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Abstract.  In cattle, cryopreserved spermatozoa are generally used for artificial insemination (AI). Many of these 
specimens exhibit helical movement, although the molecular mechanisms underlying this phenomenon remain 
unclear. This study aimed to characterize helically motile spermatozoa, investigate the involvement of Ca2+-ATPase 
in suppressing the appearance of these spermatozoa prior to cryopreservation, and examine the potential of helical 
movement as an index of sperm quality. In the cryopreserved semen, approximately 50% of spermatozoa were helically 
motile, whereas approximately 25% were planarly motile. The helically motile samples swam significantly faster than 
those with planar movement, in both non-viscous medium and viscous medium containing polyvinylpyrrolidone. In 
contrast, in non-cryopreserved semen, planarly motile spermatozoa outnumbered those that were helically motile. 
Fluorescence microscopy with Fluo-3/AM and propidium iodide showed that flagellar [Ca2+]i was significantly higher 
in cryopreserved live spermatozoa than in non-cryopreserved live ones. The percentage of non-cryopreserved 
helically motile spermatozoa was approximately 25% after washing, and this increased significantly to approximately 
50% after treatment with an inhibitor of sarcoplasmic reticulum Ca2+-ATPases (SERCAs), “thapsigargin.” 
Immunostaining showed the presence of SERCAs in sperm necks. Additionally, the percentages of cryopreserved 
helically motile spermatozoa showed large inter-bull differences and a significantly positive correlation with post-AI 
conception rates, indicating that helical movement has the potential to serve as a predictor of the fertilizing ability 
of these spermatozoa. These results suggest that SERCAs in the neck suppress the cytoplasmic Ca2+-dependent 
appearance of helically motile spermatozoa with intense force in semen prior to cryopreservation.
Key words: Artificial insemination, Cryopreservation, Motility assessment, Sarcoplasmic reticulum Ca2+-ATPase 
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Sperm motility is conventionally believed to be an essential 
characteristic for determining semen quality and estimating 

male reproductive performance. In cattle artificial insemination (AI) 
centers, sperm motility is routinely investigated immediately after 
collection, during the handling process before cryopreservation, and 
after cryopreservation by subjective microscopy and supplementally 
by two-dimensional (2D) computer-assisted sperm analysis (CASA) 
[1, 2]. In these assessments of sperm motility, the linearity and velocity 
of movement are considered important parameters. In other words, the 
qualities of fresh ejaculates and cryopreserved semen are evaluated 
on the basis of the percentage of spermatozoa that exhibit rapid and 
progressive movement. Thus, cryopreserved semen, which are allowed 
for AI programs, include an abundance of spermatozoa that exhibit 
rapid and progressive movement. Despite multiple examinations of 
sperm motility, the results of AI still vary widely among different 
semen suppliers. Therefore, new criteria for assessing bovine sperm 
motility have emerged. We recently conducted studies to improve 

methods of evaluating sperm flagellum functions using new criteria 
for helical movement with three-dimensional (3D) rotation [3] and 
3D full-type hyperactivation [4, 5]. The results of these studies 
indicated that the precise evaluation of these 3D movements requires 
a detailed investigation of the motility patterns of each spermatozoon 
in a chamber with sufficient depth (50 µm) under a microscope 
with relatively high magnification (× 40 objective lens). Although 
CASA systems are often used in current research, CASA motility 
parameters are obtained by the analyses of 2D trajectories of motion 
using videos of sperm movement, which are usually captured in a 
chamber with insufficient depth for 3D movement (10–20 µm) under 
a microscope with low magnification (× 10–20 objective lens). Thus, 
it is difficult to evaluate 3D sperm movements (helical movements 
with 3D rotation and 3D full-type hyperactivation) precisely using the 
current CASA systems. Research groups are working to develop new 
CASA systems to investigate the 3D movements that spermatozoa 
can exhibit freely in a chamber with sufficient depth [6–8].

According to previous observations [3, 9], bovine spermatozoa 
exhibit two patterns of vigorous movement. Cryopreserved semen 
abound with vigorously motile spermatozoa with helical movement, 
whereas vigorously motile spermatozoa of non-cryopreserved semen 
tend to exhibit 2D planar movement, although the cause of these 
different patterns is unclear. Bailey et al. reported that the cytoplasmic 
Ca2+ level of cryopreserved bovine spermatozoa was significantly 
higher than that of non-cryopreserved spermatozoa [10–13]. They 
also suggested that this cryopreservation-induced increase in the cy-
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toplasmic Ca2+ level is an initiator of capacitation (cryo-capacitation), 
leading to the occurrence of a precocious acrosome reaction in the 
sperm head [11–13]. Several molecules maintain intracellular Ca2+ 
homeostasis in both spermatozoa and somatic cells. Among the 
modulators of the cytoplasmic Ca2+ level, the sarcoplasmic reticulum 
Ca2+-ATPase (SERCA) is an important member of the cytoplasmic 
Ca2+ clearance system [14, 15]. This study aimed to characterize 
bovine helically motile spermatozoa, investigate the involvement of 
SERCAs in suppressing the appearance of these spermatozoa before 
cryopreservation, and examine the potential of helical movement to 
serve as an index of sperm quality.

Materials and Methods

Reagents and sperm samples
All reagents were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan), unless specified otherwise.
The bovine samples were used with the permission of the Hokubu 

Agricultural Technology Institute, Hyogo Prefectural Technology 
Center for Agriculture, Forestry and Fisheries (Hokubu Institute) 
under the research project plan “Improvement of Fertility Assay for 
Japanese Black Bull Spermatozoa (2016–2021)”. Fresh ejaculates 
were obtained for the routine investigation of semen characteristics 
to evaluate male reproductive performance, as described previously, 
with minor modifications [3, 4, 16]. In brief, an artificial vagina 
was used to collect the ejaculates from 10 sire candidates (Japanese 
Black bulls, > 1-year-old), which were fed at the Hokubu Institute. 
Aliquots of freshly ejaculated samples were used for the subjective 
observation of sperm motility under light microscope. The remaining 
samples with good quality were transported to our laboratory at Kobe 
University within 2.5 h at approximately 25–30°C. After routine 
investigation of semen characteristics, surpluses of the samples were 
used as the non-cryopreserved semen in this study. The straws of the 
cryopreserved semen of the sires and sire candidates (approximately 
1.0 × 108 cells/ml) were provided by Hokubu Institute.

These samples were gently diluted with PBS containing 0.1% 
polyvinyl alcohol (PVA, average molecular weight 30,000–70,000, 
Cat. # P8136, Sigma-Aldrich Co., St Louis, MO, USA) (PBS-PVA) 
or PBS containing 1 or 2.5% polyvinylpyrrolidone (PVP, average 
molecular weight 360,000, Cat. # PVP360, Sigma-Aldrich) (PBS-PVP) 
to adjust the sperm concentration to 2.5 × 107 spermatozoa/ml. 
Seminal plasma or semen extender was removed from the samples 
in some experiments, including the detection of cytoplasmic Ca2+ in 
the sperm flagella with Fluo-3/AM, treatment with thapsigargin and 
CaCl2, Western blotting, and indirect immunofluorescence. In these 
cases, the spermatozoa were washed in PBS-PVA by centrifugation 
at 700 g for 5 min. In the preliminary experiments, an increase in 
washing time tended to induce small head-to-head agglutination 
among several cryopreserved spermatozoa, although this tendency was 
rarely observed for non-cryopreserved spermatozoa (data not shown). 
As sperm agglutination made it difficult to determine the motility 
pattern of each spermatozoon, cryopreserved and non-cryopreserved 
spermatozoa were washed once and three times, respectively.

Evaluation of sperm motility
To capture movies of the motility patterns of spermatozoa [3, 4], 

an aliquot (10 µl) of the diluted semen or a suspension (10 µl) of 
washed spermatozoa was placed in a chamber with a depth of 50 
µm (Fujihira Industry, Tokyo, Japan) on a warmed stage (38.5ºC) 
of an upright microscope (Olympus Corporation, Tokyo, Japan). 
Microscopic movies of the spermatozoa were captured using a 

CMOS camera (BU238M, Toshiba Teli, Tokyo, Japan) with × 40 
objective lenses at a frame rate of 100 Hz and were recorded as 
non-compressed movies (FCR-1, TechnoScope, Saitama, Japan). 
These were converted into sequential frame images (JPEG images) 
using “Free Video to JPG Converter” software. Sperm motility 
patterns were classified based on the following characteristics: (i) 
planar movement with progressive or round movement, (ii) helical 
movement with progressive or round movement, (iii) only beating 
movement, and (iv) immobility. Sperm motility patterns in each 
sample were determined for approximately 100 spermatozoa using 
sequential images from each movie that were played back frame by 
frame using Windows Media Player (Microsoft, Redmond, WA, USA).

Sperm velocity was determined as previously described, with 
some modifications [3, 17]. Briefly, six sequential frames of the 
movies (every 1/100 sec; at time 0/100 sec, 1/100 sec, 2/100 sec, 
3/100 sec, 4/100 sec, and 5/100 sec) were stored as sequential images 
in Microsoft PowerPoint 2013, Japanese Version (Microsoft). The 
positions (coordinates X0-5, Y0-5) of the central edge of the apical 
ridge of the sperm head were determined using PowerPoint images, 
as shown in Supplementary Fig. 1.

The migration length for 1/100 sec on PowerPoint images (cm) 
was measured in each spermatozoon according to the following 
numerical formula:

The migration length for 1/100 sec on the PowerPoint image 
(cm) = {square root [(X0–X1)2 + (Y0–Y1)2] + square root [(X1–X2)2 
+ (Y1–Y2)2] + square root [(X2–X3)2 + (Y2–Y3)2] + square root 
[(X3–X4)2 + (Y3–Y4)2] + square root [(X4–X5)2 + (Y4–Y5)2]}/5.

The sperm velocity (µm/0.01 sec) was then calculated according 
to the following numerical formula:

The sperm velocity (µm/0.01 sec) = the migration length for 1/100 
sec on the PowerPoint image (cm) ÷ 0.1216 (the actual migration 
length on the sperm chamber “1 µm” was equivalent to the migration 
length on the PowerPoint image of “0.1216 cm”).

Indexes of the maximal flagellar bends were determined as 
described below. Frames of the movies (including spermatozoa 
exhibiting the maximal flagellar bend) were stored as images in 
Microsoft PowerPoint 2013. The positions (coordinates (X11, Y11) 
and (X12, Y12): edges of the flagellar arc exhibiting the maximal 
flagellar bend; (X13, Y13) and (X14, Y14): edges of the perpendicular 
from the peak of the arc of the maximal flagellar bend to the chord) 
were determined on the PowerPoint images (Supplementary Fig. 
2-A). The chord length (the length between both edges of the flagellar 
arc exhibiting the maximal flagellar bend) and camber (the length of 
the perpendicular from the peak of the arc of the maximal flagellar 
bend to the chord) on PowerPoint images (cm) were measured for 
each spermatozoon according to the following numerical formula.

The chord length on the PowerPoint image (cm) = square root 
[(X11–X12)2 + (Y11–Y12)2]

The camber on the PowerPoint image (cm) = square root [(X13–
X14)2 + (Y13–Y14)2]

The chord length and camber (µm) were then calculated according 
to the following numerical formula:

The chord length or camber (µm) = the chord length or camber on 
the PowerPoint image (cm) ÷ 0.1216 (the actual length on the sperm 
chamber “1 µm” was equivalent to the length on the PowerPoint 
image of “0.1216 cm”).

Detection of cytoplasmic Ca2+ in sperm flagella
Cytoplasmic Ca2+ was detected in the sperm flagella, as described 

previously, with several modifications [18]. Briefly, washed sper-
matozoa (1.0 × 108 cells/ml) were loaded with Fluo-3/AM (Dojindo 
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Laboratories, Kumamoto, Japan, final concentration: 5 µM) in the 
presence of 0.02% Pluronic F127 (Sigma-Aldrich) for 10 min in 
the dark and washed. Fluo-3/AM-loaded spermatozoa (2.5 × 107 
spermatozoa/ml) were used for the detection of cytoplasmic Ca2+ 
either immediately or after treatment with thapsigargin and CaCl2. 
For detection, the cells were mixed with propidium iodide (PI, 
Thermo Fisher Scientific Corporation, Waltham, MA, USA, final 
concentration: 12 µM) and used for observation under a microscope 
equipped with epifluorescence (U-FBW mirror unit composed of 
BP460-495 excitation filter, DM505 dichroic mirror, and BA510IF 
emission filter, Olympus Corporation, Tokyo, Japan). All images 
from each experiment were taken under the same conditions and 
used to measure the intensity of Fluo-3/AM fluorescence in the 
flagellum of each live (PI-negative) spermatozoon with ImageJ 
software (National Institute of Health, Bethesda, MD, USA). The 
relative intensity of Fluo-3/AM fluorescence in the flagellum of 
each live spermatozoon was calculated according to the numerical 
formula shown in the figure legends.

Treatment with thapsigargin and CaCl2
Thapsigargin is an inhibitor of SERCAs in somatic cells and 

suppresses SERCA-dependent pumping of cytoplasmic Ca2+ into 
internal stores. Consequent depletion of Ca2+ in the internal stores 
induces the influx of extracellular Ca2+ into the cytoplasm via the 
store-operated channel. As a result of these events, cytoplasmic Ca2+ 
levels can be increased pharmacologically [19–21]. Mammalian 
spermatozoa have unique cell organelles, and the redundant nuclear 
envelopes of the neck and outer acrosomal membrane of the head 
function as internal stores instead of the endoplasmic reticulum 
[22, 23].

Washed non-cryopreserved spermatozoa (2.5 × 107 spermatozoa/
ml) were treated with thapsigargin (final concentrations: 0, 5, and 10 
μM, EMD Millipore Corp, Billerica, MA, USA) for 45 or 90 min in a 
38.5°C water bath. Thapsigargin was dissolved in dimethyl sulfoxide 
(DMSO) as a stock solution (5 mM or 10 mM) and then added to 
the sperm suspension. DMSO was also added to equalize the final 
concentrations of the solvent among all samples. In this treatment, 
modified Krebs-Ringer HEPES medium containing glucose and 
antibiotics (CaCl2 concentration; 1.71 mM, without bovine serum 
albumin and without NaHCO3, the non-capacitation medium) plus 
0.1% PVA (mKRH-PVA) [24] was used, because incubation for at 
least 45 min was required to obtain the apparent effects of thapsigargin 
on sperm motility patterns (see the Results section).

Western blotting and indirect immunofluorescence
Western blotting was performed using extracts of washed sperma-

tozoa (3 × 106 cells/lane), 6% polyacrylamide gel, polyvinylidene 
difluoride membrane (Merck Millipore Co., Darmstadt, Germany), 
and Amersham ECL Prime Western Blotting Detection Reagent 
(GE Healthcare UK Limited, Buckinghamshire, UK) [25, 26]. 
The primary antibody was mouse anti-SERCA1/2/3 monoclonal 
antibody (1:100, IgG1, 2 µg protein/ml, Cat. # sc-271669, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). According to the datasheet 
from the manufacturer, this primary antibody was raised against amino 
acids 1-300 mapping at the N-terminus of a SERCA of human origin. 
Thus, we confirmed the high similarity of the amino acid sequences 
of SERCA1/2/3 between humans and cattle (Supplementary Table 1). 
In the negative control experiments, normal mouse IgG1 (1:50, 2 µg 
protein/ml, Cat. # X0931, Dako Agilent Pathology Solutions, Santa 
Clara, CA, USA; 1:100, 2 µg protein/ml, Cat. # sc-3877, Santa Cruz 
Biotechnology) was used to confirm the reaction specificity of the 

antibodies. The secondary antibody was a horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin polyclonal antibody 
(1:20,000, Cat. # P0447, Dako).

Indirect immunofluorescence was performed as described previ-
ously [26, 27] using smear preparations of washed spermatozoa (5 × 
105 cells). They were treated with 3% paraformaldehyde, 1% (vol/vol) 
Triton X-100 (Sigma-Aldrich), mouse anti-SERCA1/2/3 monoclonal 
antibody (1:10, 20 µg protein/ml), and fluorescein isothiocyanate-
conjugated rabbit anti-mouse immunoglobulin polyclonal antibodies 
(1:100, Cat. # F0261, Dako). To confirm antibody reaction specificity, 
normal mouse IgG1 (1:5, 20 µg protein/ml, Cat. # X0931, Dako) 
was used for the negative control experiments.

Post-AI conception rates
Data on post-AI conception rates were provided by the Hokubu 

Institute. These rates were calculated from the results of routine AI 
performed at least 33 times with the cryopreserved spermatozoa 
of each of the 10 bulls. The AI procedures have been previously 
described [16].

Statistical analyses
Statistical analyses were performed using Bell Curve for Excel 

(Version 3.21, Social Survey Research Information Co., Ltd., Tokyo, 
Japan), which is an add-in software for the Japanese version of 
Microsoft Excel 2016 (Microsoft). Data were statistically analyzed 
using the t-test or one-way analysis of variance (ANOVA) after 
arcsine transformation (in case the data did not include values above 
1 (100%)) and tests for homogeneity of variance. When F-test results 
were significant in the ANOVA, individual means were further tested 
using the Tukey-Kramer test. The correlation between the post-AI 
conception rates and the percentages of cryopreserved spermatozoa 
exhibiting different movement patterns was analyzed using Spearman’s 
rank correlation coefficient test. The level of significance was set at 
P < 0.05. All data are represented as means ± standard deviations.

Results

Experiment 1. Characteristics of helically motile spermatozoa
In the non-cryopreserved semen diluted with PBS-PVA, planarly 

motile spermatozoa (56 ± 1%) were predominantly observed, as 
opposed to helically motile spermatozoa (32 ± 3%). However, in 
the cryopreserved semen diluted with PBS-PVA, the percentages of 
helically motile spermatozoa (55 ± 10%) were significantly higher 
than those of planarly motile spermatozoa (27 ± 11%) (Fig. 1-A and 
Supplementary Movie 1). Although the maximal flagellar bends of 
helically motile spermatozoa had similar shapes and sizes to those of 
planarly motile spermatozoa (Fig. 1-B and Supplementary Fig. 2-B), 
the former swam significantly faster than the latter (Fig. 1-C). In addi-
tion, considering the viscous environment of the female reproductive 
tract, sperm movement patterns were observed in the cryopreserved 
semen diluted with the viscous medium. As shown in Fig. 1-D and 
Supplementary Movie 2, dilution with PBS-PVP (viscous medium 
containing 1% or 2.5% PVP and no PVA) significantly decreased 
the percentages of helically motile spermatozoa and increased the 
percentages of planarly motile spermatozoa, compared with the 
cryopreserved semen diluted with PBS-PVA (the non-viscous medium 
containing 0.1% PVA and no PVP). However, in the samples diluted 
with PBS-PVP, the remaining spermatozoa with helical movement 
swam significantly faster than those with planar motility (Fig. 1-E).

The seminal plasma and egg yolk-based extender included Ca2+ 
that interfered with loading Fluo-3/AM into the spermatozoa. After 
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washing to remove the seminal plasma and egg yolk-based extender, 
both non-cryopreserved and cryopreserved spermatozoa maintained 
the same dominant patterns of movement in PBS-PVA (Fig. 2-A). 
These spermatozoa were used for the detection of cytoplasmic 
Ca2+ in the flagella (Figs. 2-B, 2-C and Supplementary Fig. 3). The 
cryopreserved spermatozoa had large populations of live (PI-negative) 
cells with more intensive Fluo-3/AM fluorescence in the flagella 
(ranging from 151 to 350%), and the average relative intensity of 
Fluo-3/AM fluorescence (the average cytoplasmic Ca2+ level) in the 
flagella was significantly higher in the cryopreserved spermatozoa 
than in the non-cryopreserved spermatozoa.

Experiment 2. Involvement of SERCAs in suppressing 
the appearance of helically motile spermatozoa before 
cryopreservation

We investigated the effects of thapsigargin on the motility patterns 
of non-cryopreserved spermatozoa incubated in non-capacitation 
medium containing 1.71 mM CaCl2 (Fig. 3, Supplementary Movie 
3 and Supplementary Fig. 2-C). In the control samples without 
thapsigargin before incubation, the percentages of helically motile 
and planarly motile spermatozoa were 26 ± 8% and 55 ± 5%, 
respectively. The addition of thapsigargin (10 μM) significantly 
decreased the planarly motile spermatozoa (39 ± 7%) even before 

incubation, although after incubation for 45 min, the effects of 
thapsigargin (10 μM) were more pronounced. Specifically, treatment 
with thapsigargin (10 μM) induced helical movement with higher 
velocity and elevated cytoplasmic Ca2+ levels in the flagella of 
non-cryopreserved spermatozoa. Non-cryopreserved spermatozoa 
with thapsigargin-induced helical movement were similar in terms of 
motility, flagellar bends, and cytoplasmic Ca2+ levels in the flagella 
to the cryopreserved spermatozoa with helical movement.

To detect SERCAs in non-cryopreserved spermatozoa, we 
conducted Western blotting with a commercial antibody against 
SERCAs1/2/3. A broad band was observed on the blots around the 
molecular masses of 140 kDa (Fig. 4-A). This band resulted from 
this specific reaction because it was not detected in the negative 
control experiments that used normal mouse IgG1 instead of the 
primary antibody. The broadness of this band may be explained by 
the possible mixture of at least two isoforms of the Ca2+-ATPases 
with different molecular masses (the numbers of amino acids in the 
core polypeptides: bovine SERCA1 (accession XP_024840649.1), 
1011 amino acids; bovine SERCA2 (accession XP_005217964.1), 
997 amino acids; and bovine SERCA3 (accession XP_005220277.1), 
1044 amino acids). However, the detection level of the SERCA band 
apparently decreased in the extracts from cryopreserved spermatozoa 
(Fig. 5, see additional information in the figure legend).

Fig. 1. Characteristics of motility of bovine cryopreserved spermatozoa. (A) Sperm motility patterns (helical movement and planar movement) of 
cryopreserved and non-cryopreserved semen which were diluted with phosphate-buffered saline containing 0.1% polyvinyl alcohol (PBS-PVA). 
(B) Typical examples of the microscopic images (two sequential frames which were captured at a frame rate of 100 Hz) of helically motile 
spermatozoa and planarly motile spermatozoa of the cryopreserved semen which was diluted with PBS-PVA; the flagellum of each spermatozoon 
(indicated with a white arrow) is highlighted with a red line to readily recognize its shape. (C) The average relative velocity of helically and planarly 
motile spermatozoa of the cryopreserved semen which was diluted with PBS-PVA. (D) Sperm motility patterns of cryopreserved semen which was 
diluted with phosphate-buffered saline containing 1 or 2.5% polyvinylpyrrolidone (PBS-PVP); values with different letters (A versus B, C versus D,  
a versus b, c versus d) are significantly different (P < 0.05). (E) The average relative velocity of helically and planarly motile spermatozoa of the 
cryopreserved semen which was diluted with PBS-PVP.
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The localization of SERCAs in non-cryopreserved and cryopre-
served spermatozoa was observed by indirect immunofluorescence. 
As shown in Fig. 4-B, and Supplementary Figs. 4 and 5, a clear 
fluorescent spot was visualized on one side of the neck (connecting 
piece) between the head and flagellum. No fluorescent signal was 
observed in the negative control experiments that used normal mouse 
IgG1 instead of the primary antibody. In each of the four experiments 
for non-cryopreserved spermatozoa, 100 cells were examined at 
random to determine the side of the neck on which the fluorescent 
spot was. The percentage of spermatozoa with the fluorescent spot 
on the right side of the neck (51 ± 2%) was almost equal to that 
showing the spot on the left side (49 ± 2%), suggesting a unique 
(asymmetric) localization of SERCAs in bovine spermatozoa with 
a linearly symmetric shape.

Experiment 3. Potential of helical movement to serve as an 
index of sperm quality

There were large inter-bull differences in sperm motility patterns 
among the cryopreserved semen of the 10 Japanese Black bulls (Fig. 
6-A). As shown in Fig. 6-B and Supplementary Fig. 6, the AI results 
(post-AI conception rates) had a significantly positive correlation 
with the percentage of spermatozoa exhibiting progressive/helical 

movement plus the percentage of spermatozoa exhibiting round/helical 
movement (i.e., the percentage of helically motile spermatozoa) (r = 
0.806, P = 0.00486). However, they were not significantly correlated 
with the percentage of progressively motile spermatozoa (i.e., the 
percentage of spermatozoa exhibiting progressive/helical movement 
plus the percentage of spermatozoa exhibiting progressive/planar 
movement, r = 0.547, P = 0.102).

Discussion

Bovine cryopreserved spermatozoa exhibit predominantly helical 
movement [9, 28], while vigorously motile spermatozoa with planar 
movement abound in non-cryopreserved semen [3]. The results of 
Experiment 1 confirmed these observations, and also suggest that 
bovine spermatozoa convert their motility pattern from planar to 
helical in response to cryopreservation-related changes. However, 
the mechanisms underlying the appearance of helical movement 
are poorly understood. According to our previous study [3], a 
reduction in cAMP signaling activity induced the conversion of 
motility patterns from planar to helical in bovine non-cryopreserved 
spermatozoa and coincidently decreased their velocity. However, the 
results of Experiment 1 showed that cryopreserved helically motile 

Fig. 2. Motility patterns and flagellar cytoplasmic Ca2+ levels of bovine cryopreserved and non-cryopreserved spermatozoa which were washed with PBS-
PVA. (A) Motility patterns, (B and C) Flagellar cytoplasmic Ca2+ levels of live (propidium iodide (PI)-negative) spermatozoa; relative intensity of 
Fluo-3/AM fluorescence in the sperm flagellum was calculated according to the following formula. a Relative Fluo-3/AM fluorescence intensity 
in the flagellum of each live spermatozoon (%) = [(ImageJ value measured for each cryopreserved or non-cryopreserved live spermatozoon) ÷ 
(average of the ImageJ values measured for non-cryopreserved live spermatozoa)] × 100.
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spermatozoa could produce a strong driving force and swim faster 
than cryopreserved planarly motile spermatozoa under both viscous 
and non-viscous conditions; moreover, the cytoplasmic Ca2+ level of 
the flagella was significantly higher in the cryopreserved than in the 
non-cryopreserved spermatozoa. Thus, in Experiment 2, we focused 
on the cytoplasmic Ca2+-dependent rather than the cAMP-dependent 
mechanism to investigate the factors underlying the appearance of 
helical movement in bovine spermatozoa.

Several reports have indicated that cryopreservation procedures 
increase cytoplasmic Ca2+ levels of bovine spermatozoa [10–13]. Since 
SERCAs are important members of the cytoplasmic Ca2+ clearance 
system and maintain intracellular Ca2+ homeostasis of the spermatozoa 
[14], in Experiment 2, we examined the involvement of SERCAs 
in the appearance of helically motile spermatozoa. The results of 
the experiments showed that aspects of cryopreserved spermatozoa, 
such as the dominance of helical movement in the motility patterns, 
the higher velocity of helically motile spermatozoa, and the higher 
levels of cytoplasmic Ca2+ in the flagella, could be mimicked by non-
cryopreserved spermatozoa treated with thapsigargin. The localization 
of SERCAs in the sperm neck was also presented. The detection 
level of the SERCA band on Western blots apparently decreased in 

spermatozoa after cryopreservation. As bovine spermatozoa possess 
an internal Ca2+ store called the “redundant nuclear envelope” in the 
neck [22], it is reasonable to interpret that SERCAs of the neck pump 
cytoplasmic Ca2+ into the redundant nuclear envelope and maintain a 
low Ca2+ level in the sperm flagella. Thus, the results of Experiment 
2 indicate that SERCAs of the neck play pivotal roles in suppressing 
the appearance of sperm helical movement before cryopreservation, 
and that cryopreservation procedures decrease sperm SERCAs, at 
least partially. Therefore, it is possible that the decrease in functional 
SERCAs elevates the cytoplasmic Ca2+ level and consequently 
induces helical movement in cryopreserved bovine spermatozoa. 
However, we have not yet investigated the possible roles of other 
molecules in the intracellular Ca2+ clearance system, specifically Na+/
Ca2+ exchangers and plasma membrane Ca2+-ATPases. Furthermore, 
previous reports indicate that the cryopreservation-related increase in 
sperm cytoplasmic Ca2+ results from the permeation of extracellular 
Ca2+ into the cytoplasm through the plasma membranes that change 
the lipid phase and fluidity [29, 30]. To determine the principal 
cause of the cryopreservation-related appearance of helically motile 
spermatozoa, it is necessary to conduct further experiments that 
compare the status of all molecules of the intracellular Ca2+ clearance 

Fig. 3. Characteristics of motility and flagellar cytoplasmic Ca2+ levels of bovine non-cryopreserved spermatozoa which were treated with an inhibitor for 
sarcoplasmic reticulum Ca2+-ATPases (SERCAs). (A) Motility patterns of spermatozoa which were treated with thapsigargin; values with different 
letters (A vs. B, a vs. b, y vs. z, α vs. β) are significantly different (n = 7, P < 0.05). (B) Typical examples of the microscopic images (two sequential 
frames which were captured at a frame rate of 100 Hz) of helically motile spermatozoa and planarly motile spermatozoa which were treated with 10 
µM thapsigargin for 45 min; the flagellum of each spermatozoon (indicated with a white arrow) is highlighted with a red line to readily recognize 
its shape. (C) The average relative velocity of non-cryopreserved helically motile spermatozoa and planarly motile spermatozoa which were treated 
with 10 µM thapsigargin for 45 min; (D and E) Flagellar cytoplasmic Ca2+ levels of live (PI-negative) spermatozoa which were treated with or 
without 10 µM thapsigargin for 45 min; relative intensity of Fluo-3/AM fluorescence in the sperm flagellum was calculated according to the 
following formula. a Relative Fluo-3/AM fluorescence intensity in the flagellum of each live spermatozoon (%) = [(ImageJ value measured for each 
live spermatozoon treated with or without 10 µM thapsigargin for 45 min) ÷ (average of the ImageJ values measured for live spermatozoa treated 
without thapsigargin for 45 min)] × 100.
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Fig. 4. Immunodetection of SERCAs in bovine non-cryopreserved spermatozoa by Western blotting and indirect immunofluorescence. (A) Typical 
examples of Western blots (WB) of the extracts from the spermatozoa (3 × 106 cells/lane) which were detected with the anti-SERCA1/2/3 antibody 
(n = 5) or normal mouse IgG1 (Control, n = 5). After Western blotting, the major bands of sperm proteins were visualized by Coomassie brilliant 
blue (CBB, Quick-CBB PLUS of FUJIFILM Wako) staining. (B) Indirect immunofluorescence of the spermatozoa, which were detected with the 
anti-SERCA1/2/3 antibody (n = 4) or normal mouse IgG1 (Control, n = 4). The images were taken under the blue fluorescence field with weak 
visible light and then converted to the gray-scale mode in order to clearly indicate the immunolocalization of the antigens. R: the spermatozoon with 
a fluorescence spot on the right-side edge of the neck, L: the spermatozoon with a fluorescence spot on the left-side edge of the neck. White bars 
indicate 10 µm.

Fig. 5. Comparison of immunodetection of SERCAs between bovine non-cryopreserved and cryopreserved spermatozoa by Western blotting. Representative 
examples of Western blots (WB) of the extracts from the spermatozoa (3 × 106 cells/lane), which were detected with the anti-SERCA1/2/3 antibody 
(n = 3) or normal mouse IgG1 (Control, n = 1). After Western blotting, the major bands of sperm proteins were visualized by Coomassie brilliant 
blue R-250 (CBB, Nacalai Tesque, Kyoto, Japan) staining. Additional information: When half the amount of the extracts from non-cryopreserved 
spermatozoa (1.5 × 106 cells/lane) was used in Western blotting, the band of SERCAs was not detectable (data not shown). Thus, the faint detection 
of SERCAs in cryopreserved spermatozoa indicates that they include more than half of the antigen amount of non-cryopreserved spermatozoa.
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system and the Ca2+ permeability of plasma membranes between 
non-cryopreserved and cryopreserved spermatozoa.

In this study, Western blotting and indirect immunofluorescence 
(Experiment 2) showed a unique distribution of SERCAs in either 
the right or left edge of the neck (connecting piece) of the bovine 
spermatozoon with a linearly symmetric shape. Another study also 
indicated the asymmetry of subcellular localization of the motility 
regulator (the voltage-gated proton channel Hv1 of human sperm 
flagella). This channel is important in the occurrence of flagellar 
rotation (which is likely the same as helical movement) and subse-
quent hyperactivation [31]. These results indicate the existence of 
intracellular Ca2+ level modulators that are localized asymmetrically 
in spermatozoa with a linearly symmetric shape.

To reach the ampulla of the oviduct and then penetrate the oocyte-
cumulus complex, mammalian ejaculated spermatozoa need to be 
transported through the uterus and oviduct, which contain luminal 
fluid with complex physical properties. However, in these reproductive 
tracts, several barriers limit sperm passage and arrest poor-quality 
spermatozoa. For example, the cervical mucus acts as a gatekeeper 
to exclude aberrant and weakly motile/immotile spermatozoa; thus, 
progressive movement may be required for successful cervical 
penetration [32–35]. The isthmus of the oviduct, including the 
uterotubal junction, is a narrow cascade containing luminal mucus 
[36], and transportation through this section is modulated by both 

sperm motility and oviductal factors including myosalpinx contrac-
tion and oviduct fluid flow [37, 38]. It is generally considered that 
hyperactivated movement is important for sperm passage through 
the isthmus and subsequent penetration into the oocyte-cumulus 
complexes in the ampulla of the oviduct [39–41]. In bovine AI, as 
cryopreserved spermatozoa are inseminated directly into the corpus 
uterus, their first requirement in order to accomplish fertilization is 
to pass through the isthmus of the oviduct, including the uterotubal 
junction. As observed in Experiments 1 and 2 and in our previous 
studies [5, 39], the helical movement (see Supplementary Movies 1 
and 3) apparently differed from hyperactivation in both the trajectory 
of motion and the flagellar beating patterns (see Supplementary Movies 
in [39] https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6194283/bin/
RMB2-17-442-s001.mp4), although both of these motility patterns 
appeared with an increase in cytoplasmic Ca2+. We also observed that 
a limited number of cryopreserved spermatozoa maintained helical 
movement and showed stronger driving forces in the viscous medium 
containing PVP than the planarly motile spermatozoa (Experiment 
1). The AI results (post-AI conception rates) were significantly 
positively correlated with the percentage of cryopreserved, helically 
motile spermatozoa (r = 0.806, P = 0.00486) (Experiment 3). These 
observations indicate that helically motile spermatozoa of AI-used 
cryopreserved semen have a greater chance of fertilizing oocytes in 
the ampulla of the oviduct. This may be supported by our suggestion 

Fig. 6. Inter-bull differences in the motility patterns of bovine cryopreserved spermatozoa. (A) Sperm motility patterns (progressive/helical movement, 
round/helical movement, progressive/planar movement, round/planar movement, only beating movement and immobility) of cryopreserved semen 
which was diluted with PBS-PVA; Three examinations were performed for each bull. (B) Correlation of the results of artificial insemination (AI) 
(conception rates of AI using cryopreserved sperm) with percentages of cryopreserved spermatozoa exhibiting helical movement (percentages 
of spermatozoa exhibiting progressive/helical movement + percentages of spermatozoa exhibiting round/helical movement) or percentages of 
cryopreserved spermatozoa exhibiting progressive movement (percentages of spermatozoa exhibiting progressive/helical movement + percentages 
of spermatozoa exhibiting progressive/planar movement); each symbol in the graphs indicates the results for each bull.
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that not only hyperactivation but also helical movement are beneficial 
to sperm passage through the isthmus of the oviduct.

Previous studies have shown the importance of investigat-
ing changes in acrosome morphology during incubation in the 
capacitation-supporting medium to determine the quality of bovine 
cryopreserved spermatozoa, because cryo-capacitation promotes 
the precocious acrosome reaction by the earlier elevation of the 
cytoplasmic Ca2+ level and has deleterious effects on AI results 
[13, 42, 43]. In addition to these facts, we proposed here that it is 
necessary to focus on the benefits of the cryo-capacitation-related 
appearance of helical movement to improve the examination of bovine 
cryopreserved semen, because the results of Experiment 3 indicate 
the potential of sperm helical movement as a positive parameter to 
predict the results of AI using cryopreserved semen.
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