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Abstract

Egg yolk is a common ingredient of mammalian semen extender to protect sperm against
initial cold shock. However, egg yolk has biosecurity risks. Our main objectives were to cryo-
preserve bull semen without egg yolk using exogenous cholesterol and to study the protec-
tive role of glycerol in egg yolk-free semen extender. Other objectives were to compare
protein profiles and in vitro fertilization potential of bull sperm frozen with and without egg
yolk. In first experiment, semen was either diluted in conventional tris-egg yolk glycerol
(TEYG control) extender or first treated with cholesterol-cyclodextrin complex (CC, 2 mg/ml
semen) followed by dilution in egg yolk-free tris-glycerol (TG) extender (collectively called
as “CC+TG") at 22°C or 4°C, and frozen. Post-thaw sperm motion characteristics were simi-
lar between CC+TG and TEYG control extenders, and temperature of glycerol addition. In
second experiment, semen was frozen in CC+TG extender varying in glycerol concentration
(7 to 0%; v/v). Post-thaw sperm quality decreased with the decline in glycerol concentration
in TG extender, even higher concentration of CC complex (3 or 4 mg/ml semen) could not
protect sperm in the absence of glycerol in TG extender. In third experiment, SDS electro-
phoresis of proteins from fresh sperm and sperm frozen in CC+TG, and TEYG control
extenders was conducted. Protein profiles in fresh sperm and CC+TG frozen sperm were
almost similar. Egg yolk proteins bound tightly with sperm plasma membrane. In fourth
experiment, in vitro fertilization potentials of sperm frozen in TEYG control and CC+TG
extenders were tested. Cleavage and blastocyst rates of semen frozen in CC+TG and
TEYG control extenders were similar. In conclusion, cholesterol-cyclodextrin replaced egg
yolk from the semen extender; glycerol remained essential for egg yolk-free sperm cryo-
preservation; and CC+TG extender did not modify sperm plasma membrane CC+TG
whereas egg yolk extender changed the plasma membrane composition of bull sperm.

Introduction

Cryopreservation of semen is widely used for conservation of animal genetic resources and
exploitation of genetically superior sires through artificial insemination. Mammalian sperm
undergo thermal shocks during initial cooling from room to refrigerator temperature (supra-
zero phase) and then during deep freezing (sub-zero phase). Since the discovery of egg yolk as
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an ingredient of bull semen extender [1], it has been extensively used in mammalian semen
cryopreservation to protect sperm against initial cold shock [2,3]. The exact mechanism of
sperm protection by egg yolk during initial cooling phase is not fully known. Upon ejaculation,
binder of sperm proteins (BSPs) present in seminal plasma cause efflux of phospholipids and
cholesterol from plasma membrane. Low density lipoproteins (LDLs) in egg yolk protect
sperm by sequestering BSPs in seminal plasma [4,5]. Egg yolk LDLs bind with sperm plasma
membrane following dilution with egg yolk extender [6]. Alternately, milk-based extenders are
used for bull semen throughout the world. Lipoproteins in homogenized milk and casein
micelles in skimmed milk protect sperm during initial cooling phase and storage at refriger-
ated temperature [7]. Unfortunately, egg yolk and milk extenders are difficult to standardize
because they vary from producer to producer and introduce microbial contamination [8,9].
The artificial insemination industry has been facing biosecurity risks through the use of animal
products (egg yolk and milk) in semen cryopreservation procedure [10]. The Canadian Food
Inspection Agency and World Organization for Animal Health recommended that egg yolk or
milk used in semen extender should be free of pathogens or sterilized [11,12]. Therefore, there
is a dire need of elimination of animal products from cryopreservation procedure to comply
with international regulations on import and export. Several research efforts have been made
to replace egg yolk and milk in extender. Soy lecithin from soy bean has been used to replace
egg yolk in extenders. Soy bean-based extenders are commercially available for cryopreserva-
tion of bull semen. However, soy bean extender varies from batch to batch, and yields incon-
sistent fertility rates [9,13]. Recently, liposomes made up of pure phospholipids have been
introduced for cryopreservation of bovine semen [14,15]. However, pure phospholipids are
quite expensive in the market.

Cholesterol, an integral part of the sperm plasma membrane, strengthens and protects
membrane structures even below phase transition temperature by resisting change in the
structural composition of phospholipids’ hydrocarbon chains [16]. Cholesterol content in
sperm plasma membrane determines their cryotolerance. Rabbit and human sperm, with high
cholesterol:phospholipid (C:P) molar ratios i.e. 0.88 and 0.99 respectively, are highly resistant
to cryopreservation in comparison to boar, stallion and bull in which C:P molar ratios are very
low i.e. 0.26, 0.36 and 0.45, respectively [17-20]. Bull sperm have better cryosurvival compared
to boar and stallion semen. During cryopreservation, cholesterol content of sperm plasma
membrane is removed which causes their premature capacitation [21]. Cholesterol (hydropho-
bic) can be removed from or incorporated in sperm plasma membranes using cyclodextrins
[22]. Cyclodextrins are oligosaccharides having hydrophobic interior core and hydrophilic
exterior. They bind with exogenous cholesterol, form soluble complexes and deliver choles-
terol to cell membranes [23]. Treatment of sperm with methyl-B-cyclodextrin preloaded with
cholesterol before dilution in egg yolk extender improved post-thaw survival in bull [24], stal-
lion [25] and pig [26] semen. Recently, 2-hydroxypropyl-beta-cyclodextrin cholesterol
(HPBCD-C) complex replaced egg yolk from extender for cryopreservation of equine sperm
[27]. In this study, it was hypothesized that exogenous cholesterol-cyclodextrin (CC) complex
can strengthen bull sperm plasma membrane sufficient enough to exclude egg yolk or milk
from a conventional extender.

Glycerol, the most common permeating cryoprotectant for mammalian semen cryopreser-
vation, protects sperm from thermal shock below freezing point. It provides a ‘salt-buffering’
mechanism and reduces freezing stress [28], binds with metallic ions [29], dehydrates cells
[30] and reduces total ice volume during water solidification and thus prevents fracture in fro-
zen solutions [31]. In bovine, the post-thaw sperm motility and fertility depends upon the con-
centrations of glycerol in extender [32]. Glycerol and egg yolk have a synergistic effect in
protecting bull sperm during cryopreservation [2]. In equine semen cryopreservation, the
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glycerol concentration was reduced from 3% to 1% after treating sperm with HPRCD-C com-
plex [27]. Therefore, it was hypothesized that CC treatment will reduce the glycerol concentra-
tion required for bull semen cryopreservation also. In this study, the appropriate
concentration of glycerol in egg yolk-free tris-glycerol (TG) extender for cryopreservation of
bull semen was also investigated.

Egg yolk proteins bind with sperm plasma membrane [6]; therefore, we hypothesized that
egg yolk proteins mask the innate proteins of sperm plasma membrane whereas treatment of
sperm with CC will not cause major changes in sperm membrane. In addition to hygienic ben-
efits, the dilution of semen with protein-free extender would provide an opportunity to study
mammalian sperm proteomics following cryopreservation.

The main goal of this study was to cryopreserve bull semen without adding any exogenous
protein in extender. The specific objectives were to compare the post-thaw quality of bull
sperm pre-exposed to exogenous cholesterol-cyclodextrin complex and frozen in egg yolk-free
tris-glycerol (CC+TG) extender with conventional tris-egg yolk-glycerol (TEYG control)
extender, to investigate the role of glycerol in egg yolk-free semen cryopreservation, to deter-
mine protein profiles of bull sperm frozen in CC+TG and TEYG control extender and to assess
in vitro fertilizing ability of sperm frozen in CC+TG or TEYG control extenders.

Materials and methods
Preparation of extenders

Tris-citric acid (TCA) extender was prepared by dissolving tris 3.03% (w/v), citric acid mono-
hydrate 1.74% (w/v) and fructose 1.24% (w/v) in Milli-Q distilled water. Tris-citric acid-egg
yolk-glycerol (TEYG control) extender contained egg yolk 20% (v/v) and glycerol 7% (v/v) in
TE. Tris-citric acid-glycerol (TG; egg yolk-free) extender contained glycerol 14, 10, 6, 2 and
0% (v/v) in TCA extender, depending upon experiment. All TCA, TEYG control and TG
extenders contained gentamycin (500 pug/ml), tylan (100 pl/ml) and linco-spectin (300/600 pg/
ml), and were centrifuged at 12000x g for 15 min at 4°C. The supernatant was stored at -20°C
until the day of experiment. In addition, TEYG and TG extenders of double concentration
(2X) were also prepared for the first experiment.

Preparation of cholesterol-cyclodextrin complex (CC)

Cholesterol (Sigma-Aldrich, Oakville, ON) and methyl B-cyclodextrin (Sigma-Aldrich, Oak-
ville, ON) complex was prepared as described earlier [24]. Solution A was prepared by dissolv-
ing cholesterol 200 mg in 1 ml chloroform. Solution ‘B’ was prepared by dissolving 1 g methyl
B-cyclodextrin in 2 ml methanol. An aliquot solution A (0.45 ml) was added to solution B and
stirred well until the solution became homogenous. The cholesterol-cyclodextrin complex
(CC) was slowly dried with nitrogen gas in a glass petri dish, kept overnight in a desiccator,
and stored at 22°C in a glass container. On the day of experiment, a working solution was pre-
pared by dissolving CC in TCA (50 mg/ml) at 37°C and vortexing gently.

Semen collection and initial evaluation

Four beef bulls were used in this study. These bulls were stationed at Goodale Research Farm,
University of Saskatchewan, Saskatoon (52° 08'N, 106° 37°W). Semen was collected from each
bull, once a week (Monday), via electroejaculation procedure approved by the Animal Care
Committee, University of Saskatchewan, Saskatoon (Animal Use Protocol # 20100150). Semen
was transported to the Cryobiology Laboratory at the University of Saskatchewan, in a mobile
incubator (37°C) within 1 h. Semen ejaculates were initially evaluated for sperm motility and
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Pooled ejaculates
(N=5)

concentration with a computer-assisted sperm analyzer (CASA; SpermVision 3.5, Minitube
Canada, Ingersoll, Ontario) [33], as mentioned below.

Cryopreservation of semen without egg yolk (exogenous protein)

This experiment was designed to assess if treatment of bull sperm with CC complex can elimi-
nate egg yolk from semen extender and to determine the protective role of CC during initial
cooling phase. An outline of this experiment is presented in Fig 1. After initial evaluation,
semen ejaculates, possessing sperm motility >60% and concentration >400x10°/ml, were
pooled to eliminate bull effect. A small portion of the pooled semen was diluted to 50x10°
sperm/ml in conventional TEYG extender (called “TEYG control semen”) at 37°C and frozen
as mentioned below. A major portion of semen was first diluted to 100x10° sperm/ml with
TCA extender at 37°C and cooled to 22°C in a water bath. At 22°C, semen was treated with
either CC (2 mg/ml semen) or equal volume of plain TCA extender, for 15 min. One set of
CC- and TCA-treated semen samples was diluted 1:1 (v/v) with 2X TEYG or 2X TG extenders
(final sperm concentration 50x10%/ml) at 22°C and slowly cooled to 4°C in 90 min. Another
set of CC- and TCA-treated semen samples was first slowly cooled to 4°C in 90 min, and then
diluted 1:1 (v/v) with 2X TEYG or 2X TG extenders (final sperm concentration 50x10°/ml) at
4°C. Sperm treated with CC and diluted in TG extender (containing 7% glycerol) were collec-
tively called “CC2+TG7% semen”. For freezing, both control and CC2+TG7% semen samples
were slowly cooled from 22°C to 4°C in a walk-in cold room (4°C) in 90-100 min. Semen was
packaged in 0.5 ml French straws and frozen to -80°C in a programmable cell freezer (ICE--
CUBE 14-8§, Sy-Lab Version 1.30, Gerate GmbH, Neupurkdersdof, Austria) using a freezing

Diluted in TEYG @
37°C (50x10°/ml) &
cooled to 22°C

| Cooled to 4°C

— Diluted 1:1 in 2X TG** @ 22°C & cooled to 4°C

Added CC 2 | |- Diluted 1:1in 2X TEYG** @ 22°C & cooled to 4°C
—mg/ml @ 22°C,
15 min |_Cooled to 4°C & diluted 1:1in 2X TG
Diluted in TCA @ 37°C L_Cooled to 4°C & diluted 1:1 in 2X TEYG
(100x10%/ml) & cooled H
to 22°C — Diluted 1:1in 2X TG @ 22°C & cooled to 4°C
| Diluted 1:1in 2X TEYG @ 22°C & cooled to 4°C
Added TCA @
— 22°C, 15 min* [ _ _
| Cooled to 4°C & diluted 1:1in2XTG
L Cooled to 4°C & diluted 1:1in 2X TEYG

Fig 1. Experimental design of semen processing with and without egg yolk. Control and treatment semen samples were frozen using programmable freezer, as
mentioned in materials and methods section. *At 22°C, TCA volume equivalent to the volume of CC treatment was added. ** After treatment with CC or TE, semen was
diluted 1:1 (v/v) with 2X TG or 2X TEYG extender either at 22°C or 4°C to final sperm concentration 50x10°/ml. CC: cholesterol-cyclodextrin complex; TE: tris-citric acid
extender; TEYG: tris-citric acid-egg yolk-glycerol extender; TG: tris-citric acid-glycerol extender.

https://doi.org/10.1371/journal.pone.0223977.9001
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curve, as reported earlier [33]. Briefly, semen straws were cooled from +4°C to -10°C @ -3°C/
min, and from -10°C to -80°C @ -40°C/min. At -80°C, semen straws were plunged in liquid
nitrogen and stored for at least 24 h. Three semen straws per treatment per replicate were
thawed in a water bath at 37°C for 60 s, and semen was pooled. Post-thaw motility characteris-
tics were evaluated using CASA, as described below. This experiment was replicated on five
different pooled ejaculates collected from four bulls.

Effect of cholesterol-cyclodextrin complex and glycerol combinations in
extender on cryopreservation of semen without egg yolk

This experiment was conducted to determine the need of glycerol in egg yolk-free cryopreser-
vation of bull semen. Control semen containing 20% (v/v) egg yolk and 7% (v/v) glycerol was
processed as in previous experiment. For treatment groups, semen was initially diluted with
TCA extender to 100x10° sperm/ml. Based on results from the first experiment, sperm were
treated with CC (2 mg/ml semen) at 22°C for 15 min and then diluted 1:1 (v/v) with TG
extender at 22°C such that the final glycerol concentration was 7, 5, 3, 1 or 1% (v/v). In addi-
tion, bull sperm were treated with higher concentrations of CC (3 or 4 mg/ml semen) and
diluted with plain TCA (without glycerol) to determine if CC can replace glycerol also. These
treatment groups were designated as CC2+TG7%, CC2+TG5%, CC2+TG3%, CC2+TG1%,
CC2+TG0%, CC3+TG0% and CC4+TG0% in subsequent text.

Semen diluted and frozen with TEYG control was considered as the first control and semen
frozen with CC2+TG7% was considered as a second control. All semen samples were cooled
to 4°C and frozen in programmable cell freezer as described in previous experiment. Three
semen straws per treatment per replicate were thawed in a water bath at 37°C for 60 s, and
semen was pooled. Post-thaw motility and structural characteristics were evaluated using
CASA and flow cytometer, as described below. This experiment was replicated on five different
pooled ejaculates collected from four bulls.

Computer-assisted sperm analysis. Fresh semen was initially evaluated following dilu-
tion (1:20) in tissue culture medium TCM-199 (37°C). Frozen semen samples were thawed
and evaluated as such without further dilution in TCM-199. An aliquot (2.5 ul) of each semen
sample was loaded in a pre-warmed (37°C) chamber slide (Leja Netherlands; 20 uM depth). At
least 200 sperm were analyzed for total motility (% of all moving sperms), progressive motility
(% of all sperms moving in straight line), average path velocity (VAP, um/sec), curvilinear
velocity (VCL, um/sec) and straight-line velocity (VSL, pm/sec), as described earlier [33].

Flow cytometer analysis. Flow cytometer analysis was conducted to evaluate sperm
plasma membrane (PM) and acrosomes (apical ridge, AR) integrities, as described previously
[33]. After thawing, semen was diluted to 1x10° sperm/ml with phosphate buffer saline (PBS)
containing 0.5% w/v bovine serum albumin (BSA). Then, fluorescent dyes i.e. 1 pl fluorescein
isothiocyanate-peanut agglutinin (FITC-PNA; Sigma chemicals, St. Louis, MO; stock 1 mg/ml
in PBS) and 6.25 ul propidium iodide (PI; Invitrogen, Burlington, ON; stock 2.4 mM in water)
were added to per ml semen and incubated for 10 min at 37°C. Sperm in each sample were
fixed by adding 10 pl of 10% formaldehyde and analyzed within few hours. At least 10,000
sperm from each semen sample were analyzed using flow cytometer (Partec Cyflow Space, ver-
sion 2.4 by Partec GmbH, Miinster, Germany) equipped with 400 mW argon laser. FITC-PNA
and PI were excited with 488 nm blue laser and fluorescent data were recorded with photo
multiplier detectors FL-1 and FL-3, respectively, after gating sperm population with forward
and side scatters. Four sperm populations were recorded on two dimensional PI/FITC-PNA
dot plot [33]: sperm with intact plasma membrane and intact acrosomes (IPM-IAR; PI-/
FITC-PNA-), sperm with intact plasma membrane and compromised acrosomes (IPM-CAR;
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PI-/FITC-PNA+), sperm with compromised plasma membrane and intact acrosomes
(CPM-IAR; PI+/FITC-PNA-), and compromised plasma membrane and compromised acro-
somes (CPM-CAR; PI+/FITC-PNA+).

Electrophoresis of bull sperm frozen with and without egg yolk

Proteins were extracted from fresh sperm (control), and sperm frozen in CC2+TG7% and
TEYG control extenders. Extenders CC2+TG7% and TEYG control were also run in electro-
phoresis, as controls. Fresh semen (100 ul) was centrifuged twice at 2000x g for 10 min in PBS
to remove seminal plasma. The sperm pellet was resuspended in 100 pl extraction buffer [1%
(w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate and 1% (v/v) Triton-X in 1X
PBS, pH 7.2] containing protease inhibitor cocktail (SigmaFast™ Cat # $8820; Sigma, St. Louis,
MO), stored at -80°C and called as “Fresh sperm”. Semen straws frozen in CC2+TG7% and
TEYG control extenders were thawed in a water bath at 37°C for 60 s. Egg yolk-free thawed
semen (CC2+TG7%) was centrifuged twice at 500x g for 10 min in PBS. The sperm pellet was
resuspended in 100 pl extraction buffer and called as “Frozen sperm-CC2+TG7%”. Egg yolk-
containing thawed semen (TEYG control) was divided into two aliquots. In aliquot one, fro-
zen-thawed semen (100 pl) was layered on 2.0 ml 45% Percoll in PBS and centrifuged at 2000x
g for 10 min. The sperm pellet was resuspended in PBS and centrifuged at 1800x g for 5 min to
remove Percoll particles. The sperm pellet was resuspended in 100 ul extraction buffer and
called as “Frozen sperm-TEYG-PW?. In aliquot two, sperm were washed twice by centrifuging
at 500x g for 10 min in PBS to remove egg yolk extender. The sperm pellet was resuspended in
100 pl extraction buffer and called as “Frozen sperm-TEYG-CW”. All sperm mixtures in
extraction buffer were kept on ice for 30 min while mixing every 10 min with a pipette, soni-
cated for 10 min, centrifuged at 15,000x g for 15 min at 4°C and supernatant was used for elec-
trophoresis. The protein concentration of each semen sample was measured with a Bio-Rad
protein assay. Protein samples were mixed with 5X sample buffer, boiled for 5 min and cooled
on ice. Total 15 ug protein from each fresh and frozen semen sample and TEYG control
extender were loaded on 10% acrylamide gel. Since no protein was detected in CC+TG
extender (2 mg/ml in TG extender), a volume equivalent to TEYG control extender was loaded
on gel to confirm lack of protein in CC+TG extender. Electrophoresis was done at room tem-
perature initially at 75 V for 15 minutes and then at 100 V until the bromophenol blue front
line reached the bottom of the gel. Gels were stained with coomassie blue stain [0.1% (w/v)
coomassie brilliant blue, 50% (v/v) methanol, 10% (v/v) acetic acid in water] on a shaking plat-
form for 1 h. The extra stain was removed by destaining solution [10% (v/v) methanol and
40% (v/v) acetic acid in water] for 30 minutes on a shaking platform. The stained gels were
scanned with Gel Doc™ EZ System (Bio-Rad Laboratories, Mississauga, ON, Canada) for pro-
tein profiling. This experiment was replicated three times using fresh and frozen-thawed
sperm processed on different days.

In vitro fertilizing ability of bull semen frozen with and without egg yolk
egg yolk

Semen frozen with CC2+TG7% and TEYG control extenders were used to assess their in vitro
fertilizing ability of bovine oocytes. In vitro maturation, fertilization and culture procedures
were conducted as described previously [34]. Ovaries were collected from slaughtered cows
and transported at 22°C to the Cryobiology Laboratory within 8 h. Immature cumulus oocyte
complexes (COCs) were aspirated from 3-8 mm follicles. Under stereomicroscope, COCs con-
taining more than three layers of cumulus cells and uniform cytoplasm were selected and
washed (3x) in maturation medium TCM-199 supplemented with 5% (v/v) calf serum (CS),
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5 ug/ml luteinizing hormone, 0.5 pug/ml follicle stimulating hormone and 0.05 pug/ml gentami-
cin). Groups of 20 COCs were incubated in 100 ul droplets of maturation medium, under min-
eral oil at 38.5°C, 5% CO, in air and saturated humidity for 22 h. Frozen semen was thawed at
37°C for 60 s and washed through 2.0 ml Percoll gradient (45% and 90%). After washing,
sperm were added to Brackett-Oliphant (BO) fertilization medium to final concentration
3x10°/ml. Groups of 20 COCs were incubated in 100 ul BO-sperm droplets at 38.5°C, 5% CO,
in air and saturated humidity. After 18 h of COC-sperm coincubation, cumulus cells and
sperm attached to oocytes were mechanically removed via pipetting. Presumptive zygotes were
washed (3x) in Charles Rosenkransl+amino acids (CR1aa) in vitro culture (IVC) medium
[35]. Twenty zygotes were transferred into 100 pl IVC droplets under mineral oil, and incu-
bated at 38.5°C under 5% CO,, 90% N,, 5% O, and saturated humidity. After 48 h incubation,
the cleavage (2-8 cells) rate was recorded, and embryo culture continued in the same droplet.
Subsequently, the blastocyst rate was determined on Day 9 (Day 0 = day of IVF). Both cleavage
and blastocyst rates were calculated out of total number of oocytes fertilized. This experiment
was replicated three times using fresh and frozen-thawed sperm processed on different days.

Statistical analysis

Data were expressed as mean+SEM and analyzed using SAS® MIXED procedure (version
9.2, SAS institute Inc. Carry, NC). In first experiment, a 2x2 factorial design was used to
observe the effects of CC and temperature of addition of glycerolated extender (TG). Later,
data were pooled over temperature due to its non-significant effect on sperm characteristics
and a completely randomized design was used to compare semen in different extenders. In
second experiment, the effects of cholesterol-cyclodextrin and glycerol combinations were
analyzed using a completely randomized design. Where P < 0.05, means were separated using
Tukey’s test. Cleavage and blastocyst rates in TEYG control and CC+TG semen were analyzed
using the Chi-square test.

Results
Cryopreservation of semen without egg yolk (exogenous protein)

The background of post-thaw sperm diluted in CC+TG extender was more clear than in
TEYG control extender, under CASA microscope (Fig 2). The effects of temperature of glyc-
erol addition and extender x temperature of glycerol addition interaction on motion character-
istics were not significant. Data on sperm motility and velocity characteristics in control and
treatment groups are presented in Fig 3 and Fig 4. Sperm total and progressive motilities in
TEYG control and CC-treated groups (with and without egg yolk) were similar (P > 0.05).
Sperm total and progressive motilities were the lowest (P < 0.05) when both CC and egg yolk
were absent in extender. Post-thaw sperm VAP, VCL and VSL were higher (P < 0.05) in CC2-
+TG7% than in TEYG control extenders.

Effect of cholesterol-cyclodextrin complex and glycerol combinations in
extender on cryopreservation of semen without exogenous protein

Post-thaw motilities and velocities of bull sperm frozen in CC+TG extender containing < 7%
glycerol concentration are presented in Fig 5 and Fig 6 respectively. Post-thaw sperm total and
progressive motilities declined as glycerol concentration decreased in TG extender. Sperm
total and progressive motilities were higher (P < 0.05) in TEYG control and CC2+TG7%
semen than other treatments possessing low glycerol concentration. Both sperm total and pro-
gressive motilities were the lowest (P < 0.05) in TG extender without glycerol (TG0%) in CC2,
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Fig 2. Post-thaw bull sperm diluted in CC2+TG7% (A) and TEYG control (B) extenders, under CASA microscope.

https:/doi.org/10.1371/journal.pone.0223977.9002

CC3 and CC4 treatment groups. Post-thaw sperm average path velocity was similar among
TEYG control, CC2+TG7% and CC+TG5% (P > 0.05). Sperm curvilinear velocity was higher
(P < 0.05) in CC2+TG7% and CC2+TG5% than in TEYG control semen. Sperm straight-line
velocity was higher (P < 0.05) in CC+TG extenders than in glycerol-free (TG0%) extenders.
The first significant decline in sperm VAP, VCL and VSL was observed when glycerol concen-
tration in TG extender was reduced to 3%, 1% and 0% respectively.

Post-thaw sperm with intact plasma membrane and intact acrosomes (IPM-IAR), and
sperm with compromised plasma membrane and intact acrosomes (CPM-IAR) populations
were the highest in TEYG control semen but these populations decreased with a concomitant
increase in sperm population having compromised plasma membrane and compromised acro-
somes (CPM-CAR), as glycerol concentration decreased in TG extender (Table 1). Sperm pop-
ulation with intact plasma membrane and compromised acrosomes (IPM-CAR) was
negligible (<3%). Like motilities, post-thaw sperm IPM-IAR were significantly low (P < 0.05)
in extenders without glycerol i.e. CC2+TG0%, CC3+TG0% and CC4+TG0%.

Electrophoresis of bull sperm frozen with TEYG control and CC+TG
extenders

Protein profiles from fresh and frozen sperm (diluted in CC+TG7% and TEYG control
extenders), CC+TG extender and egg yolk extender alone are presented in Fig 7 and Table 2.
Sperm protein profiles between fresh and frozen in CC2+TG7% were almost similar and 19
proteins (180, 113, 101, 92, 83, 73, 64, 60, 50, 47, 44, 42, 39, 33, 28, 27, 22, 18 and 14 kDa) were
common between two semen types. Total 9 proteins (70, 58, 51, 41, 36, 31, 24, 20 and 14 kDa)
were found common between TEYG control extender and sperm frozen in egg yolk
(TEYG-PW and TEYG-CW).

In vitro fertilizing ability of bovine semen frozen with TEYG control and
CC+TG extenders

Following in vitro fertilizing of bovine oocytes, semen frozen in TEYG control and CC2
+TG7% extenders yielded similar cleavage and blastocyst rates (P > 0.05; Table 3).
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Fig 3. Effect of cholesterol-cyclodextrin complex, extender and temperature of glycerol addition on post-thaw
sperm total motility and progressive motility. Each bar represents mean+SEM of five pooled ejaculates (replicates)
from four bulls. Within a motility characteristic, bars with different letters (a-c) differ from each other (p < 0.05).
Abbreviations: CC, cholesterol-cyclodextrin complex; EY, egg yolk; TG, tris-glycerol extender; TEYG, tris-egg yolk-
glycerol extender.

https://doi.org/10.1371/journal.pone.0223977.9003
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Discussion

This study reported successful cryopreservation of bull semen without adding any exogenous
protein (animal or plant origin) in semen extender. Treatment of bull sperm with CC complex
completely eliminated the need of egg yolk from conventional semen cryopreservation proce-
dure. However, CC complex could not replace glycerol which remained an essential ingredient
of extender to protect sperm during the sub-zero phase of cryopreservation. Bull sperm cryo-
preserved with and without egg yolk demonstrated similar post-thaw motility and in vitro fer-
tilizing ability. As a proof of concept, sperm frozen in CC+TG extender (without egg yolk)
exhibited similar protein profile as the fresh sperm; whereas, proteins in egg yolk TEYG con-
trol extender bound tightly with bull sperm plasma membrane.
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22°C | 4°C | 22°C | 4°C | 22°C | 4°C | 22°C | 4°C
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of cholesterol-cyclodextrin complex, extender and temperature of glycerol addition on post-thaw

sperm average path velocity (VAP), curvilinear velocity (VCL) and straight-line velocity (VSL). Each bar

represents m

ean+SEM of five pooled ejaculates (replicates) from four bulls. Within a velocity characteristic, bars with

different letters (a-c) differ from each other (p < 0.05). Abbreviations: CC, cholesterol-cyclodextrin complex; EY, egg
yolk; TG, tris-glycerol extender; TEYG, tris-egg yolk-glycerol extender.

https://doi.org/10.1371/journal.pone.0223977.g004
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Fig 5. Effect of different concentrations of cholesterol-cyclodextrin complex and glycerol on post-thaw sperm
total motility and progressive motility. Each bar represents mean+SEM of five pooled ejaculates (replicates) from
four bulls. Bars with different letters (a-e) within a sperm motility characteristic differ from each other. Number (2, 3
or 4) following letters CC represents concentration of cholesterol-cyclodextrin complex (mg/ml). Number (7, 5, 3, 1 or
0) following letter G represents glycerol concentration in TG extender.

https://doi.org/10.1371/journal.pone.0223977.9005

This study demonstrated that post-thaw total and progressive motilities were similar in CC
+TG (egg yolk-free) extender and in conventional TEYG control extender. Regardless of the
presence or absence of egg yolk, treatment of sperm with CC complex improved their post-
thaw motility as compared without CC (control). It is anticipated that lower post-thaw veloci-
ties of sperm in TEYG control extender than in CC+TG extender may be due to the high den-
sity of egg yolk content. These observations indicated that bull sperm can be successfully
frozen without egg yolk if they are treated with CC complex before dilution in egg yolk-free
glycerolated extender. It will eliminate the biosecurity risk associated with animal proteins in
extender. Cholesterol stabilizes the sperm plasma membrane [36]. During initial cooling phase
from room temperature to 0°C (supra-zero phase), plasma membranes undergo thermotropic
phase transition which ultimately destabilizes the plasm membrane organization. Cholesterol
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Fig 6. Effect of different concentrations of cholesterol-cyclodextrin complex and glycerol on post-thaw sperm
average path velocity (VAP), curvilinear velocity (VCL) and straight-line velocity (VSL). Each bar represents mean
+SEM of five pooled ejaculates (replicates) from four bulls. Bars with different letters (a-d) within a sperm motility
characteristic differ from each other. Number (2, 3 or 4) following letters CC represents concentration of cholesterol-
cyclodextrin complex (mg/ml). Numbers (7, 5, 3, 1 or 0) following letter G represent glycerol concentration in CC+TG
extender.

https://doi.org/10.1371/journal.pone.0223977.g006
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Table 1. Post-thaw plasma membrane and acrosome integrities of bull sperm in TEYG control and CC+TG extenders containing lower than conventional glycerol

concentration.
IPM-IAR IPM-CAR CPM-IAR CPM-CAR

TEYG control 40+3.7° 2+0.3* 20+1.0° 38+3.2f
CC2+TG7% 33+3.2° 1+0.3° 9+1.0° 57+3.7°
CC2+TG5% 33+3.4° 1+0.2° 10+1.3° 56+3.6°
CC2+TG3% 20+3.3° 1+0.2° 10+1.2° 69+3.3¢
CC2+TG1% 12+1.8¢ 3+1.5° 12+1.7° 73+2.6%
CC2+TG0% 4+0.4° 1+0.1° 10+1.3° 85+1.4°
CC3+TG0% 420.6° 1+0.2° 12+1.5° 83+2.1°°
CC4+TG0% 410.6° 3+1.8° 12+1.9° 77+4.2>

TEYG control group represents bull sperm frozen in conventional TEYG extender containing egg yolk (20%, v/v) and glycerol (7%, v/v). In treatment groups, bull

sperm were pre-exposed to cholesterol-cyclodextrin complex (CC; 2, 3 or 4 mg/ml) at 22°C for 15 min and then diluted in TG extenders containing different glycerol

concentrations (G; 7, 5, 3, 1 or 0%, v/v) at 22°C. Data are presented as mean+SEM of five pooled ejaculates (replicates) from four bulls. Means with different

superscriptsa'f, within a column, differ from each other (P < 0.05).
Abbreviations: TEYG: tris-citric acid-egg yolk glycerol extender; CC: cholesterol-cyclodextrin complex; G: glycerol; IPM-IAR: intact plasma membrane and intact

acrosomes; [IPM-CAR: intact plasma membrane and compromised acrosomes; CPM-IAR: compromised plasma membrane and intact acrosomes; CPM-CAR:

compromised plasma membrane and compromised acrosomes.

https://doi.org/10.1371/journal.pone.0223977 1001

protects sperm during the supra-zero phase and modulates thermotropic membrane phase
behavior [37]. High cholesterol:phospholipid ratio reduces membrane disorganization caused
by phase transition [38]. Egg yolk, a common ingredient in extender, contributes its lipid pro-
teins, cholesterol and antioxidant moieties to the sperm membrane [7]. Low density

kDa

i
!

Fig 7. Representative SDS gel electrophoresis of proteins extracted from fresh and frozen-thawed bull sperm,
cholesterol-cyclodextrin tris-glycerol (CC2+TG7%) extender and tris-egg yolk-glycerol (TEYG control) extender.
Lane distribution: 1, Markers; 2, Fresh sperm; 3, Frozen sperm-CC2+TG7%; 4, Frozen sperm-TEYG-PW; 5, Frozen
sperm-TEYG-CW; 6, CC2+TG7% extender per se; and 7, TEYG control extender per se. Lanes 2-5 and 7 contained
15 ug protein extract, lane 6 contained plain CC+TG extender (equivalent to the volume of TEYG extender used in

lane 7).

https://doi.org/10.1371/journal.pone.0223977.g007
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Table 2. Protein profile (molecular weight [kDa] and relative band intensity %) of fresh and frozen-thawed bull sperm, and tris-egg yolk-glycerol extender.

Fresh Frozen sperm-CC2+TG7% Frozen sperm-TEYG-PW Frozen sperm-TEYG-CW TEYG extender
sperm
MW (KDa) Band % MW (KDa) Band % MW (KDa) Band % MW (KDa) Band % MW (KDa) Band %
>250 12.1 >250 10.6 >250 27.9 >250 9.8 >250 6.2

240 4.0 236 2.9 168 0.1 217 3.7 199 83
180 2.7 180 3.2 148 0.4 138 1.1 133 1.0
113 1.2 111 0.5 120 6.6 114 6.9 98 24.7
101 0.1 98 0.1 107 2.6 103 2.1 70 4.7
92 0.2 91 0.2 99 0.3 90 0.1 58 33
83 0.7 84 0.3 89 0.3 71 3.8 51 4.8
73 0.5 73 0.6 83 0.5 61 9.7 41 16.1
69 0.1 64 1.2 71 47 54 5.1 36 8.2
64 0.6 60 0.5 65 3.9 47 0.2 31 0.6
60 1.4 50 3.7 55 2.2 40 14.0 24 6.9
50 4.6 47 1.3 50 6.3 37 8.6 20 1.1
47 1.1 44 0.6 47 1.9 33 1.0 14 59
44 0.1 42 1.0 44 0.6 28 0.3 <10 8.1
42 0.9 39 6.4 41 4.9 24 3.7

39 1.8 34 1.4 38 3.0 19 1.9

33 2.0 30 0.1 34 1.0 17 1.1

28 0.4 29 0.1 29 0.4 14 11.9

27 0.3 28 0.2 24 3.5 12 6.5

22 6.7 23 7.6 20 2.0 <10 8.5

18 4.2 18 5.9 14 8.7

14 41.8 14 37.3 <10 18.0

<10 123 <10 14.4

Proteins were extracted from fresh sperm and sperm frozen in either CC2+TG7% or TEYG control extenders. After thawing, sperm frozen in egg yolk were either
washed through Percoll gradient (Frozen sperm-TEYG-PW) or centrifuged twice (Frozen-TEYG-CW). Molecular weights and relative band densities were determined
using Bio-Rad’s Gel Doc™ EZ System. Values in bold represent common proteins between fresh and Frozen sperm-CC+TG sperm. Values in bold and underlined
represent common proteins between Frozen sperm-TEYG-PW, Frozen sperm-TEYG-CW and TEYG control extender per se. Protein bands between treatments with

molecular weight difference + 3 kDa were considered similar.

https://doi.org/10.1371/journal.pone.0223977.t1002

lipoprotein fraction present in egg yolk protects bull sperm during initial cooling phase [2,3].
Egg yolk particulates in extender overestimate sperm concentration in computer-assisted
sperm analysis and interfere with motility evaluation [13,39]. Under CASA examination, the
background of semen diluted was more clear in CC+TG than egg yolk diluted semen which
made semen evaluation easy.

Table 3. In vitro cleavage and blastocyst rates of bull semen frozen with TEYG control and CC2+TG7% extenders
(Mean+SEM; N = three replicates).

Semen No. of oocytes Cleavage rate Blastocyst rate
TEYG control 210 54+8.1 28+5.5
CC2+TG7% 202 54+6.3 28+5.5
P-value > 0.05 > 0.05

Abbreviations: TEYG: tris-egg yolk-glycerol extender; CC: cholesterol-cyclodextrin complex; TG: tris-glycerol.

https://doi.org/10.1371/journal.pone.0223977.1003
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Total and progressive sperm motilities were the lowest when semen was frozen without CC
complex treatment and egg yolk in extender. This indicated that glycerol alone in extender
could not protect sperm during initial cooling (supra-zero) phase. Glycerol is known cryopro-
tectant which protects sperm below sub-zero temperature. Bull sperm need CC complex treat-
ment and/or egg yolk-based extender to survive the initial cooling phase from room to 0°C. In
this study, a true protective effect of CC complex during initial cooling phase was determined
by adding the glycerolated (TG) extender at 22 or 4°C. Previously, it was reported that the
addition of glycerolated extender at 5°C provided better protection to bovine sperm during
freezing compared to glycerol addition at >5°C [40]. In this study, the lack of difference in
total and progressive motilities due to temperature of glycerol addition (22 vs. 4°C) confirmed
a true protective effect of CC complex alone during the initial cooling phase. In subsequent
experiments, the tris-glycerol (TG) extender was added in semen at 22°C, for the sake of
convenience.

The present study suggested that post-thaw total and progressive motilities and velocities
were dependent upon glycerol concentration in TG extender. Sperm motion characteristics
declined with decrease in glycerol concentration in TG extender. Even higher concentration of
CC complex (3 and 4 mg/ml) without glycerol could yield only <10% post-thaw sperm motil-
ity and IPM-IAR. In contrast, using HPBCD-C complex, the glycerol concentration was
reduced from routine 3% to 1% for cryopreservation of equine sperm [27]. This difference
could be attributed to difference in sperm plasma membrane composition of two species, and
chemical nature of cyclodextrins used in two studies. There was a only 7% decline in sperm
with IPM-IAR in CC2+TG7% and CC2+TG5% extenders as compared with TEYG control
extender. Bull plasma membrane and acrosomes seem sensitive to glycerol concentration in
TG extender. Glycerol activated various caspases which led human sperm to undergo pro-
grammed cell death [41]. This study recommended that treatment of sperm with 2 mg/ml CC
complex and 5% to 7% glycerol in TG extender is suitable combination for freezing of bull
semen without egg yolk.

Post-thaw protein profile of sperm frozen in CC+TG extender was similar to protein profile
of fresh sperm. It is suggested that CC+TG extender is suitable extender to study changes in
sperm proteins due to cryopreservation per se without any modifications by exogenous pro-
teins (e.g. egg yolk). This approach will provide an opportunity to identify and isolate freeze-
tolerant membrane proteins in mammalian sperm and to improve the freezing ability of
semen from poor freezer species. This study showed that egg yolk proteins bound tightly with
sperm membrane and the majority of proteins could not be removed completely even after
Percoll washing and double centrifugation. It makes difficult to study changes in plasma mem-
brane proteins of sperm diluted in egg yolk extender.

In vitro fertilization of bovine oocytes with semen frozen in TEYG control or CC+TG
extenders yielded similar cleavage and blastocyst rates. It indicated semen frozen without egg
yolk has the capability to fertilize cows’ oocytes in vitro. In vivo fertility trials of semen frozen
without egg yolk are in progress and will be reported shortly.

In conclusion, bull semen can be frozen successfully without egg yolk by treating sperm
with CC complex alone. It appears that CC complex protected bull sperm during the initial
(supra-zero) cooling phase. Glycerol, regardless of its addition at room or refrigerated temper-
ature, is still required to protect bull sperm during the deep (sub-zero) freezing phase. Electro-
phoresis data revealed that protein profiles of plasma membrane of fresh sperm and frozen
sperm TG (without egg yolk) are similar. In contrast, egg yolk proteins bind and modify
sperm plasma membrane. Both, semen frozen with and without egg yolk has similar fertiliza-
tion potential in vitro.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223977  October 15, 2019 15/18


https://doi.org/10.1371/journal.pone.0223977

@ PLOS|ONE

Bull semen cryopreservation

Acknowledgments

Authors appreciate Lianne McLeod from Western College of Veterinary Medicine, University
of Saskatchewan for the English editing.

Author Contributions

Conceptualization: Muhammad Anzar.

Data curation: Kosala Rajapaksha, Lyle Boswall.

Formal analysis: Lyle Boswall.

Funding acquisition: Muhammad Anzar.

Investigation: Kosala Rajapaksha, Lyle Boswall.

Methodology: Muhammad Anzar, Kosala Rajapaksha, Lyle Boswall.
Project administration: Muhammad Anzar.

Supervision: Muhammad Anzar.

Writing - original draft: Muhammad Anzar.

Writing - review & editing: Muhammad Anzar.

References
1. Phillips PH. The preservation of bulls semen. J Biol Chem. 1939; 130: 415.

2. Pace MM, Graham EF. Components in egg yolk which protect bovine spermatozoa during freezing. J
Anim Sci. 1974; 39: 1144—1149. https://doi.org/10.2527/jas1974.3961144x PMID: 4475048

3. Moussa M, Marinet V, Trimeche A, Tainturier D, Anton M. Low density lipoproteins extracted from hen
egg yolk by an easy method: cryoprotective effect on frozen-thawed bull semen. Theriogenology. 2002;
57:1695-1706. https://doi.org/10.1016/s0093-691x(02)00682-9 PMID: 12035979

4. Manjunath P, Chandonnet L, Leblond E, Desnoyers L. Major proteins of bovine seminal vesicles bind to
spermatozoa. Biol Reprod. 1994; 50: 27-37. https://doi.org/10.1095/biolreprod50.1.27 PMID: 8312447

5. Thérien |, Moreau R, Manjunath P. Bovine seminal plasma phospholipid-binding proteins stimulate
phospholipid efflux from epididymal sperm. Biol Reprod. 1999; 61: 590-598. https://doi.org/10.1095/
biolreprod61.3.590 PMID: 10456833

6. Bergeron A, Crete MH, Brindle Y, Manjunath P. Low-density lipoprotein fraction from hen’s egg yolk
decreases the binding of the major proteins of bovine seminal plasma to sperm and prevents lipid efflux
from the sperm membrane. Biol Reprod. 2004; 70: 708—717. https://doi.org/10.1095/biolreprod.103.
022996 PMID: 14613896

7. Bergeron A, Manjunath P. New insights towards understanding the mechanisms of sperm protection by
egg yolk and milk. Mol Reprod Dev. 2006; 73: 1338—1344. https://doi.org/10.1002/mrd.20565 PMID:
16868925

8. deRuigh L, Bosch JC, Brus MC, Landman B, Merton JS. Ways to improve the biosecurity of bovine
semen. Reprod Dom Anim. 2006; 41: 268—-274.

9. van Wagtendonk-de Leeuw AM, Haring RM, Kaal-Lansbergen LM, den Daas JH. Fertility results using
bovine semen cryopreserved with extenders based on egg yolk and soy bean extract. Theriogenology.
2000; 54: 57-67. https://doi.org/10.1016/S0093-691X(00)00324-1 PMID: 10990347

10. Thibier M, Guerin B. Hygienic aspects of storage and use of semen for artificial insemination. Anim
Reprod Sci. 2000; 62: 233—-251. PMID: 10924827

11. CFIA (2002) Rules and regulations for imort and export of bilogical materials. In: Agency CFl, editor.
12. OIE (2016) Terrestrial Animal Health Code. World Organization of Animal Health.

13. Layek SS, Mohanty TK, Kumaresan A, Parks JE. Cryopreservation of bull semen: Evolution from egg
yolk based to soybean based extenders. Anim Reprod Sci. 2016; 172: 1-9. https://doi.org/10.1016/j.
anireprosci.2016.04.013 PMID: 27509873

14. Kumar P, Saini M, Kumar D, Balhara AK, Yadav SP, Singh P, et al. Liposome-based semen extender is
suitable alternative to egg yolk-based extender for cryopreservation of buffalo (Bubalus bubalis) semen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223977  October 15, 2019 16/18


https://doi.org/10.2527/jas1974.3961144x
http://www.ncbi.nlm.nih.gov/pubmed/4475048
https://doi.org/10.1016/s0093-691x(02)00682-9
http://www.ncbi.nlm.nih.gov/pubmed/12035979
https://doi.org/10.1095/biolreprod50.1.27
http://www.ncbi.nlm.nih.gov/pubmed/8312447
https://doi.org/10.1095/biolreprod61.3.590
https://doi.org/10.1095/biolreprod61.3.590
http://www.ncbi.nlm.nih.gov/pubmed/10456833
https://doi.org/10.1095/biolreprod.103.022996
https://doi.org/10.1095/biolreprod.103.022996
http://www.ncbi.nlm.nih.gov/pubmed/14613896
https://doi.org/10.1002/mrd.20565
http://www.ncbi.nlm.nih.gov/pubmed/16868925
https://doi.org/10.1016/S0093-691X(00)00324-1
http://www.ncbi.nlm.nih.gov/pubmed/10990347
http://www.ncbi.nlm.nih.gov/pubmed/10924827
https://doi.org/10.1016/j.anireprosci.2016.04.013
https://doi.org/10.1016/j.anireprosci.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27509873
https://doi.org/10.1371/journal.pone.0223977

@ PLOS|ONE

Bull semen cryopreservation

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Anim Reprod Sci. 2015; 159: 38—45. https://doi.org/10.1016/j.anireprosci.2015.05.010 PMID:
26065809

Ropke T, Oldenhof H, Leiding C, Sieme H, Bollwein H, Wolkers WF. Liposomes for cryopreservation of
bovine sperm. Theriogenology. 2011; 76: 1465-1472. https://doi.org/10.1016/j.theriogenology.2011.
06.015 PMID: 21820724

Quinn PJ. Principles of membrane stability and phase behavior under extreme conditions. J Bioenerg
Biomembr. 1989; 21: 3—19. https://doi.org/10.1007/bf00762209 PMID: 2651426

Darin-Bennett A, White IG. Influence of the cholesterol content of mammalian spermatozoa on suscep-
tibility to cold-shock. Cryobiology. 1977; 14: 466—470. https://doi.org/10.1016/0011-2240(77)90008-6
PMID: 560945

Davis BK. Timing of fertilization in mammals: sperm cholesterol/phospholipid ratio as a determinant of
the capacitation interval. Proc Nat Acad Sci. 1981; 78: 7560—-7564. https://doi.org/10.1073/pnas.78.12.
7560 PMID: 6950397

Moce E, Vicente JS. Rabbit sperm cryopreservation: a review. Anim Reprod Sci. 2009; 110: 1-24.
https://doi.org/10.1016/j.anireprosci.2008.08.015 PMID: 18805659

Parks JE, Graham JK. Effects of cryopreservation procedures on sperm membranes. Theriogenology.
1992; 38: 209-222. https://doi.org/10.1016/0093-691x(92)90231-f PMID: 16727131

Bailey JL, Bilodeau JF, Cormier N. Semen cryopreservation in domestic animals: A damaging and
capacitating phenomenon. J Androl. 2000; 21: 1—7. PMID: 10670514

Choi YH, Toyoda Y. Cyclodextrin removes cholesterol from mouse sperm and induces capacitation in a
protein-free medium. Biol Reprod. 1998; 59: 1328—13383. https://doi.org/10.1095/biolreprod59.6.1328
PMID: 9828175

Yu'Y, Chipot C, Cai W, Shao X. Molecular dynamics study of the inclusion of cholesterol into cyclodex-
trins. J Phys Chem B. 2006; 110: 6372—6378. https://doi.org/10.1021/jp056751a PMID: 16553456

Purdy PH, Graham JK. Effect of cholesterol-loaded cyclodextrin on the cryosurvival of bull sperm. Cryo-
biology. 2004; 48: 36—45. https://doi.org/10.1016/j.cryobiol.2003.12.001 PMID: 14969680

Moore Al, Squires EL, Graham JK. Adding cholesterol to the stallion sperm plasma membrane
improves cryosurvival. Cryobiology. 2005; 51: 241-249. https://doi.org/10.1016/j.cryobiol.2005.07.004
PMID: 16122725

Galantino-Homer HL, Zeng WX, Megee SO, Dallmeyer M, Voelkl D, Dobrinski |. Effects of 2-hydroxy-
propyl-beta-cyclodextrin and cholesterol on porcine sperm viability and capacitation status following
cold shock or incubation. Mol Reprod Dev. 2006; 73: 638—650. https://doi.org/10.1002/mrd.20437
PMID: 16450405

Blommaert D, Franck T, Donnay |, Lejeune JP, Detilleux J, Serteyn D. Substitution of egg yolk by a
cyclodextrin-cholesterol complex allows a reduction of the glycerol concentration into the freezing
medium of equine sperm. Cryobiology. 2016; 72: 27-32. https://doi.org/10.1016/j.cryobiol.2015.11.008
PMID: 26687387

Lovelock JE. HET mechanism of the protective action of glycerol against haemolysis by freezing and
thawing. Biochim Biophys Acta. 1953; 11: 28-36. https://doi.org/10.1016/0006-3002(53)90005-5
PMID: 13066452

Lohmann W, Fowler CF, Moss AJ Jr., Perkins WH. Some remarks about the effect of glycerol on cells
during freezing and thawing: electron-spin resonance investigations concerning this effect. Experientia.
1964; 20: 290. https://doi.org/10.1007/bf02151816 PMID: 4285443

Bredderman PJ, Foote RH. Volume of stressed bull spermatozoa and protoplasmic droplets, and the
relationship of cell size to motilityd fertility. J Anim Sci. 1969; 28: 496-501. https://doi.org/10.2527/
jas1969.284496x PMID: 5779237

Gao DY, Lin S, Watson PF, Critser JK. Fracture phenomena in an isotonic salt solution during freezing
and their elimination using glycerol. Cryobiology. 1995; 32: 270-284. https://doi.org/10.1006/cryo.1995.
1026 PMID: 7781329

Graham EF, Vogt DW, Fisher GR. Effect of method of glycerol addition on the fertility of frozen bovine
spermatozoa. J Dairy Sci. 1958; 41: 1553—-1556.

Anzar M, Kroetsch T, Boswall L. Cryopreservation of bull semen shipped overnight and its effect on
post-thaw sperm motility, plasma membrane integrity, mitochondrial membrane potential and normal
acrosomes. Anim Reprod Sci. 2011; 126: 23-31. https://doi.org/10.1016/j.anireprosci.2011.04.018
PMID: 21621352

Prentice-Biensch JR, Singh J, Mapletoft RJ, Anzar M. Vitrification of immature bovine cumulus-oocyte
complexes: effects of cryoprotectants, the vitrification procedure and warming time on cleavage and
embryo development. Reprod Biol Endocrinol. 2012; 10: 73. https://doi.org/10.1186/1477-7827-10-73
PMID: 22954348

PLOS ONE | https://doi.org/10.1371/journal.pone.0223977  October 15, 2019 17/18


https://doi.org/10.1016/j.anireprosci.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26065809
https://doi.org/10.1016/j.theriogenology.2011.06.015
https://doi.org/10.1016/j.theriogenology.2011.06.015
http://www.ncbi.nlm.nih.gov/pubmed/21820724
https://doi.org/10.1007/bf00762209
http://www.ncbi.nlm.nih.gov/pubmed/2651426
https://doi.org/10.1016/0011-2240(77)90008-6
http://www.ncbi.nlm.nih.gov/pubmed/560945
https://doi.org/10.1073/pnas.78.12.7560
https://doi.org/10.1073/pnas.78.12.7560
http://www.ncbi.nlm.nih.gov/pubmed/6950397
https://doi.org/10.1016/j.anireprosci.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/18805659
https://doi.org/10.1016/0093-691x(92)90231-f
http://www.ncbi.nlm.nih.gov/pubmed/16727131
http://www.ncbi.nlm.nih.gov/pubmed/10670514
https://doi.org/10.1095/biolreprod59.6.1328
http://www.ncbi.nlm.nih.gov/pubmed/9828175
https://doi.org/10.1021/jp056751a
http://www.ncbi.nlm.nih.gov/pubmed/16553456
https://doi.org/10.1016/j.cryobiol.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/14969680
https://doi.org/10.1016/j.cryobiol.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16122725
https://doi.org/10.1002/mrd.20437
http://www.ncbi.nlm.nih.gov/pubmed/16450405
https://doi.org/10.1016/j.cryobiol.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26687387
https://doi.org/10.1016/0006-3002(53)90005-5
http://www.ncbi.nlm.nih.gov/pubmed/13066452
https://doi.org/10.1007/bf02151816
http://www.ncbi.nlm.nih.gov/pubmed/4285443
https://doi.org/10.2527/jas1969.284496x
https://doi.org/10.2527/jas1969.284496x
http://www.ncbi.nlm.nih.gov/pubmed/5779237
https://doi.org/10.1006/cryo.1995.1026
https://doi.org/10.1006/cryo.1995.1026
http://www.ncbi.nlm.nih.gov/pubmed/7781329
https://doi.org/10.1016/j.anireprosci.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21621352
https://doi.org/10.1186/1477-7827-10-73
http://www.ncbi.nlm.nih.gov/pubmed/22954348
https://doi.org/10.1371/journal.pone.0223977

@ PLOS|ONE

Bull semen cryopreservation

35.

36.

37.

38.

39.

40.
41.

Rosenkrans CF Jr., Zeng GQ, GT MC, Schoff PK, First NL. Development of bovine embryos in vitro as
affected by energy substrates. Biol Reprod. 1993; 49: 459—462. https://doi.org/10.1095/biolreprod49.3.
459 PMID: 8399836

Nolan JP, Hammerstedt RH. Regulation of membrane stability and the acrosome reaction in mamma-
lian sperm. FASEB J. 1997; 11: 670-682. https://doi.org/10.1096/fasebj.11.8.9240968 PMID: 9240968

Sieme H, Oldenhof H, Wolkers WF. Sperm membrane behaviour during cooling and cryopreservation.
Reprod Dom Anim. 2015; 50 Suppl 3: 20—-26.

Boughter CT, Monje-Galvan V, Im W, Klauda JB. Influence of cholesterol on phospholipid bilayer struc-
ture and dynamics. J Phys Chem B. 2016; 120: 11761-11772. hitps://doi.org/10.1021/acs.jpcb.
6b08574 PMID: 27771953

Anzar M, Hassan MM, Graham EF, Deyo RC, Singh G. Efficacy of the Hamilton Thorn Motility Analyzer
(HTM-2030) for the evaluation of bovine semen. Theriogenology. 1991; 36: 307—317. https://doi.org/10.
1016/0093-691x(91)90388-t PMID: 16727002

Polge C. Fertilizing capacity of bull spermatozoa after freezing at 79° C. Nature. 1952; 169: 626—627.

Waundrich K, Paasch U, Leicht M, Glander HJ. Activation of caspases in human spermatozoa during
cryopreservation—an immunoblot study. Cell and tissue banking. 2006; 7: 81-90. https://doi.org/10.
1007/s10561-005-0276-7 PMID: 16732410

PLOS ONE | https://doi.org/10.1371/journal.pone.0223977  October 15, 2019 18/18


https://doi.org/10.1095/biolreprod49.3.459
https://doi.org/10.1095/biolreprod49.3.459
http://www.ncbi.nlm.nih.gov/pubmed/8399836
https://doi.org/10.1096/fasebj.11.8.9240968
http://www.ncbi.nlm.nih.gov/pubmed/9240968
https://doi.org/10.1021/acs.jpcb.6b08574
https://doi.org/10.1021/acs.jpcb.6b08574
http://www.ncbi.nlm.nih.gov/pubmed/27771953
https://doi.org/10.1016/0093-691x(91)90388-t
https://doi.org/10.1016/0093-691x(91)90388-t
http://www.ncbi.nlm.nih.gov/pubmed/16727002
https://doi.org/10.1007/s10561-005-0276-7
https://doi.org/10.1007/s10561-005-0276-7
http://www.ncbi.nlm.nih.gov/pubmed/16732410
https://doi.org/10.1371/journal.pone.0223977

