agents without (cap-CK) or with
100 pM and 1 µM melatonin (Cap-CK-100 pM MEL and Cap-CK-1 µM MEL).

Variables Total Motility Progressive Motility

Breed Creole Romney Marsh Hampshire Creole Romney Marsh Hampshire

Rainy season
Cap-CK 76.7 ± 2.8 *aA 47.2 ± 6.8 *bA 22.0 ± 3.8 *cA 32.8 ± 7.0 *aA 17.0 ± 4.1 *bA 1.2 ± 0.3 *cA

Cap-CK-100 pM MEL 67.8 ± 5.1 *aB 51.0 ± 5.4 *bA 22.9 ± 3.9 cA 30.0 ± 4.9 *aA 17.7 ± 4.1 *bA 2.3 ± 0.9 cA

Cap-CK-1 µM MEL 77.5 ± 2.1 *aA 57.1 ± 2.4 *bB 18.6 ± 1.5 cA 32.3 ± 2.5 *aA 18.1 ± 1.8 *bA 1.7 ± 0.6 cA

Dry season
Cap-CK 33.8 ± 5.8 A 33.8 ± 5.2 A 28.1 ± 8.5 A 5.7 ± 1.9 A 3.9 ± 1.6 A 5.9 ± 3.0 A

Cap-CK-100 pM MEL 30.5 ± 5.6 aA 33.9 ± 6.5 aA 21.9 ± 5.0 bB 5.1 ± 2.3 A 3.8 ± 1.3 A 2.4 ± 0.7 B

Cap-CK-1 µM MEL 35.1 ± 6.6 aA 30.0 ± 4.0 aA 23.3 ± 6.1 bA 5.9 ± 2.8 A 3.6 ± 1.3 A 3.0 ± 1.3 B

Values are expressed as means ± S.E.M. (n = 4). * represents significant differences (p < 0.05) between seasons within the same treatment
and breed; different lowercase letters in the same row represent significant differences between breeds within a treatment and season;
different capital letters in the same column represent significant differences between treatments (Cap-CK, Cap-CK-100 pM MEL, and
Cap-CK-1 µM MEL) within a breed and season.

3.2.2. Effects on Plasma Membrane during In Vitro Capacitation

In the dry season, the presence of melatonin in cap-CK samples did not affect the
membrane integrity (viability). In the rainy season, 1 µM of melatonin (p < 0.05) had a
positive effect in Romney Marsh spermatozoa and a negative one in Hampshire ones,
whereas 100 pM had a slightly negative effect in the Creole breed compared to cap-CK
without the hormone (Table 4), in concordance with its impact on motility in these breeds
(Table 3).
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Table 4. Percentages of viability (plasma membrane integrity) and viable sperm without PS translocation in the rainy
and dry seasons in three ram breeds after 3 h of incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP with
cAMP-elevating agents without (cap-CK) or with 100 pM and 1 µM melatonin (Cap-CK-100 pM MEL and Cap-CK-1
µM MEL).

Variables Viability (Plasma Membrane Integrity %) Viable Sperm without PS Translocation (%)

Breed Creole Romney Marsh Hampshire Creole Romney Marsh Hampshire

Rainy season
Cap-CK 86.0 ± 1.0 *aA 63.0 ± 6.5 *bA 40.6 ± 3.9 *cA 56.3 ± 6.4 aA 55.5 ± 7.5 aA 40.7 ± 1.3 *bA

Cap-CK-100 pM MEL 80.3 ± 3.7 *aB 65.7 ± 7.1 *bA 44.0 ± 6.3 cA 72.9 ± 6.4 *aB 57.0 ± 6.2 bA 49.7 ± 7.5 *bB

Cap-CK-1 µM MEL 84.8 ± 1.6 *aAB 73.7 ± 3.5 *bB 36.1 ± 5.8 *cB 64.7 ± 3.3 *aA 62.7 ± 7.7 *aB 44.2 ± 8.4 bA

Dry season
Cap-CK 71.7 ± 4.8 aA 56.7 ± 3.9 bA 53.5 ± 8.3 bA 51.3 ± 12.0 aA 43.0 ± 7.2 aA 32.5 ± 4.5 bA

Cap-CK-100 pM MEL 72.2 ± 4.4 aA 54.7 ± 4.5 bA 50.0 ± 5.7 bA 51.7 ± 5.4 aA 50.0 ± 1.5 aAB 41.0 ± 4.0 bAB

Cap-CK-1 µM MEL 71.5 ± 4.2 aA 54.0 ± 2.60 bA 50.1 ± 3.8 bA 46.0 ± 4.6 aA 55.7 ± 0.7 bB 47.5 ± 10.5 aB

Values are expressed as means ± S.E.M. (n = 4 and n = 3 for viability and PS translocation, respectively). * represents significant differences
(p < 0.05) between seasons within the same treatment and breed; different lowercase letters in the same row represent significant differences
between breeds within a treatment and season; different capital letters in the same column represent significant differences between
treatments (Cap-CK, Cap-CK-100 pM MEL, and Cap-CK-1 µM MEL) within a breed and season.

However, when the percentage of intact spermatozoa without PS translocation was
evaluated, the effect of melatonin was positive in all breeds in both seasons, except in the
Creole breed during the dry season. The effective melatonin concentration depended on
the breed and season. During the rainy season, an increase in this parameter in Creole
and Hampshire spermatozoa was observed with 100 pM melatonin. In the Romney Marsh
breed, 1 µM melatonin was the effective concentration (p < 0.05) in both seasons (Table 4).

3.2.3. Effects on Capacitation Status during In Vitro Capacitation

The addition of melatonin at both concentrations (100 pM and 1 µM) in the cocktail
medium partially prevented the increase in capacitated sperm provoked by the incubation
in capacitating conditions in all breeds (Figure 3). Thus, in the cap-CK samples with
melatonin, a higher percentage of non-capacitated sperm (p < 0.05) was observed compared
to the cap-CK samples without the hormone. This effect was concomitant with a lower rate
of capacitated sperm (p < 0.05), except for Romney Marsh in the dry season. Although the
preventive effect of melatonin on sperm capacitation was observed in the three breeds, it
was more noticeable in the Romney Marsh and Hampshire rams during the rainy season.
An impact on reacted spermatozoa was observed only in the rainy season; the Cap-CK
samples with melatonin showed a lower percentage than the Cap-CK without the hormone.
This effect was evident at both concentrations in the Hampshire breed and at 100 pM or
1 µM for the Creole and Romney Marsh breeds, respectively.

In general, the effect of melatonin was more evident in the rainy season than in the
dry season for all breeds.

3.2.4. Effects on Phosphorylation in Tyrosine Residues during In Vitro Capacitation

In general, the addition of melatonin to samples incubated under capacitating condi-
tions had no significant effects on phosphotyrosine levels, except for an increase in Creole
spermatozoa in the rainy season (Figure 4). Despite the decrease in the signal observed in
the dry season in the Creole and Hampshire breeds, it was not significant when compared
with Cap-CK without the hormone (Figure 4). Significant differences between seasons
were observed (p < 0.05).
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Figure 3. Assessment of capacitation status of ram spermatozoa, evaluated by chlortetracycline (CTC) staining, after 3 h 
incubation at 39 °C and 5% CO2 (capacitating conditions) in TALP with cAMP-elevating agents without (cap-CK) or with 
100 pM and 1 µM melatonin (cap-CK-100 pM MEL and Cap-CK-1 µM MEL). The distributions were done by breed and 
season (rainy or dry). Data for percentages of non-capacitated (NC), capacitated (C), and acrosome-reacted (R) spermato-
zoa are expressed as means ± S.E.M. (n = 4). * represents significant differences (p < 0.05) between seasons within the same 
treatment and breed; different capital letters represent significant differences between treatments (Cap-CK, Cap-CK-100 
pM MEL and Cap-CK-1 µM MEL) within a breed and season; different lowercase letters represent significant differences 
between breeds within a treatment and season. 

3.2.4. Effects on Phosphorylation in Tyrosine Residues during In Vitro Capacitation 
In general, the addition of melatonin to samples incubated under capacitating condi-

tions had no significant effects on phosphotyrosine levels, except for an increase in Creole 
spermatozoa in the rainy season (Figure 4). Despite the decrease in the signal observed in 
the dry season in the Creole and Hampshire breeds, it was not significant when compared 
with Cap-CK without the hormone (Figure 4). Significant differences between seasons 
were observed (p < 0.05). 

  

Figure 3. Assessment of capacitation status of ram spermatozoa, evaluated by chlortetracycline (CTC) staining, after 3 h
incubation at 39 ◦C and 5% CO2 (capacitating conditions) in TALP with cAMP-elevating agents without (cap-CK) or with
100 pM and 1 µM melatonin (cap-CK-100 pM MEL and Cap-CK-1 µM MEL). The distributions were done by breed and
season (rainy or dry). Data for percentages of non-capacitated (NC), capacitated (C), and acrosome-reacted (R) spermatozoa
are expressed as means ± S.E.M. (n = 4). * represents significant differences (p < 0.05) between seasons within the same
treatment and breed; different capital letters represent significant differences between treatments (Cap-CK, Cap-CK-100 pM
MEL and Cap-CK-1 µM MEL) within a breed and season; different lowercase letters represent significant differences
between breeds within a treatment and season.
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sons. When comparing between seasons, sperm quality variables were generally better in 
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creased, especially with the cocktail medium. These changes were more acute in the dry 
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tility and viability in Creole spermatozoa remained higher after incubation in the cocktail 
medium than those of the imported breeds. Our previous results in Rasa Aragonesa rams 
in the Mediterranean region also showed a decrease in these variables but with no statis-
tical differences between both media [28]. 

Regarding the capacitation status, incubation in both media led to a significant de-
crease in the percentages of non-capacitated spermatozoa in both seasons and for the three 
breeds. This decrease was significantly more acute when incubation was performed in the 
cocktail medium than in TALP, this being concomitant with increases in the rates of ca-
pacitated and acrosome-reacted spermatozoa. Changes in capacitation status would ex-
plain the decrease in motility, especially progressive motility, due to the sperm hyperac-
tivation associated with capacitation [9,28,44]. The decrease in spermatozoa without PS 
translocation could also be attributed to capacitation. Translocation of phosphatidylserine 
(PS) from the inner to the outer leaflet of the plasma membrane has been defined as one 
of the earliest signs of apoptosis [45,46], but it is also associated with plasma membrane 
scrambling related to capacitation and the acrosome reaction [47]. Moreover, it is worth 
noting that capacitation and apoptosis share signal transduction pathways [48]. When 

Figure 4. Protein tyrosine phosphorylation evaluated by densitometry in samples after 3 h of incubation at 39 ◦C and 5%
CO2 (capacitating conditions) in TALP with cAMP-elevating agents without (cap-CK) or with 100 pM and 1 µM melatonin
(Cap-CK-100 pM MEL and Cap-CK-1 µM MEL). Data for the Creole (CR), Romney Marsh (RM), and Hampshire (HS) breeds
are distributed by season (rainy or dry) and expressed as means± S.E.M (n = 4). * represents significant differences (p < 0.05)
between seasons within the same treatment and breed; different capital letters represent significant differences between
treatments (Cap-CK, Cap-CK-100 pM MEL, and Cap-CK-1 µM MEL) within a breed and season; different lowercase letters
represent significant differences between breeds within a treatment and season.
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4. Discussion

In this study, we evaluated the response to in vitro capacitation in ram spermatozoa
from three Colombian breeds located in the equatorial region under two different seasonal
climatic conditions and in natural grazing. The evaluation of some sperm quality variables
before capacitation revealed significant differences between the native breed (Creole) and
the introduced ones (Romney Marsh and Hampshire). Spermatozoa from Creole rams
showed higher total and progressive motility, better plasma membrane integrity, and less
PS translocation than spermatozoa from the introduced breeds, in both rainy and dry
seasons. When comparing between seasons, sperm quality variables were generally better
in the rainy season for Creole and Romney Marsh and in the dry season for Hampshire.

After incubation in capacitating conditions, both in TALP and in TALP with a cocktail
of agents that increased the cAMP (cocktail medium), most of these variables decreased,
especially with the cocktail medium. These changes were more acute in the dry season,
except for in the Hampshire breed. In the rainy season, total and progressive motility and
viability in Creole spermatozoa remained higher after incubation in the cocktail medium
than those of the imported breeds. Our previous results in Rasa Aragonesa rams in the
Mediterranean region also showed a decrease in these variables but with no statistical
differences between both media [28].

Regarding the capacitation status, incubation in both media led to a significant de-
crease in the percentages of non-capacitated spermatozoa in both seasons and for the three
breeds. This decrease was significantly more acute when incubation was performed in
the cocktail medium than in TALP, this being concomitant with increases in the rates of
capacitated and acrosome-reacted spermatozoa. Changes in capacitation status would
explain the decrease in motility, especially progressive motility, due to the sperm hyperac-
tivation associated with capacitation [9,28,44]. The decrease in spermatozoa without PS
translocation could also be attributed to capacitation. Translocation of phosphatidylserine
(PS) from the inner to the outer leaflet of the plasma membrane has been defined as one
of the earliest signs of apoptosis [45,46], but it is also associated with plasma membrane
scrambling related to capacitation and the acrosome reaction [47]. Moreover, it is worth
noting that capacitation and apoptosis share signal transduction pathways [48]. When
comparing between breeds, it can be seen that spermatozoa from Hampshire rams obtained
in the rainy season were significantly more capacitated before incubation than spermatozoa
from the other breeds. This would explain the levels of capacitated sperm after incubation
in the cocktail medium being significantly higher in this breed. However, in the dry sea-
son, no differences in the percentages of capacitated spermatozoa between breeds were
observed either before or after incubation in the cocktail medium.

A significant increase in the phosphorylation in tyrosine residues of proteins from
samples incubated in the cocktail medium was also observed in both seasons for all
breeds, unlike what occurred when incubation was carried out in TALP. Previously, we
demonstrated that protein tyrosine phosphorylation of membrane proteins is related to
the capacitation state in ram spermatozoa [7,49]. Also, we showed that the presence of
cAMP-elevating agents in the capacitation medium is necessary to achieve a high increase
in the phosphorylation levels in Mediterranean seasonal rams [4,50]. In the present study,
the effect of the cocktail medium was more evident in the dry season. However, this
increase was much less marked in the Romney Marsh breed than in the other two breeds.

Therefore, the cocktail medium was able to induce sperm capacitation to a greater
extent than TALP, without a higher loss of sperm quality, in these three breeds in both
seasons. Consequently, we used the cocktail medium to test the ability of melatonin to exert
direct effects on spermatozoa from breeds subjected to the equatorial period, as occurs in
breeds of reproductive seasonality located in other latitudes [4,9,28,51].

In the present study, we assayed two concentrations of melatonin, 100 pM and 1 µM,
because we have previously observed different effects on Rasa Aragonesa spermatozoa
depending on its concentration. In this Mediterranean seasonal breed, melatonin at 100 pM
had a positive impact on viability, whereas 1 µM provoked a slight decrease in progressive
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motility when added to the cocktail medium in capacitating conditions [28]. In Colom-
bian breeds, the positive effect of 100 pM of melatonin was only observed in the Romney
Marsh breed in the rainy season and the effect on progressive motility was evidenced
in the Hampshire breed in the dry season at both concentrations of the hormone. The
effect of melatonin was more evident when the percentage of capacitated spermatozoa
was evaluated. The addition of melatonin at both concentrations in the cocktail medium
partially prevented the increase in capacitated sperm provoked by the incubation in ca-
pacitating conditions in all breeds. Our group has previously shown that melatonin can
regulate in vitro capacitation mainly via the MT2 receptor in sperm from temperate-located
rams [27]. In a previous study [34], we demonstrated that both melatonin receptors, MT1
and MT2, are also present in the spermatozoa of these three Colombian breeds raised under
equatorial photoperiodic conditions. In the present study, the effect of melatonin was,
in general, more evident in the rainy season than in the dry season for all breeds. This
could be attributed to previously reported differences in the melatonin concentration in
seminal plasma between seasons, with higher levels in the dry season for the three studied
breeds [33]. Thus, the previous exposure of spermatozoa to high endogenous melatonin
levels during the dry season could mitigate the effect of this hormone when it is added
in vitro. This effect has been previously reported in somatic cells, where the exposure to
a high level of melatonin can desensitize melatonin receptors [52]. Differences between
breeds could also be attributed to previously described differences in the density of mela-
tonin receptors [34]. The lesser effect of melatonin on sperm capacitation in Creole rams
could be due to a lower MT2 density in spermatozoa from this breed than the other two,
as we described in a previous study [34]. Colombian Creole sheep are a native breed that,
after five centuries of breeding in a 12L:12D photoperiod, are much more adapted to the
equatorial climate and photoperiod than the Hampshire and Romney Marsh breeds, which
were introduced into the country only 50 years ago. This adaptation to a non-seasonal
photoperiod could be reflected in the reduction of the MT2 receptor density, but the fact
that it has not disappeared further supports the idea that melatonin has other physiological
functions than seasonal control, as we pointed out in our previous work [23,53]. In the
studied Colombian breeds, both assayed melatonin concentrations partially prevented the
increase in capacitated sperm, whereas in Rasa Aragonesa spermatozoa only the higher
concentration was effective. However, when phosphotyrosine levels were analyzed, no
significant effect of the hormone was observed, in contrast with the decrease evidenced in
Rasa Aragonesa spermatozoa in the presence of 1 µM melatonin [28].

Melatonin also had a significant effect on the percentage of viable sperm without
PS translocation, which remained high in capacitating conditions in all breeds and in
both seasons, except in the Creole breed during the dry season. As mentioned above,
PS translocation could be related to capacitation or apoptosis [48]. The decapacitating
effect of melatonin could explain the lower levels of sperm with PS translocation, but an
antiapoptic effect of melatonin has also been reported in somatic cells [49] as well as in
spermatozoa [25,54]. This antiapoptotic action seems to be mediated by melatonin binding
to its receptors, specifically MT1 [55,56]. The observed variations between seasons, the
effect being more evident in the rainy than in the dry season, could equally be attributed to
the higher endogenous levels of melatonin in seminal plasma in the dry season [33], and
consequently to a desensitization of the melatonin receptors.

5. Conclusions

To sum up, the present study shows that incubation in a medium with cAMP-elevating
agents effectively achieves in vitro capacitation in spermatozoa from different ram breeds
under the equatorial photoperiod. However, the response to the in vitro capacitation was
different between breeds and seasons. The addition of melatonin to the medium with
cAMP-elevating agents partially prevented the increase in capacitated spermatozoa and the
decrease in viable spermatozoa without PS translocation in the three studied breeds, with
differences between breeds and seasons. This study shows that melatonin is able to exert
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direct effects on spermatozoa in ovine breeds located under the equatorial photoperiod, as
it does in seasonal breeds located in temperate regions.

Author Contributions: Conceptualization, R.P.-P., A.C., and J.A.C.-C.; methodology, R.P.-P., A.C.,
and J.A.C.-C.; formal analysis, M.C.-S., A.C., and R.P.-P.; investigation, M.C.-S.; resources, R.P.-P.,
A.C., H.A.G.-L., and J.A.C.-C.; data curation, M.C.-S. and A.C.; writing—original draft preparation,
M.C.-S. and R.P.-P.; writing—review and editing, M.C.-S., A.C., and R.P.-P.; supervision, R.P.-P., A.C.,
H.A.G.-L., and J.A.C.-C.; project administration, R.P.-P., A.C., H.A.G.-L., and J.A.C.-C.; funding
acquisition, R.P.-P., H.A.G.-L., and J.A.C.-C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by CICYT-FEDER AGL2017-83799-R, Gobierno de Aragón, grant
number DGA A07_20R (Spain), and the 110 157 635 854 Project of the Colciencias Code Research
Program (Colombia).

Institutional Review Board Statement: All procedures used in this study were in strict accordance
with the Colombian Animal Protection Regulations (Law 84/1989, modified by Law 1774/2016) and
were approved by the Bioethics Committee of the Faculty of Veterinary Medicine and Zootechnics,
Bogotá Headquarters, National University of Colombia (Project license: CB-074-2014, approval date:
5 November 2014).

Data Availability Statement: The datasets generated for this study can be found in the figshare
repository 10.6084/m9.figshare.14528916.

Acknowledgments: Special thanks to Emma Conde and Esneider Rivera for the technical sup-
port with the rams, and the sample collection and transportation. In addition, special thanks to
Yolanda Goméz Vargas from the Molecular Genetics Laboratory of AGROSAVIA (Colombian Cor-
poration of Agriculture Research) for providing the facilities and equipment to perform part of the
experimental activities.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Austin, C. The “capacitation” of the mammalian sperm. Nature 1952, 170, 326. [CrossRef] [PubMed]
2. Chang, M.C. Fertilizing capacity of spermatozoa deposited into the fallopian tubes. Nature 1951, 168, 697–698. [CrossRef]

[PubMed]
3. Aitken, R.J.; Harkiss, D.; Knox, W.; Paterson, M.; Irvine, D.S. A novel signal transduction cascade in capacitating human

spermatozoa characterised by a redox-regulated, cAMP-mediated induction of tyrosine phosphorylation. J. Cell Sci. 1998, 111,
645–656. [CrossRef]

4. Colas, C.; James, P.; Howes, L.; Jones, R.; Cebrian-Perez, J.A.; Muiño-Blanco, T. Cyclic-AMP initiates protein tyrosine phosphory-
lation independent of cholesterol efflux during ram sperm capacitation. Reprod. Fertil. Dev. 2008, 20, 649–658. [CrossRef]

5. Visconti, P.; Galantino-Homer, H.; Moore, G.D.; Bailey, J.L.; Ning, X.; Fornes, M.; Kopf, G.S. The molecular basis of sperm
capacitation. J. Androl. 1998, 19, 242–248.

6. Molina, L.C.P.; Luque, G.M.; Balestrini, P.A.; Marín-Briggiler, C.I.; Romarowski, A.; Buffone, M.G. Molecular basis of human
sperm capacitation. Front. Cell Dev. Biol. 2018, 6, 1–23. [CrossRef]

7. Grasa, P.; Cebrián-Pérez, J.Á.; Muiño-Blanco, T. Signal transduction mechanisms involved in in vitro ram sperm capacitation.
Reproduction 2006, 132, 721–732. [CrossRef]

8. Rickard, J.P.; Leahy, T.; Soleilhavoup, C.; Tsikis, G.; Labas, V.; Harichaux, G.; Lynch, G.W.; Druart, X.; de Graaf, S.P. The
identification of proteomic markers of sperm freezing resilience in ram seminal plasma. J. Proteom. 2015, 126, 303–311. [CrossRef]

9. Colás, C.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. Caffeine induces ram sperm hyperactivation independent of cAMP-dependent
protein kinase. Int. J. Androl. 2010, 33. [CrossRef] [PubMed]

10. Rosa, H.J.D.; Bryant, M.J. Seasonality of reproduction in sheep. Small Rumin. Res. 2003, 48, 155–171. [CrossRef]
11. Reiter, R.J.; Tan, D.X.; Manchester, L.C.; Paredes, S.D.; Mayo, J.C.; Sainz, R.M. Melatonin and reproduction revisited. Biol. Reprod.

2009, 81, 445–456. [CrossRef] [PubMed]
12. Bittman, E.L.; Dempsey, R.J.; Karsch, F.J. Pineal melatonin secretion drives the reproductive response to daylength in the ewe *.

Endocrinology 1983, 113, 2276–2283. [CrossRef]
13. Ortavant, R.; Bocquier, F.; Pelletier, J.; Ravault, J.P.; Thimonier, J.; Volland-Nail, P. Seasonality of reproduction in sheep and its

control by photoperiod. Aust. J. Biol. Sci. 1988, 41, 69–86. [CrossRef]

http://doi.org/10.1038/170326a0
http://www.ncbi.nlm.nih.gov/pubmed/12993150
http://doi.org/10.1038/168697b0
http://www.ncbi.nlm.nih.gov/pubmed/14882325
http://doi.org/10.1242/jcs.111.5.645
http://doi.org/10.1071/RD08023
http://doi.org/10.3389/fcell.2018.00072
http://doi.org/10.1530/rep.1.00770
http://doi.org/10.1016/j.jprot.2015.05.017
http://doi.org/10.1111/j.1365-2605.2009.00991.x
http://www.ncbi.nlm.nih.gov/pubmed/19845799
http://doi.org/10.1016/S0921-4488(03)00038-5
http://doi.org/10.1095/biolreprod.108.075655
http://www.ncbi.nlm.nih.gov/pubmed/19439728
http://doi.org/10.1210/endo-113-6-2276
http://doi.org/10.1071/BI9880069


Animals 2021, 11, 1828 15 of 16

14. Malpaux, B.; Vigué, C.; Skinner, D.C.; Thiéry, J.C.; Pelletier, J.; Chemineau, P. Seasonal breeding in sheep: Mechanism of action of
melatonin. Anim. Reprod. Sci. 1996, 42, 109–117. [CrossRef]

15. Chemineau, P.; Guillaume, D.; Migaud, M.; Thiéry, J.C.; Pellicer-Rubio, M.T.; Malpaux, B. Seasonality of reproduction in mammals:
Intimate regulatory mechanisms and practical implications. Reprod. Domest. Anim. 2008, 43, 40–47. [CrossRef]

16. Lincoln, G.A.; Lincoln, C.E.; McNeilly, A.S. Seasonal cycles in the blood plasma concentration of FSH, inhibin and testosterone,
and testicular size in rams of wild, feral and domesticated breeds of sheep. J. Reprod. Fertil. 1990, 88, 623–633. [CrossRef]
[PubMed]

17. Gastel, T.; Bielli, A.; Perez, R.; Lopez, A.; Castrillejo, A.; Tagle, R.; Laborde, D.; Forsberg, M.; Rodriguez-martinez, H. Seasonal
variations in testicular morphology in Uruguayan Corriedale rams. Anim. Reprod. Sci. 1995, 40, 59–75. [CrossRef]

18. Avdi, M.; Banos, G.; Stefos, K.; Chemineau, P. Seasonal variation in testicular volume and sexual behavior of Chios and Serres
rams. Theriogenology 2004, 62, 275–282. [CrossRef] [PubMed]

19. Jackson, G.L.; Jansen, H.; Kao, C. Continuous exposure of Suffolk ewes to an equatorial photoperiod disrupts expression of the
annual breeding season. Biol. Reprod. 1990, 42, 63–73. [CrossRef]

20. Aguiar, G.V.; van Tilburg, M.F.; Catunda, A.G.V.; Celes, C.K.S.; Lima, I.C.S.; Campos, A.C.N.; Moura, A.A.A.; Araújo, A.A. Sperm
parameters and biochemical components of goat seminal plasma in the rainy and dry seasons in the Brazilian northeast: The
season’s influence on the cooling of semen. Arq. Bras. Med. Vet. e Zootec. 2013, 65, 6–12. [CrossRef]

21. Lozano, H.; Carvajal, M.; Manrique, P.; Grajales, H. Seminal quality parameters and its relationship with environmental variables
in rams under colombian high tropic conditions. Actas Iberoam. Conserv. Anim. 2016, 8, 55–62.

22. Goshme, S.; Banerjee, S.; Rekik, M.; Haile, A.; Yitagesu, E.; Getachew, T. Evaluation and characterization of semen quality in rams
of Menz, Dorper and Awassi crosses in different seasons in Ethiopia. Livest. Res. Rural Dev. 2020, 32, 11.

23. González-Arto, M.; Hamilton, T.R.D.S.; Gallego, M.; Gaspar-Torrubia, E.; Aguilar, D.; Serrano-Blesa, E.; Abecia, J.A.; Pérez-Pé, R.;
Muiño-Blanco, T.; Cebrián-Pérez, J.A.; et al. Evidence of melatonin synthesis in the ram reproductive tract. Andrology 2016, 4,
163–171. [CrossRef]

24. Casao, A.; Gallego, M.; Abecia, J.A.; Forcada, F.; Prez-P, R.; Muio-Blanco, T.; Cebrin-Prez, J.L. Identification and immunolo-
calisation of melatonin MT1 and MT2 receptors in Rasa Aragonesa ram spermatozoa. Reprod. Fertil. Dev. 2012, 24, 953–961.
[CrossRef]

25. Casao, A.; Mendoza, N.; Pérez-Pé, R.; Grasa, P.; Abecia, J.A.; Forcada, F.; Cebrián-Pérez, J.A.; Muino-Blanco, T. Melatonin prevents
capacitation and apoptotic-like changes of ram spermatozoa and increases fertility rate. J. Pineal Res. 2010, 48, 39–46. [CrossRef]

26. Casao, A.; Pérez-Pé, R.; Abecia, J.A.; Forcada, F.; Muiño-Blanco, T.; Cebrián-Pérez, J.A. The effect of exogenous melatonin during
the non-reproductive season on the seminal plasma hormonal profile and the antioxidant defence system of Rasa Aragonesa
rams. Anim. Reprod. Sci. 2013, 138, 168–174. [CrossRef]

27. Gonzalez-Arto, M.; Luna, C.; Pérez-Pé, R.; Muiño-Blanco, T.; Cebrián-Pérez, J.A.; Casao, A. New evidence of melatonin receptor
contribution to ram sperm functionality. Reprod. Fertil. Dev. 2016, 28, 924–935. [CrossRef]

28. Gimeno-Martos, S.; Casao, A.; Yeste, M.; Cebrián-Pérez, J.A.; Muiño-Blanco, T.; Pérez-Pé, R. Melatonin reduces cAMP-stimulated
capacitation of ram spermatozoa. Reprod. Fertil. Dev. 2019, 31, 420–431. [CrossRef]

29. Moreno, D.C.; Grajales, H.A. Caracterization of ovine systems in Colombian high tropics: Management, productive, and
reproductive performanceindicators. Rev. Med. Vet. Zoot 2017, 64, 36–51. [CrossRef]

30. Ocampo, R.J.; Martinez, R.A.; Rocha, J.J.; Cardona, H. Genetic characterization of Colombian indigenous sheep. Rev. Colomb.
Ciencias Pecu. 2017, 30, 116–125. [CrossRef]

31. Bravo, S.; Larama, G.; Ortíz, M.; Sepúlveda, N. Genetic differentiation between ‘Araucana’ creole and ‘Hampshire Down’ sheeps
in Chile. Chil. J. Agric. Res. 2015, 75, 131–136. [CrossRef]

32. Beaty, T.; Williams, H.L. The reproductive performance of British breeds of sheep in an equatorial environment. II. Lowland
breeds. Br. Vet. J. 1971, 127, 10–19. [CrossRef]

33. Carvajal-Serna, M.; Torres-Ruda, F.; Cardozo, J.A.; Grajales-Lombana, H.; Cebrián-Pérez, J.Á.; Muiño-Blanco, T.; Pérez-Pé, R.;
Casao, A. Changes in melatonin concentrations in seminal plasma are not correlated with testosterone or antioxidant enzyme
activity when rams are located in areas with an equatorial photoperiod. Anim. Reprod. Sci. 2019, 200. [CrossRef]

34. Carvajal-Serna, M.; Neira-Rivera, E.; Cardozo, J.A.; Grajales-Lombana, H.; Cebrián-Pérez, J.Á.; Muiño-Blanco, T.; Pérez-Pé, R.;
Casao, A. Melatonin membrane receptors MT1 and MT2 are expressed in ram spermatozoa from non-seasonal breeds. Trop. Anim.
Health Prod. 2020, 52, 2549–2557. [CrossRef]

35. Ollero, M.; Muiño-Blanco, T.; López-Pérez, M.J.; Cebrián-Pérez, J.A. Viability of ram spermatozoa in relation to the abstinence
period and successive ejaculations. Int. J. Androl. 1996, 19, 287–292. [CrossRef]

36. García-López, N.; Ollero, M.; Muiño-Blanco, T.; Cebrián-Pérez, J.A. A dextran swim-up procedure for separation of highly motile
and viable ram spermatozoa from seminal plasma. Theriogenology 1996, 46, 141–151. [CrossRef]

37. Grasa, P.; Pérez-Pé, R.; Báguena, O.; Forcada, F.; Abecia, A.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. Ram sperm selection by a
dextran/swim-up procedure increases fertilization rates following intrauterine insemination in superovulated ewes. J. Androl.
2004, 25, 982–990. [CrossRef]

38. Parrish, J.J.; Susko-Parrish, J.; Winer, M.A.; First, N.L. Capacitation of bovine sperm by heparin. Biol. Reprod. 1988, 38, 1171–1180.
[CrossRef] [PubMed]

http://doi.org/10.1016/0378-4320(96)01505-9
http://doi.org/10.1111/j.1439-0531.2008.01141.x
http://doi.org/10.1530/jrf.0.0880623
http://www.ncbi.nlm.nih.gov/pubmed/2109070
http://doi.org/10.1016/0378-4320(95)01402-L
http://doi.org/10.1016/j.theriogenology.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15159120
http://doi.org/10.1095/biolreprod42.1.63
http://doi.org/10.1590/S0102-09352013000100002
http://doi.org/10.1111/andr.12117
http://doi.org/10.1071/RD11242
http://doi.org/10.1111/j.1600-079X.2009.00722.x
http://doi.org/10.1016/j.anireprosci.2013.02.002
http://doi.org/10.1071/RD14302
http://doi.org/10.1071/RD18087
http://doi.org/10.15446/rfmvz.v64n3.68693
http://doi.org/10.17533/udea.rccp.v30n2a03
http://doi.org/10.4067/S0718-58392015000100018
http://doi.org/10.1016/S0007-1935(17)37782-5
http://doi.org/10.1016/j.anireprosci.2018.11.007
http://doi.org/10.1007/s11250-020-02289-4
http://doi.org/10.1111/j.1365-2605.1996.tb00477.x
http://doi.org/10.1016/0093-691X(96)00149-5
http://doi.org/10.1002/j.1939-4640.2004.tb03171.x
http://doi.org/10.1095/biolreprod38.5.1171
http://www.ncbi.nlm.nih.gov/pubmed/3408784


Animals 2021, 11, 1828 16 of 16

39. Carvajal-Serna, M.; Cardozo, J.A.; Grajales-Lombana, H.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. Sperm quality and seminal plasma
proteins in three sheep breeds under high altitude and tropical conditions. Span. J. Agric. Res. 2018, 16. [CrossRef]

40. Martí, E.; Pérez-Pé, R.; Colás, C.; Muiño-Blanco, T.; Cebrián-Pérez, J.A. Study of apoptosis-related markers in ram spermatozoa.
Anim. Reprod. Sci. 2008, 106, 113–132. [CrossRef]

41. Ward, C.R.; Storey, B.T. Determination of the time course of capacitation in mouse spermatozoa using a chlortetracycline
fluorescence assay. Dev. Biol. 1984, 104, 287–296. [CrossRef]

42. Gillan, L.; Evans, A.G.; Maxwell, W.M.C. Capacitation status and fertility of fresh and frozen-thawed ram spermatozoa. Reprod.
Fertil. Dev. 1997, 9, 481–487. [CrossRef]

43. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef] [PubMed]

44. Mortimer, S.T.; Maxwell, W.M.C. Kinematic definition of ram sperm hyperactivation. Reprod. Fertil. Dev. 1999, 11, 25–30.
[CrossRef]

45. Koopman, G.; Reutelingsperger, C.P.M.; Kuijten, G.A.M.; Keehnen, R.M.J.; Pals, S.T.; Van Oers, M.H.J. Annexin V for flow
cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood 1994, 84, 1415–1420. [CrossRef]
[PubMed]

46. Martí, E.; Pérez-Pé, R.; Muiño-Blanco, T.; Cebrián-Pérez, J.A. Comparative study of four different sperm washing methods using
apoptotic markers in ram spermatozoa. J. Androl. 2006, 27, 746–753. [CrossRef] [PubMed]

47. Martin, G.; Sabido, O.; Durand, P.; Levy, R. Phosphatidylserine externalization in human sperm induced by calcium ionophore
A23187: Relationship with apoptosis, membrane scrambling and the acrosome reaction. Hum. Reprod. 2005, 20, 3459–3468.
[CrossRef]

48. Luna, C.; Mendoza, N.; Casao, A.; Pérez-P, R.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. c-Jun N-terminal kinase and p38 mitogen-
activated protein kinase pathways link capacitation with apoptosis and seminal plasma proteins protect sperm by interfering
with both routes. Biol. Reprod. 2017, 96, 800–815. [CrossRef]

49. Pérez-Pé, R.; Grasa, P.; Fernández-Juan, M.; Peleato, M.L.; Cebrián-Pérez, J.Á.; Muiño-Blanco, T. Seminal plasma proteins reduce
protein tyrosine phosphorylation in the plasma membrane of cold-shocked ram spermatozoa. Mol. Reprod. Dev. 2002, 61, 226–233.
[CrossRef]

50. Gimeno-Martos, S.; González-Arto, M.; Casao, A.; Gallego, M.; Cebrián-Pérez, J.A.; Muiño-Blanco, T.; Pérez-Pé, R. Steroid
hormone receptors and direct effects of steroid hormones on ram spermatozoa. Reproduction 2017, 154, 469–481. [CrossRef]

51. Leahy, T.; Rickard, J.P.; Aitken, R.J.; De Graaf, S.P. Penicillamine prevents ram sperm agglutination in media that support
capacitation. Reproduction 2016, 151, 167–177. [CrossRef]

52. Witt-Enderby, P.A.; Bennett, J.; Jarzynka, M.J.; Firestine, S.; Melan, M.A. Melatonin receptors and their regulation: Biochemical
and structural mechanisms. Life Sci. 2003, 72, 2183–2198. [CrossRef]

53. González-Arto, M.; Vicente-Carrillo, A.; Martínez-Pastor, F.; Fernández-Alegre, E.; Roca, J.; Miró, J.; Rigau, T.; Rodríguez-Gil, J.E.;
Pérez-Pé, R.; Muiño-Blanco, T.; et al. Melatonin receptors MT1and MT2 are expressed in spermatozoa from several seasonal and
nonseasonal breeder species. Theriogenology 2016, 86, 1958–1968. [CrossRef]

54. Young, C.; Grasa, P.; Coward, K.; Davis, L.C.; Parrington, J. Phospholipase C zeta undergoes dynamic changes in its pattern of
localization in sperm during capacitation and the acrosome reaction. Fertil. Steril. 2009, 91, 2230–2242. [CrossRef]

55. Espino, J.; Sc, M.; Monllor, F.; Sc, B.; Garc, J.F.; Rodr, A.B. Melatonin protects human spermatozoa from apoptosis via melatonin
receptor—And extracellular signal—Regulated kinase-mediated pathways. Male Factor 2011, 95, 2290–2296. [CrossRef]

56. Fujinoki, M. Melatonin-enhanced hyperactivation of hamster sperm. Reproduction 2008, 136, 533–541. [CrossRef]

http://doi.org/10.5424/sjar/2018162-12882
http://doi.org/10.1016/j.anireprosci.2007.04.009
http://doi.org/10.1016/0012-1606(84)90084-8
http://doi.org/10.1071/R96046
http://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://doi.org/10.1071/RD99019
http://doi.org/10.1182/blood.V84.5.1415.bloodjournal8451415
http://www.ncbi.nlm.nih.gov/pubmed/8068938
http://doi.org/10.2164/jandrol.106.000109
http://www.ncbi.nlm.nih.gov/pubmed/16809277
http://doi.org/10.1093/humrep/dei245
http://doi.org/10.1093/biolre/iox017
http://doi.org/10.1002/mrd.1152
http://doi.org/10.1530/REP-17-0177
http://doi.org/10.1530/REP-15-0413
http://doi.org/10.1016/S0024-3205(03)00098-5
http://doi.org/10.1016/j.theriogenology.2016.06.016
http://doi.org/10.1016/j.fertnstert.2008.05.021
http://doi.org/10.1016/j.fertnstert.2011.03.063
http://doi.org/10.1530/REP-08-0202

	Introduction 
	Materials and Methods 
	Animals 
	Semen Collection and Processing 
	In Vitro Sperm Capacitation 
	Evaluation of Motility and Plasma Membrane Integrity 
	Detection of Membrane Phosphatidylserine Translocation 
	Assessment of Capacitation Status by Chlortetracycline (CTC) Staining 
	Tyrosine Phosphorylation as Capacitation Assay 
	Statistical Analysis 

	Results 
	Evaluation of the Changes after In Vitro Capacitation in Spermatozoa from Different Breeds and Seasons 
	Changes in Motility after In Vitro Capacitation 
	Changes in Plasma Membrane after In Vitro Capacitation 
	Changes in Capacitation Status after In Vitro Capacitation 
	Changes in Phosphorylation in Tyrosine Residues after In Vitro Capacitation 

	Evaluation of the Effect of Melatonin on In Vitro Capacitation in Spermatozoa from Different Breeds and Seasons 
	Effects on Motility during In Vitro Capacitation 
	Effects on Plasma Membrane during In Vitro Capacitation 
	Effects on Capacitation Status during In Vitro Capacitation 
	Effects on Phosphorylation in Tyrosine Residues during In Vitro Capacitation 


	Discussion 
	Conclusions 
	References

