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Abstract.  Previously, we reported that neurotensin (NT), which is expressed in the uterus and oviduct, enhanced bovine sperm 
capacitation and acrosome reactions. As NT mRNA expression in bovine oviducts increases dramatically in the follicular 
phase, we hypothesized that NT modulates fertilization and subsequent conception in cattle. The objective of this study was 
to evaluate the effect of NT on embryo development and blastocyst quality. The rate of embryo cleavage was significantly 
increased by the addition of NT to the fertilization medium. Furthermore, the total number of cells and numbers of cells in the 
inner cell mass of blastocysts were significantly increased by NT during in vitro fertilization (IVF). These results suggested 
that NT enhanced the efficiency of early bovine embryo development and blastocyst quality. The expression of NT receptors 
(NTRs) in sperm, testes, oocytes, and cumulus cells was evaluated to determine whether NT acted via NTRs in sperm alone 
or in both male and female reproductive cells during IVF. Immunocytochemistry and reverse transcription polymerase chain 
reaction revealed that NTR1 and NTR2 were expressed in sperm and testes, but not in oocytes and cumulus cells. We propose 
that NT selectively acts upon sperm via NTR1 and NTR2 during IVF to improve the cleavage rate and quality of blastocysts, 
which are important determinants of sperm quality for successful conception. This research supports our hypothesis that NT 
acts as a key modulator of fertilization and conception in cattle. Further studies are necessary to apply our findings to the 
industrial framework of bovine reproduction.
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Artificial insemination using frozen-thawed semen provides several 
benefits in the industrial framework of bovine reproduction, such 

as the efficient use of bulls, promotion of selective breeding, reduction 
of cost and space, and long-term preservation and transportation of 
semen. However, in Japan and other countries, conception rates after 
artificial insemination have continuously declined [1–3]. The causes 
of this problem remain obscure, but one possibility is the poor quality 
of sperm used for fertilization via artificial insemination [4]. An 
improvement in sperm quality after freezing and thawing may improve 
the efficiency of bovine production through artificial insemination. 
However, there is little information on the effects of improved sperm 
quality on fertilization and bovine embryo development.

Mammalian spermatozoa are non-functional immediately after 
ejaculation and need to acquire fertilizing ability (i.e. capacitation) 
during migration in the female reproductive tract. Only capacitated 
sperm can undergo the acrosome reaction and fertilize an oocyte. It 
is well known that various factors in the female reproductive tract 

are involved in both sperm capacitation and the acrosome reaction. 
Neurotransmitters such as gamma aminobutyric acid, dopamine, 
and serotonin also participate in this process [5–7].

We previously revealed that neurotensin (NT), which is expressed 
in the oviduct and uterus, enhanced sperm capacitation and the 
acrosome reaction in bulls and mice [8, 9]. NT consists of 13 amino 
acids and has multiple functions in several organs [10–13]. Three 
types of NT receptors (NTRs), NTR1, NTR2, and NTR3, have been 
isolated from mice and cattle. NTR1 and NTR2 belong to a family 
of G protein-coupled receptors with seven transmembrane spanning 
domains, whereas NTR3 belongs to a family of sorting receptors [14]. 
Changes in biological processes induced by NT [15–17], including 
gastrointestinal motility [18] or glutamate signaling in the brain 
[19], mainly occur via NTR1 or NTR2. We reported that NTR1 was 
expressed in the neck region of bovine sperm, but the expression 
and localization of NTR2 in sperm are not well understood [9]. 
Additionally, the expression of NTR1 and NTR2 in bovine oocytes 
and cumulus cells remains unknown.

Based on previous results showing that NT regulates sperm 
function, we hypothesized that NT acts as a modulator of bovine 
conception. To evaluate this hypothesis, it is essential to investigate 
the effect of NT on fertilization, embryo development, and blasto-
cyst quality, which are all significant steps involved in successful 
conception. Interestingly, the mRNA expression of NT in the bovine 
oviduct was reported to increase by over 20 folds in the follicular 
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phase compared with that in the luteal phase [20]. This supports 
our hypothesis that NT levels in female reproductive tissues affect 
successful fertilization and subsequent conception in bovine artificial 
insemination. Furthermore, NT administration will be potentially 
useful in bovine artificial insemination because it is easy to deliver 
NT as an extracellular ligand to the female reproductive tract and/
or semen.

In this study, to understand the potential contribution of NT to the 
improvement in conception rates after bovine artificial insemination, 
we administered NT in the medium used for in vitro fertilization 
and examined its effect on embryo development. The expression 
of NTR1 and NTR2 in sperm, testes, oocytes, and cumulus cells 
was evaluated to determine whether NT acted via NTRs in sperm 
alone or in both male and female reproductive cells during in vitro 
fertilization.

Materials and Methods

Oocyte collection and maturation
Ovaries were collected from Japanese Black cattle or heifers at 

a local slaughterhouse, transported to the laboratory in a container 
within 4 h of removal, and placed in saline water at 38.5°C. The 
follicular fluid and bovine oocytes were aspirated from antral follicles 
(2–8 mm in diameter) with a 10-ml syringe attached to a 21-gauge 
needle. After the follicular contents including oocytes had settled, 
the supernatant was discarded and the sediment was resuspended 
in Medium 199 (Thermo Fisher Scientific, Waltham, MA, USA). 
After 10 min, the supernatant was discarded and the sediment was 
resuspended in Medium 199 again. Cumulus-oocyte complexes 
(COCs) with a uniform ooplasm were selected in Medium 199.

The isolated COCs were washed three times, resuspended, and 
matured in TCM199 (Thermo Fisher Scientific) supplemented with 
5% fetal bovine serum (Gibco BRL), 0.1 IU/ml follicle-stimulating 
hormone (Antrin; Kyoritsu Seiyaku, Tokyo, Japan), 50 ng/mL 
epidermal growth factor (Upstate Biotechnology, Lake Placid, NY, 
USA), and 0.2 mM pyruvic acid (Nacalai Tesque, Kyoto, Japan) in 
mineral oil (Nacalai Tesque) at 38.5°C in an atmosphere containing 
5% CO2 for 22–24 h.

Sperm preparation
Semen straws from different mature Japanese Black bulls were 

used for sperm preparation. Frozen semen samples were thawed in 
a water bath at 37°C for 30 sec, washed with bovine serum albumin 
(BSA; Sigma-Aldrich, St. Louis, MO, USA)-free modified Tyrode’s 
albumin lactate pyruvate (mTALP) medium supplemented with 10 
mM caffeine (Wako Pure Chemical Industries, Osaka, Japan) and 
NT (ab141173, abcam) at 0 (control) or 1 μM, and centrifuged 
twice at 500 × g for 5 min. After the supernatant was discarded, the 
final sperm pellet was resuspended in the same medium at a final 
concentration of 2.0 × 107 sperm/ml.

In vitro fertilization
In vitro fertilization (IVF) was performed using one straw of 

frozen semen. An equal volume of mTALP medium supplemented 
with 3 mg/ml BSA and 10 IU/ml heparin (NOVO Heparin, Mochida 
Seiyaku, Tokyo, Japan) was added to the sperm suspension. The 

final concentration of NT in the IVF medium was 0.5 μM. The 
heparin-treated sperm suspension was placed under paraffin oil 
and incubated at 38.5°C in an atmosphere containing 5% CO2. 
Groups of COCs (≤ 50) matured in vitro were introduced into 100-μl 
microdrops of sperm suspension in a 35-mm culture dish. Six hours 
after the initiation of fertilization, the cumulus cells were removed 
with a pipette.

Embryo culture
The culture medium was composed of modified synthetic oviduct 

fluid (mSOF) [21, 22] supplemented with 20 μl/ml essential amino 
acid solution (50 ×, Gibco BRL), 10 μl/ml nonessential amino acid 
solution (100 ×, Gibco BRL), 1 mM glycine, 2 mM taurine, insulin-
transferrin-selenium supplement (final concentrations of 5 μg/ml 
insulin, 5 μg/ml transferrin, and 5 ng/ml selenium; Sigma-Aldrich), 
and 6 mg/ml fatty acid-free BSA (Sigma-Aldrich). IVF oocytes were 
cultured in groups of 10 to 15 in 50-μl drops of mSOF at 38.5°C 
in an atmosphere containing 5% CO2, 5% O2, and 90% N2. Rates 
of early cleavage, cleavage, blastocyst formation on day 7, and 
blastocyst formation on day 8 were assessed at 27 h, 72 h, 168 h, 
and 192 h, post-IVF. We evaluated not only the cleavage rate but also 
the early cleavage rate to discuss the relationship between NT and 
fertility, as fast-cleaving embryos (≤ 27 h) showed higher viability 
and pregnancy rates than slow-cleaving embryos (> 27 h) in cattle 
[23, 24]. Cleavage and blastocyst formation rates were calculated 
based on the percentages of the number of original oocytes and 
cleaved oocytes, respectively.

Differential staining of inner cell mass (ICM) and 
trophectoderm (TE) cells

The cell allocation of blastocysts (192 h post-fertilization) was 
assessed by differential staining of ICM and TE cells, as described 
previously [25, 26]. Briefly, blastocyst TE cells were stained for 40 sec 
with 100 μg/ml propidium iodide (Sigma-Aldrich) in a permeabilizing 
solution of 0.2% (v/v) Triton X-100 (Sigma-Aldrich). Blastocysts 
were then counterstained and simultaneously fixed for 5 min with 25 
μg/ml Hoechst 33342 (Calbiochem, La Jolla, CA, USA) in 99.5% 
ethanol. Fixed and stained whole blastocysts were mounted, and 
the number of ICM and TE cells was assessed by fluorescence 
microscopy. The ICM and TE nuclei were identified by blue and 
pink to red staining, respectively. We examined approximately half 
of the developed blastocysts in each treatment group.

Western blot and immunocytochemistry
Western blot was performed to determine the expression of NTR2 

in bovine sperm. Sperm pellets were homogenized in ice-cold radioim-
munoprecipitation assay buffer containing 50 mM Tris-HCl at pH 
7.6, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 
and 1% protease inhibitor (Nacalai Tesque) and sonicated on ice to 
extract total proteins. The sperm suspension was centrifuged and 
the pellet was collected. After the supernatant was discarded, the 
sperm pellet was washed with phosphate-buffered saline (PBS) and 
centrifuged again at 1000 rpm. After the supernatant was discarded, 
the pellet was resuspended in 2 × sample buffer (Nacalai Tesque), and 
the extracted solution was boiled for 5 min. Proteins were separated by 
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
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transferred to a polyvinylidene difluoride membrane. The membrane 
was blocked with Blocking One (Nacalai Tesque) for 60 min at room 
temperature. After three washes with PBS containing 0.1% Tween 
20, the membrane was incubated with goat polyclonal anti-NTR2 
(sc-25050, 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA) 
overnight at 4°C and washed again three times with PBS containing 
0.1% Tween 20. Then, the membrane was incubated with horseradish 
peroxidase-conjugated anti-goat immunoglobulin G (1:2000; Promega, 
Madison, WI, USA) for 2 h at room temperature. After three washes, 
the membrane was reacted with Chemilumi-One Super (Nacalai 
Tesque), and images were obtained using a LAS-3000-mini Lumino 
Image Analyzer (Fujifilm, Tokyo, Japan).

Immunocytochemical analysis was performed to investigate 
the localization of NTR2 in bovine sperm. Sperm samples were 
collected by centrifugation at 1000 rpm for 5 min and fixed with 2% 
paraformaldehyde and 1% Triton-X in PBS for 15 min at 4°C. They 
were then washed three times with PBS and blocked with Blocking 
One (Nacalai Tesque) for 60 min. Next, the sperm suspension was 
incubated with anti-NTR2 (1:100) overnight at 4°C. After three washes 
with PBS, the suspension was incubated for 2 h at room temperature 
with Alexa Fluor 488-conjugated anti-goat immunoglobulin G (1:500; 
Thermo Fisher Scientific) and Hoechst 33342 (1:5000; Thermo 
Fisher Scientific). The treated samples were then washed, suspended 
in PBS, mounted on glass slides, and covered with glass. Images 
were obtained using an LSM-710 confocal laser microscope (Carl 
Zeiss, Jena, Germany).

Reverse transcription polymerase chain reaction (RT-PCR)
Testes from three adult Japanese Black bulls at 61, 63, and 66 

months of age were provided by Dr Masanori Koyago and Dr Keishi 
Mizutani (Morioka AI Center, Livestock Improvement Association 
of Japan, Morioka, Japan). The testes were cut into small pieces, 
frozen immediately in liquid nitrogen, and stored at −80°C until 
RNA extraction. Testicular RNA extraction was performed using 
ISOGEN (Nippon Gene, Tokyo, Japan). Meanwhile, oocytes and 
cumulus cells were separated by pipetting in PBS supplemented 
with 0.1% polyvinyl alcohol (PVA; Sigma-Aldrich, USA) and 0.1% 
hyaluronidase after in vitro maturation for 24 h. After washing 
with PBS-PVA, the samples were frozen immediately in liquid 
nitrogen and stored at −80°C until RNA extraction. Total RNAs 
from oocytes and cumulus cells were extracted using RNeasy micro 
kits (Qiagen, Venlo, Netherlands). The extracted samples were 
reverse-transcribed and cDNA was synthesized using ReverTra Ace 
(TOYOBO, Osaka, Japan). Specific primers were designed using 

the sequences of NTR1 (forward: TCGGAGTCCGTACCAGCG; 
r e v e r s e :  A G T T G TA C A G C T C C A C A G G C ) ,  N T R 2 
( f o r w a r d :  AT T G T G G C C G T G TAT G T C G T;  r e v e r s e : 
G C TA G G C A C T C A G G G T T G T T ) ,  a n d  β - a c t i n  ( f o r -
w a r d :  C AT C G G C A AT G A G C G G T T C ;  r e v e r s e : 
ACAGCACCGTGTTGGCGTAG) as an internal control. The PCR 
program consisted of 40 cycles of denaturation at 95°C for 5 sec, 
annealing at 62°C for 10 sec, and extension at 72°C for 20 sec. The 
amplified PCR products were electrophoresed onto 2% agarose 
gels and stained with ethidium bromide. After gel electrophoresis, 
the gels were visualized by a ChemiDoc Imaging System (Bio-Rad 
Laboratories, CA, USA).

Statistical analysis
All experiments were performed at least three times. Data are 

presented as mean ± standard error (SE). Cleavage rates and devel-
opmental rates were analyzed by the chi-square test, and cell number 
data were analyzed by Student’s t-test. P < 0.05 was considered to 
indicate a significant difference.

Results

Effect of NT on embryo cleavage
We investigated the embryo cleavage rates after IVF to evaluate 

the effect of adding NT to the fertilization medium. Early cleavage 
rates and cleavage rates were assessed at 27 h and 72 h, respectively, 
after IVF. The early cleavage rate was significantly increased by 
the addition of NT to the IVF medium (Table 1). The cleavage rate 
of the NT treatment group was also significantly higher than that 
of the control group. These results suggested that NT enhanced the 
embryo cleavage rates.

Effect of NT on blastocyst development
We evaluated the effect of NT treatment during IVF on blastocyst 

development by assessing blastocyst formation rates at 168 h and 
192 h after IVF. The blastocyst formation rates on both day 7 and 
day 8 in the NT treatment group were not significantly different from 
those of the control group (Table 1).

Effect of NT on embryo quality
Embryo quality was evaluated by the total number of cells and the 

number of ICM and TE cells in each blastocyst. At 192 h post-IVF, 
blastocysts were stained with propidium iodide and Hoechst 33342, 
and the nuclei of ICM (blue) and TE (pink) cells were counted (Fig. 

Table 1. Effect of NT on cleavage rate and blastocyst formation rate in vitro

Treatment No. of oocytes No. (%) of  
early cleavages

No. (%) of 
cleavages

No. (%) of  
blastocysts at day 7

No. (%) of  
blastocysts at day 8

control 104 38 a (36.5) 51 a (49.0) 16 (31.4) 22 (43.1)
NT 118 59 b (50.0) 76 b (64.4) 20 (26.3) 30 (39.5)

Values with different superscript letters are significantly different (a–b: P < 0.05), n = 3. Early cleavage rate, 
cleavage rate, blastocyst formation rate on day 7, and blastocyst formation rate on day 8 were assessed at 27 h, 
72 h, 168 h, and 192 h, respectively, after IVF. Cleavage rates and blastocyst formation rates were based on the 
percentages of original oocyte number and cleaved oocyte number, respectively.
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1A and 1B). The numbers of each cell type in the blastocysts are 
shown in Fig. 1C. The total number of cells and the number of ICM 
cells in the NT treatment group were significantly greater than those 
in the control group.

Expression of NTR2 in spermatozoa
We performed western blot and immunocytochemical analyses 

to determine the expression and localization of NTR2 in bovine 
sperm. Western blotting revealed a specific band at approximately 
45 kDa, which coincided with the molecular size of NTR2 (Fig. 
2A). In addition, immunocytochemical analysis demonstrated the 
immunoreactivity of NTR2 in bovine sperm tail (Fig. 2B), which 
was absent in cells that were not incubated with NTR2 antibody 
(data not shown).

Expression of NTR1 and NTR2 mRNA in testes, mature 
oocytes, and cumulus cells

We examined the mRNA expression of NTR1 and NTR2 in testes, 
mature oocytes, and cumulus cells by RT-PCR with β-tubulin as an 
internal control. As shown in Fig. 3, NTR1 and NTR2 mRNAs were 
detected in testes, but not in oocytes and cumulus cells. Combined 
with the protein expression of NTR1 and NTR2 in bovine sperm 

(Fig. 2) [9], these findings indicate that NTRs are present only in 
sperm and testes, but not in female reproductive tissues and cells.

Discussion

Previously, we reported that NT enhanced sperm capacitation and 
the acrosome reaction in bulls [9]. It is also known that NT mRNA 
levels in the bovine oviduct increased by over 20 folds in the follicular 
phase compared with those in the luteal phase [20]. Based on these 
results, we hypothesized that NT is a new modulator of fertilization 
and subsequent conception in cattle. In this study, we investigated 
whether NT-NTR signaling contributed to the fertilization, embryonic 
development, and embryo quality required for successful conception.

Fig. 1. Effect of neurotensin (NT) on embryo quality. Blastocysts at 192 h after 
fertilization were assessed by differential staining of inner cell mass 
(ICM) and trophectoderm (TE) cells. Images show a representative 
blastocyst treated with (A) 0 μM (control) and (B) 1 μM NT. The 
ICM and TE nuclei were identified by blue and pink to red staining, 
respectively. Original magnification was × 200, and the scale bar = 
50 μm. (C) The number of ICM and TE cells and total cell number 
were counted. White bars represent the control group and black bars 
represent the NT group. Data are shown as the mean ± SE (*: P < 0.05). 
n = total number of blastocysts examined.

Fig. 2. Detection of neurotensin receptor 2 (NTR2) expression 
in bovine sperm. (A) NTR2 expression in bovine sperm 
was evaluated by western blot. (B) Representative 
immunocytochemical image showing NTR2 localization 
in bovine sperm. Note the spot-like immunoreactivity 
detected at the tail of the sperm. Blue: nuclei (Hoechst 
33342). Green: NTR2. Bars = 10 μm.
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In this study, the rates of both early cleavage and cleavage were 
significantly increased by the addition of NT to the IVF medium, 
suggesting that NT-NTR signaling improved the fertilization rate 
and/or early embryo development rate. Although the detection of two 
pronuclei in zygotes is a general method of evaluating fertilization, 
the high concentration of lipid droplets in bovine but not human 
and mouse zygotes makes the observation of bovine pronuclei very 
difficult. Thus, the direct effect of NT on fertilization was unclear in 
the current study because we were unable to observe and evaluate 
the number of pronuclei. However, NT likely has a positive effect on 
fertilization rather than embryo development because NT has been 
shown to improve sperm functions that are essential for fertilization 
[9]. Here, NT only improved embryo cleavage rates but not blastocyst 
formation rates (Table 1). Blastocyst formation rates on both day 
7 and day 8 showed no significant differences with or without NT 
treatment. However, the total number of cells and number of ICM 
cells in blastocysts were significantly increased by NT during IVF. 
Since the total cell number and ICM cell number in blastocysts were 
positively correlated with the fetal development rate in mice [27], 
and blastocysts with a greater number of cells have an advantage in 
subsequent development and length of conceptus in cattle [28], these 
results indicated that NT improved the quality of blastocysts. Overall, 
we predict that NT enhances the efficiency of fertilization and/or 
early embryo development and the quality of blastocysts in cattle.

It was predicted that NT improved the cleavage rates and the 
quality of blastocysts via its receptor on sperm as we previously 
reported the expression of NTR1 in bovine sperm [9]. However, 
we could not exclude the possibility that NT in the IVF medium 
directly affected oocytes and/or cumulus cells via NTRs because 
the expression of NTRs in oocytes and cumulus cells was not well 
understood. Therefore, we examined the expression of NTR1 and 

NTR2 in sperm, testes, oocytes, and cumulus cells to determine 
whether NT acted via NTRs in sperm alone or in both sperm and 
female reproductive cells during IVF. The expression of the G 
protein-coupled receptor NTR2 was detected in bovine sperm by 
western blot and immunocytochemistry. Interestingly, the localization 
of NTR2 was different from that previously observed for NTR1. 
Although the reasons for the different expression remain unknown 
and we did not evaluate the effect of inhibitors of NTR1 or NTR2, 
both NTR1 and NTR2 may be functional in sperm because many 
biological events induced by NT were triggered via both NTR1 and 
NTR2 [15–17]. We also revealed that NTR1 and NTR2 mRNAs were 
selectively expressed in testes, but not in oocytes and cumulus cells. 
Moreover, we can exclude the possibility that NT directly affected 
zygotes or embryos because NT was added to the IVF medium, but 
not to the in vitro culture medium. Taken together, these findings 
indicate that NT selectively affected sperm via NTR1 and NTR2 
during IVF, and sperm activity improved the cleavage rates and the 
quality of blastocysts.

Several studies have shown that the characteristics of sperm quality, 
such as motility, capacitation, and morphology, affect conception in 
cattle [4, 29–32]. However, to our knowledge, there are few studies 
showing that only improving bovine sperm quality could lead to 
beneficial effects on fertilization or embryo development. This 
study highlighted the importance of sperm quality, especially sperm 
capacitation, for successful bovine fertilization and conception.

Next, we discuss how to improve embryo cleavage rates and the 
quality of blastocysts via NT-NTR signaling in bovine sperm alone 
during IVF. Most fertilizing sperm undergo the acrosome reaction 
before reaching the zona pellucida [33]. In addition, the acrosome 
reaction causes the translocation of IZUMO1, which is an essential 
protein for sperm-egg fusion to allow subsequent fertilization [34]. 
These reports indicated that it is necessary to induce the acrosome 
reaction before the sperm reaches the oocyte. Considering that NT 
was found to be expressed in the uterus and oviduct, it is possible 
that NT modulate sperms capacitation and induces the acrosome 
reaction at the appropriate time and place before the sperm reaches 
the oocyte. However, it remains controversial where and when it 
is the best to induce capacitation and the acrosome reaction for 
successful fertilization. Although precise details about NT-NTR 
signaling remain undetermined in sperm, the fact that NT appears 
to prepare bovine sperm for fertilization could result in positive 
effects upon fertilization and subsequent early embryo development.

Another possibility is that sperm are not represented by a homo-
geneous population. Some studies have shown that the capacitation 
state, such as intracellular calcium ion concentration and sperm plasma 
membrane potential, is not uniform under the same experimental 
condition or treatment [35, 36], suggesting that only a subpopulation 
of sperm can undergo capacitation. Similarly, it is well known that 
only a subpopulation of capacitated sperm can induce the acro-
some reaction or hyperactivation [37–39]. NT also affected a small 
population of sperm and enhanced the acrosome reaction in our 
previous study [9]. Although the reason for this heterogeneity is not 
understood, one hypothesis is that having sperm at different stages 
of capacitation could extend the time during which sperm as a whole 
are able to fertilize, improving the efficiency of fertilization. This 
hypothesis seems to be reasonable for in vivo fertilization, but it is 

Fig. 3. Expression of NTR1 and NTR2 mRNA detected by reverse 
transcription polymerase chain reaction. Oocytes and cumulus 
cells were matured in vitro for 24 h. Total RNA from testes, 
oocytes, and cumulus cells were extracted and cDNA was 
synthesized. Amplified products were obtained by PCR using 
specific primers, electrophoresed onto 2% agarose gels, and 
stained with ethidium bromide. The upper, middle, and lower 
panels represent NTR1, NTR2, and β-actin, respectively.
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unknown whether it can be applied to IVF because the oocytes are 
surrounded by abundant sperm during IVF. In addition, there are 
many reports that several sperm selection methods can improve the 
fertilization rate or embryo development rate [40–44]. Therefore, 
it can be assumed that NT affected only a partial population of 
optimal sperm and contributed to the improvement in early embryo 
development and blastocyst quality.

Currently, the continuous decline of conception rates after artificial 
insemination is an important issue in bovine reproduction. In this study, 
we successfully improved the quality of blastocysts in vitro via the 
actions NT through its receptors on sperm. Poor sperm quality may 
be a factor in the declining conception rates in cattle, and we have 
reconfirmed the importance of sperm quality for successful fertilization 
and conception. Additionally, our results support the hypothesis that 
NT acts as a modulator of bovine conception. Therefore, artificial 
administration of NT to the female reproductive tract and/or semen 
may be useful for artificial insemination in bovine. Early embryo 
cleavage within 27 h after IVF is positively related to successful 
pregnancy [23, 24], and NT improved the cleavage rates at 27 h 
post-IVF in this study. Thus, this result also supported the potential 
use of NT in tackling the problem of bovine reproduction. However, 
it is necessary to confirm that NT will have a similar effect upon in 
vivo fertilization and embryo development because all experiments 
in this study were conducted in vitro. Furthermore, embryo transfer 
is conducted worldwide in the bovine industry. The production of 
embryos in vivo or in vitro is essential for this technique, and in vitro 
embryo production for embryo transfer has increased internationally 
[45]. In many cases, blastocysts produced in vitro at day 7 to 8 
post-fertilization are transferred into recipients, and the quality of 
blastocysts is a key for successful production of calves. Considering 
that we succeeded in producing blastocysts with better quality by the 
addition of NT to the IVF medium, it is possible that NT treatment 
enhances not only artificial insemination, but also embryo transfer 
in bovine reproduction.

In conclusion, we propose that NT acts via NTR1 and NTR2 
in bovine sperm to subsequently enhance the cleavage rate and 
cell number of blastocysts. This result suggests that NT may be a 
new modulator for bovine conception, although further studies are 
necessary to apply this discovery to the industrial scale of commercial 
bovine reproduction.
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