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Cryoprotectants are known to have protective effects against cryodamage to spermatozoa. In this study, the
cryoprotective effects of two cryoprotectants (glycerol, ethylene glycol) and cryoprotectants/trehalose combi-
nations on frozen-thawed ram spermatozoa were investigated at the ultrastructural level. For this purpose,
ejaculates collected from Konya Merino rams were pooled and diluted with a tris-based extender containing
additives, including 5% glycerol, 3% glycerol +60 mM trehalose, 1.5% glycerol +100 mM trehalose, 5%
ethylene glycol, 3% ethylene glycol +60 mM trehalose, and 1.5% ethylene glycol +100 mM trehalose. They
were all cooled to 5�C and then frozen in 0.25 mL French straws in liquid nitrogen. The samples were thawed at
37�C and centrifuged to remove the diluents. Then, they were processed using a scanning transmission electron
microscope. In the statistical analysis, the number of ultrastructurally cryodamaged and intact spermatozoa
were counted in longitudinal and transverse ultrathin sections in all groups by electron microscopic exami-
nation. The amount of intact spermatozoa in the groups containing 5% ethylene glycol and 1.5% ethylene glycol
+100 mM trehalose was found to be higher than other groups ( p < 0.05). As a result, it was suggested that the
groups of 5% ethylene glycol and 1.5% ethylene glycol +100 mM trehalose provided the highest protection for
the ultrastructural morphology of frozen-thawed Konya Merino ram spermatozoa among the groups.

Keywords: cryopreservation, Konya Merino ram spermatozoa, trehalose, ethylene glycol, glycerol, electron
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Introduction

Sperm cryopreservation has recently become widely
used in reproductive biotechnology to maintain fertil-

ity. However, sperm cryodamage involves cellular dam-
age, including changes in the membranes, mitochondria,
acrosomes, and axonemes.1–5 Such cellular cryodamage
adversely affects spermatozoa fertility by decreasing the
viability of the cells.

Numerous studies have been conducted on the role of various
cryoprotectants in cell cryopreservation.6–10 Low-molecular-
weight cryoprotectants may prove to allow less damage to the
spermatozoa.11

On the one hand, it was reported that ethylene glycol re-
duced abnormality and improved sperm viability, acrosome
integrity, plasma membrane integrity, conception rate, and
pregnancy rate of bull semen compared to glycerol.12 In
another study, Awad13 compared the cryopreservation effects
of low-molecular-weight cryoprotectants (ethylene glycol) to

glycerol on post-thawed computer-assisted semen analysis
(CASA) sperm parameter in bull semen. They found no ad-
vantage to using ethylene glycol to replace glycerol in bull
semen freezing. However, they reported that the possibility of
using ethylene glycol as a permeating cryoprotectant for bull
semen deserved further investigation, and these cryoprotec-
tants should also be evaluated in extenders that contain di-
saccharides or cholesterol.

Trehalose is a naturally occurring sugar containing two
d-glucose units in an a,a-1,1 linkage. It can protect proteins
and cellular membranes from inactivation or denaturation
caused by a variety of stress conditions, including desic-
cation, dehydration, heat, cold, and oxidation.14 It has been
concluded that the antioxidant properties of the extender
trehalose may be related to its effectiveness in membrane
cryopreservation.15–19 The cryoprotective effects of treha-
lose may be due to enhanced sperm membrane fluidity
before freezing.20 In addition, it preserves the structural
integrity of the cells and protects them against freezing-
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induced osmotic stress during the freezing and thawing
processes.21–23 Trehalose also improves motility, viability,
and membrane integrity and reduces morphologic abnor-
malities in postthaw ram spermatozoa.24

In this study, we used combinations of trehalose with
other cryoprotectants to increase the protective efficacy of
the cryoprotectants at low concentrations. We aimed to
examine the effects of two cryoprotectants and cryoprotec-
tants/trehalose combinations in different doses on cryo-
damage in the ultrastructural morphology of frozen-thawed
Konya Merino ram spermatozoa with scanning transmission
electron microscopy (STEM).

Materials and Methods

Animals, semen collection, and processing

Semen samples from six Konya Merino rams (aged be-
tween 3 and 4 years) were used in this study. The animals
were housed at the Bahri Dagdas International Agricultural
Research Institute and were maintained under uniform nu-
tritional conditions. Ejaculates were collected three times a
week using an artificial vagina during the breeding season.
Immediately after collection, the ejaculates were immersed
in a water bath (37�C) until microscopic assessment in the
laboratory. Semen assessment was performed within *20
minutes following collection.

The volume of semen ejaculates was measured in a conical
tube graduated at 0.1 mL intervals, and the sperm concentra-
tion was determined using a hemocytometer.25 Only ejacu-
lates with a volume of 1–2 mL sperm with >80% progressive
motility and a concentration higher than 2 · 109 sperm/mL
were pooled to eliminate individual differences. Seminal
plasma was not removed before the extending process. Eja-
culates collected at the same time were pooled for dividing
and then diluting. This process was repeated seven times; thus,
seven pooled ejaculates were included in the study.

A tris-based extender (Trizma 254 mM, citric acid 78 mM,
fructose 70 mM, egg yolk 15%, pH 6.8) was used as the base
extender. Each pooled ejaculate was divided into six equal
aliquots and diluted (37�C) with the base extender containing
5% glycerol, 5% ethylene glycol, 3% glycerol and 60 mM
trehalose, 3% ethylene glycol and 60 mM trehalose, 1.5%
glycerol and 100 mM trehalose, and 1.5% ethylene glycol and
100 mM trehalose at a concentration of 400 million cells/mL.
Diluted semen samples were aspirated into 0.25 mL French
straws, sealed with polyvinyl alcohol powder, and equilibrated
at 5�C for 3 hours. After equilibration, the straws were frozen
in liquid nitrogen vapor, *4 cm above the liquid nitrogen, for
15 minutes and plunged into liquid nitrogen for storage.

Electron microscopy

After 1 month, straws were thawed individually at 37�C
for 25 seconds in a water bath for electron microscopic
evaluation. Samples were transferred into Eppendorf tubes
and centrifuged at 2500 rpm for 5 minutes. After removal
of the supernatants, samples were fixed overnight in Kar-
novsky solution26 for ultrastructural analysis by STEM. The
samples were then washed three times in 0.1 M cacodylate
buffer and postfixed with OsO4 for 1 hour at 4�C.27 The
specimens were dehydrated in an ethanol series and then
treated in propylene oxide and embedded in Araldite. The
negatively stained ultrathin sections were transferred onto

formvar film-coated grids and examined with Field Emis-
sion Scanning Electron Microscope (FESEM) (Carl Zeiss,
Supra 40 VP) using a STEM detector.

Statistical analysis

In the statistical analysis, at least 500 ultrastructurally
cryodamaged and membrane-intact spermatozoa, obtained
from four straws for each group, were counted in ultrathin
sections by observation with FESEM using a STEM de-
tector. The data were statistically evaluated by chi-square
test by using the SPSS/PC software package (version 13.0;
SPSS, Inc., Chicago, IL). p-Values below 0.05 were con-
sidered statistically significant. This study did not involve
humans so IRB approval was not needed.

Results

In all groups, ultrastructural cryodamage, including mem-
brane deformations, formation of vesicles, and damaged acro-
some, axonemes, and mitochondria, were observed in the
STEM micrographs of the spermatozoa. The plasma membrane
surrounding the sperm head showed more extensive swelling
and ruffled damage (Fig. 1). In the midpiece and distal end of
the sperm tails, it was separated from the underlying mito-
chondrial sheath and axonemal structure (Figs. 1a, 2b, and 3c).

In the acrosomal and plasma membranes, blebs along the
membranes were observed (Figs. 1e and 4b). In addition, an
atypical acrosome reaction exhibited knob-like protrusion
of acrosomal material (Fig. 4a). As for axonemes, the 9 + 2
microtubule pattern was abnormal, and therefore, differences
in the arrangement of the axonemal complex and the loss of
axonemal doublets were visualized in the transverse sections
of the sperm tails (Fig. 5). In addition, damaged mitochondria
with an electron lucent matrix and absence of cristae in the
transverse (Fig. 2) and longitudinal (Fig. 3b) sections of the
sperm tails and plasma membrane-derived vesicles (Fig. 2a)
were observed. This cryodamage was consistent with previ-
ous ultrastructural studies of sperm cryopreservation.

In the statistical analysis, mostly membranes, and also
mitochondrium (electron lucent matrix/absence of cristae),
and axoneme (loss of axonemal doublets) ultrastructural
cryodamage in frozen-thawed Konya Merino ram sper-
matozoa were evaluated in the longitudinal and transverse
sections for each group. According to the statistical anal-
ysis, the amount of membrane intact spermatozoa in 5%
ethylene glycol and 1.5% ethylene glycol +100 mM tre-
halose showed the highest cryoprotective effect on the
ultrastructural morphology of Konya Merino ram sper-
matozoa of all the groups (Table 1).

Discussion

The sperm cryopreservation process induces damage and
severe osmotic changes in cells due to low temperature. Da-
mage to the cell membrane through cryopreservation leads to
many changes in cellular structures and their associated func-
tions,28 which result in lowered sperm fertilization capacity.29

It has been shown in many studies that cryopreservation leads
to various deformations in the sperm’s structure.1,30–33

In recent years, intensive studies have been carried out on
the use of cryoprotectants, such as dithioerythritol, vitamin
E, trehalose, and glycerol in rams,24,34–36 and cysteine,
ethylene glycol, trehalose, fetuin, and glycerol in bulls37–39
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against cryodamage during cryopreservation. Alcay et al.34

demonstrated the cryoprotective effects of 6% glycerol on
motility and plasma membrane integrity, and 6% ethylene
glycol on acrosomal and DNA integrity in frozen-thawed
ram semen.

In addition, it has been concluded that 5% glycerol and
3% or 5% ethylene glycol protect ram spermatozoa against
the harmful effects of freezing and that 5% glycerol offers
greater protection to the plasma membrane of the sperm.40

Alvarenga et al.41 reported that the percentage of motile
stallion spermatozoa was higher ( p < 0.05) for sperm frozen
in the presence of 5% ethylene glycol. In this study, we
found that the highest percentage of ultrastructurally

membrane-intact sperm among the groups was in the base
extender containing 5% ethylene glycol.

Malo et al.42 reported that trehalose increases the viability
of spermatozoa and in vitro fertilization parameters in the
cryopreservation of boar spermatozoa. It was reported that
a 50 mM concentration of trehalose resulted in the highest
percentage of membrane-intact sperm in Chios rams.43 Also,
Buyukleblebici et al.38 also demonstrated the beneficial cryo-
protective effect of 25 mM trehalose and 3% ethylene glycol
on acrosome morphology, and 3% glycerol on membrane in-
tegrity in bull semen. In our study, the best ultrastructural
cryoprotective effect was found in 100 mM trehalose +1.5%
ethylene glycol in Konya Merino ram spermatozoa.

FIG. 1. (a) Very swollen plasma membrane (star). (b, e) Swollen plasma membrane (star). (a–e) Membrane deformations
(arrow). (e) Blebs along the acrosome membrane (arrowhead). (a) · 52,000, (b) · 27,000, (c) · 55,000, (d) · 128,000, and
(e) · 66,000.
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Gutiérrez-Pérez et al.44 determined that a mixture of 1%
glycerol and trehalose (250 mM) showed the best results in
sperm viability and motility in boars. One hundred milli-
molar trehalose or raffinose in the tris-citric acid-fructose-
egg yolk extender reduced sperm anomalies in rams.45

During the cryopreservation of boar semen,46 the replace-
ment of cryoprotectant glycerol (100 mM) with 100 mM
trehalose significantly improved motility, mitochondrial
membrane potential (MMP), and acrosome integrity. Sperm
motility and MMP were considerably higher in 100 mM
trehalose, whereas the acrosome integrity was substantially
higher in 100–250 mM trehalose. El-Sheshtawy and Sisy47

suggested that 50–100 mM trehalose or sucrose is more
useful in the cryopreservation of bull semen.

In addition, Aboagla and Terada20 reported that motility
parameters markedly improved with the increase in treha-
lose concentration in goat spermatozoa. They also suggested
that the cryoprotective effects of trehalose may be due to
enhanced sperm membrane fluidity before freezing. Also,
100 mM trehalose showed a high cryoprotective effect on
motility, mitochondrial activity, and integrity of the mem-

brane and acrosome in boar spermatozoa.48 Naing et al.49

showed that the combination of glucose and trehalose im-
proves semen quality in cryopreservation of goat semen, and
198.24 mM trehalose provided a higher contribution. In
frozen ram sperm samples, 100 mM trehalose significantly
increased the vitamin E level in samples compared to the
controls, and 50 mM trehalose provided a high rate of motility
after thawing; however, there was no significant difference in
acrosome and total abnormalities.17

Uysal and Bucak24 reported that 100 mM trehalose has
superior cryoprotective effects on motility, morphological
anomalies, viability, and membrane integrity according to
50 mM trehalose in ram semen. Similarly, in our study, a
high concentration of trehalose (100 mM), but in 1.5%
ethylene glycol, protected the ultrastructural morphology of
frozen-thawed Konya Merino ram spermatozoa. With the
ultramicroscope, Aisen et al.6 showed a significant reduction
in the proportion of sperm membrane damage in the hyper-
tonic extenders (tris-citrate modified solution) plus 76 g/L
trehalose. In this study, ultrastructurally intact spermatozoa
were determined in the 100 mM concentration of trehalose in
1.5% ethylene glycol using electron microscopy techniques.

It has been reported that the protective effect of trehalose
is due to both to its osmotic effect and specific interactions
with membrane phospholipids by rendering hypertonic
media, causing cellular osmotic dehydration before freezing,
and then decreasing the amount of cell injury through ice
crystallization.33,50–52

Since spermatozoa are very tiny cells, observation of or-
ganelles requires higher magnifications. In this sense, elec-
tron microscopy techniques have the advantage of examining
ultrastructural changes of spermatozoa after freezing and
thawing processes. Ozturk et al.53 showed that the postthaw
sperm parameters (acrosome integrity, DNA fragmentation,
and DNA Integrity) could be improved by the supplemen-
tation of the semen extender with trehalose, which is shown
in Table 2.

In the present study, the addition of trehalose resulted in
protection for the sperm ultrastructural morphology, show-
ing a correlation with the previous study.53 We observed
that the 5% ethylene glycol and 1.5% ethylene glycol
+100 mM trehalose provided the highest protection for the
ultrastructural morphology of cryopreserved ram spermato-
zoa. Thus, it can be postulated that 1.5% ethylene glycol
could play a role as a cocryoprotectant with 100 mM tre-
halose on cryopreserved ram spermatozoa.

The cryopreservation-caused changes determined in our
study were similar to the changes in some sperm ultrastruc-
tures shown in the different mammalian species.32,33,54,55

Sa-Ardrit et al.56 showed that the freezing and thawing
procedure caused structural damage, especially in the
plasma membrane, acrosome, and mitochondria in elephant
spermatozoa. They also reported that fluorescence and elec-
tron microscopic evaluations were potentially a powerful tool
in the analysis of elephant spermatozoa after freezing and
thawing. Ozkavukcu et al.3 concluded that cryopreservation
had deleterious effects on spermatozoa, especially on plas-
malemma, acrosomes, and tails in human spermatozoa.

Lopez-Armengol et al.57 showed ultrastructurally that
plasma and acrosomal membranes were damaged in frozen-
thawed ram spermatozoa. They reported that cryoinjury
occurred principally at the plasma membrane and could be
present or absent in all regions. The cryodamage that

FIG. 2. Transverse sections of the tails (a, b). (a) Vesi-
culated plasma membranes (star). (a, b) Damaged mi-
tochondrium with electron lucent interior (m) indicating loss
of content. (b) Dilated plasma membrane (arrow). Ax:
Axoneme, v: vesicle. (a): · 70,000, (b): · 154,000.
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occured in the plasma membrane may be elucidated by the
freeze/thaw-induced stress effect on the plasma membrane
fluidity, as mentioned previously.58 In the present study,
mostly membrane cryodamage as well as mitochondrium
(electron lucent matrix/absence of cristae) and axoneme
(loss of axonemal doublets) cryodamage were observed by
the STEM. The slightly swelled acrosome and damaged
mitochondria observed in this study resembled an atypical

FIG. 3. (a) Axonemal alterations
(arrow) in a double tail anomaly
(b) longitudinal section of middle
piece represents distortion of cris-
tae in some mitochondria (arrows),
ruptured plasma membrane (arrow-
head), v: vesicle (c) the recurved
two endpieces (arrows) within one
plasma membrane in a double tail
anomaly, detached plasma mem-
brane from the distal end of the
sperm tail (arrowhead). (a) · 90,000,
(b) · 74,000, and (c) · 50,000.

FIG. 4. Longitudinal sections of sperm heads (a, b).
(a) Swollen acrosome (arrowhead) and membranes (star).
(b) Membrane blebs (arrow). Ac: Acrosome. (a) · 37,000
(b) · 23,000.

FIG. 5. Tail defects, showing axonemal alterations. Note
that the two axonemal structures (arrowhead) in a common
MS and disorganization (dashed arrow) and absence of
axonemal microtubules (arrows) · 100,000. MS, mitochon-
drial sheath.
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acrosome reaction structure and damaged mitochondria with
distorted cristae described in the study by Khalil et al.59

The increased production of reactive oxygen species could
explain the decrease in sperm motility, the reduced mitochon-
drial activity, and plasma membrane, acrosomal,60 and axone-
mal61 damages. Therefore, the sperm cryodamage that occured
during the freezing process, which led to reduced fertilization
capacity of sperm, is a result of the formation of reactive ox-
ygen species. According to the deleterious effects of oxidative
stress on sperm, cryoprotectant-related studies have great im-
portance in reducing the number of cryodamaged sperm during
the freezing process. It has been reported that membrane-
permeating cryoprotective agents (glycerol, ethylene glycol)
stabilize membranes and modulate the rate of cellular dehy-
dration.62 In terms of trehalose as a nonpermeating cryopro-
tectant, it stabilizes the cell membrane and prevents deleterious
effect of cell dehydration on the plasma membrane.63

Taken together, in the present study, the investigated cryo-
protective effects of two cryoprotectants (glycerol, ethylene
glycerol) and combinations of trehalose with these cryo-
protectants, the best cryoprotective effect on the ultrastruc-
tural alterations in the Konya Merino ram spermatozoa was
statistically found with 5% ethylene glycol and 1.5% eth-
ylene glycol +100 mM trehalose.

In conclusion, this study revealed again the importance of
investigations of cryoprotectants for sperm cryopreserva-
tion. Groups of 5% ethylene glycol and 1.5% ethylene
glycol +100 mM trehalose provided the highest protection
for the ultrastructural morphology of frozen-thawed Konya
Merino ram spermatozoa among the groups studied. Fur-
thermore, it can be argued that, considering the importance
of investigating the effects of cryoprotectants on the ultra-
structural morphology of spermatozoa, this research has the
potential to improve the sustainability of healthy genetic
strains of various species.
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et al. Cryopreservation effects on canine sperm morpho-
metric variables and ultrastructure: Comparison between
vitrification and conventional freezing. Cryobiology 2020;
95:164–170.

2. Healey P. Effect of freezing on the ultrastructure of the
spermatozoon of some domestic animals. J Reprod Fert
1969;18:21–27.

3. Ozkavukcu S, Erdemli E, Isik A, et al. Effects of cryo-
preservation on sperm parameters and ultrastructural mor-
phology of human spermatozoa. J Assist Reprod Genet
2008;25:403–411.

4. Pedersen H, Lebech PE. Ultrastructural changes in the
human spermatozoon after freezing for artificial insemina-
tion. Fertil Steril 1971;22:125–133.

5. Sousa PC, Santos EAA, Silva AM, et al. Identification of
ultrastructural and functional damages in sperm from six-
banded armadillos (Euphractus sexcinctus) due to cryo-
preservation. Pesq Vet Bras 2016;36:767–774.

Table 2. Mean (–SE) Sperm Acrosome Integrity, DNA Fragmentation, and DNA Damage of Ram Semen

in Presence of Glycerol, Ethylene Glycol, and Trehalose Following Cryopreservation

Groups Acrosome integrity, % DNA fragmentation, % DNA damage, %

5% glycerol 42.12 – 6.85 14.00 – 5.72 8.89 – 1.69a

5% ethylene glycol 37.02 – 2.96 13.21 – 4.59 6.39 – 1.21ab

3% glycerol +60 mM trehalose 43.88 – 3.00 11.21 – 4.69 5.96 – 0.67b

3% ethylene glycol +60 mM trehalose 36.47 – 4.92 9.29 – 4.75 7.86 – 1.95ab

1.5% glycerol +100 mM trehalose 28.01 – 6.05 9.71 – 4.82 5.93 – 0.99b

1.5% ethylene glycol +100 mM trehalose 34.41 – 5.11 10.14 – 5.07 7.93 – 0.93ab

Source: Ozturk et al., 2020.53

Means with different letters (a, b, c) in the same column demonstrate significant differences (p < 0.05).

Table 1. Mean Intact Sperm in Semen Supplemented with Different Cryoprotectants

and Trehalose of Rams Following Freeze-Thawing

Groups
Damaged

spermatozoa
Intact

spermatozoa
Total

spermatozoa
Intact

spermatozoa (%)

5% glycerol 324 180 504 36e

5% ethylene glycol 334 383 717 53a

3% glycerol +60 mM trehalose 305 222 527 42cd

3% ethylene glycol +60 mM trehalose 384 116 500 23f

1.5% glycerol +100 mM trehalose 335 273 608 45bc

1.5% ethylene glycol +100 mM trehalose 279 260 539 48ab

a–fDifferent superscripts within the same column demonstrate significant differences among groups ( p < 0.05).

446 KESKIN ET AL.

D
ow

nl
oa

de
d 

by
 P

am
uk

ka
le

 U
ni

ve
rs

ity
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
22

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



6. Aisen EG, Quintana M, Medina V, et al. Ultramicroscopic
and biochemical changes in ram spermatozoa cryopre-
served with trehalose-based hypertonic extenders. Cryo-
biology 2005;50:239–249.

7. Bucak MN, Keskin N, Taspinar M, et al. Raffinose and
hypotaurine improve the post-thawed Merino ram sperm
parameters. Cryobiology 2013;67:34–39.

8. Bucak MN, Ataman MB, BaspinarN, et al. Lycopene and
resveratrol improve post-thaw bull spermparameters: Sperm
motility, mitochondrial activity and DNA integrity. An-
drologia 2015;47:545–552.

9. Sariozkan S, Bucak MN, Tuncer PB, et al. The influence of
cysteine and taurine on microscopic-oxidative stres pa-
rameters and fertilizing ability of bull semen following
cryopreservation. Cryobiology 2009;58:134–138.

10. Sariozkan S, Bucak MN, Tuncer PB, et al. Influence of
fetuin and hyaluronan on the post-thaw quality and fertil-
izing ability of Holstein bull semen. Cryobiology 2015;71:
119–124.

11. Moore AI, Squires EL, Bruemmer JE, et al. Effect of
cooling rate and cryoprotectant on the cryosurvival of
equine spermatozoa. J Equine Vet Sci 2006;26:215–218.

12. Swelum AA, Mansour HA, Elsayed Amer HA. Comparing
ethylene glycol with glycerol for cryopreservation of buf-
falo bull semen in egg-yolk containing extenders. Ther-
iogenology 2011;76:833–842.

13. Awad MM. Effect of some permeating cryoprotectants on
CASA motility results in cryopreserved bull spermatozoa.
Anim Reprod Sci 2011;123:157–162.

14. Elbein AD, Pan YT, Pastuszak I, et al. New insights on
trehalose: A multifunctional molecule. Glycobiology 2003;
13:17R–27R.

15. Aisen EG, Alvarez HL, Venturino A, et al. Effect of tre-
halose and EDTA on cryoprotective action of ram semen
diluents. Theriogenology 2000;53:1053–1061.

16. Aisen EG, Medina VH, Venturino A. Cryopreservation
and post-thawed fertility of ram semen frozen in different
trehalose concentrations. Theriogenology 2002;57:1801–
1808.

17. Bucak MN, Atessahin A, Varisli A, et al. The influence of
trehalose, taurine, cysteamine and hyaluronan on ram semen
microscopic and oxidative stress parameters after freeze-
thawing process. Theriogenology 2007;67:1060–1067.

18. Cirit U, Bagis H, Demir K, et al. Comparison of cryopro-
tective effects of iodixanol, trehalose and cysteamine on
ram semen. Anim Reprod Sci 2013;139:38–44.

19. Tonieto RA, Goularte KL, Gastal GDA, et al. Cryopro-
tectant effect of trehalose and low-density lipoprotein in
extenders for frozen ram semen. Small Rumin Res 2010;93:
206–209.

20. Aboagla EM, Terada T. Trehalose-enhanced fluidity of the
goat sperm membrane and its protection during freezing.
Biol Reprod 2003;69:1245–1250.

21. Jain NK, Roy I. Trehalose and protein stability. Curr Protoc
Protein Sci 2010;59:4.9.1–4.9.12.

22. Richards AB, Krakowka S, Dexter LB, et al. Trehalose: A
review of properties, history of use and human tolerance,
and results of multiple safety studies. Food Chem Toxicol
2002;40:871–898.

23. Zhang M, Oldenhof H, Sieme H, et al. Freezing-induced
uptake of trehalose into mammalian cells facilitates cryo-
preservation. Biochim Biophys Acta 2016;185:1400–1409.

24. Uysal O, Bucak MN. The role of different trehalose con-
centrations and cooling rates in freezing of ram semen.
Ankara Univ Vet Fak Derg 2009;56:99–103.

25. Smith JT, Mayer DT. Evaluation of sperm concentration by
the hemocytometer method. Fertil Steril 1955;6:271–275.

26. Karnovsky MJ. A formaldehyde-glutaraldehyde fixative of
high osmolality for use in electron-microscopy. J Cell Biol
1965;27:137–138A.

27. Boonkusol D, Saikhun K, Ratanaphumma P. Effects of
extender and storage time on motility and ultrastructure of
cooled-preserved boar spermatozoa. Kasetsart J (Nat Sci)
2010;44:582–589.

28. Meyers SA. Spermatozoal response to osmotic stress. Anim
Reprod Sci 2005;89:57–64.

29. Nishizono H, Shioda M, Takeo T, et al. Decrease of fer-
tilizing ability of mouse spermatozoa after freezing and
thawing is related to cellular injury. Biol Reprod 2004;71:
973–978.

30. Barthelemy C, Royere D, Hammahah S, et al. Ultrastructural
changes in membranes and acrosome of human sperm during
cryopreservation. Arch Androl 1990;25:29–40.
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