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a b s t r a c t
This study evaluated the protective effects of supplementation with three different sugars on the motility,
morphology and DNA integrity of rat epididymal sperm chilled and stored at 4 °C Epididymides were
obtained from each donor. Rat epididymal sperm was diluted in Ham’s F10 plus rafﬁnose, Ham’s F10 plus
trehalose, Ham’s F10 plus fructose, and Ham’s F10 medium for control purposes. Thereafter, the extended
sperm were chilled and stored in liquid form at 4 °C. Sperm motility, morphological abnormalities and
DNA damage were determined at 0 and 12 h after chilling. No signiﬁcant difference was observed in
any of the parameters evaluated at 0 h, before storage (P > 0.05). After 12 h of storage, all sugar additives
led to statistically higher motility, normal sperm morphology and DNA integrity in comparison to the
control group. Rafﬁnose gave the best motility percentages (32.86 ± 1.84%) after 12 h of storage at 4 °C,
compared to the other groups (P < 0.001). In conclusion, Rafﬁnose, trehalose and fructose provided a better protection of sperm functional parameters against chilling injury, in comparison to the control group.
Crown Copyright Ó 2012 Published by Elsevier Inc. All rights reserved.

Introduction
Rats are among animal models widely used in biotechnological
research. Although rats are naturally easy to breed, the breeding of
transgenic or genetically modiﬁed strains remains a challenge [7].
Liquid storage and cryopreservation are reliable techniques for the
preservation of semen, and live offspring can be generated by artiﬁcial insemination or in vitro fertilization using the preserved
sperm of rats [18]. The chilling and freezing of semen results in
the deterioration of sperm motility, viability and DNA integrity.
Actually, appropriate chilling and cryopreservation protocols have
already been developed for many species, including the bull [5,31],
ram [9,32], goat [37], and mouse [24]. However, limited data is
available on the successful chilling, liquid storage and cryopreservation of rat sperm since cryopreservation ability of rat sperm and
testicular tissue ranges from poor to fair in terms of functional
survival and reproducibility [7]. Besides, rat sperm is extremely
vulnerable to physical stress and handling processes such as
chilling, freezing and thawing, due to their size and low water permeability [15,25].
⇑ Corresponding authors.
E-mail addresses: sariozkan75@yahoo.com (S. Sarıözkan), mustafanbucak@yahoo.com (M.N. Bucak).

Sugars such as rafﬁnose (trisaccharide), trehalose (disaccharide) and fructose (monosaccharide) play a role in the protection
of post-thaw sperm viability by providing an energy source,
promoting the excretion of water out of the cell so as to decrease
intracellular ice crystal formation, and maintaining the osmotic
pressure of the extender. However, their protective effects are
dependent on storage temperature, molecular weight, and the
particular buffer used in the extender [1,13,14]. The beneﬁcial
antioxidative and protective effects of sugars against the cold
shock and freeze–thaw damage of sperm have been reported in
many studies [21,43].
We designed the current study aiming to examine the effect of
sugars such as trehalose, fructose and rafﬁnose on motility, morphology and DNA integrity of rat epididymal sperm during liquid
storage at 4 °C.

Materials and methods
Chemicals
The additives (fructose F2543, trehalose T 0167 and rafﬁnose
R7630) and other chemicals used in this study were obtained from
Local representative of Sigma–Aldrich Chemicals.
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Animals

Assessment of sperm morphological abnormalities

Twenty male Wistar albino rats (weighing 200–250 g) were
used as semen donors. They were obtained from the Experimental
and Clinical Research Centre of Erciyes University, Kayseri, Turkey.
Rats were housed under standard laboratory conditions (in polycarbonate cages and were exposed to a 12 h/12 h light/dark cycle
at a room temperature of 22–24 °C and relative humidity of 55–
60%). A commercial pellet diet (2600 kcal/kgME, 7% crude cellulose, and 23% crude protein) and fresh drinking water were given
ad libitum. The protocol for the use of experimental animals was
approved by the Institutional Review Board of the National Institute of Health and Local Committee on Animal Research.

To determine the percentages of morphological abnormalities,
sperm samples were stained with eosin–nigrosin (1.67% eosin,
10% nigrosin and 0.1 M sodium citrate) were prepared. The percentages of sperm head, tail and total abnormalities were determined by counting a total of 200 sperm per slide under a light
microscope at 400 magniﬁcation [28,38].

Experimental design and sample collection
Mature male rats were killed under anesthesia (ketamine and
xylazine, i.p.), and their epididymides were excised. The epididymides collected from each donor were placed in a plastic dish containing 3 ml of Ham’s F10 medium without Hepes and BSA
(Biological Industries, Kibbutz Beit Haemek Israel, Lot: 930747).
The epididymides were dissected with anatomical scissors, to obtain epididymal sperm, in 1 ml of Ham’s F10 medium in a Petri dish
to allow viable spermatozoa to swim out for 10–15 min at 37 °C.
Tissue debris was removed from the medium by ﬁltering through
a strainer. The sperm suspension was then gently placed in eppendorf tubes. The number of sperm in the samples was determined
by direct examination under the microscope using a haemocytometer. The base semen extender supplemented with rafﬁnose, trehalose and fructose at 5 mM dose was prepared. Supplementation
with different sugars (Ham’s F10 plus rafﬁnose – HR, Ham’s F10
plus trehalose – HT, Ham’s F10 plus fructose – HF, Ham’s F10 –
control) was used to dilute rat sperm. Only semen with a sperm
motility >50% and a sperm concentration of 1–3  108 spermatozoa/mL was processed in the present study.
Semen dilutions and chilling
In the experiment, 20 mature male rats were used as semen donors, and were allocated to four extender groups (ﬁve rats/per
experimental group). The epididymides of ﬁve rats belonged to
one group. Each group consisted of ﬁve rats and had ﬁve replicates.
Each rat with their epididymides was accepted as a replicate. Epididymal sperm derived from both epididymides of each twenty
rats was diluted with one of the four different semen extenders
containing rafﬁnose (5 mM-HR), trehalose (5 mM-HT), fructose
(5 mM-HF) or no supplementation, to a ﬁnal concentration of 1–
3  107/mL spermatozoa, respectively. Thereafter, diluted semen
samples (10 ml) were kept in glass tubes and cooled from 37 to
5 °C, at a rate of 0.2–0.3 °C/min in a cold cabinet, and were maintained at 5 °C during 12 h.
Evaluation of sperm parameters
Evaluations of sperm motility, morphological abnormalities and
DNA damage were performed prior to chilling (moment 0) and at
12 h after chilling. All the evaluations were made after dilution.
Evaluation of sperm motility
Sperm motility was evaluated by placing a 5-lL drop of diluted
semen on a slide at 37 °C, and then examining it under a light
microscope at 100. Motility estimations were performed from
three different ﬁelds in each sample and mean used as the ﬁnal
motility.

Assessment of sperm DNA damage using the comet assay
Diluted semen samples were centrifuged at 300g for 10 min at
4 °C. Supernatant was removed and the remaining sperm cells
were washed with (Ca2+ and Mg2+ free) PBS [4]. Sperm DNA damage was investigated using the single-cell gel electrophoresis (comet) assay that was generally performed at high alkaline
conditions. Firstly, sperm was embedding in agarose gel. In brief,
each microscope slide was pre-coated with a layer of 1% normal
melting point agarose in PBS and dried thoroughly at room temperature. Next, 100 ll of 0.7% low melting point agarose at 37 °C
was mixed with 10 ll of the cell suspension and dripped onto
the ﬁrst layer. Slides were allowed to solidify for 5 min at 4 °C in
a moist box. The coverslips were removed and the slides were immersed in freshly prepared cold lysis buffer containing 2.5 M NaCl,
100 mM Na2–EDTA, 10 mM Tris, 1% Triton X-100 and 40 mM
dithiothereitol (pH 10) for 1 h at 4 °C. Then the slides were incubated overnight at 37 °C in 100 lg/ml proteinase K (Sigma) added
to the lysis buffer. The slides were removed from the lysis buffer,
drained and placed in a horizontal electrophoresis unit ﬁlled with
fresh alkaline electrophoresis solution, containing 300 mM NaOH
and 1 mM EDTA (pH 13), for 20 min to allow the DNA to unwind.
Electrophoresis was performed for 20 min at room temperature
at 25 V and was adjusted to 300 mA. Subsequently, the slides were
washed with a neutralizing solution of 0.4 M Tris, pH 7.5, in order
to remove the alkali ions and detergents. After neutralization, the
slides were stained with 50 ll of ethidium bromide (1 lg/ml)
and covered with a coverslip. All steps were performed under
dim light to prevent further DNA damage [16,34].
The images of 100 randomly chosen nuclei were analyzed visually. Observations were made at a magniﬁcation of 400x using a
ﬂuorescent microscope (Olympus, Japan). Damage was detected
by a tail of fragmented DNA that migrated from the sperm head,
causing a ‘comet’ pattern (Fig. 1), whereas whole sperm heads,
without a comet (Fig. 2), were not considered to be damaged [41].
Statistical analysis
The study was replicated ﬁve times. Results were expressed as
mean ± SEM. Means were analyzed by one-way analysis of variance, followed by Tukey’s post hoc test to determine signiﬁcant
differences among the groups for all sperm parameters using the
SPSS/PC computer programme (version 12.0, SPSS, Chicago, IL). Differences with values of P < 0.001 were considered to be statistically
signiﬁcant.
Results
The effects of rafﬁnose, trehalose and fructose on rat sperm
motility, morphological abnormalities and DNA damage, prior to
chilling (moment 0) and at 12 h of chilling, are presented in Tables
1 and 2, respectively. No signiﬁcant difference was observed in any
of the parameters evaluated at 0 h of storage. Conversely, after a
12 h-storage, all sugar additives tested led to statistically higher
motilities in comparison to the control group (P < 0.001), and rafﬁnose gave the best motility values. Similarly, sugar supplementations provided a better protection against chilling injury since
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Discussion
The transmission of genetic information to future generations
depends on the DNA integrity of sperm. DNA integrity has become
an important indicator of fertile sperm. However, sperm cells are
susceptible to a number of endogenous and exogenous factors.
As sperm possess limited defensive cytoplasm [33], signiﬁcant
DNA damage may occur as a result of oxidative damage arising
from the absence of a defense system [40]. Therefore, DNA damage
can result in infertility [17].
This study investigated the effects of the sugars trehalose, rafﬁnose and fructose on the motility, morphological abnormalities
and DNA damage of rat epididymal sperm chilled and stored at
4 °C. Normally, as cryopreservation and freezing induce the formation of intracellular ice crystals, and membrane alterations due to
cold shock, phase changes in membrane lipids and osmotic pressure alterations, there are important differences in terms of fertilizing ability between fresh and frozen-thawed sperm [7,42].
Sperm cells are highly vulnerable to in vitro manipulations,
which lead to the loss of sperm functions [25]. Additionally, cold
shock not only deteriorates the functional parameters of sperm,
but also triggers DNA damages [12]. Cryopreservation of rat sperm
is more difﬁcult than that of some other mammals [25,26]. DNA
alterations and chromatin abnormalities arising from cold shock
also affect early embryonic development [10].
The integrity of sperm DNA has a vital importance to the sperm
cell. Some authors suggest that sperm DNA integrity is a more
objective marker of sperm function as opposed to the sperm
parameters such as motility [20]. DNA damage could be result of
free radical induced damage [28,39]. In this study, although sperm
functional parameters declined with time of storage, all sugar additives led to statistically higher sperm parameters and DNA integrities, in comparison to the control group. Similarly, all semen
extenders with additives provided a better protection against cold
shock for the sperm head and tail, total abnormalities, and DNA
damage, when compared to the controls. These results show that
the sugars used are apparently beneﬁcial additives, which affect
sperm survival after the chilling of sperm. Although sugars cannot
diffuse across the plasma membrane, they are able to create an
osmotic pressure, inducing cell dehydration. Besides, these sugars
interact with phospholipids in the plasma membrane, increasing
sperm survival during chilling period [8,19]. The current results
are similar to those reported in studies carried out in ram [3], goat
[2], boar [21] and mouse [36] sperm.

Fig. 1. This appearance with a comet pattern shows the spermatozoa with damaged
DNA.

Fig. 2. This appearance without a comet pattern shows the spermatozoa with
undamaged DNA.

results obtained for sperm morphological abnormalities, including
head, tail and total percentages, and DNA damage percentage were
higher when compared to control (P < 0.001).

Table 1
Mean ± SEM sperm parameters in fresh epididymal rat spermatozoa prior to chilling (moment 0).
Groups

Motility (%)

Head abnormality (%)

Tail abnormality (%)

Total abnormalities (%)

DNA damage (%)

HR
HT
HF
Control
P

69.00 ± 1.53
66.67 ± 2.47
69.17 ± 2.39
70.00 ± 1.29
–

2.50 ± 0.43
2.50 ± 0.62
2.00 ± 0.52
2.33 ± 0.61
–

2.83 ± 0.70
2.33 ± 0.49
2.50 ± 0.43
2.83 ± 0.65
–

5.33 ± 0.61
4.83 ± 0.75
4.50 ± 0.56
5.17 ± 0.48
–

2.53 ± 0.45
1.38 ± 0.49
1.70 ± 0.30
1.90 ± 0.53
–

–: No signiﬁcant difference.

Table 2
Mean ± SEM sperm parameters in chilled rat spermatozoa at 4 °C for 12 h.

a–d

Groups

Motility (%)

Head abnormality (%)

Tail abnormality (%)

Total abnormalities (%)

DNA Damage (%)

HR
HT
HF
Control
P

32.86 ± 1.84a
24.29 ± 2.54b
17.14 ± 1.84c
10.00 ± 1.54d

6.43 ± 0.87b
6.14 ± 0.67b
8.29 ± 1.08b
27.88 ± 2.19a

9.00 ± 0.72b
8.14 ± 0.46b
9.57 ± 0.75b
15.75 ± 1.11a

15.43 ± 1.11b
14.29 ± 1.04b
17.86 ± 0.96b
43.63 ± 2.41a

7.21 ± 1.78b
2.80 ± 1.01b
3.32 ± 0.84b
18.85 ± 2.49a

⁄⁄⁄

⁄⁄⁄

⁄⁄⁄

⁄⁄⁄

⁄⁄⁄

⁄⁄⁄

: Different superscripts within the same column demonstrate signiﬁcant differences among groups (

P < 0.001).
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Normally, we obtained a lower cryoprotective effect for monosaccharides (fructose), when compared to di- (trehalose) and tri(rafﬁnose) saccharides. Some papers report that di- and tri-saccharides may be more inﬂuential than monosaccharides in that they
increase osmotic dehydration [19,29]. Rafﬁnose has been used in
many procedures to block extracellular ice formation, provide
hypertonicity and enhance the formation of a metastable glass or
microcrystalline state [35]. As mitochondria produce ATP, they
contribute greatly to the maintenance of motility [23]. In this
study, it was determined that rafﬁnose gave the best motility percentage. The current ﬁnding is similar to the results obtained by
Tuncer et al. [37], who demonstrated a marked reduction in acrosome abnormalities and DNA damage in goat sperm when rafﬁnose was added to the extender. We found that supplementation
of all three sugars played a signiﬁcantly beneﬁcial role in the maintenance of sperm motility, intact morphology and DNA integrity in
rat sperm against chilling injury. Besides, rafﬁnose particularly induced a stronger protective effect than trehalose and fructose in
preserving sperm motility. Although rat sperm has problematic
process in terms of handling and chilling, these challenges can be
overcome by the supplementation of the semen extender with
cryoprotective additives and by suitable handling procedures prior
to storage period.
Additionally, if alternative methods for the handling, chilling
and freezing of rat spermatozoa are developed, these methods
might prove beneﬁcial for different animal models including the
boar, stallion and small ruminants, which still face challenges in
term of cryopreservation. For example, the widespread dissemination of semen from a small number of ram with superior genetic
merit to remote areas in order to inseminate a large number of ewes
requires preservation of semen under formed artiﬁcial environment. Two major systems of sperm storage (liquid and frozen) have
been achieved for preservation. Preservation of sperm generally requires a reduction or arrest of the metabolism of sperm cells, thereby, prolonging their fertile life [22,44]. The freezing–thawing of
spermatozoa results in more reduced rates of sperm motility and
fertilizing capacity when compared to liquid storage at 5 °C [11].
On the other hand, cooled semen suffers from a decrease in motility
and membrane integrity, accompanied by a reduction in fertility for
extending days of liquid storage (e.g. 12 h of storage) [6,22,30]. Successful liquid storage of spermatozoa is dependent on the reversible
reduction of survival and metabolic activity of spermatozoa. This is
achieved by providing effective environmental conditions for the
cooled semen, which to present have focused on the development
of beneﬁcial extenders that maintain motility, DNA integrity and
fertilizing ability of spermatozoa during liquid storage [27,30]. In
the present study, it was concluded that rafﬁnose, trehalose and
fructose provided a protective effect, which improves motility and
prevents DNA damage and morphological injury of rat sperm for
12 h of storage). Supplementation with these sugars prior to the liquid storage may be recommended to facilitate the enhancement of
sperm storage techniques for the livestock industry and laboratory
animals, and human in vitro fertilization studies.
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