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partially damages that result in reduced fertility compared
to fresh or cooled sperm. Part of this damage occurs to
sperm membranes when the cells are cooled from room
temperature to 1°C. As sperm are cooled below 18C,

the membrane phospholipids undergo a phase transition
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from a liquid to gel-state. During this phase transition,
phospholipids are lost from the plasma membrane leading
to increased membrane permeability, membrane disrup-
tion, and cell death.” Hence, variation in susceptibility
to cold shock among species appears to be correlated
with membrane phospholipids composition. Generally
species with a greater cold shock resistance for sperm
are characterized by a high ratio of cholesterol to phos-
pholipid in sperm membrane.**

Cholesterol is universally present in large amounts in
eukaryotic plasma membranes and has a unique ability to
increase lipid order in fluid membranes while maintaining
the fluidity and diffusion rates. Cholesterol imparts low
permeability barriers to lipid membranes and provides
for large mechanical coherence.” However, cholesterol
can easily be incorporated into or extracted from the
plasma membranes of cells using cyclodextrins. In fact,
the level of cholesterol associating with the sperm
increased linearly with the increasing concentration of
cholesterol-loaded cyclodextrins (CLCs) incubated with
the sperm. It should subsequently double the cholesterol
to phospholipid ratio and increase membrane fluidity at
low temperature.”’” Also, Purdy et al. indicated that the
cholesterol/phospholipid ratio of the plasma membrane
is a major determinant in plasma membrane fluidity and
stability during cryopreservation. When CLCs were
added to bovine sperm prior to cryopreservation, higher
percentages of motile and membrane intact sperm were
recovered after thawing compared to untreated sperm.®
Similar results have also been reported for stallion sperm
treated with CLCs.” However, in human sperm that
posses very high cholesterol/phospholipid ratios, it was
suggested that cholesterol content does not protect cryo-
damage.” But, by brief exposure before freezing, the
effect of transient altering of cholesterol content on
human sperm cryopreservation did not evaluated yet.

In human assisted reproduction program (ART), a

proper freezing method extends the availability of sperm

O sy Al ool A|
to be used for intrauterine insemination (IUI) or in vitro
fertilization-embryo transfer (IVF-ET) programs. But
fertility of frozen-thawed sperm is poorer than that of
fresh sperm due to its non-optimized protocols or media
for cryopreservation. In this report, we have focused on
the effect of CLCs in freezing medium on structural and
functional integrity of sperm, as well as survival rate

after freezing/thawing of human sperm.

MATERIALS AND METHODS
1. Preparation and analysis of human sperm

Sperm samples obtained from male patients under-
taking infertility treatment (n=9) and healthy donors
(n=5) were studied. All samples were collected by
masturbation after 3~5 days of sexual abstinence. All
participants gave their informed consent for the utilization
of a fraction of their sperm for research purposes. The
institutional review board of CHA General Hospital,
Seoul, Korea, approved this clinical study. After the
liquefaction of sperm at 37°C for 10 minutes, the samples
were examined for concentration and motility according
to the WHO guidelines on a Mackler” counting chamber
(Sefi Medical Instruments Ltd., Haifa, Israel). Sperm
viability was studied by a dye exclusion method, follo-
wing WHO guidelines, using eosin (Sigma, St. Louis,
MO)." Then, the sperm was standardized to 50 million/
ml to provide enough sperm for all experiments by

centrifugation (5 min at 1,500 rpm).
2. Freezing and thawing of sperm

Two cryoprotectant media were used in the experi-
ments. Cryopreservation medium for this research was
prepared using the Sperm Freezing Medium (SFM,
Medi-Cult, Jyllinsge, Denmark) containing glycerol.
Freezing media were prepared by using SFM treated
with 0.1, 0.5, and 1.0 pg CLC (Sigma)/10° sperm (desig-
nated as SFM+0.1 Ch, SEM+0.5 Ch, and SFM+1.0 Ch).
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Dehydration of sperm samples was performed by slow
addition of SFMs with continuous shaking. After a short
incubation at room temperature (10 min), the aliquot
sperm samples were transferred into cryovials and cooled
in nitrogen vapors for 30 min. When sperm was totally
frozen, the aliquots were immersed in liquid nitrogen at
-196°C until thawing and analysis. Aliquots of the
samples were thawed by immersion into running water
for 10 min at room temperature, following incubation
for 10 min at 37 C. Then, sperm concentration, motility,
and viability of thawed sperm were re-analyzed as
described above and recorded. All the determinations
were done blindly by two different experts, and the
results are the mean of the different observations when
they presented less than 5% of discordance. And the
incorporated concentration of cholesterol in sperm just
after thawing and removal after washing for 6 hours
were determined using cholesterol liquicolor enzymatic
assay (Stanbio Laboratory, Boerne, TX). Sperm samples
were diluted 1:1 (v:v) with lysate buffer (0.4% Triton
X-100 in DPBS) for lhour to solubilize the plasma
membranes. Samples were diluted 1:7.5:2.5 (viviv)
with regent ENZ (buffer, pH 7.0, 100 mmol/l, cholesterol
esterase 600 U/1, cholesterol oxidase 380 U/L, catalase
600 U/ml and HDAOS 0.42 mmol/l) and SUB (peroxi-
dase 1000 U/l, 4-aminoantipyrin 1.00 mmol/l, buffer,
pH 7.0, 100 mmol/l, sodium azide 0.005%, detergents
>1%) and allowed to incubate for 10 min at 37C.
Samples were than centrifuged to remove the cells and
the supernatant was analyzed for cholesterol content in
spectrophotometer with wavelength set to 550 nm.
Cholesterol concentrations of the sperm samples were

compared to kit contained known amounts of cholesterol.

3. Induction and evaluation of the acrosome
reaction (AR)

As an assay to assess capacitation for fertilization, the

spontaneous and calcium ionophore-induced AR was
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analyzed. Prepared sperm from fresh or thawed sperm
were treated with 10 pM A23187 (Sigma) for 1 hour and
then were stained with 10 mg/ml tetramethylrhodamine
isothiocyanate (TRITC)-conjugated Peanut Agglutinin
from Arachis hypogea (PNA, Sigma) for 30 min to

11
assess acrosomal status.

The stained sperm were
re-stained using 1 pg/ml 4', 6'-diamidino 2-phenyindiol
(DAPI, Sigma) for 10 min as counter staining, and then
centrifuged at 400 x g and washed once again in PBS.
After centrifugation, the supernatant was discarded and
the sperm were resuspended in the small amount of
PBS remaining in the tube (~20 ul). The suspension
(10 pl) was then allowed to dry on each well of a 2-well
coated slide (Cel-Line Associates, NJ, USA), which was
then mounted with Vectashield mounting medium. Fluo-
rescence was observed using a Zeiss Photomicroscope
Il equipped with epifluorescence at <400, and the
acrosome reaction was evaluated with a total of 200
sperm per slide. Sperm demonstrating fluorescence over
the sperm head were considered to be non-acrosome
reacted and only sperm showing fluorescence on equato-
rial portion were considered to be acrosome reacted.

The spermermatozoa were re-analyzed by flow cyto-
metry after staining with TRITC-PNA and 10 pg/ml
Hoechst 33258 (Sigma) for 10 min. The sample was
aspirated into a flow cytometer (Becton Dickinson FACS
IV, San Jose, CA, USA) and excited with Green (576
nm) and UV light (488 nm) sources. For instrument
set-up and calibration, we used aliquots from a normal
human ejaculate sample retrieved from our laboratory
repository. Calibration aliquots were thawed and meas-
ured at each start-up of the flow cytometer and after
every 10 samples to ensure stability of the instrument
from sample to sample. Scattergram analysis on raw data,
with each point representing the coordinate of red and
green fluorescence intensity values for every individual
spermatozoon, was carried out using Becton Dickinson
standard software (CELL Quest software).
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Table 1. Basic sperm parameters (after liquefaction) of
14 semen samples

Sperm parameter Fresh sperm
Age (year) 35.21+5.54
Sperm count (10°/ml) 145.92+51.62
Sperm motility (%) 48.57£5.98
Volume (ml) 3.37+0091
Sperm viability (%) 61.00£6.34
pH 7.51+0.24

4. Determination of DNA integrity using sperm
chromatin structure assay (SCSA)

The method for SCSA of sperm followed the two-step

12,13
procedures of Evenson et al..”

Sperm obtained as
described above were thawed and centrifuged for 10
min at 500 g, and the pellet was resuspended in 0.5 ml
TNE buffer to 2><10%ml sperm and held in ice until
staining. The suspension (200 pl) was subjected to brief
acid denaturation by mixing with 400 upl of chilled
(0°C) lysis solution [0.1% (v:v) Triton X-100, 0.15 M
NaCl, 0.08 M HCI, pH 1.4], held for 30s and mixed
with 1.2 ml acridine orange solution (AO, 6 mg/ml AO
(Fluka AG, Switzerland)) in buffer (pH 6) containing
0.1 M citric acid, 0.2 M Na,HPO,, 1 mM EDTA, and
0.15 M NaCl). After 3 min the chilled sample was
aspirated into a flow cytometer. When excited with a blue
light source, AO intercalated to double-stranded DNA
fluorescence green (530 nm) and AO associated with
single-stranded DNA fluoresces red (>630 nm). The
ratio of red to green fluorescence reflects the presence
of single versus double-stranded DNA. All measurements
began 3 min after AO staining with a flow rate of ~200

cells/sec.
5. Statistical Analysis

Unless otherwise specified, data were expressed as

mean + SEM. For statistical comparisons, clinical out-
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Figure 1. The relative concentration of cellular choles-
terol in frozen/thawed sperm based on the pre-treatment
with (0.1, 0.5, and 1.0 ug/10° sperm) or untreated choles-
terol before cryopreservation. A) Just after thawing. B)
Washing and incubation for 6 hours. SFM, pre-treatment
using sperm freezing medium only. SFM+Ch, sperm
freezing medium containing various concentration of
cholesterol.

comes were analyzed using Student's t-test. P<0.05 was

considered statistically significant.

RESULTS

1. Effect of cholesterol on post-thaw sperm motility
and viability

Before cryopreservation, the motility and viability of
sperm (n=14) used for this study were 48.571+5.98 and
61.001+6.34 (Table 1). Freshly ejaculated human sperm
was divided 4 groups, and then pre-incubated in SFM,
SFM+0.1Ch, SFM+0.5Ch, and SFM+1.0Ch before
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Figure 2. Analysis of sperm motility and viability. A) Upper panel: count and morphology analysis using 0.75%
haematoxylin staining, lower panel: viability analysis using eosin staining. Viable (arrow head) and dead sperm (arrow).
B) Analysis of sperm motility and vitality in frozen/thawed sperm based on the pre-treatment with (0.1, 0.5, and 1.0
pg /10° sperm) or untreated cholesterol before cryopreservation. SEM, pre-treatment using sperm freezing medium
only. SFM+Ch, sperm freezing medium containing various concentration of cholesterol.

freezing. The relative concentration of cholesterol per
10° sperm just after thawing were 2.13%0.26 pg, 2.51+
0.18 pg, 2.53£0.18 pg, and 2.38+0.19 pg in SFM, SFM
+0.1Ch, SFM+0.5Ch, and SFM+1.0Ch groups (Figure
1A). In SFM+0.5Ch group, the content of cholesterol
was increased by incorporation of CLC when compared
to those in SFM. Cholesterol of sperm membrane was
easily removed by washing and incubation (0.95%0.12
ug, 0.95+0.15 pg, 1.07£0.17 pg, and 0.9810.17 pg
in SFM, SFM+0.1Ch, SFM+0.5Ch, and SFM+1.0Ch
groups, Figure 1B). And, sperm motility after thawing
of SFM+0.5Ch and SFM+1.0Ch were higher than that
of SFM (33.4611.48%, 33.14£1.09% vs. 30.10+1.07%,
p<0.05, Figure 2B). No significant difference of post-
thawing motility was found between SFM and SFM+
0.1Ch (30.10%£1.07% vs. 31.80£0.92%). Viability was
also slightly increased in SFMs with cholesterol com-
pared to SFM, but was not significantly different (42.13
11.11%, 43.68+£1.80%, 43.401+1.58% vs. 40.08£0.99%,
Figure 2B).

2. Effect of cholesterol on the AR induction

The calcium ionophore A23187 induces the AR by
incorporating into the sperm cell plasma membrane and
transporting calcium across the plasma membrane. In
the sperm samples treated with various concentrations
of cholesterol before freezing, the AR rate of thawed
sperm was assessed before and after induction by
TRITC-PSA staining and microscopic observation. AR
rate of sperm was low when freezing and induction of
calcium ionophore were not applied (13.17£2.52%).
And there was no difference in AR rates among all
groups just after thawing without induction (28.17%
2.62%, 29.00+4.01%, 30.831+3.08%, and 28.171+3.38%
in SEM, SFM+0.1Ch, SFM-+0.5Ch, and SFM+1.0Ch
groups). However, after washing with fresh media and
inducing of calcium ionophore, the AR rates in SFM
groups with cholesterol (0.1~1 pg cholesterol treated)
were higher than that of SFM (51.001+2.02%, 53.60+
1.60%, 52.40%2.75% vs. 47.40%£1.86%). Especially,
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Figure 3. Analysis of induction rate for acrosome reaction by calcium ionophore treatment. A) Detection of acrosome
reaction in sperm by TRITC-PNA staining (middle panel). Acrosome reacted (arrow) and intact sperm (arrow head).
B) Analy51s of acrosome reacted sperm in frozen/thawed sperm based on the pre-treatment with (0.1, 0.5, and 1.0 ug
/10° sperm) or untreated cholesterol before cryopreservation. SFM(N), sperm freezing medium only and no freezing.
SFM, pre-treatment using sperm freezing medium only and freezing/thawing. SFM—+Ch, sperm freezing medium
containing various concentration of cholesterol and freezing/thawing. C) Flow cytometry of acrosome-reacted sperm
in frozen/thawed sperm based on the treatment or untreated cholesterol before cryopreservatlon n: untreated antibody
(TRITC-PNA) a: untreated cholesterol; b: 0.1 pg /10° sperm; c: 0.5 pg /10° sperm; d: 1.0 pug /10° sperm.
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Figure 4. Flow cytometry of sperm DNA integrity in frozen/thawed sperm based on the pre-treatment with (0.1, 0.5,
and 1.0 pg/10° sperm) or untreated cholesterol before cryopreservation. n: untreated antibody (TRITC-PNA); a: SFM,
pre-treatment using sperm freezing medium only and freezing/thawing; b-d: SFM+Ch, sperm freezing medium
containing various concentration of cholesterol and freezing/thawing.

A23187 induced-AR was significantly increased in SFM
+0.5Ch group compared to SFM (Figure 3B). Absence or
presence of TRITC-PNA labeling was also analyzed by
flow cytometry and the result data presented in X-axis
of the Figure 3C shows TRITC-fluorescence. Sperm in
all groups treated with cholesterols exhibited a lower
frequency of the TRITC-PNA staining dot compared with
controls (25.371+1.30%, 24.36£0.98%, 26.231£2.47%
vs. 22.37+1.30%, p<0.05). However, there were no
significant differences in the AR rate among cholesterol-

treated groups (Figure 3C).
3. Effect of cholesterol on the DNA integrity

Sperm in all groups treated with cholesterols exhibited
a higher frequency of double strand DNA compared
with control (SFM). On the other hand, the highest level
of DNA damage (ss DNA, ss DNA+ds DNA fraction)
was detected in control untreated cholesterol (1.92%
0.53%, 2.2010.58%, 1.9210.47% vs. 3.62£1.02%; p<

0.05). Within cholesterols-treated samples, DNA damage
was more pronounced in SFM+0.5Ch (adding 0.5 pg
cholesterols/10® sperm) rather than in SEM+0.1Ch and
SFM+1.0 Ch (0.1 and 1.0 pg cholesterols/10° sperm).
However, there were no significant differences in all

cholesterol treated groups (Figure 4).
DISCUSSION

Membrane fluidity of cell is affected by membrane
lipid and protein composition as well as temperature.
Altering the cholesterol content of a membrane can
change membrane fluidity at different temperatures and
this may affect cell survival during cryopreservation.
Purdy and Graham' reported that cholesterol-loaded into
methyl-cyclodextrin improves both the percentages of
motile and membrane-intact sperm after cryopreservation
in bull sperm. The cholesterol treatment had been applied

in order to overcome the poor quality of stallion sperm
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after freezing/thawing. It increased the concentration-
dependent in the percentage of motile sperm after cryo-
preservation.” But, in human, other group reported that
higher cholesterol sperm content does not appear to
protect against cryo-damage, as it revealed by the lack
of correlation.” However, in the present study, we have
determined the effect of added cholesterol on cryopreser-
vation of human sperm. In fact, the addition of specific
concentration (0.5~1.0 pg/10° sperm) of cholesterol
increased motility and viability after thawing. However,
the motility of sperm after thawing was decreased in the
group treated with more than 1 pg cholesterols/10°
sperm (data not shown). It is theoretically believed that
human sperm must have a better endurance to cryopre-
servation when compared with other mammals because
of their high cholesterol contents. The optimal level of
cholesterol for cryopreservation of human sperm would
be 0.5 pg cholesterols/10° sperm.

Capacitation of mammalian sperm is a complex
process that is characterized by increased intracellular
calcium, and an activation of protein phosphorylation
cascades, all ultimately leading to the acrosome reaction.'*
The calcium ionophore A23187 induces the acrosome
reaction by incorporating into plasma membrane of the
sperm and transporting calcium across the plasma
membrane," and this test was usually used as an indicator
of sperm function for fertilization. In the preliminary
study, the cholesterol treatment in fresh sperm had shown
the low percentages of acrosome-reacted sperm (Figure
2). These results are similar to data reported previously.'®
It was anticipated that increasing the cholesterol content
of the plasma membrane would retard sperm capacitation
and the acrosome reaction. However, cholesterol can
easily be extracted from the plasma membranes during
washing after thawing and it could be explained that the
number of the sperms which did not affect from cryo-
injury and acrosome reacted were increased. In addition,

cyclodextrins, cyclic heptasaccharides consisting of P
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(1~4) glucopyranose units, are water soluble but have
hydrophobic center and can transport cholesterol into or
out of membranes down a concentration gradient.”’ So,
when cholesterol is loaded into cyclodextrins (CLC),
cholesterol can easily be incorporated into or extracted
from the plasma membranes.

The packaging of chromatin in its final form into the
sperm nucleus is a long and complex process starting in
the very early stages of the spermiogenesis when histones
are replaced firstly by transition proteins and finally by
protamines.'”"® The SCSA is a flow cytometric technique
which exploits the metachromatic properties of AO to
monitor the susceptibility of sperm chromatin DNA to
in situ acid denaturation. AO is a flat planar molecular
that intercalates between bases of double-strand DNA
and stacks on single-strand DNA and then causes a
metachromatic shift from green fluorescence of double
strand DNA to red fluorescence of single strand DNA
when exposed to 488 nm laser light of the flow
cytometer.” SCSA was used to study the DNA damage
variations of human sperm after cryopreservation. In
this study, the adding cholesterol into sperm before
freezing increases the number of sperm with ds DNA.
Therefore, cholesterol carries out the function which
protects nucleus of a sperm from ice crystallization
during cryopreservation.

Although there is significant increase of survival,
motility, function, and integrity of sperm in statistical
analysis, further consideration is remained for the clinical
implication as there is little benefit on these char-
acteristics of sperm after thawing that had shown in the
present study. This seems to be caused by using sperm
from normal patients and healthy donor. Therefore
further research in patients with poor quality sperm will
be needed for more clinical application.

In summary, supplementation of cholesterol into
human sperm prior to cryopreservation increases the

cryosurvival rates of human sperm. This is a simple
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procedure for protection from the cold shock and cryo-
injury by altering the cholesterol/phospholipid ratio of
human sperm membrane and could be a useful tool for

preservation of human fertility.
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= Abstract =

Objective: During cryopreservation process, cold shock and cryo-injury affect the fertilizing capacity of the sperm by damaging
cell membranes with loss of functional integrity. A longstanding concept for preventing the cryo-damage is to stabilize the plasma
membrane by incorporating cholesterol. This study was to determine the effects of cholesterol in freezing media on the motility
and functional integrity of human sperm after cryopreservation.

Methods: Control group (non-cholesterol treated) and different concentrations of cholesterol-treated sperm (14 healthy males)
were frozen and thawed. After freezing and thawing of sperm, the quality of sperm was evaluated by sperm analysis, acrosome
reaction test and sperm chromatin structure assay.

Results: When human sperm were incubated in sperm freezing medium (SFM) containing 0.5 pg cholesterol and then freezing/
thawing, the motility of sperm have significantly improved compared to those untreated cholesterol (33.4611.48% vs. 30.10+
1.07%, p<0.05). The rate of calcium ionophore-induced acrosome reactions in post-thawed sperm was significantly higher than
that (53.60£1.60% vs. 47.40£1.86%, p<0.05) in SFM containing cholesterol. Sperm chromatin structure assay revealed that DNA
damage to the sperm in the cholesterol-treated group was lower than that of non-treated group.

Conclusion: These results suggest that increased cholesterol content of sperm plasma membrane by supplementation of cholesterol
in SFM improves sperm motility, capacitation status, and DNA integrity. Therefore, addition of cholesterol into SFM could be a
useful for protecting human sperm from cold shock and cryo-injury during cryopreservation.

Key Words: Cholesterol, Human sperm, Cryopreservation, Acrosome reaction, Sperm chromatin structure assay
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