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Abstract. 	Recently, the conception rates after artificial insemination have been pointed out to decline continuously. To 
overcome this problem, the control of frozen and thawed sperm quality is required. However, the mechanism of bovine 
sperm functional regulation is still largely unknown. In mammals, the ejaculated sperm are capable of showing fertilizing 
ability during migration in the female reproductive organs. It is well known that these female organs secrete several factors 
contributing to sperm capacitation. We previously reported that neurotensin (NT) secreted from the oviduct and cumulus cells 
enhanced sperm capacitation and acrosome reaction in mice. In this study, we confirmed the expression of the NT receptor 
(NTR1) in the bovine sperm neck region and the secretion of NT in the bovine uterus and oviduct. The similar expression 
patterns of NT and NTR1 suggests a conserved mechanism of sperm functional regulation between mouse and cattle. 
Thus, we examined the effects of exogenous NT on the bovine sperm functions. First, we showed that NT induced sperm 
protein tyrosine phosphorylation in a dose-dependent manner, suggesting that NT enhances sperm capacitation. Second, we 
showed that NT induced acrosome reactions of capacitated sperm in a dose-dependent manner, suggesting that NT facilitates 
acrosome reaction. Finally, we used a computer-aided sperm analysis system to show that NT did not have a great effect on 
sperm motility. These results suggest that NT acts as a facilitator of sperm capacitation and acrosome reaction in the female 
reproductive tracts in cattle, highlighting the importance of NT-mediated signaling to regulate sperm functions.
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In the industrial framework of bovine reproduction, artificial insemination using frozen bovine semen is generally conducted. 
The trouble is that the conception rates after artificial insemination 
have declined continuously in Japan and other countries [1, 2]. The 
causes of this problem are not well known, but one possibility is 
inappropriate sperm quality for fertilization after artificial insemination 
[3]. In this regard, an adequate control of sperm quality after freezing 
and thawing can improve the efficiency of bovine production through 
artificial insemination.
Mammalian spermatozoa cannot fertilize an oocyte immediately 

after ejaculation. During migration, sperm are exposed to various 
factors in the female reproductive tract, such as hormones, signal 
transducing molecules, enzymes, ions and lipids secreted from female 
tissues [4]. It is through the interaction with these factors that sperm 
gain the fertilizing ability (i.e. capacitation) [5]. Consequently, only 
a limited number of sperm arriving at the oviductal ampulla undergo 
acrosomal exocytosis (i.e. acrosome reaction). Thus, numerous factors 

secreted from the female reproductive organs have an essential role 
in the fertilization process, by contributing to sperm function and, 
therefore, participating in the control of sperm quality.
Several studies have reported that receptors for some neurotransmit-

ters, such as gamma aminobutyric acid [6], dopamine [7], or serotonin 
[8], are present in mammalian sperm. Binding of these receptors to 
their corresponding ligands is thought to regulate sperm function.
Neurotensin (NT) has been isolated from the bovine hypothalamus 

and characterized as a hypotensive neuropeptide. NT consists of 
13 amino acids, and it is excised from an NT precursor [9]. In the 
brain, NT is believed to act as a modulator of the dopaminergic 
system [10, 11]. Intriguingly, NT expression is not only found in the 
central nervous system, but also in the small intestine and stomach 
where it participates in gastrointestinal motility and secretion [12]. 
Furthermore, the NT receptor is present in lymphocytes as well as 
in brain [13]. These reports together suggest that NT has multiple 
functions in several organs.
Three types of receptors (NTRs), named NTR1, NTR2, and NTR3 

have been isolated from mouse and cattle. NTR1 and NTR2 belong 
to a family of receptors with seven transmembrane spanning domains 
and are coupled to G proteins (G protein-coupled receptors), whereas 
NTR3 belongs to a family of sorting receptors [14].
Previously, we reported that NTR1 expressed in mouse sperm, 

NT was secreted from reproductive tracts and cumulus cells, and 
NT enhanced sperm protein tyrosine phosphorylation and acrosome 
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reaction in mice [15]. Moreover, a recent paper showed that the 
expression of mRNA for NT occurs in the bovine oviduct epithelium 
[16], suggesting a common reproductive mechanism between mouse 
and cattle. These findings motivated us to explore the possibility of 
using NT for controlling the sperm fertilization potential in bull. 
Thus, in this study, we investigated the expression of NT receptor in 
bovine sperm and examined the effects of NT on the bovine sperm.

Materials and Methods

Sperm and female reproductive tissue preparations
For sperm preparation, four semen straws from different mature 

Japanese Black cattle bulls were used in this study. Four of the 
bulls were of known fertility and each semen sample contained 
at least 60% of progressively motile sperm after thawing. Each 
frozen semen sample was thawed in a water bath at 38°C for 15 
sec and transferred to 1.5 ml capped plastic tubes with 1000 μl of 
phosphate-buffered saline (PBS, pH 7.4). After centrifugation of the 
tubes at 1000 rpm for 5 min at room temperature, the supernatant 
was discarded and the sediment was resuspended in BGM-1 (bovine 
gamete medium 1) at a concentration of 5 × 107 cells/ml [17]. Each 
sperm suspension (from four different bulls) was used for each of 
the performed experiments. For uterus and oviduct preparation, three 
female reproductive organs from different Japanese Black cattle cows 
or heifers, at an unknown estrous cycle phase, were obtained from 
a local slaughterhouse, transferred to laboratory, and dissected into 
small pieces using fine forceps.

Western blot and immunocytochemistry
Western blot analysis was performed to determine the expression 

of NTR1 in bovine sperm and the NT expression in the female uterus 
and oviduct. Samples (sperm pellets or shreds of uterus/oviduct) were 
homogenized in ice-cold RIPA buffer (50 mM Tris-HCl [pH 7.6], 
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 
1% protease inhibitor) (Nacalai Tesque, Kyoto, Japan) and sonicated 
on ice, to extract total cell or tissue proteins. The samples were then 
centrifuged, and the supernatants were collected. Each supernatant 
was resuspended in the same volume of 2 × sample buffer (Nacalai 
Tesque), and the extracted solutions were boiled for 5 min. The 
proteins were separated by 12% SDS-PAGE and transferred to 
polyvinylidene difluoride membranes. Membrane blocking with 
Blocking One (Nacalai Tesque) was performed for 60 min at room 
temperature. After three washes with PBS containing 0.1% Tween 20, 
membranes were treated with mouse monoclonal anti-NTR1 antibody 
(sc-374492, 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA) 
or rabbit polyclonal anti-NT precursor antibody (sc-20806, 1:1000; 
Santa Cruz Biotechnology), overnight at 4°C, and washed again three 
times with PBS containing 0.1% Tween 20. Then, membranes were 
treated with horseradish peroxidase (HRP)-conjugated anti-mouse 
immunoglobulin M antibody (1:1000; Santa Cruz Biotechnology) 
or HRP-conjugated anti-rabbit immunoglobulin G antibody (1:2000; 
Promega, Madison, WI, USA), for 2 h at room temperature. After 
three more washes, the membrane was reacted with Chemilumi-One 
(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 NTR1 in sperm. The sperm samples were col-
lected 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 twice with PBS, and blocked with Blocking One 
(Nacalai Tesque) for 60 min at 4°C. Next, the sperm suspensions were 
incubated with anti-NTR1 antibody (1:100) overnight at 4°C. After 
being washed three times with PBS, the suspensions were incubated 
for 60 min at room temperature with Alexa Fluor 488-conjugated 
anti-mouse immunoglobulin M (1:500; Thermo Fisher Scientific, 
Waltham, MA, USA) and Hoechst 33342 (1:5000; Thermo Fisher 
Scientific). The treated samples were then washed, suspended in 
PBS, mounted on glass slides, and finally covered with glass. Images 
were obtained by using a LSM-710 confocal laser microscope (Carl 
Zeiss, Jena, Germany).

Sperm protein tyrosine phosphorylation analysis
To detect sperm protein tyrosine phosphorylation, equivalent 

volumes of the suspensions were divided into microtubules. PBS 
(control) or NT (Merck Millipore, Darmstadt, Germany) dissolved 
in saline, to a final concentration of 0.1, 1 and 10 µM, were added 
to the sample. The suspensions were cultured for 4 h under 5% CO2 
in air at 38°C. After incubation, the sperm pellets were collected by 
centrifugation at 10,000 rpm for 5 min at 4°C. The obtained sperm 
pellets were washed with PBS and centrifuged again at 10,000 rpm. 
After the supernatants were discarded, Laemmli sample buffer was 
added to extract the proteins. The obtained proteins were separated 
by 12% SDS-PAGE and transferred to polyvinylidene membranes. 
After 60 min of blocking with 1% bovine serum albumin (BSA) in 
Tris-buffered saline containing 0.1% Tween 20 (TBS-T, pH 7.5–7.8), 
the membrane was treated overnight at 4°C with a mouse monoclonal 
anti-phosphotyrosine 4G10 antibody (05-321, 1:20000; Merck 
Millipore) or with anti-α-tubulin (T9026, 1:10000; Merck Millipore) 
as an internal control. After three washes with TBS-T, the membrane 
was treated with HRP-conjugated anti-mouse immunoglobulin G 
antibody (1:2000; Promega) for 2 h at room temperature. Detection 
was performed with Chemilumi One and images were obtained using 
the Lumino Image Analyzer. Densitometric analyses were performed 
using the Image Gauge v4.22 analysis software (Fujifilm).

Acrosome reaction assay by lectin staining
After equal volumes of the suspension were divided into microtubes, 

sperm capacitation was induced using the heparin treatment described 
in Parrish et al. [18]. Briefly, the sperm samples were incubated in 
BGM-1 medium, and added to 10 μg/ml heparin for 4 h at 38°C under 
5% CO2 in air. After incubation, the NT solution was added to each 
suspension at the final concentrations of 0.1, 1, 10, and 100 µM, and 
the samples were incubated for 30 min at 38°C under 5% CO2 in 
air. Then, each sample was smeared onto glass slides and air-dried. 
After 60 min of blocking using Blocking One, the acrosome reaction 
was assessed by staining with fluorescein isothiocyanate-conjugated 
peanut agglutinin lectin (FITC-PNA) (J Oil Mills, Tokyo, Japan) 
[19]. FITC-PNA was diluted 1:500 in a light-shielded humidity 
chamber. After washing with PBS, the slides were covered with 
mounting medium and glass. The acrosome-reacted spermatozoa 
were quantified under a fluorescence microscope. Duplicate counting 
of at least 100 sperm cells was performed. The percentage of sperm 
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with no fluorescence over the acrosomal region was calculated as 
the number of PNA-negative sperm cells per total counted sperm.

Sperm motility assay
After capacitation treatment, NT was added to each suspension at 

a final concentration of 1, 10, and 100 µM. After 0, 10, 30, and 60 
min, 4 μl of the samples was placed onto 2-chamber slides with a 
depth of 12 μm (SC 12-01-C; Leja, Nieuw-Vennep, Netherlands). At 
least 200 sperm cells in five fields (at least 200 sperm) of a chamber 
were divided into motile and dead sperm, and both the percentage 
of motile sperm and the sperm motility parameters were evaluated 
using a computer assisted sperm analysis (CASA) system (SMAS, 
DITECT, Tokyo, Japan). Films were taken for 1 sec, at an interval 
of once per 1/60 sec. The evaluated sperm motility parameters were 
straight-line velocity (VSL, μm/sec), curvilinear velocity (VCL, μm/
sec), linearity (LIN = VSL/VCL × 100, %), amplitude of lateral head 
displacement (ALH, μm), and beat-cross frequency (BCF, Hz). The 
trajectories of sperm were automatically extracted from the movie 
and overlaid on the last frame, by using the CASA system.

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

presented as means ± standard error (SE). Statistical analyses were 
carried out using analysis of variance (ANOVA) and the Fisher’s 
protected least significant difference test. A P value < 0.01 was 
considered to indicate significant differences (** P < 0.01, * P < 0.05).

Results

Expression of NTR1 in spermatozoa
We performed western blot and immunocytochemical analyses using 

the anti-NTR1 antibody, to determine the expression and localization 
of NTR1 in bovine sperm. By western blot analysis, we detected a 
specific band around 48 kDa, which coincided with the molecular 
size of NTR1 (Fig. 1A). In addition, immunocytochemical analysis 
showed spot-like immunoreactivity of NTR1 at the neck region of 
bovine sperm (Fig. 1B), which was abolished by incubation without 
the NTR1 antibody (data not shown). Importantly, we also found 
expression of the NT precursor in bovine uterus and oviduct (Fig. 1C). 
Together, these findings suggest that bovine sperm have competence 
to bind the NT molecule secreted from female reproductive organs.

Effect of neurotensin on sperm protein tyrosine 
phosphorylation
We asked whether NT induces sperm protein tyrosine phosphoryla-

tion, which is the major indicator of sperm capacitation [20, 21]. 
After sperm incubation in BGM-1 medium supplemented with NT 
at various concentrations for 4 h, total tyrosine phosphorylation 
level was increased in a concentration-dependent manner (Fig. 2). 
In particular, tyrosine phosphorylation of sperm proteins around 30, 
70, and 90 kDa were increased remarkably. These results suggest 
that NT exposure to bovine sperm enhances capacitation, probably 
through the interaction between NT and NTR1.

Effect of neurotensin on acrosome reaction
We evaluated the effect of NT on the acrosomal disappearance 

in capacitated sperm. After 4 h of sperm incubation in heparin-
containing BGM-1 medium, to induce capacitation, the acrosome 
status of sperm was determined by staining with FITC-PNA lectin 
[19] (Fig. 3A). The percentages of sperm without PNA-positive 
acrosome after administration of 0 (control), 0.1, 1, 10 and 100 µM 
of NT were 19.4 ± 0.9, 30.8 ± 3.4, 33.6 ± 3.3, 40.6 ± 2.0 and 42.1 
± 2.1, respectively (Fig. 3B). Dose dependent increase of sperm 
acrosomal disappearance suggests that NT is likely to facilitate 
acrosome reaction of bovine capacitated sperm.

Effect of neurotensin on sperm motility
Finally, we evaluated the effects of NT treatment on sperm motility, 

which is a critical sperm function for normal fertilization. Before NT 
treatment, around half of the bovine sperm were motile and showed 
a symmetrical flagellar bend and beat pattern that drives sperm in a 
straight line movement, which is called activated motility [22, 23] 
(Fig. 4A, Table 1). When sperm movement shifts to hyperactivated 
motility, flagellar bend and beat pattern are changed to asymmetric and 
acquire a higher amplitude, which reflects in the motility parameters 
as follows: increase of VCL and ALH, and decrease of LIN [26, 
27]. By using the CASA system, we found that the average of each 
of the sperm motility parameters, including motility rate (Motile), 
VSL, VCL, LIN, ALH and BCF, is not significantly changed by 
any dose of NT treatment at any time point (Table 1). Interestingly, 
while the vast majority of sperm did not show a significant change 
in the motility patterns, a small number of sperm cells showed a 
hyperactivated motility pattern (Fig. 4B). This suggests that the effect 
of NT on sperm motility is small, while cellular responses can be 
heterogeneous. Taken together, these results suggest that NT does 
not have a great effect on sperm motility.

Discussion

In this study, we revealed that the expression of NTR1 is restricted 
to the neck region of bovine sperm (Fig. 1). Consistently with 
a recent report [16], we also detected the NT precursor protein 
in bovine oviduct, where sperm hyperactivation and fertilization 
occur. Moreover, we also found expression of the NT precursor 
in the uterus, where sperm capacitation occurs. Importantly, the 
expression pattern of the NT precursor includes an extended area of 
the female reproductive tract, and NTR1 localization in the sperm 
neck region is conserved between cattle and mouse [15]. In mice, 
it was reported that NT can act as a promoter of sperm capacitation 
and the acrosome reaction [15]. Thus, we hypothesized that NT could 
promote bovine sperm functional changes in mouse. In this study, 
we conducted three experiments to investigate the effects of NT on 
bovine sperm functions that were essential for normal fertilization.
First, we showed that NT facilitates protein tyrosine phosphorylation 

in bovine sperm in a dose-dependent manner, suggesting that NT 
induces capacitation of bovine sperm (Fig. 2). Such a dose-dependent 
increase of broadly distributed protein tyrosine phosphorylation during 
sperm capacitation has also been reported in cattle and buffalo, by 
using other capacitation inducers [20, 21, 24, 25]. It has been accepted 
that cAMP elevation and subsequent PKA activation is necessary 
for protein tyrosine phosphorylation in sperm [26]. Interestingly, 
several reports showed NT regulated cAMP levels in other types of 
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cells [27–29]. Thus, we argue that NT induces cAMP production 
via its receptor(s) in bovine sperm.
Second, our analysis showed that sperm acrosomal loss was 

significantly increased in a dose-dependent manner by NT (Fig. 
3). Since the acrosomal disappearance in frozen and thawed sperm 
can be caused by artificial cryo-injury [30], we cannot exclude the 
possibility that the NT treatment enhances the acrosomal damage of 
cryopreserved and thawed sperm. However, considering the evidence 
for NT presence in the bovine oviduct and the previous findings that 
NT facilitates the acrosome reaction of unfrozen mouse sperm [15], 
the involvement of the NT signaling in the acrosome reaction of 
capacitated sperm is likely to occur in cattle. The acrosome reaction 
is an exocytotic process triggered by elevation of Ca2+ levels [31, 
32]. Our data showed that NT-signaling is received at the sperm 
neck region. How does the acceptance of NT-signaling at the sperm 
neck region induce acrosome reaction in the sperm head region? 
Our recent paper suggested that NT induces the elevation of Ca2+ 

levels and Ca2+ mobilization from the neck region to the head region 
in mouse sperm [15]. Considering this report, we propose that the 
elevation in Ca2+ levels and the calcium mobilization triggered by 
NT-signaling induce the acrosome reaction in bull sperm.
Finally, here we revealed that the average of the sperm motilities 

is not significantly affected by NT, while a small proportion of sperm 
exhibit hyperactivated motility (Table 1 and Fig. 4). Thus, our results 
indicate that NT does not have major effects on sperm motility.
Taken together, our results suggest that the major role of NT is 

the facilitation of both the tyrosine phosphorylation and acrosome 
reaction, rather than hyperactivation of bovine sperm motility. It 
was reported that different signaling pathways regulate capacitation 
and hyperactivation in bovine sperm, and therefore, hyperactivation 
can occur independently of capacitation [33, 34]. NT signaling may 
primarily regulate signaling pathways upstream of capacitation, rather 
than pathways that regulate hyperactivation in bovine sperm. Further 
studies are needed to clarify the working molecular mechanism for 

Fig. 1.	 Detection of NTR1 expression in bovine sperm. (A) NTR1 
expression in bovine sperm was revealed by western blot 
analysis. (B) Representative immunocytochemical image 
showing NTR1 localization in bovine sperm. Note the spot 
like immunoreactivity, which was detected at the neck region 
of sperm (arrowhead). Blue: nuclear (Hoechst 33342), Green: 
NTR1, Bars = 10 μm. (C) NT precursor expression in a bovine 
uterus (left) and oviduct (right) was revealed by western-blot 
analysis. β-actin was used as a control.

Fig. 2.	 Effect of NT on sperm protein tyrosine phosphorylation. Protein 
tyrosine phosphorylation in bovine sperm was revealed by 
western blotting. Upper panel shows the representative blotting 
image of at least five repeated experiments, with independent 
sample preparations. Note that bands around 30, 70, and 90 kDa 
increased in a dose-dependent manner by NT addition. The lower 
panel shows quantification and comparison of the total amount of 
tyrosine phosphorylated proteins between control and NT treated 
sperm. The control protein bands were assigned a base value of 
1. α-Tubulin was used as a loading control. Data are shown as the 
means ± SE (*: P < 0.05, **: P < 0.01).
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NT signaling in bovine sperm.
The results of enhancing tyrosine phosphorylation and acrosome 

reaction are consistent with our previous report in mouse [15]. 
However, there are various anatomical and physiological differences 
between both species, such as length of oviduct and time required 
for fertilization from ejaculation. Thus, further elucidation of the 
physiology of NT secretion in females will help the understanding 
of these inter-species differences.
In Japan and other countries, low conception rate after artificial 

insemination caused by unknown mechanism has become a serious 
problem in bovine reproduction. This study provides a plausible 
hypothesis that NT levels in the female uterus affect the sperm 
capacitation in bovine artificial insemination. In this regard, it will be 
interesting to investigate epidemiologically the correlation between 
past conception rates and NT levels of individual female cows. If the 
positive correlation between low NT levels and low conception rate 
is clarified, exogenous NT administration to the female reproductive 
tract at the time of sperm injection may be useful to rescue female 
function and enhance sperm capacitation. This study firstly highlights 
the potential usefulness of NT-mediated signaling to control bovine 
sperm functions.
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Table 1.	 CASA measurements of the effects of neurotensin (NT) on bovine sperm motility

Sperm motility parameters Control
NT

1 μM 10 μM 100 μM
0 min Motile (%) 52.6 ± 5.0 55.7 ± 4.2 55.8 ± 3.4 57.5 ± 4.2

VSL (μm/sec) 37.6 ± 5.4 43.9 ± 8.1 45.4 ± 3.9 40.2 ± 7.1
VCL (μm/sec) 123.8 ± 15.9 140.3 ± 19.2 146.2 ± 7.4 130.3 ± 13.4
LIN (%) 36.0 ± 2.8 34.0 ± 1.7 32.0 ± 1.3 33.0 ± 3.0
ALH (μm) 3.3 ± 0.4 3.7 ± 0.4 4.2 ± 0.1 3.7 ± 0.3
BCF (Hz) 10.8 ± 0.4 10.9 ± 0.4 11.1 ± 0.5 10.3 ± 0.3

10 min Motile (%) 52.3 ± 6.0 55.4 ± 5.5 50.5 ± 4.4 55.0 ± 5.4
VSL (μm/sec) 38.9 ± 7.1 43.3 ± 8.8 43.9 ± 4.3 41.3 ± 7.5
VCL (μm/sec) 126.0 ± 17.9 142.0 ± 18.2 149.0 ± 9.6 141.3 ± 19.9
LIN (%) 37.2 ± 2.4 33.0 ± 1.4 31.8 ± 1.2 32.4 ± 0.5
ALH (μm) 3.4 ± 0.5 3.9 ± 0.4 4.1 ± 0.2 4.0 ± 0.5
BCF (Hz) 11.2 ± 0.1 11.4 ± 0.5 11.1 ± 0.6 11.2 ± 0.4

30 min Motile (%) 47.9 ± 1.2 55.5 ± 4.4 47.5 ± 4.5 50.7 ± 6.9
VSL (μm/sec) 42.5 ± 10.5 45.1 ± 8.8 48.8 ± 6.0 45.0 ± 8.8
VCL (μm/sec) 132.9 ± 28.0 143.0 ± 20.6 158.2 ± 15.1 144.6 ± 19.4
LIN (%) 37.2 ± 3.4 36.2 ± 2.4 32.2 ± 1.1 32.2 ± 1.9
ALH (μm) 3.7 ± 0.7 3.9 ± 0.5 4.3 ± 0.3 3.8 ± 0.4
BCF (Hz) 11.4 ± 0.3 11.4 ± 0.6 11.7 ± 0.6 10.8 ± 0.4

60 min Motile (%) 51.0 ± 3.2 53.8 ± 4.5 50.5 ± 5.4 46.9 ± 5.2
VSL (μm/sec) 41.7 ± 10.9 43.0 ± 8.5 47.5 ± 7.4 47.3 ± 7.9
VCL (μm/sec) 131.8 ± 28.5 136.3 ± 22.6 146.1 ± 18.8 152.9 ± 21.3
LIN (%) 35.2 ± 3.6 35.2 ± 1.1 34.8 ± 2.9 32.0 ± 2.2
ALH (μm) 3.4 ± 0.6 3.7 ± 0.5 3.8 ± 0.4 4.2 ± 0.5
BCF (Hz) 11.4 ± 0.5 11.3 ± 0.2 11.3 ± 0.2 11.3 ± 0.4

Data are shown as the means ± SE. VSL, straight line velocity; VCL, curvilinear velocity, LIN, 
linearity; ALH, amplitude of lateral head displacement; BCF, beat cross frequency.
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