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ORIGINAL ARTICLE

The role of low-density lipoprotein (LDL) and high-density
lipoprotein (HDL) in comparison with whole egg yolk for
sperm cryopreservation in rhesus monkeys

Qiao-Xiang Dong"?, Sarah E Rodenburg?® Dana Hill* and Catherine A VandeVoort>’

Low-density lipoprotein (LDL) extracted from hen egg yolk has recently been considered to be superior to whole egg yolk in sperm
cryopreservation of various animal species. Meanwhile, there was a notion that high-density lipoprotein (HDL) in egg yolk may have a negative
effect on post-thaw survival. The role of LDL and HDL in sperm cryopreservation of rhesus monkeys has not been explored. The present study
evaluates their effect in comparison with egg yolk with or without the addition of permeable cryoprotectant (glycerol) on sperm
cryopreservation of rhesus macaques. In addition, various additives intended to change the lipid composition of LDL-sperm membrane
complex have also been tested for their effectiveness in preserving post-thaw viability. Our findings indicated that LDL is the main component
in egg yolk that is responsible for its protective role for sperm cryopreservation in rhesus monkeys. Regardless of the presence or absence of
glycerol, the protective role of LDL is similar to that of egg yolk and we did not observe any superiority in post-thaw survival with LDL when
compared to egg yolk. Modifying the lipid composition of LDL-sperm membrane complex with the addition of cholesterol, cholesterol loaded
cyclodextrin and phosphatidylcholine also did not yield any improvements in post-thaw survival; while addition of methyl-g-cyclodextrin
reduced post-thaw motility. HDL plays a neutral role in sperm cryopreservation of rhesus monkeys. The present study suggests that egg yolk
may still hold advantages when compared with LDL as effective components in extenders for sperm cryopreservation in rhesus monkeys.
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INTRODUCTION

Egg yolk constitutes one of the most important ingredients in routine
freezing extenders for sperm cryopreservation of various animal spe-
cies. However, the potential confounding of experiments from the
variability in yolk composition from different egg sources has driven
the need to find defined replacements. Though the underlying mech-
anism of how egg yolk helps sperm survive the cryopreservation pro-
cess is unknown, it is generally believed that the low-density
lipoprotein (LDL) is the main component that offers protection.'™
Recent advances in methods for simple extraction of LDL by Moussa et
al.”> promoted a series of studies to test the effectiveness of using LDL
to replace whole egg yolk for sperm cryopreservation (Table 1). A
general trend of superiority in using 6%-9% LDL instead of 20%
egg yolk was demonstrated in dog, bull, boar and sheep, but not in
the Iberian red deer (Table 1).

Hen egg yolk accounts for 36% of the weight of the whole fresh egg.®
On the basis of its dry matter, yolk is constituted of 68% LDL, 16%
high-density lipoprotein (HDL), 10% globular proteins (livetines),
4% phosphoproteins (phosvitin) and 2% minor proteins.” Since
LDL is thought to be the main component responsible for the pro-
tective role of egg yolk in sperm cryopreservation, many groups have
advocated its replacement for whole egg yolk, because of concerns
associated with egg yolk. For example, yolk granules (which include

HDL) were suspected to have negative effects on sperm viability."®
The presence of progesterone in egg yolk has also been considered to
counteract cryopreservation success due to its inducible role in sperm
capacitation.’ In addition, some egg yolk components are known to
interfere with laboratory biochemical assays and metabolic para-
meters.'” In fact, the majority of recent studies indicate that the
improvement in post-thaw viability with LDL is due to the removal
of these negative effects in the whole egg yolk (Table 1).

The role of LDL and HDL in sperm cryopreservation of non-human
primates has not been explored. To evaluate whether LDL will exhibit
similar advantages while HDL will exhibit detrimental effects in post-
thaw survival for monkey sperm, we studied the effect of LDL and
HDL with or without addition of permeable cryoprotectant (glycerol)
in comparison with egg yolk on sperm cryopreservation of rhesus
macaques. In addition, various additives intended to change the lipid
composition of LDL-sperm membrane complex have also been tested
for their effectiveness in preserving post-thaw viability.

MATERIALS AND METHODS

Semen collection and processing

Rhesus monkeys (Macaca mulatta) were housed at the California
National Primate Research Center. All procedures for maintenance
and handling of the animals were reviewed and approved in advance
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Table 1 Post-thaw viability (%) of sperm samples frozen with 20% EY versus LDL in various animals

. . Iberian
Species Dog Dog Dog Bull Bull Bull Bull Boar Boar Asgu pig red deer Sheep
% LDL range 6-10 4-10 6 7-10 8 8 2.5-20 9 6-10 2-10 8 5-15
Optimal % LDL 8 6 6 8 8 8 8 9 9 4-6 8 9
Mot-CASA (subjective) 55/70 28/55 49/58 41/56 46/53 30/54 27157 31/55 33/49 EY<LDL 60/45 30/46
MI-HOS (Pl stain) 20/42 46/56 65/66 42/52 47/53 46/47 — 31/51 44/53 EY<LDL 52/40 30/35
Al-PSA (PNA) [Gm] — 57/81 53/55 43/70 — 92/92 — 37/71 42/50 — 78/73 55/65
Mito-Rh123 (JC) [IMTR] — — — 42/53 — — — — 68/79 EY<LDL 42/58 —
DNA-AO (comet) — 90/94 98/98 68/89 — — — 61/86 64/85 EY<LDL — —
IVF-cleavage (penetrate) — — — — — 55/63 — — — EY=LDL — —
IVF-blastula — — — — — 24/22 — — — — — —
Reference 39 9 37 40 41 42 5 43 44, 45 10 46 47

Abbreviations: EY, eggyolk; LDL, Low-density lipoprotein; Mot-CASA, motility (measured as computer assisted sperm analysis or subjectively); MI-HOS (Pl stain), membrane
integrity (hypoosmotic swelling or propidium iodide staining); AI-PSA (PNA) [Gm], acrosome integrity (measured as peptide nucleic acid-FITC or peanut agglutinin-FITC or
Giemsa staining); Mito-Rh123 (JC) [MTR], mitochondrial activity (Rhodamine 123 probe; miochondrial probe JC-1: 5,5',6,6'-tetrachloro-1,1",3,3’-
tetraethylbenzimidazolocarbocyanine iodide; MitoTracker Red CMXRos); DNA-AO (comet), DNA integrity (measured using acridine orange or comet assay); IVF, in vitro

fertilization (cleavage rate, penetrating rate or blastula rate); —, data not available.

by the Institutional Animal Use and Care Administrative Advisory
Committee at the University of California at Davis. Semen samples
were collected from eight adult males that were individually caged at
the California National Primate Research Center with lights on from
06:00 to 18:00 h at 25-27 °C. The males were trained to chair restraint
and semen was collected by direct penile stimulation with a Grass 6
stimulator equipped with EKG pad electrodes (30-50 V, 20-ms dura-
tion, 18 pulses s~')."" Samples were allowed to liquefy for 30 min
before processing. Sperm suspensions were washed twice with a modi-
fied Tyrode’s medium supplemented with 3 mg ml~" bovine serum
albumin (TL-BSA, 290 mOsmol kgfl) at 300 g for 10 min, and resus-
pended to 2X10° cells ml ™" of total motile sperm (sperm densityX
initial motility) with TEST solution (43.25 g TES, 10.265 g Tris, 10 g
glucose in one liter distilled water, pH 7.4, 350 mOsmol kg~ ') before
subject to various treatments. Sperm were frozen at a final concentra-
tion of 5X 107 cells ml ™. Unless specified otherwise, all chemicals used
for preparation of solutions were of reagent grade (Sigma Chemical
Corporation, St Louis, MO, USA). A total of 46 ejaculates were used in
this study. Among which data from 40 ejaculates that subjected to the
same control treatment (20% egg yolk alone without glycerol) were
analyzed to examine the male variation, and no male effect was found
among these males (P>0.05, Figure 1).

Freezing and thawing procedure

Aliquots (50 pl) of sperm suspensions were drawn into 0.25-ml French
straws (IMV International, Minneapolis, MN, USA) manually with a lcc
syringe and were heat sealed (MP-4 Impulse Sealer, Midwest Pacific; JJ
Elemer Corporation, St. Louis, MO, USA). Straws were placed into a 600-
ml glass beaker containing 500 ml of room temperature distilled water,
and equilibrated at 4 °C in a refrigerator for 2 h before initiation of the
freezing process. Freezing followed the methods described previously.'?
In brief, a styrofoam box was filled with a depth of 4 cm liquid nitrogen
and a 1-cm thick styrofoam ‘boat’” was floated on top of it for 10 min,
then straws were placed on top of the ‘boat’ for 10 min before being
plunged into liquid nitrogen. For post-thaw motility estimation, three
straws per treatment were thawed in a 37 °C water bath for 30 s. Samples
were evaluated after a minimum of 1-week storage in liquid nitrogen.

Motility estimation

A 10-pl drop of prefreeze or post-thaw semen, covered with a 22-mm?
coverglass, was visualized with X20 positive-phase objective and a
condenser setting of 100 (pseudodark field) on an Olympus BH-series
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phase-contrast microscope (Scientific Instrument Co., Sunnyvale, CA,
USA) with a heated stage at 37 °C. The average initial motility was
92% *6%. Post-thaw motility was estimated after incubation at 37 °C
in 5% CO, for 1 h. Forward progression was estimated with an
adjusted motility index (AMI) as described previously.'> In brief,
the percent forward progression was subjectively estimated with a five
point scale, and this was integrated with the percent motility into one
number with the formula as follows: AMI=(scale value/4)Xpercent
motility. Samples were presented in random order each time so that
the operator did not know their identity.

We did not include other evaluation criteria such as sperm morpho-
logy, membrane or acrosome integrity in this study because post-thaw
motility was the most sensitive indicator of sperm function in non-
human primates. Previous studies with cynomolgus macaques have
shown that motility was the most convincing parameter for sperm func-
tion analysis when compared with sperm acrosome integrity (evaluated
with FITC-coupled peanut agglutinin).'””> Our own observation with
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Figure 1 Post-thaw motility and AMI of 40 ejaculates derived from eight adult
males of rhesus monkey that subjected to the control treatment of 20% egg yolk
without glycerol. AMI, adjusted motility index.



rhesus macaque also showed normal sperm head morphology, intact
membrane and intact acrosome in many non-motile sperm after thawing.

Extraction of LDL and HDL

Detailed protocols for LDL and HDL extraction from egg yolk were
provided by Dr M. Anton’s laboratory at UR1268 Biopolymeres
Interactions Assemblages, Equipe Interfaces et Systémes Dispersés,
INRA, 44360 Nantes Cedex 3, France. In brief, yolk were separated
out from egg white and washed with isotonic saline solution. Then
yolk plasma (for LDL extraction) and granules (for HDL extraction)
were separated with centrifugation at 10 000g for 45 min at 10 °C. For
yolk plasma, ammonium sulfate (40% saturation) was added to pre-
cipitate livetins, which was discarded by centrifugation. The resulting
supernatant was dialyzed against distilled water for 20 h at 4 °C with
frequent water changes to remove ammonium sulfate. LDL aggregated
after dialysis and was harvested by centrifugation at 10 000g for 45 min
at 4 °C.° For HDL extraction, granules were rinsed with NaCl
0.17 m mol 17! to eliminate residue of plasma, and diluted with
NaCl solution 1.74 m mol 1~ ! to 10% (m/v). The solution was stirred
overnight, the pH was adjusted to 7.25, and the solution was dialyzed
for 24 h in distilled water with frequent water changes to remove NaCl
solution. The resulting pellets after centrifugation at 10 000g for
30 min at 4 °C are considered to be the HDL-rich fraction."* The
same batch of LDL and HDL were used throughout all experiments.

Evaluation of LDL concentration

Our previous studies have showed that rhesus monkey sperm can be
effectively cryopreserved in 20% egg yolk alone without glycerol.'” To
test whether LDL alone without permeable cryoprotectant yields sim-
ilar post-thaw survival as that of egg yolk, sperm samples were first
frozen with 20% egg yolk or 10%, 20% and 30% LDL from eight
ejaculates. Then in the second trial, five ejaculates were used to test
the LDL at a lower concentration range of 2%, 4%, 6%, 8% and 10%
including 20% egg yolk as a control.

Evaluation of 10% LDL with various additives

Lipid modification has been suggested to affect sperm tolerance to cryo-
damages. To evaluate whether changing the lipid composition of LDL
would affect post-thaw survival, various additives were added to 10%
LDL for freezing trials without permeable cryoprotectant. In the first trial,
1.6 mg ml~" cholesterol-loaded cyclodextrin (CLC), 1.6 mg ml~" cho-
lesterol, 3 mg ml~" L-o-phosphatidylcholine (hen egg; Avanti Polar
Lipids, Inc. Alabaster, AL, USA), and 20 m mol 1" methyl-B-cyclodextrin
(MBCD) in combination with 10% LDL were tested with eight ejaculates.
In the second trial, 5 and 10 mg ml™" of cholesterol and L-o-phospha-
tidylcholine in combination with 10% LDL were tested with six ejaculates.
Twenty percent of egg yolk and 10% LDL were also included as controls.

Evaluation of LDL in combination with glycerol

To test whether LDL in combination with glycerol would yield similar
post-thaw survival as that of egg yolk with glycerol, samples from six
ejaculates were frozen in 20% egg yolk or 8% and 10% LDL with or
without 3% glycerol (final concentration). In the second trial, samples
from seven ejaculates were frozen in 2%, 4%, 6%, 8% and 10% LDL
with 3% glycerol.

Evaluation of HDL with and without glycerol

To evaluate whether addition of HDL will have any adverse effect on
post-thaw survival, sperm samples from six ejaculates were frozen in
20% egg yolk, TEST, 1%, 2% and 4% HDL with or without 3% glycerol.
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Data analysis

Data were analyzed using one-way ANOVA (SAS 9.1, SAS Institute
Inc., Cary, NC, USA). When a significant difference (P<<0.05) was
observed among treatments, Tukey’s studentized range test was used
for post-test comparisons. Percent motility was arcsine-square root
transformed and means of three straws per treatment were used for
analysis. Values presented are means=*s.d.

RESULTS

Evaluation of LDL concentration

When samples were frozen without permeable cryoprotectant, LDL in
a concentration range of 10%—30% yielded similar post-thaw motility
(33%-40%) and AMI (17-24) as that of samples frozen in 20% egg
yolk alone (39% 7% for motility and 24+ 9 for AMI). However, LDL
at concentrations lower than 8% reduced post-thaw motility and AMI
when compared with controls at 20% egg yolk (P<<0.05; Figure 2).

Evaluation of 10% LDL with various additives

The addition of cyclodextrin-loaded cholesterol, cholesterol and L-o.-
phosphatidylcholine did not yield any beneficial effects on post-thaw
motility when compared with controls of 10% LDL or 20% egg yolk
(Figure 3). On the contrary, the addition of 20 mmol 1~ methyl-p-
cyclodextrin reduced post-thaw motility and AMI (P<<0.001;
Figure 3). Further testing with higher concentrations up to
10 mg ml ™" of cholesterol and L-c-phosphatidylcholine did not yield
any improvements in post-thaw survival (P>0.05), neither did they
cause any detrimental effects (data not shown).

Evaluation of LDL in combination with glycerol

Post-thaw motility of samples frozen in the presence of glycerol sus-
pended in 8% LDL (61%*6%) or 10% LDL (62% *6%) was similar to
that of 20% egg yolk (60%=*7%). These three treatment groups also
yielded a similar AMI of 44% (Figure 4). Again, there were no differ-
ences in post-thaw motility and AMI of samples frozen in 8% LDL,
10% LDL and 20% egg yolk without addition of glycerol (P>0.05),
though treatments without glycerol had lower post-thaw survival than

800 A = Motiity I AMI AB
50 B B AB
a B

= b
= 40 1 E
f b ab
(o]
Z 30 b
=
p=
o\o 20 -

104

20%EY 2% 4% 6% 8%  10%

Low density lipoprotein (LDL)

Figure 2 Post-thaw motility and AMI of rhesus monkey sperm samples frozen in
20% EY or 2%, 4%, 6%, 8% and 10% LDL without cryoprotectant. Bars with the
different letter in upper case (for molity) or lower case (for AMI) indicate signifi-
cant difference. P<0.05. AMI, adjusted motility index; EY, egg yolk; LDL, low-
density lipoprotein.
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Figure 3 Post-thaw motility and AMI of rhesus monkey sperm samples frozen in
20% EY, 10% LDL, or 10% LDL with the addition of 1.6 mg mI™* cyclodextrin
loaded cholesterol (LDL/CLC), 1.6 mg ml~* cholesterol (LDL/Chol), 3mg ml~* L-
a-phosphatidylcholine (LDL/PC) and 20 m mol I~! methyl-B-cyclodextrin (LDL/
MBCD) without cryoprotectant. Bars with the different letter in upper case (for
molity) or lower case (for AMI) indicate significant difference. P<0.05. AMI,
adjusted motility index; EY, egg yolk; LDL, low-density lipoprotein.

those with glycerol (P<<0.05; Figure 4). With the addition of glycerol,
LDL atlower concentrations (2%—6%) yielded similar post-thaw mot-
ility (46%-54%) and AMI (28-34) as that of 8% LDL (53%*6% for
motility and 338 for AMI) or 10% LDL (53%%*9% for motility and
3610 for AMI).

Evaluation of HDL with and without glycerol
When compared to TEST controls, the addition of 1%-4% HDL did
not cause any detrimental effects on post-thaw motility or AMI in the

presence or absence of glycerol (Figure 5). However, samples frozen in
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Figure 4 Post-thaw motility and AMI of rhesus monkey sperm samples frozen in
20% EY or 8 and 10% LDL with or without 3% Gly. Bars with the different letter
in upper case (for molity) or lower case (for AMI) indicate significant difference.
P<0.05. AMI, adjusted motility index; EY, egg yolk; LDL, low-density lipoprotein.
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TEST or HDL yielded lower post-thaw motility and AMI than controls
of 20% egg yolk both with and without the addition of glycerol
(P<<0.05; Figure 5).

DISCUSSION
In the present study, LDL did not offer any additional benefits in terms
of post-thaw motility in comparison with 20% egg yolk regardless of
the presence/absence of permeable cryoprotectant or addition of cho-
lesterol or phosphatidylcholine. This finding did not agree with earlier
studies on the superiority of LDL over egg yolk found in other species
(Table 1). However, LDL in a concentration range of 6%—10% did
yield similar post-thaw motility to that of 20% egg yolk in the presence
of glycerol, which confirmed that LDL is the main component
responsible for the protective role of egg yolk for sperm cryopreserva-
tion in rhesus macaques as 20% egg yolk contains ~6%-7% LDL.’
However, HDL did not cause any detrimental effects on post-thaw
motility when compared with solution controls of TEST though neither
did HDL contribute to any beneficial effects for post-thaw survival.
Egg yolk alone in the absence of permeable cryoprotectant has
recently been demonstrated to protect sperm from the damage that
occurs during the freeze—thaw process in rhesus monkeys.' Similarly,
the present study also showed similar effectiveness of LDL alone with-
out glycerol in preserving monkey sperm as that of egg yolk. However,
the effective LDL concentration varied with the presence of a per-
meable cryoprotectant. In the presence of glycerol, a wide range of
LDL (2%-20%) yielded similar post-thaw survival compared to 20%
egg yolk, while higher LDL concentrations (>8%) were necessary to
obtain equal post-thaw survival as that of egg yolk in the absence of
glycerol. Either LDL or glycerol alone exhibited lower post-thaw mot-
ility than these two combined, which suggests that LDL and glycerol
act additively and perhaps through separate mechanisms to provide
protection. This outcome agrees with our previous findings on the
relationship between egg yolk and glycerol.'> Our observation of the
wide tolerance of LDL concentrations (2%-20%) in rhesus macaques
further suggested that monkey sperm are more resistant to cryodam-
age than other animals such as bull, dog and boar (Table 1). A broad
tolerance of macaque sperm to conditions required for cryopreserva-
tion has also been noted in studies of other sperm parameters such as
osmotic stress, water permeability of membranes at room and freezing
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Figure 5 Post-thaw motility and AMI of rhesus monkey sperm samples frozen in
20% EY, TEST, or HDL at 1, 2 and 4% with or without 3% glycerol. Bars with the
different letter indicate significant difference. P<0.05. AMI, adjusted motility
index; EY, egg yolk; LDL, low-density lipoprotein.



temperatures, and addition of cryoprotectants."*™*® Differences in
optimal LDL concentrations for various species could be due to their
difference in composition of the sperm plasma membranes.”

Because LDL consists of 86%—89% lipids and 12.5% proteins,'”
lipids have been the main focus for the study of the protective role
of egg yolk.”>*! One major source of injury during cryopreservation is
membrane destabilization that occurs as temperature decreases and
the fluid phase transitions into the gel phase.** Some of this destabi-
lization and damage can be prevented by the addition of lipids
(reviewed by Ref. 23). Cholesterol is a major lipid component of
mammalian sperm membranes, and rhesus sperm are no exception.**
High membrane cholesterol levels inhibit the crystallization of mem-
brane hydrocarbon chains at low temperatures, thereby eliminating
the phase transition.”® Increasing the cholesterol content of sperm
membranes with CLC has been showed to improve cryosurvival of
bull sperm, probably due to benefits of eliminating the phase trans-
ition and preventing premature sperm capacitation.*® On the other
hand, decreasing the cholesterol to phospholipid (C/P) ratio can
increase fluidity and permeability of animal plasma membranes.*®
MBCD is a cyclic heptasaccharide that can eliminate much of the
cholesterol from membranes and has been shown to improve cryo-
survival of boar sperm.* Increasing the phospholipid content of
membranes is another way to alter the C/P ratio and has been shown
to improve cryosurvival of bull sperm.*”

Much of this controversy may stem from variations in the initial
status of C/P ratio among different species or individuals. Thus, modi-
fication of LDL or sperm membrane lipids by adding or removing
cholesterol or altering the C/P ratio may improve the post-thaw sperm
quality. In the present study, addition of cholesterol or CLC (increases
cholesterol) with LDL in the absence of glycerol did not yield any
improvement in post-thaw motility when compared with 10% LDL
controls. A previous study has shown counteraction of egg yolk effects
with CLC treatments,?° thus, it is consistent with our results in the
present study, in which a counteraction of LDL effects with CLC was
demonstrated in a preliminary experiment, where CLC but not LDL
treatment showed inferior post-thaw motility (data not shown).
Reduction of the C/P ratio by supplementing with phosphatidylcholine
also did not yield any improvement in post-thaw motility when com-
pared to 10% LDL controls. However, reducing C/P ratio by addition
of MBCD (removes cholesterol) decreased post-thaw motility. These
findings suggested that monkey sperm membranes in combination
with LDL are already in an optimal C/P range to tolerate cryodamge.
Further addition of cholesterol contributes no additional benefits, but
decreasing cholesterol will have negative effects on sperm cryopreser-
vation. The addition of LDL instead of egg yolk has been shown to
increase cholesterol content of post-thaw sperm in boars.'® Therefore,
the protective role of LDL in rhesus monkey sperm cryopreservation
could also be due to a higher cholesterol content provided by LDL.

Based on the composition of egg yolk granules provided by Ref. 6,
HDL represents about 15% of yolk dry matter. If we consider that egg
yolk possesses about 50% dry matter, then the 20% egg yolk extender
contains approximately 1.5% (w/v) HDL. The present study revealed
no differences in post-thaw motility between solution controls of
TEST and TEST with addition of 1%-4% HDL in the presence or
absence of glycerol. Our findings suggest that HDL plays a neutral
role in sperm cryopreservation, neither detrimental nor beneficial.
Earlier findings of the yolk granules could be misinterpreted by later
studies as negative effects while their true statement was ‘the granular
fraction offered the least protection to the sperm cells’.! The neutral
effect of HDL found in the present study could due to the fact that
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HDL precipitated out of solution upon freezing and thawing (our
observation).

Despite that LDL provided equal cryoprotection as that of whole
egg yolk for sperm of rhesus monkeys, and the possible advantages of
eliminating progesterone and providing a more standardized extender
with controlled composition, it is worth noting that some other com-
ponents in whole egg yolk may also contribute to sperm post-thaw
survival. For example, egg yolk is also rich in various antioxidants such
as vitamins E and A, and lutein as well as many amino acids.?® High
levels of reactive oxygen species have been associated with cryopreser-
vation and were postulated to be at least partially responsible for
decreased sperm function after thawing.” Vitamin E is classified as
the most potent non-enzymatic antioxidant,*® and is one of the major
membrane protectants against reactive oxygen species and lipid per-
oxidation.”" More recently, many antioxidants have been used as sup-
plements in extenders for cryopreservation of sperm with beneficial
effects (e.g., Refs 32-34). Therefore, it is possible that antioxidants in
egg yolk also partially contribute to sperm survival after thawing, which
could also be one of the main reasons responsible for different effec-
tiveness of egg yolk from various birds in sperm cryopreservation.”>*®
The LDL extraction process may reduce or eliminate these antioxi-
dants. As illustrated in this study, HDL did not actually cause any
detrimental effect on sperm survival after thawing. Therefore, whole
egg yolk may still have advantages over LDL, serving as an important
ingredient in extenders for sperm cryopreservation in rhesus monkeys.
Having said this, there could be an advantage in using LDL to replace
egg yolk in human sperm cryopreservation, especially when thawed
sperm will be used for Assisted Reproductive Technique (ART) pro-
cedures where removal of undefined animal products is preferred to
avoid the potential for animal virus contamination. Alternatively,
future studies could examine combinations of LDL with various anti-
oxidants for their effectiveness in protecting sperm from cryodamage.
Such an approach has recently been shown to be effective in sperm
cryopreservation of dogs®” and bulls.*®

In summary, our findings reveal that LDL is the main component in
egg yolk that is responsible for its protective role for sperm cryopre-
servation in rhesus monkeys. Regardless of the presence or absence of
glycerol, the protective role of LDL is similar to that of egg yolk and
further, we did not observe any superiority in post-thaw survival with
LDL when compared to egg yolk. Modifying the lipid composition of
LDL-sperm membrane complex with the addition of cholesterol, CLC,
and phosphatidylcholine also did not yield any improvements in post-
thaw survival; while addition of MBCD reduced post-thaw motility.
HDL plays a neutral role in sperm cryopreservation of rhesus monkeys.
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