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Semen cryopreservation is a well-established procedure used in veterinary assisted reproduction tech-
nology applications. We investigated damaging effects of cryopreservation on the structural and ultra-
structural characteristics of bull sperm induced at different temperatures and steps during standard
cryopreservation procedure using transmission (TEM) and scanning electron microscopy. We also exam-
ined the effect of cryopreservation on sperm DNA and chromatin integrity. Five healthy, fertile Friesian
bulls were used, and the ejaculates were obtained using an artificial vagina method. The semen samples
were pooled and diluted in a tris-yolk fructose (TYF) for a final concentration of 80 � 106 spermatozoa/
ml. The semen samples were packed in straws (0.25 ml), and stored in liquid nitrogen (�196�C).
Samples were evaluated before dilution, just after dilution (at 37�C), at 2 h and 4 h during equilibration,
and after thawing (37�C for 30 s in water bath). In association with step-wise decline in motility and via-
bility, our results showed that the plasma membrane surrounding the sperm head was the most vulner-
able structure to cryo-damage with various degrees of swelling, undulation, or loss affecting about 50% of
the total sperm population after equilibration and freezing. Typical acrosome reaction was limited to 10%
of the spermatozoa after freezing. We also observed increased number of mitochondria with distorted
cristae (15%). Chromatin damage was significantly increased by cryopreservation as evident by TEM
(9%). This was mainly due to DNA breaks as confirmed by Sperm Chromatin Structure Assay (SCSA)
(8.4%) whereas the chromatin structure was less affected as evaluated microscopically by toluidine blue
staining. We concluded that, using standard cryopreservation protocol, the most pronounced damage
induced by cryopreservation is observed in the plasma membrane. Further improvement of cryopreser-
vation protocols should thus be targeted at reducing plasma membrane damage. Acrosomal, mitochon-
drial and chromatin damage are also evident but appear to be within acceptable limits as discussed.
� 2017 Faculty of Veterinary Medicine, Cairo University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Semen cryopreservation is a well-established procedure used in
human and veterinary assisted reproduction technology (ART)
applications. Over the last 50 years, it was used for genetic
improvement of beef and dairy cattle. It is also used to control
venereal diseases and facilitate management of cattle herd fertility.
In human, it is usually associated with male fertility preservation
which is usually required prior to cancer therapy [1].
Spermatozoa are characterized by plasma membrane fluidity
and low water content which make it more resistant to cryo-
damage compared to other cell types [2]. However, cryopreserva-
tion have been shown to induce deleterious changes of sperm
structure and function [3]. This involves thermal stress due to
the change in temperature during cooling, freezing and thawing
as well as the osmotic stress caused by addition of high concentra-
tions of cryoprotective agents and by crystallization [4]. This
results in protein denaturation, shrinkage and irreversible mem-
brane collapse [3]. Therefore, phospholipids and cryoprotective
agents, as well as optimal dilution, equilibration and cooling proce-
dures are required to avoid cold shock, reduce crystallization and
minimize sperm damage.
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Conventional sperm evaluation parameters used in AI centers
for sire semen evaluation and post-thawing assessment of cryopre-
served semen are usually limited to examining post-thawing
motility and morphology. Evaluation of sperm motility either sub-
jectively or by computerized sperm analysis has been used as the
main parameter to determine sperm quality and predict fertility
in humans and animals [5,6]. However, motility shows a high
degree of biological variability and in some cases are found to be
fair measures of fertility. For example, variation in sperm motility
from 60 to 90% had very low correlation to pregnancy rates in
swine [7]. In cattle and sheep, a wide variation (about 20%) in
post-thaw motility percentage was not correlated to the fertility
[8]. Therefore, it is important to use more efficient tests for better
evaluation.

Several structural and ultrastructural sperm components have
been reported to be affected by cryopreservation, however their
relative importance for routine semen evaluation is not clear. For
example, acrosome and plasma membrane integrity are critical
for the process of acrosome reaction (AR) and their damage may
cause premature AR leading to reduced fertilizing capacity [9].
Mitochondria provide ATP which determines sperm motility [10]
and are also vulnerable to cryo-damage. In addition, DNA damage
has been recognized as an important indicator of sperm quality
and has a great clinical significance in assessment of sperm selec-
tion in human [11]. However, in cattle, the effect of cryopreserva-
tion on sperm chromatin integrity has not been extensively
examined. Assessment of sperm DNA damage is widely deter-
mined using Sperm Chromatin Structure Assay (SCSA) which
require assessment by flow cytometry and therefore not routinely
used [12]. Instead, Toluidine Blue (TB) test is a less expensive stain-
ing that is used to estimate chromatin integrity which has been
shown to be correlated to SCSA results [13], and therefore may
be a good evaluation tool for post thawing sperm quality.

During standard cryopreservation procedure, different process-
ing steps are involved, namely, dilution of semen at 37�C with Tris-
based diluents containing egg yolk and glycerol, followed by cool-
ing to 4�C and equilibration. Rapid freezing is then performed to
avoid crystallization. It is also not clear how each processing step
contributes to the overall damage observed post-thawing. Under-
standing when the damage is induced can help in improvement
of the most critical steps in the future.

Therefore, this study aims to 1) screen several structural and
ultrastructural assessment tools to evaluate sperm quality during
and after cryopreservation (plasma membrane and acrosome
integrity, mitochondrial structure, chromatin damage, in addition
to motility, viability and morphological abnormalities) 2) define
which tests are more valuable for routine use, and 3) identify the
damage caused by each processing step during cryopreservation
(before dilution, after dilution, 2 h equilibration, 4 h equilibration
and after thawing).
2. Materials and methods

All chemicals were purchased from (Sigma Pharmaceuticals,
UK) unless otherwise stated.
2.1. Collection and selection of semen samples

Ejaculates were collected from five healthy, fertile Friesian
bulls, 4–8 years old, raised at the international livestock manage-
ment training center, Skha, Kafr El-Sheikh, Egypt. Semen was col-
lected twice a week for 5 weeks. The bulls were kept under
standard conditions of feeding and management. Semen was col-
lected using an artificial vagina (Neustadt/Aisch, Müller, Nürnberg,
Germany) pre-warmed to 42�C. The percentage of progressive
motility for each sample was determined subjectively by two expe-
rienced researchers using a phase contrast microscope with 200�
magnification. Ejaculates with �70% motility were selected for cry-
opreservation experiments.
2.2. Cryopreservation procedures

Semen was cryopreserved using standard production proce-
dures in our AI centers according to Chen et al. [14] with some
modifications. Briefly, semen was gradually diluted at 37�C with
Tris-yolk fructose (TYF) extender containing 30.28 mg/mL tris ami-
nomethane, 16.75 mg/mL citric acid anhydrous, 12.5 mg/mL fruc-
tose, 7% (v/v) glycerol, 20% (v/v) egg yolk, 100 IU/mL penicillin
and 100 mg/mL streptomycin. The extension rate was 1 semen: 20
extender to bring the sperm concentration to 80� 106 sperm/mL.
Diluted semen samples were kept at 4�C in a cooling chamber for
4 h as an equilibration period then automatically filled in 0.25
mL French straws (IVM technologies, L’ Aigle, France), placed 4
cm above liquid nitrogen for 10 min then frozen in liquid nitrogen
(�196�C) as described by Salisbury et al. [15]. Samples were eval-
uated before dilution, just after dilution (at 37�C), at 2 h and 4 h
during equilibration, and after thawing (37�C for 30 s in water
bath).
2.3. Assessment of sperm progressive motility

Percentage of progressive sperm motility in each semen sample
(10 mL) was determined using phase contrast microscope (Olym-
pus, Tokyo, Japan) supplied with a warm stage adjusted to 37�C.
2.4. Assessment of sperm viability and abnormalities

A smear from diluted semen was made on a glass slide and was
stained by eosin (1.67%) and nigrosin (10%) stain [16]. A total of
300 sperm were examined in each sample at 400� under light
microscope (Olympus). The number of dead spermatozoa (red
stained) were counted. The number of sperm cells bearing head
and tail morphological abnormalities were also recorded as previ-
ously described [17].
2.5. Scanning electron microscope evaluation of semen samples

To assess the structural damage induced by each step of cryop-
reservation, sperm samples were examined by a scanning electron
microscopy. Samples (3 replicates) were centrifuged at 500�g for
20 min, and the sperm pellets were collected. Samples were fixed
in a solution containing 2.5% (w/v) buffered glutaraldehyde and
2% (w/v) paraformaldehyde in 0.1 M sodium phosphate buffer
(Sorensen buffer) pH 7.4 at 4�C overnight [18]. Fixed sperm pellets
were then washed three times for 15 min each in 0.1 M sodium
phosphate and treated in 2% sodium phosphate buffered osmium
tetroxide pH 7.4 for 90 min. Pellets were finally washed in 0.1 M
sodium phosphate buffer pH 7.4 and dehydrated in an increasing
gradient of ethanol. Three drops of 100% acetone were added to
the pellets on small glass plates before gluing them onto the spec-
imen stubs of the microscope. The specimens obtained after the
acetone had evaporated were coated with gold-palladium mem-
branes and observed using a scanning electron microscope (Jeol
JSM-6510 L.V). The microscope was operated at 30 kV. Only the
central areas of the glass plates were examined (100 sperm per
sample per replicate). The occurrence of detached and cracked
heads and damage in the tail region was examined.



Table 1
The effect of different processing steps of semen cryopreservation on sperm motility,
viability and morphological abnormalities examined by light microscopy (mean
percentage ± SEM, n = 5).

Motility Dead Abnormal

Raw semen 77 ± 1.7a 23 ± 0.7a 19 ± 0.8a

Freshly diluted semen (37�C) 71 ± 0.8a 26 ± 0.4a 20 ± 1.2a

Cooled semen (4�C, 2 h) 67 ± 1.1b 30 ± 1.6b 22 ± 1.0b

Equilibrated semen (4�C, 4 h) 63 ± 1.7b 35 ± 1.3c 24 ± 0.5c

Frozen-thawed semen 50.8 ± 2.7c 45 ± 2.2d 29 ± 1.5d

Different superscripts indicate significant differences at P < .05 within each column.
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2.6. Transmission electron microscope (TEM) evaluation of semen
samples

At different steps of sperm dilution and cryopreservation,
sperm samples from 3 replicates were processed for TEM as
described by Oliveira et al. [19] with some modifications. Briefly,
samples (500 lL) were centrifuged and resuspended in a fixative
solution composed of 4% glutaraldehyde in Dulbecco’s modified
phosphate buffered saline for 2 h at 4�C. Samples were then
washed and post-fixed in 1% osmium tetroxide for 1 h at room
temperature. Fixed samples were then dehydrated in an ethanol
gradient, treated with propylene oxide and embedded in Epon
resin (Epon 812; Fluka Chemie, Switzerland) and ultrathin-
sectioned (60–70 nm) for TEM. Ultrathin sections were observed
at 80 kV using a JEOL 2100 TEM at 80 kV. The sperm ultrastructure
was examined at the head region (n = 100 per sample) to examine
the plasma membrane, acrosome and nucleus morphology. The
mid-piece in 100 sperm per sample was also examined to investi-
gate the morphology of the mitochondria. According to our subse-
quent observations, it was decided to classify the ultrastructure of
the plasma membrane into: intact, slightly swollen, swollen or
lost; acrosome: typical, atypical, or lost; mitochondria and chro-
matin material: intact or damaged.

2.7. Determination of chromatin integrity

2.7.1. Toluidine blue staining and microscopic evaluation
Toluidine blue staining was performed as previously described

[13] with some modification. Smears obtained during different
steps of semen cryopreservation (3 replicates) were fixed in etha-
nol–acetic acid (3:1, v/v) for 1 min and 70% ethanol for 3 min.
Smears were hydrolyzed for 20 min in 4 mM Chloridric acid, rinsed
in distilled water and air-dried. One droplet of 0.025% toluidine
blue in Mcllvaine buffer (sodium citrate-phosphate) pH 4.0 was
placed over each smear and then cover slipped. Smears were eval-
uated with light microscopy at 1000� magnification. The percent-
age of chromatin damage was estimated by evaluating 300 cells on
each smear. Spermatozoa stained as green to light blue were con-
sidered to have normal chromatin while those stained dark blue to
violet were considered to have damaged chromatin.

2.7.2. Sperm chromatin structure assay (SCSA)
The SCSA was applied following the procedure described before

[20]. Briefly, 200 mL of diluted semen from each sample at each
time point/step (3 replicates) was diluted to a concentration of
1 � 106 sperm/mL with a buffer composed of 0.01 M Tris–HCl,
0.15 M NaCl and 1 mM EDTA (pH 7.4) and treated with an acid
detergent solution (pH 1.2) containing 0.1% Triton X-100, 0.15
mol/l NaCl and 0.08 N HCl for 30 s. Spermatozoa were then stained
with 6 mg/mL purified acridine orange (AO) in a phosphate-citrate
buffer, pH 6.0. Cells were analysed using a FACSort flow cytometer
(Becton Dickinson, San Jose, CA, USA), equipped with an air-cooled
argon ion laser. A total of 10,000 events were accumulated for each
measurement at a flow rate of 200–300 cells/s. Acridine orange
that is intercalated in double-stranded DNA emits green fluores-
cence, whereas AO associated with single-stranded DNA emits
red fluorescence. The extent of DNA denaturation was expressed
in terms of DFI, which is the ratio of red to total (red plus green)
fluorescence intensity.

2.8. Statistical analysis

Mean percentages of motility, viability, and sperm cell abnor-
malities from 5 independent repeats were analyzed using analysis
of variance (ANOVA) by SAS [21] computer program. When main
effects were significant, pairwise comparison between means were
examined by Duncan’s Multiple Range Test. Proportions (p) of
plasma membrane integrity and acrosome, tail and mitochondrial
damage as well as chromatin integrity were analyzed using logistic
regression in SPSS version 21 (IBM). Overall effect was determined
by Omnibus tests of model coefficients, and dummies comparison
was performed using Wald test based on 95% confidence interval
(95% CI) of odds ratio (OR). 95% CI not including zero and P values
less than .05 were considered significant. Reference group was set
to be freshly diluted semen at 37�C.

3. Results

3.1. Structural changes induced by semen processing and
cryopreservation

Raw and freshly diluted semen samples maintained at 37�C
exhibited similar motility and viability. After initiation of cooling
and during the equilibration period, significant reduction in sperm
motility (P < .05) was associated with a significant decrease in
sperm viability and increase in the percentage of sperm abnormal-
ities (mainly coiled and bent tails). These figures were further
exacerbated after the freeze-thaw step (Table 1). The sperm cell
abnormalities after freezing also included cracked tails and
detached heads as shown by scanning electron microscopy (Fig. 1).

3.2. Ultrastructural changes induced by semen processing and
cryopreservation

3.2.1. Plasma membrane (PM) damage
Examination of sperm cells using TEM revealed that the PM,

particularly surrounding the sperm head, was remarkably affected,
and this was clearly visible under TEM (Fig. 2) and the effect varied
at different processing steps of cryopreservation (Table 2). Stages
of semen cooling, equilibration with cryoprotectants and freezing
did not affect the number of spermatozoa with slight swelling in
PM compared to diluted semen at 37�C (P > .1). Marked swelling
significantly increased after 4 h equilibration (P = .005) and further
after freezing (P < .0001). Freezing, but not cooling or equilibration,
also resulted in a complete loss of PM in a significant number of
spermatozoa (P = .032).

3.2.2. Acrosome damage
Different acrosomal patterns were observed and classified into;

1) Intact Acrosome: where sperm heads exhibited intact acrosomal
membrane surrounding the acrosomal ground substance, 2) Acro-
some Reaction (AR): a swelling of acrosomal ground substance
with vesicles of fused plasma and outer acrosomal membranes
and 3) Atypical AR: sperm head presenting swelling of acrosomal
ground substance dispersed under the swollen outer acrosomal
membrane. Few sperm cells showed completely absent acrosome
(Fig. 3 and Table 2).

In addition, freezing significantly increased typical acrosome
reaction compared to diluted semen (37�C) (P = .002) and also



Fig. 1. Representative images of scanning electron microscopy showing examples
of sperm cell abnormalities which occur during cryopreservation of bull semen. A:
Detached and cracked head, B: coiled tail.
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increased atypical AR (P = .046) and tended to increase the proba-
bility of complete loss of acrosome (P = .91). Cooling and equilibra-
tion did not induce significant changes in the acrosomal structure.
Fig. 2. Representative images of sperm head showing patterns of plasma membrane integ
plasma membrane in fresh semen sample. B: Slightly swollen PM in diluted semen, C: Sw
C show the same PM integrity patterns.
3.3. Ultrastructural changes in the mitochondria

By TEM examination of sperm mid-piece, we investigated the
morphology of the mitochondria. In fresh semen, mitochondria
appeared normal with a membrane space of variable width and
clearly visible cristae (Fig. 4A). After cryopreservation, mitochon-
drial damage was observed in the form of increased number of
mitochondria with distorted cristae. Damaged mitochondria
appeared vacuolated with narrowed membrane space
(Figs. 4B and C). The proportions of affected spermatozoa in each
processing step are shown in Table 3. Cryopreservation had no sig-
nificant effect on mitochondrial integrity during cooling and equi-
libration with cryoprotectants, whereas freezing increased
mitochondrial damage to 15% of the sperm population.

3.4. Effect of cryopreservation on DNA and chromatin integrity

In fresh semen samples, normal sperm head containing normal
nucleus with homogenous condensed chromatin surrounded by
intact plasma membrane and acrosome were noted using TEM. In
contrast, an increased percentage of spermatozoa showing signs
of nuclear damage and loss of chromatin integrity could be seen
in frozen-thawed samples (Fig. 5). This was evident in about 3–
4% in semen samples prior to freezing (P > .05), and increased to
9% in frozen thawed semen (P > .05) when assessed by TEM
(Table 4). Numerically, similar proportions were obtained using
SCSA however the difference became statistically significant due
to the bigger sample size (sperm numbers 10,000 per sample).
Microscopic evaluation of TB staining resulted in numerically
lower numbers of spermatozoa detected with chromatin damage
compared to TEM and SCSA (Table 4). Statistically, it was more
likely to find chromatin damages spermatozoa in frozen-thawed
samples as compared to diluted or cooled samples (P < .05)
4. Discussion

The present study investigated the ultrastructural and DNA
damage associated with each step of bull semen processing and
cryopreservation, as well as the effect on sperm motility, viability
and morphological abnormalities. We used the classical
rity (arrows) at different stages of semen processing and cryopreservation. A: Intact
ollen undulating PM in frozen thawed sample. Cross sections of sperm cells in A and



Table 2
The effect of different processing steps of semen cryopreservation on sperm plasma membrane (PM) and acrosome reaction (AR) examined by transmission electron microscopy.

Sample Slightly swollen PM Swollen PM Lost PM

P% OR CI (95%) P% OR CI (95%) P% OR CI (95%)

Diluted (37�C) 16a 2a 2a

Cooled (4�C, 2 h) 21a 1.40 0.68–2.87 2a 1.00 0.14–7.24 2a 1.00 0.14–7.24
Equilibrated (4�C, 4 h) 22a 1.48 0.73–3.02 15b 8.65 1.92–38.90 3a 1.52 0.25–9.27
Frozen-thawed (37�C) 10 a 0.58 0.25–1.36 40c 32.67 7.62–140.1 10b 5.44 1.16–25.52

Sample Typical AR Atypical AR Lost acrosome

P% Exact Sig.* P% OR CI (95%) P% OR CI (95%)

Diluted (37�C) 0a 9a 1a

Cooled (4�C, 2 h) 0a 1.000 14a 1.64 0.67–3.99 1a 1.00 0.62–16.2
Equilibrated (4�C, 4 h) 3a 0.246 16a 1.93 0.81–4.59 1a 1.00 0.62–16.2
Frozen-thawed (37�C) 10b 0.002 19b 2.37 1.06–5.54 6a 6.32 0.74–53.5

Data are shown as the ‘‘P” proportions of each parameter per 100 sperm counted in each sample. OR: Odds ratio and CI (95%): confidence interval are shown in comparison to
freshly diluted semen at 37�C. Different alphabet superscripts within each column indicate significant different at P < .05 as analyzed by logistic regression (Wald test).

* Typical AR was analyzed using 2-tailed Fisher exact test because the probability of 2 groups equals zero.

Fig. 3. Representative micrographs showing ultrastructural changes in sperm
acrosome. ACS1: Intact acrosome, ACS2: typical acrosome reaction (AR) and ACS3:
Atypical AR.

Fig. 4. Mitochondrial morphology and damage induced by cryopreservation (arrows). L
mitochondria; B and C: damaged mitochondria with distorted cristae. Magnification 10

W.A. Khalil et al. / International Journal of Veterinary Science and Medicine 6 (2018) S49–S56 S53
slow-freezing technique to cryopreserve bull spermatozoa for this
study, which involves the use of Tris-based extender, 7% glycerol
and 20% hen’s egg yolk. This procedure is routinely used for
research and production of dairy and beef bull semen straws in
our laboratory. However, it must be addressed that currently there
is no gold standard technique for semen cryopreservation either in
humans or animals, and different techniques are being constantly
evaluated and optimized for better results.

The findings of the present study showed a step-wise reduction
in sperm motility and a loss of sperm viability of about 50% after
thawing. We also observed increased number of sperm cell abnor-
malities mainly in the form of bent and coiled tail, detached and/or
damaged heads. These were evident by scanning electron micro-
scopy and were significantly increased by cooling and further
increased by freezing. These morphological abnormalities have
been previously linked to cold shock and were observed when cold
shock was induced in bull semen by cooling and storing in the
absence of egg yolk, and was associated with reduced in vitro fer-
tilization rate [22].

Functionally, although motility and viability were reduced, tris-
egg-yolk-glycerol protected semen preserve 50% viable sperms
available after thawing which is sufficiently acceptable for AI or
in vitro fertilization in our laboratory and worldwide. However,
as highlighted in the introduction, partial damage of spermatozoa
ongitudinal Ultrathin section of raw semen showing a sperm mid piece. A: normal
,000�.



Table 3
The effect of different processing steps of semen cryopreservation on sperm
mitochondrial damage examined by transmission electron microscopy.

Sample Mitochondrial damage

P% OR CI (95%)

Diluted (37�C) 2a

Cooled (4�C, 2 h) 2a 1.00 0.14–7.24
Equilibrated (4�C, 4 h) 6a 3.13 0.62–15.89
Frozen-thawed (37�C) 15b 8.65 1.92–38.9

Data are shown as the ‘‘P” proportions of each parameter per 100 sperm counted in
each sample. OR: Odds ratio and CI (95%): confidence interval are shown in com-
parison to freshly diluted semen at 37�C. Different alphabet superscripts within
each column indicate significant difference at P < .05 as analyzed by logistic
regression (Wald test).
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with retaining viability and motility is the main issue which
requires further research focus because it may reduce fertilizing
ability, or may result in detrimental effects on post-fertilization
embryo development.

Therefore, we further examined the damage induced in step-by-
step manner during cryopreservation using TEM. We demon-
strated that the plasma membrane (PM) was the most affected
structure. Equilibration with cryoprotectants for 4 h induced sev-
ere swelling or complete loss of the PM of about 18% of the sperm
population. This was further exaggerated by the freeze-thawing
procedure (to a total of 50%). Damage of PM was predominant in
the head region. This is in line with previous observations in cryop-
reserved human sperm [23]. This observed swelling is most prob-
ably caused by changes in the extracellular osmotic pressure which
creates a situation in which a cell will attempt to attain equilibra-
tion by either gaining or losing water. Spermatozoa with slight
swelling were observed in all samples (�15–20%). This could be
partially due to fixation and handling of the sperm specimens for
TEM and also accounts for cryo-damage.

Sperm PM is known to regulate many sperm functions. Sperm
PM regulates sodium, potassium [24] and calcium [25] ion
exchange which critically regulates motility and mitochondrial
functions respectively. Sperm PM also possess receptors which
mediate sperm-zona binding and fusion, like PH-20 [26] and other
receptors which regulate sperm capacitation [27]. Intact PM is also
necessary for fusion with the outer acrosomal membrane and
induction of acrosome reaction [28]. Although evidence of repair
Fig. 5. Nuclear morphology and damage induced by cryopreservation. Longitudinal Ultra
vacuole containing electron dense material and indicating chromatin damage compared
mechanisms of damaged PM in the female reproductive tract have
been shown, by e.g. heat shock protein 70 which improves mem-
brane fluidity and enhances sperm binding to oviductal epithelial
cells and capacitation [29], the impact of a 50% reduction in sperm
population with intact PM described here requires further research
attention. Since this damage is initiated during equilibration, opti-
mized protocols focusing on reducing plasma membrane damage
through modification of cryoprotectants or cooling speed should
be targeted.

Capacitation and acrosome reaction processes are essential for
fertilization and have to occur in timely manner. Researchers have
suggested that in mammals, for successful fertilization, AR should
occur at the vicinity of the mature cumulus oocyte complex [30].
Premature AR will thus result in reduced fertilization rates. Here,
we have shown that cryopreservation resulted in reduced number
of spermatozoa bearing normal acrosome. However, the induced
typical AR is minimal and only 10% were observed after thawing.
Complete AR associated with complete loss of outer acrosomal
membrane was evident in only 6% of post-thawing spermatozoa.
Cooling and equilibration did not affect physiological AR. We have
demonstrated that cryopreservation significantly increased per-
centage of atypical AR to 19% compared to 9% before cooling. Sim-
ilarly, 28% atypical AR was reported in frozen-thawed bovine
semen [19]. This type of abnormal morphology was attributed to
degeneration associated with sperm cell death [31]. When cryop-
reserved semen is used for in vitro fertilization during ART, stan-
dard procedure including centrifugation of the sample through
percol gradient is essential to separate motile spermatozoa from
cryoprotectants and dead cells. However, this process has been
shown to further decrease the percentage of sperm cells bearing
normal acrosome and increase atypical AR [19].

Equally important, we observed altered mitochondrial mor-
phology suggesting reduced mitochondrial functions in 15% of
frozen-thawed spermatozoa. Mitochondrial function and ability
to produce sufficient ATP have been correlated to sperm motility
and hyperactivity [32] and are also linked to higher fertilization
potential in vitro [33]. However, mitochondrial membrane poten-
tial after cryopreservation was found to vary between bulls and
also among different ejaculates from the same bull [34].

Furthermore, the effect of cryopreservation on sperm DNA
integrity is particularly important, since this DNA damage has been
shown to affect genes that are crucial for fertilization and early
thin section of the head piece showing abnormal nucleus (N, right) with big nuclear
to normal (left) nucleus with homogenous condensed chromatin.



Table 4
The effect of different processing steps of semen cryopreservation on sperm DNA damage examined by transmission electron microscopy, TB staining and SCSA.

Sample Chromatin damage assessed by TEM Chromatin damage accessed by SCSA Chromatin damage assessed by TB

P%* OR CI (95%) P%* OR CI (95%) P%* OR CI (95%)

Diluted (37�C) 3 2.8a 1.3a

Cooled (4�C, 2 h) 3 1.00 0.20–5.08 3.8b 1.36 1.16–1.59 2.0a 1.51 0.42–5.41
Equilibrated (4�C, 4 h) 4 1.35 0.29–6.18 4.8c 1.79 1.54–2.08 2.7a 2.02 0.60–6.81
Frozen-thawed (37�C) 9§ 3.20 0.84–12.18 8.4d 3.22 2.79–3.69 4.7b 3.62 1.18–11.14

* Data are shown as proportions evaluated by TEM (in a total of 100 sperm per sample), microscopically following TB staining (counting per 300 sperm per sample), or
evaluated by flowcytometry following SCSA (in 10,000 sperm per sample). The sign § indicates tendency to increase nuclear damage; P = .089. Different superscripts within
the same column indicate significant difference analyzed by logistic regression (Wald test). OR: Odds ratio, CI: confidence interval.
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embryo development [35]. Induced DNA damage in murine sperms
has been shown to persist after ICSI fertilization and no repair
could be observed with DNA synthesis in the zygote [36]. This
may explain the relation between sperm DNA damage and unex-
plained recurrent spontaneous abortion [37]. Several physiological,
mechanical and chemical causes can lead to damage of sperm
chromatin. In human, aging [38], inter-individual variation [39],
pollution [40] and other metabolic disturbances have been shown
to impact chromatin integrity, which is a factor that can substan-
tially affect fertility in men, rather than by basic sperm parameters.
The mechanism of the generation of DNA fragmentation and chro-
matin damage after cryopreservation due to the mechanical effect
of crystallization or chemical damage induced by cryoprotectants
has not been clearly elucidated, but mainly attributed to oxidative
stress [41] and activation of caspases [11].

The extent and impact of sperm chromatin damage are depen-
dent on the method of evaluation. Percentage of sperms with chro-
matin defects showed significant negative correlation with
fertilization rate following ICSI [42] and to embryo quality and
pregnancy outcomes following in vitro fertilization [43] when
evaluated using chromomycin A3 or Diff-Quik kit respectively.
These correlations were not observed when aniline blue and acri-
dine orange staining was used for assessment [42]. This may
explain the presence of controverting reports regarding the effect
of cryopreservation on sperm DNA integrity demonstrated by dif-
ferent research results. Some examples have been previously
reviewed [44]. Here we found that the DNA damage estimated
by SCSA was comparable to that observed by TEM (�8%). However,
microscopic evaluation of chromatin damage by TB showed signif-
icantly lower values (�4%). This is consistent with some reports in
human [45] and may be attributed to underestimation due to
indistinct staining intensities of TB and heterogeneous staining of
slides which make evaluation subjective and experience depen-
dent [46].

In human, risk for infertility increased when DNA fragmentation
index assessed by SCSA was higher than 20% with normal standard
semen parameters (motility, morphology, concentration) or higher
than 10% with one abnormal parameter [47]. In ovine, it has been
shown that a pronounced decline in PR was observed when per-
centages of decondensed have reached thresholds of 10.5–30%
[48]. Therefore, the chromatin damage reported here (�8%)
appears to be within safe limits in regards to its impact on fertility.

5. Conclusions

Using standard cryopreservation protocol with glycerol and
egg-yolk protection in tris-based extenders, we noticed that dilu-
tion, cooling and equilibration with cryoprotectants do not induce
ultrastructural defects despite reducing sperm motility and viabil-
ity and increasing sperm abnormalities. The most pronounced
damage was observed in the plasma membrane structure where
more swollen and lost membranes occurred after the freeze-
thawing step. Minor acrosomal, mitochondrial and chromatin
damage were also evident after freezing. We highlighted that
reducing damage in sperm plasma membrane, mitochondria and
DNA should be assessed and targeted during equilibration and at
freezing, before most of the damage is initiated, for improving cry-
opreservation protocols of bull semen used for AI. This can also be
applied during sire selection using TEM and SCSA as described
above.
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