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1. Introduction

According to the recent scientific achievements in cryobiology at present the vitrification
belong to perspective technologies.

What is the reason?
Because:

- The method is cheap and quick.

- Due to lowering the temperature of solution's glass transition the permeable
cryoprotectants prevents the actual freezing of solution and allows to maintain its some
flexibility in a glassy phase.

- Vitrification without permeable cryoprotectants allows to avoid the cryoprotectants
toxicity and osmotic stress; the damage of plasmatic and mitochondrial membrane
during equilibration with cryoprotectants; protects of plasmatic and mitochondrial
membrane against lipid peroxidation and formation of reactive oxygen species and
DNA damage.

Cryobiology is a rapidly evolving field which only relatively recently has found broad
applications in reproductive medicine. However, as any emerging technology, it has both a
great potential and a need for further developments (Petrunkina, 2007).

According to worldwide experience, successful cryopreservation of spermatozoa from
different kind of animal including human for long-term storage (cryobanking of genome) or
relatively short-term storage (artificial insemination) in conjunction with assisted reproductive
technologies allows to promote long-term cryopreservation programmes. The use of
programmable or non-programmable “slow” (conventional) freezing (McLaughlin et al., 1990;
Yin and Seibel, 1999; Stanic et al., 2000) allows to preserve relatively large volume of diluted
ejaculate or prepared spermatozoa from 0.25 to 1.0 mL with good rates of motility after
thawing (Sawetawan et al., 1993; larson et al, 1997) and acceptable levels of integrity of
acrosomal and cytoplasmic membranes, in other words with sufficiently high quality post-
thaw characteristics (Hammadeh et al., 1999; Duru et al., 2001; Meseguer et al., 2004; Isachenko
et al., 2003, 2008). It does also provide acceptable protection against membrane changes and
destabilization induced by cryopreservation (Glander and Schaller, 2000; Schuffner et al, 2001).
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To avoid the lethal intracellular ice formation, the cryoprotective solution as ruler contains
buffers, carbohydrates (glucose, lactose, raffinose, sucrose and trehalose), salts (sodium citrate,
citric acid), egg yolk and antibiotics including permeable cryoprotectant glycerol or other
cryoprotectives (Mazur, 1963; Barbas & Mascarenhas, 2009) in combination with comparably
slow rates of freezing (Gao et al., 1997) are widely used for these purpose. The aim of slow
cooling rates is to maintain a very delicate balance between ice crystal formation and growing
concentration of dissolved substances. Conventional freezing procedure for mammalian
spermatozoa traditionally includes the following stages of manipulations:

1. slow, step-wise adding of freezing solution to the ejaculate

2. cooling during 20 to 45 min

3. warming in water bath and

4. treatment of spermatozoa by the density gradient or the swim-up procedure
(McLaughlin et al., 1990; Yin and Seibel, 1999; Stanic et al., 2000).

5. The ultimate target of the last manipulation is the removal of permeable
cryoprotectants.

As a rule, a pre-requisite for that is a dilution of semen suspension with culture medium in
order to reduce the toxicity of permeable cryoprotectant (according to manufacturer’s
instructions for cryoprotectant of choice). This is associated with additional costs and, not at
least, with environmental and adaptation challenges for spermatozoa. In fact, sensitivity of
spermatozoa to additional mechanical manipulation is increased after freezing-thawing, and
the negative effects of cryopreservation on cell viability and functional competence can be
aggravated by additional procedures. The problem is that the addition and, in particular, the
removal of permeable osmotically-active cryoprotective agents (permeable cryoprotectants)
before cooling and after warming can induce lethal stress due to intracellular ice formation,
intracellular eutectic formation or so-called ‘dilution (toxic) effects’ (Fraga et al., 1991,
Petrunkina, 2007) including chilling injury, cytoplasm fracture or even effects on the
cytoskeleton (Critser et al., 1988; Fraga et al., 1991; Pérez-Sanchez et al., 1994). The further
problems include the chemical toxicity of cryoprotectants and their possible repercussions
on the genome or genome- related structures of mammalian spermatozoa (Hammadeh et al.,
1999; Gilmore et al., 1997). Moreover, spermatozoa which survive the cryopreservation stress
are likely to have undergone subtle functional changes associated with biophysical and
biochemical factors influenced by cryoprotectants, which will affect their fertilizing ability
(Petrunkina, 2007).

Actually, the problem of the cooling and warming processes is the lethality which closely
associated with the intermediate zone of temperature (-10 to -60 °C) that cells must traverse
twice during cooling and once during warming (Mazur, 1963).

One of relatively recent and much discussed cryobiological emerged technologies within the
field of the reproductive cryobiology is the spermatozoa vitrification (cryopreservation by
direct plunging into liquid nitrogen). Vitrification is an alternative method that can also be
applied to achieve the same purpose and does not use the special extenders. This method is
based on the rapid cooling of the cells by immersion into liquid nitrogen, and, thereby, is the
key factor reducing the chance of the formation of big ice crystals. In contrast to the
programmable (“slow”) conventional freezing, vitrification has series of technological
advantages useful for the practice: it renders the use of permeable cryoprotectants
superfluous and, in addition, is much faster, simpler in application and more cost-effective
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than conventional freezing. In spite of that this method has been investigated extensively
and successfully applied to female gametes and embryos of different mammalian species
including humans (Rall & Fahy, 1985; Chen et al., 2001; Reed et al., 2002; Cervera & Garcia-
Ximénez, 2003; Isachenko et al., 2005b, 2007; Silva & Berland, 2004), however, it cannot be
directly extrapolated to male gametes, due to deleterious osmotic effect of high
concentrations of permeable cryoprotectants.

To date, publications dedicated to this topic are rare (Nawroth, et al., 2002; Koshimoto &
Mazur, 2002; Isachenko et al., 2004a, b, 2008). Recent work has reversed this situation in that
favorable results have been obtained in human spermatozoa after excluding permeable
cryoprotectants from cryopreservation solutions, increasing the cooling rate and using
carbohydrates, proteins and other extracellular agents, to increase the viscosity of the
surrounding medium of cells and prevent the formation of any intra- and big extracellular
crystals (Isachenko et al.,, 2004a, b). It was shown that permeable-cryoprotectants-free
vitrification only with protein (Nawroth et al, 2002; Isachenko et al, 2003, 2004a,b, 2005a) or
in combination with sucrose (Isachenko et al., 2008 2011a,b,c,d; Sanchez et al., 2011a, b) as a
non-permeable cryoprotectant provides a high recovery rate of motile cells and effectively
protects the mitochondrial membrane and the DNA integrity of spermatozoa after warming
(Isachenko et al., 2004a, b; 2008). And it is not surprising. According to common point of
view the non-permeable cryoprotectants plays the supporting role at permeable
cryoprotectants. They binds of extracellular water and at the same time plays anti-toxic role
(Kuleshova et al., 1999) decreasing of harmful properties of permeable cryoprotectants. In
general, the inclusion of osmotically active, non-permeating compounds into the
vitrification solution leads to additional rehydration of cells and, as a result, to decreasing
toxic effects of the permeable cryoprotectants on intracellular structures. The non-permeable
cryoprotectant sugars possess a unique property: stabilization of a cell membrane (Nakagata
& Takeshima, 1992, 1993; Koshimoto et al., 2000; Koshimoto & Mazur, 2002).

Also, the application of this modified cryopreservation technique to human spermatozoa
allowed to avoid the toxic effect caused by adding and removing of permeable
cryoprotectants including the negative effects on the cells” genetic material (Pérez-Sanchez
et al., 1994). In our earlier works we have shown that cryopreserved without permeable
cryoprotectants human spermatozoa preserved their relatively high motility rate with
ability to fertilize oocytes in vitro (Nawroth et al., 2002; Isachenko et al., 2003; 2004a, b). No
statistical differences in parameters such as viability, recovery rate or percentage of
morphologically normal spermatozoa with undamaged DNA were noted between vitrified
and conventionally frozen cells (Nawroth et al., 2002). However, it was observed that the
number of cryopreserved spermatozoa displaying features of acrosome reaction was
statistically different from that in freshly prepared swim-up spermatozoa (Isachenko et al.,
2004a,b, 2005a, 2008, 2011a,b).

In contrast to the programmable (slow) conventional freezing the vitrification renders
redundant the need for special cooling programs addition of permeable cryoprotectants. It is
much faster, simpler and more cost-efficient while still effectively protecting spermatozoa
from cryo-injuries (Nawroth et al, 2002; Isachenko et al, 2003, 2004a, b, 2005, 2008) and does
not require expensive equipment or special cooling procedures. Spermatozoa, vitrified by
such technology, would be ready for further use without any additional treatment
(centrifugation, separation in the gradient, removal of cryoprotectant and others)
immediately after thawing.
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Successful pregnancies and births have been reported when using vitrified oocytes and
embryos, and vitrification protocols have started to form an important part as well of
human as of animal reproductive medicine. Although sperm vitrification techniques have
been studied in vitro, first successful pregnancies and live birth after fertilization with
vitrified spermatozoa have been reported.

This chapter we would like to present contents the interesting results which we have had in
the first time achieved using developed us vitrification technique based on using only of
protein and carbohydrates as non-permeable cryoprotectants and applying to some
mammalian and fish species.

In our presentation we will not touch the historicalquestions of vitrification of spermatozoa
as well, but will concentrate us only on own experience according to vitrification of
spermatozoa with using only non-permeable cryoprotectants. This theme was well covered
in our previous publications (E. Isachenko et al., 2003, 2008, 2011a; Katkov et al., 2006).

In this chapter we will in detail discuss our new data which we have got in our investigation
after vitrification of human, dog and fish spermatozoa.

2. New capillary technology (Isachenko et al., 2011c) for vitrification of small
volume of human spermatozoa and practical application

Varied methods to vitrify spermatozoa have been described previously: cryo-loops,
droplets- and open pulled straw method (Nawroth et al, 2002; Isachenko et al., 2004a,b,
2005, 2008). According to these results it is possible to achieve up to 60%- and 20% -motility
levels after thawing in normospermic and oligo-astheno-terato-zoospermic patients,
respectively, depending on vitrification method selected and the quality of the original
ejaculate. Independent from the vitrification technique the vitrified spermatozoa can be
processed for further use immediately after warming without additional treatment such as
centrifugation, gradient separation, removal of cryoprotectants etc is required. This
simplicity for practical purposes represents one of the most attractive advantages of our
technology. It is worth to mention that the protocol for vitrification does include swim up
treatment, therefore, after swim up, vitrification and warming spermatozoa are also free
from seminal plasma with potential pathogens. “Slow” freezing of human spermatozoa
traditionally proposes the removing of permeable cryoprotectant after thawing.

This «removal of permeable cryoprotectants» is the ultimate target of the last manipulation.
As a rule, a pre-requisite for that is a dilution of semen suspension with culture medium
in order to reduce the toxicity of permeable cryoprotectant (according to manufacturer’s
instructions for cryoprotectant of choice). This is associated with additional costs and, not
at least, with environmental and adaptation challenges for spermatozoa. In fact,
sensitivity of spermatozoa to additional mechanical manipulation is increased after
freezing-thawing, and the negative effects of cryopreservation on cell viability and
functional competence can be aggravated by additional procedures (Petrunkina, 2007).
Cryopreservation induces extensive damage to cells during both freezing and thawing.
According to present knowledge, the effective induction of anabiosis in cells at very low
temperatures (in liquid nitrogen at -196°C, for example) can be achieved by optimizing
the multi-factorial freezing process (Lozina-Lozinski, 1982), commonly with the use of
permeable cryoprotectants (Levin, 1982). Acting by depressing the freezing point and by
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binding intracellular water, the permeable and non-permeable cryoprotectants help to
prevent ice formation, and thereby to reduce the cryo-damage (Andrews, 1976; Franks,
1977).

Several protocols of spermatozoa separation are available (e.g. swim-up from the
ejaculate, single wash of ejaculate and swim-up from pellet, double wash of ejaculate and
swim-up from pellet). However, any methodology needs the use of previous
centrifugation. Most of the current technologies for sperm vitrification have an obvious
shortcoming in terms of standardization of the portion volume. In particular, as the
diameter of the pulled part of straw is not uniform, the volumes of the portions packaged
in that way can not be standardized. Here we have reported the vitrification methodology
using standard capillaries which can be supplied by industrial manufacturers. The
technique was performed as follow (Isachenko V et al., 2011c). All specimens used for this
study had fulfilled following quality criteria for spermatozoa concentration, motility and
morphology: less than 20 millions spermatozoa/mL, 35 % progressive motile and
minimum 3 % morphologically normal spermatozoa. Semen analysis was performed
according to published guidelines of the World Health Organization (WHO, 1999). Prior
to vitrification, the sedimented spermatozoa were diluted with 0.25 M sucrose (end
concentration) in sperm preparation medium at room temperature (Isachenko et al., 2008).
The final concentration of spermatozoa was approximately of 0.5 x 10¢ spermatozoa/mL.
Diluted suspensions were maintained at room temperature for 5 min before the cooling
procedure. Spermatozoa were prepared and portioned for aseptic vitrification in the
following way. Specially for our purposes, 50 pL-plastic capillaries (Fig.1) were
manufactured from hydrophobic material as vehicles for cooling sperm cell suspensions
(Gynemed GmbH & Co. KG, Lensahn, Germany). The end of the straw was labeled on the
top to mark the cutting-off position (Fig.1, arrows). The capillary was filled with 10pL of
spermatozoa suspension by aspiration (Fig. 1a). It was absolutely crucial to avoid that the
inner surface of the capillary become moist during packaging procedure. Aspirating the
volume of sperm cell suspension above the mark and correcting it by lowering the fluid
level inside the capillary after aspiration is technologically wrong and would result in
excess of portion’s volume after thawing. After the aspiration was completed, the
capillary was inserted into 0.25 ml straw (Medical Technology GmbH, Bruckberg,
Germany). One end of this straw was sealed in advance using heat-sealer (Cryo Bio
System, Paris, France). After sealing the second end of the straw (Fig. 1b), the straw was
plunged into liquid nitrogen and cooled at a cooling speed of 600°C/min. The speed of
cooling was determined using a Testo 950 electrical thermometer (Testo AG, Lenzkirch,
Germany) using 0.2 mm electrode located inside of the capillary. Hermetical heat-sealing
of 0.25 mL straw can be achieved using flame of alcohol burner and forceps or any
commercial equipment (including ultrasound equipment because of large distance
between spermatozoa suspension and focus of sonographic appliance). Spermatozoa were
stored in liquid nitrogen at least for 24 h before warming. For warming, capillary was
removed from isolating 0.25 mL straw. The straw was disinfected with ethanol in the area
where the marked end of capillary was (Fig. 1, arrows). The second end of capillary is
fixed tightly on the inner surface of the straw, and the part of straw containing
spermatozoa is still half submerged in liquid nitrogen (Figs. 1c,d). The upper part of the
straw was cut off with sterile scissors as close as possible to the marked end of the
capillary, just above the mark without touching the marked end of capillary. The capillary
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was expelled with a conical bolt (Fig. 1d). For this purpose, conical bolt (instead the
conical bolt forceps can be used in place) is inserted into inner part of the capillary and
pulled off the straw. The final warming up of spermatozoa is achieved by immersing of
capillary without conical apex (capillary must be open from both sides) with vitrified
spermatozoa into 1.8 mL centrifuged tube with 0.7 mL pre-warmed to 37°C vitrification
medium for approximately 20 sec. (Fig. 1le). It is important to note that the volume of
vitrified suspension after warming is not decreased (Fig 1le). Finally, the suspension of
spermatozoa was expelled from the capillary for immediate evaluation of spermatozoa
quality. Using this technique the exactly quantifiable volumes of spermatozoa samples
were obtained: 10 pL suspension of spermatozoa were vitrified, 10 pL were thawed and
the same 10 pL added to the respective volume of medium for ICSI or IVF. Thus, one of
the most important features of this novel method of vitrification in capillaries is its
potential for standardization which can be used for the routine clinical practice. The
results of the present study let suggest that cryopreservation by vitrification helps to
preserve essential determinants of spermatozoa function, such as motility and plasma
membrane integrity. It is well known that spermatozoa cryopreservation is associated
with a large decline in spermatozoa viability and other sperm functional parameters
(Petrunkina, 2007). In the present study we have compared spermatozoa quality after
vitrification by our method with spermatozoa quality after conventional freezing with
addition of permeable cryoprotectant. The outcomes indicated that vitrification in
capillaries compare to conventional freezing preserved better the motility of spermatozoa
(after warming/thawing: 28.0 +6.0 % vs 18.0 + 9.2 %, respectively, P<0.05 and in fresh
control 35.0 + 9.5%; after 24 h in vitro culture: 12.0 +2.8 % vs 5.0 + 3.1 %, respectively,
P<0.05 and in fresh control 20.0 + 3.9%; after 48 h in vitro culture: 6.0 +1.0 % vs 0.5 + 0.02
%, respectively P>0.1 and in fresh control 10.0 + 1.9% [Fig. 2]) and their plasma membrane
integrity (56.0 £ 5.1 % vs 22.0 £ 3.5 %, respectively, P<0.05 and in fresh control 96.0 + 0.6
%, P<0.05 [Figure 3]) which was assessed with LIVE / DEAD sperm viability kit
(LIVE/DEAD Sperm Viability Kit, Molecular Probes cat no. L-7011, Eugene, OR, USA).
Pilot results have been obtained with respect to evaluating capacitation-like changes
associated with cryopreservation, so called “cryo-capacitation” (Cormier and Bailey,
2003). A body of evidence suggests that some spermatozoa' intracellular signaling
pathways can be affected during cryopreservation, and after warming spermatozoa
display features commonly observed in capacitating or capacitated spermatozoa (Green
and Watson, 2001; Petrunkina et al., 2005; Vadnais and Roberts, 2010). It is important,
however, to emphasize that the changes induced by cryo-preservation are similar to those
of capacitation only at the functional level, and they seem to differ at the molecular level,
and with respect to pathways and signaling mechanisms involved (Cormier and Bailey,
2003). Our observations imply that permeable cryoprotectant-free aseptic vitrification is
associated with lesser damage to acrosomes compare to conventional freezing (55.0 + 5.8
% vs 21.0 £ 3.8 %, respectively, P<0.05 and in fresh control 84.0 + 3.1%, P<0.05 [Fig. 4]).
However, the levels of membrane changes related to “cryo-capacitation” assessed by CTC
in vitrified spermatozoa were comparable with those after conventional freezing (8.0
1.1% vs 9.0 £ 2.2%, respectively, P <0.01 and in fresh control 2.0 + 0.3%, P<0.05, [Figure 5]).
Changes in the acrosomal membrane status and permeability associated with the
capacitation we have evaluated by using the double fluorescence chlortetracycline (CTC)-
Hoechst 33258 staining technique (Kay et al, 1994). Nevertheless, the exposure to low
temperatures can affect those crucial signaling mechanisms which can not be monitored
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by CTC. Thus, further studies with additional, advanced techniques are needed to
investigate the changes induced by vitrification in its complexity (e.g. targeting specific
pathways and membrane processes such as changes in lipid architecture and/or protein
kinases/phosphatases regulated pathways). Given the fact that the outcome of basic
spermatozoa quality was comparable (or even better) that after conventional freezing,
other advantages of the vitrification process must be taken into account. During
conventional procedure, the success of applying permeable cryoprotectants for
cryopreservation of varied cells and tissues is inseparably linked to such cryoprotectant
properties as their ability to permeate rapidly through cellular membrane and their
toxicity (Gilmore et al, 1997). These properties are directly connected to osmotic damages
of cells during saturation with permeable cryoprotectants before freezing and then at time
of cryoprotectants removing after thawing (Gao et al, 1995, Petrunkina, 2007). It is known
that human spermatozoa contain large quantities of proteins, sugars, and other
components that may act as natural cryoprotectants. Our technology does not presuppose
the use of permeable cryoprotectant. In practical terms, permeable cryoprotectant-free
vitrification technology for the cryopreservation of spermatozoa (in straws) instead
traditional slow freezing with permeable cryoprotectants is already used in following
centers: our university’s maternity hospital (www.uniklinik-ulm.de): IVF Centers in
Temuco, Chile (about 200 IUI cycles/year) and in Ulm, Germany (www.kinderwunsch-
ulm.de) (about 1,000 IVF cycles/year). First successful pregnancies and birth of healthy
babies has been recently achieved with spermatozoa vitrified without permeable
cryoprotectants (Isachenko et al., 2011b). In summary, the newly developed technology of
aseptic vitrification of human spermatozoa in capillaries can effectively preserve these
cells from cryo-injures. Spermatozoa, vitrified by this technology, are free from seminal
plasma owing to swim up procedure preceding vitrification and are free from permeable
cryoprotectants. They are ready for further use immediately after warming without any
additional treatment. Therefore, the reported technology has a great potential for use in
ICSI / IVE.

As successful application of this vitrification technology for routine practice is born of two
healthy babies (Isachenko et al., 2011b). We would like shortly present here the history of
this case. A couple, both 39 years old, underwent assisted reproduction due to severe
endometriosis and oligo-astheno-terato-zoospermia (13 x 106 motile spermatozoa/ml; with
42% of progressive motility and 8% morphologically normal spermatozoa [WHO, 1999]).
Cryopreserved spermatozoa were used because the partner was absent during the oocyte
retrieval procedure. The swim up-processed spermatozoa were diluted and proceeded with
vitrification solution according our technique, described above, to achieve a final
concentration of 2,5 x 106 spermatozoa/ml and 10ul aliquots were vitrified with using of
Cut-Standard-Straws (CSS, Isachenko ef al., 2007) which was chosen as the prototype of our
capillary technology. The spermatozoa were kept frozen in liquid nitrogen (at -196°C) for 7
months. Only the warming technique was different from newly developed one and
supposed the concentrations of spermatozoa by centrifugation after warming. The changes
in following physiological and morphological parameters of thirty minutes after warming of
vitrified spermatozoa and the freshly prepared swim-up were investigated for progressive
motility, capacitation-like membrane changes due to determining of phosphatidylserine
translocation (PST). The capacitation-like membrane changes was investigated due to
determining of phosphatidylserine translocation (PST) in the sperm with appling the anexin
V-FITC staining technique (APOPTESTTM-FITC, Nexins Research, the Netherlands).
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(Arrows) marked end of 50 pL capillary, (a) aspiration of spermatozoa suspension in straw, (b) 50 pL
capillary sealed in 0.25 mL straw, (c) cutting of 0.25 mL straw, (d) expelling of 50 pL capillary from
0.25 mL straw, (e) warming of spermatozoa.

Fig. 1. Schematic illustration of human spermatozoa vitrification with 50 pL capillary.
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Fig. 5. Capacitation-like changes of human spermatozoa after conventional freezing and
vitrification.

The mitochondrial membrane potential integrity was evaluates due to measurement of the
changes in the (M AY) using a unique fluorescent cationic dye, 5,5, 6,6’-tetachloro-1-1’, 3,3’-
tetraethyl-benzamidazolocarbocyanin iodide. The results were as following: progressive
motility 60% vs 90%, correspondingly, 10% were identified as displaying a ‘capacitation’
CTC pattern and 5% as displaying an ‘acrosome reaction” pattern, as compared to 8% and
5% in freshly prepared swim-up sperm respectively; 63% of spermatozoa were classified as
having high mitochondrial membrane potential (vs 96% in freshly prepared spermatozoa).

From ten ICSI-ed with vitrified spermatozoa oocytes 6 oocytes showed signs of normal
fertilization and two PN-oocytes were culture subsequent 24 hours. At day of embryo
transfer two 4-blastomere embryos of Grades “a” (4a) and “b” (4b) (Steer et al., 1992) were
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transferred to the uterus cavity under ultrasonographic guidance. Fifteen days after embryo
transfer, the maternal $-hCG level was 360 IU/L and two healthy boys were born at term.

These data supports the notion that: i) cells can be frozen effectively without toxic
permeable cryoprotectants, and ii) such frozen material could in principle be lyophilized. It
is, however, critical to ensure that freeze-drying is not associated with the genetic and
developmental abnormalities that have been observed after fertilization with mouse freeze-
dried sperm (Ward et al., 2003).

Cryopreservation is normally achieved through a tertiary combination of cells, permeable
cryoprotectants and low temperature environment. In contrast, our cryopreservation
protocol can be considered as a simplified binary combination of cells (in a simplified
medium containing sucrose as a natural cryoprotectant) and a cold environment. The birth
of two healthy babies using this in vitro fertilization technique is not only the first report on
successful fertilization using vitrified spermatozoa (which has obvious practical advantages
for assisted reproduction techniques). The above protocol also demonstrates that highly
organized cells (human spermatozoa) may be effectively frozen-dried (Ilyophilized) with the
recovery of their most important physiological function after thawing - propagation of
genetic hereditary information and subsequent birth of new individuals. Of course, it would
need to be proved on a large number of ejaculates that the damage produced by vitrification
does not exceed the damage produced by conventional freezing and that there are no
deleterious effects on the genetic integrity of sperm after vitrification (Ward et al., 2003).
These aspects, however important, are outside the scope of this case report.

3. New technology for vitrification of spermatozoa in big volume (Isachenko
et al., 2011d)

Actually, the technique which is not acceptable for different volumes of the same object is
incomplete and needs subsequent investigations and development. In this case the next aim
of our research was development the acceptable vitrification methodology for big volume of
spermatozoa with possibility to use cryopreserved ejaculate for intrauterine insemination.
At the beginning of 2011 we have published (E. Isachenko et al., 2011a) the prototype of our
big-volume vitrification technology the success of which a healthy baby was born after
intrauterine insemination with vitrified spermatozoa (Sanchez et al., 2011a). We would like
shortly present the history of this case. A 39-year-old patient and her 35-year-old husband,
with a 3-year history of primary infertility, were referred to our center for infertility
treatment. Laparoscopy revealed patency of the Fallopian tubes and no evidence of
endometriosis or pelvic adhesions. Semen analysis of the husband showed oligo-astheno-
terato-zoospermia (WHO, 1999). Despite the poor quality of ejaculate parameters, for
financial reasons the patients decided to try intra-uterine insemination (IUI). For IUI the
spermatozoa from two ejaculates obtained 3 days apart were vitrified. The volume of the
first ejaculate was 1.9 ml, concentration 37.8 x 10¢ spermatozoa/ml, 8% of progressive “a”
and “b” motility, 10% of morphologically normal spermatozoa, and 0.2x10¢ round cells/ml.
The volume of the second ejaculate was 3.9 ml, concentration 11.2 x 10¢ spermatozoa/ml,
27% progressive motility, 10% of morphologically normal spermatozoa and 1.2x10¢ round
cells/ml. The swim up-processed spermatozoa were diluted and proceeded with
vitrification solution according our technique, described above, to achieve a final
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concentration of 1 x 106 spermatozoa/ml. All subsequent manipulations were performed at
room temperature strictly in a horizontal position to prevent a loss of suspension (E.
Isachenko et al., 2011a). Aliquots (100 pl) of the diluted sperm suspension were aspirated
into one half of 0.25 ml plastic straws (MTG, Bruckberg, Germany); these were then placed
in 0.5 ml plastic straws (MTG) and hermetically sealed from both sides to protect the
suspension from direct contact with liquid nitrogen. The closed straw-systems, strictly
maintained horizontal, were then immersed into liquid nitrogen and stored until use. From
two ejaculates three straws were cryopreserved, each with 100 pl of spermatozoa suspension
in concentration of 1x10¢ spermatozoa/ml. Special for this case we have decided to
investigate the presence of reactive oxygen species (ROS) in ejaculated and prepared
spermatozoa before and after vitrification. The reason was the following. It is known that
poor ejaculate quality is closely associated with elevated concentrations of leucocytes
(normal values <1 million/ml). The presence of leucocytes can lead to oxidative stress
(Henkel and Schill, 2003; Henkel et al.,, 2005, 2010). Therefore, we determined the
concentration of leucocytes in ejaculates due to leucocytes quantifying by an indirect
immunofluorescence (IIF) method (Villlegas et al., 2002) and presence of the following
antibodies were checked: anti CD45 for all leukocytes (M 855-DAKO, Hamburg, Germany,
in concentration of 1/50 in PBS with 5% BSA), anti CD15 for granulocytes (M 733-DAKO,
Hamburg, Germany, in concentration of 1/100 in PBS with 5% BSA) or anti CD68 for
macrophages (M 718-DAKO, Hamburg, Germany , in concentration of 1/600 in PBS with
5% BSA). However, in spite of the presence of a large numbers of round cells, the IIF was
negative for all tested monoclonal antibodies, indicating high levels of spermatogenic cells.
The presence of ROS in ejaculates was tested using a chemiluminescence assay (Aitken and
Clarkson, 1987). Only the mild increasing of ROS to 76.960 RLU x 107/live sperm was noted
(normal value: 35.000 RLU x 107/live sperm (Henkel et al, 1997). However, it is known that
ROS in semen samples of oligozoospermic patients usually is slightly increased (Kumar et
al., 2009). On the day of ovulation all three cryopreserved samples of spermatozoa
suspension were thawed as described in E. Isachenko et al. (E. Isachenko et al., 2011a), the
sperm pellet was resuspended in 500 pl of sperm preparation medium pre-warmed to 37°C
and used immediately for intrauterine insemination. The suspension of spermatozoa before
insemination (30 min post-warming) had a concentration of 2.7x10¢ spermatozoa/ml with
60% of progressive motility. Fifteen days after IUI, biochemical pregnancy was confirmed by
3-hCG level of 125 IU/L and on 29 December 2010 a healthy male baby was born.

Our finding has confirmed that the aseptic vitrification technique (without use of permeable
cryoprotectants) is not only instrumental in effectively preserving spermatozoal function
(Isachenko et al., 2011a, b, ¢, d, Sdnchez et al., 2011), but could also have a massive potential
for storage of motile spermatozoa for intrauterine insemination, for example, in cases of
oligo-astheno-zoospemic patients.

However, the described methodology for vitrification of big-volume spermatozoa
suspension is complicated, because exist often dangerous that sperm suspension will flows
out the specimen straw and stick together to the inner wall of packaging straw during
vitrification procedure. In this case it will be difficult to remove the specimen straw from the
packaging one before warming. According to our opinion the technique must be as simple
as possible and at the same time with absolute repeatability and the results have to be
compatible with slow conventional freezing.
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In our lectures we have often mentioned that there is a simplified point of view that
vitrification is the solidification without formation of crystals. Extending this description,
one could say that vitrification is solidification of vitrifying solution without formation of
hexagonal (big, lethal) intracellular structures by extreme elevation in viscosity during
cooling. Obviously, thereby vitrification appears beneficial in terms of avoiding cryo-injuries
traditionally associated with the formation of intracellular ice. Therefore we developed and
for the first time reported (V. Isachenko et al., 2011d) the vitrification methodology where a
relatively large volume of spermatozoa suspension can be frozen in one cooling pocket
(straw). Vitrification medium described here does include sucrose (Isachenko et al., 2008).
As a rule, in routine practice the carbohydrates are the standard part of any cryoprotective
solution. They are used for spermatozoa cryopreservation to compensate osmotic effects
caused by the permeable cryoprotectants and do play an important role as an additional
dissolving, membrane stabilizing and dehydrating agents (Wakayama et al., 1998).
Therefore, sucrose can be considered as a natural cryoprotectant, lacking most of toxic
properties of permeable cryoprotectants. Human spermatozoa can be successfully frozen in
the absence of permeable cryoprotectants, using protein- and sugar-rich extracellular non-
permeable cryoprotectants (Koshimoto et al., 2000; Karlsson and Cravalho, 1994). The ability
of sucrose to prevent the artificial induction of membrane damages and acrosome reaction
during vitrification/ warming (Isachenko et al., 2008) corroborated our previous conclusions
that the inclusion of sucrose in combination with human serum albumin in the vitrification
medium has a visible cryoprotective effect.

In our study (Isachenko et al., 2011d) we reported for the first time a novel technology
of aseptic ‘cryoprotectant-free” vitrification of human spermatozoa in large volumes. It
allows:

1. to obtain 0.5 mL of spermatozoa suspension, free both from seminal plasma (because of
swim up procedure preceding vitrification) and free from additives which are part of
conventional freezing procedures;

2. to cryopreserve spermatozoa, which are ready for further use immediately after
thawing without any additional treatment (centrifugation, separation in the gradient,
removal of cryoprotectant and others).

The technology includes:

- cryoprotective medium with only non-permeable cryoprotective agents (0,25 M sucrose
in end concentration and 1% human serum albumin). As basal medium is the Human
Tubal Fluid (Quinn et al., 1985).

- the end-concentration of prepared for vitrification spermatozoa is 5 x 10¢ spermatozoa /
mL. It is possible to vitrify the different concentrations of prepared spermatozoa
without influence on warming resalts (non-published data).

- using of 0.5 mL plastic straws with subsequent sealing from both side before cooling in
liquid nitrogen.

- The warming up of spermatozoa is achieved by immersing straw with vitrified
spermatozoa into warmed water bath at 42°C.

Technological procedure, shortly

Vitrification. Prior to vitrification, spermatozoa were processed by swim-up technique with
subsequent dilution with cryoprotectant medium according to Isachenko (Isachenko et al.,
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2008). Diluted suspensions were maintained at room temperature for 5 minutes before the
cooling procedure. The packaging of spermatozoa for aseptic vitrification was performed in
the following way. Spermatozoa suspensions were cooled in 0.5 mL plastic CBS straws
(CryoBio System, Paris, France) (Figure 6). The straw was labeled with asterisk (1 cm from
the inner end of cotton-polyvinil plunge, arrows on Figures 6a-g). The straw was filled up to
asterisk with 0.5 mL of spermatozoa suspension by aspiration (Figure 6a). Then the filled
straw was expelled from the tube while aspiration of air continued. Subsequently, when the
suspension reached the polyvinyl plunge, the polymerization of polyvinyl was initiated due
to humidification. After aspiration was completed, and the top end of straw was sealed by
polymerized polyvinyl, straw was hermetically heat-sealed at both sides using flame of
alcohol burner and forceps (Figures 6b,e). The hermetically sealed straw with spermatozoa
was allowed to cool briefly (~ 2 seconds). This procedure ensured that spermatozoa at any
time were not in contact with the heat-sealing area. Alternatively, any commercial
equipment (with exception of ultrasound equipment) could be used for thermo-hermetic
sealing. The straws were immersed into liquid nitrogen in horizontal position
(approximately for 8 seconds) (Figure 6c) and stored there at least for 24 hours before use.

Warming. The warming up of spermatozoa is achieved by immersing straw with vitrified
spermatozoa into water bath at 42°C and dangling it gently in water for 20 seconds (Figure 6
d). After warming, the residual fluid was removed from the straw with paper towel, and
straw disinfected with 70% ethanol. The heat-sealed part of straw (opposite to the cotton-
polyvinyl plunge) was cut off with sterile scissors, and the aspirator was connected with the
straw (Figure 6f). A low differential negative pressure was applied by aspiration. That
ensured that after subsequent cutting of the cotton-polyvinyl plunge fluid was not leaking
out (Figure 6f). Finally, the suspension was expelled from the straw (Figure 6g) for
immediate evaluation of sperm quality, loading into catheter and intrauterine insemination.

The results were compared to slow frozen spermatozoa. For this purpose the Freezing
Medium TYB, IrvineScientific, with 12 % (v/v) glycerol and 20 % (v/v) egg yolk were used.
The suspension of swim up-prepared spermatozoa was 1:2 diluted with freezing medium
(to achieve the concentration of 0.5 x 10¢ spermatozoa / mL and equilibrated at room
temperature for 10 minutes then the 500 pL of spermatozoa suspension was packaged into
0.5 mL plastic straws (Cryo Bio System, Paris, France), the straws were sealed from both
sides, kept in horizontal position at 4 °C for 30 minutes and put in the horizontal position
into liquid nitrogen vapor (-80 °C, 10 cm over liquid nitrogen surface), kept for 30 minutes
and finally placed into liquid nitrogen where they were stored minimum 24 hours until
evaluation. For thawing of samples, the straws were taken from liquid nitrogen, hold in air
for 30 seconds, immersed into 37°C water bath in horizontal position and hold in this bath
for 20 seconds until ice melted. After thawing, 10 mL of basic (HTF-HSA) medium was
added to thawed sample and centrifuged for 5 minutes at 340g. The supernatant was
removed and pellet resuspended with the same basic medium in order to obtain a final
concentration of 0.5 x 10¢ spermatozoa/mL. The changes in following physiological and
morphological parameters of thirty minutes after warming of fresh, vitrified and
conventional frozen spermatozoa were investigated for progressive motility (WHO, 1999);
cytoplasmic membrane integrity (CMI) with applying of a LIVE/DEAD sperm viability kit,
which is used to stain nucleic acid probe molecular (SYBR-14 dye) and propidium iodide (IP)
and Acrosomal membrane integrity (AMI). The acrosome-reacted, and capacitated
spermatozoa were detected using the double fluorescence chlortetracycline (CTC)-Hoechst
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(Arrows) line, (a) aspiration of spermatozoa suspension in straw, (b, e) flame-sealing of straw,
(c) cooling of straw, (d) warming of straw, (f) cutting of straw, (g) expelling of spermatozoa suspension
from straw.

Fig. 6. Schema of human spermatozoa vitrification using 0.5 mL straws.
33258 staining technique (Kay et al. 1994). The results of that comparative investigation have
shown that motility of spermatozoa vitrified in large volume (500 pL) in absence of

permeable cryo-protectants displayed statistically higher levels of motility as compared to
slow conventional freezing (76.0 +4.7 % vs 52.0 + 3.9 %, respectively, P<0.05; in fresh 85.0 +
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5.1%) as well as after 24 and 48 hours in vitro culture (Figure 7). It was observed, that higher
rates of membrane integrity (Figure 8) were achieved in vitrified sperm as compare to slow
conventional freezing (54.0 + 5.0 % vs 28.3 £ 3.5 %, respectively, P<0.05), but lower then in
non-treated fresh control (98.2 + 0.5 %, P<0.05). The effect of two procedures used for
cryopreservation on sperm functional state as assessed by CTC staining is shown on Figure
8. There was a statistically significant difference between percentages of spermatozoa with
intact acrosome after vitrification as compared to conventional freezing (44.4 + 4.5 % vs 30.0
£ 3.9 %, respectively, P<0.05), but statistically lower then in fresh non-treated samples (95.4
+ 5.0 %; P<0.05). There were no statistically significant difference between percentages of
sperm identified as ‘capacitated” in CTC staining after vitrification as compared to
conventional freezing (10.0 £ 1.8 % vs 11.0 £ 1.1 %, respectively, P <0.01), but significantly
higher in fresh non-treated control (4.0 + 0.2%, ’<0.05). Described technology has a massive
potential for applications in reproductive assisted procedures (ICSI, IVF and IUI) not only
because of its simplicity but also because this procedure can effectively protect these cells
from cryo-injures, at a level at least comparable to conventional freezing as judged by basic
parameters of spermatozoa quality.

This cryoprotectant-free vitrification technology for the cryopreservation of spermatozoa
instead traditional slow freezing with permeable cryoprotectants is already used in
following centers: our university maternal hospital (www.uniklinik-ulm.de): IVF Centers in
Temuco, Chile (about 200 IUI cycles/year) and in Ulm, Germany (www.kinderwunsch-
ulm.de) (about 1,000 IVF cycles/year). First successful pregnancies and birth of healthy
babies after insemination of vitrified spermatozoa has been recently achieved with vitrified
spermatozoa (Isachenko et al., 2011d; Sanchez et al., 2011a).

In conclusion, a basic protection from cryo-injury can be achieved for human spermatozoa
using the novel technology of aseptic cryoprotectant-free vitrification in large volumes.
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Fig. 7. Motility of human spermatozoa after conventional freezing and vitrification.
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Fig. 8. Cytoplasmic and acrosomal membranes integrity as well as cryo-induction of
capacitation of human spermatozoa after conventional freezing and vitrification.
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4. Technology for vitrification of dog spermatozoa (Sanchez et al, 2011)

If we will investigate the history of reproductive cryobiology we will see that all routine-used
technique, excluding intracytoplasmic sperm injection, was firstly approved on the animal
model. The same happened and with vitrification technique. After first promising
investigation with frog (Luyet and Hodapp, 1938), human (Jahnel, 1938; Parkes, 1945) fowl
(Schaffner, 1942) and human, and rabbit (Hoagland and Pincus1942) spermatozoa the
vitrification technique was successful re-discovered in 2002 (Nawroth et al., 2002) on human
spermatozoa. Recently we have decided to extrapolate the results of our investigation on
animal model, thus we have with high attention examined the work of Watson and Plummer
(Watson and Plummer, 1985) about responses of spermatozoa from different kind of animals
to cold shock. According to this work most sensitive to cold injury are spermatozoa of animals,
which produce gametes with big blade-shaped flat head. The spermatozoa of human, stallion,
dog and cat have the highest stability to cold shock due to smallest blade-shaped flat head
compare to the rabbit spermatozoa (have middle stability), ram, bull and boar (have the lowest
stability to cold shock). Took into account these data we have decided, that the spermatozoa
from human, stallion, dog and cat could be similar well preserved using vitrification
technique. In this case we have decided to investigate the ability of dog spermatozoa, which
stay on third place after human one according to head’s size, to maintain their physiological
function after vitrification without use of permeable cryoprotectants. In cryobiological routine
practice, carbohydrates were already used for sperm cryopreservation (Nakagata, Takeshima,
1992, 1993; Wakayama et al., 1998). It has been suggested that raffinose plays the role of a
membrane stabilizing and dehydrating agent. Comparative investigation of three different
sugars, monosaccharide glucose, disaccharide sucrose and trisaccharide raffinose, showed that
protection against freezing/thawing injuries is independent of the kind of sugar itself, but
depends more on the sugar’s concentration (Koshimoto & Mazur, 2002). Based on this
evidence, we have decided to investigate the different concentrations of sucrose on the
viability of cryopreserved spermatozoa. However, the problem was that the dog spermatozoa
have the special physiological property which connect to capacitation process. It is well known
that spermatozoa of different kind mammalian species are very sensitive to the negative effect
of cryoprotectants dependent on temperature (Sanchez & Schill, 1991; Deppe et al., 2004). It is
also proved (Pérez et al.,, 1996) that low survival and fertilizing capacity of cryopreserved
mammalian spermatozoa has been attributed to an early state of capacitation resulting from
the procedures by which spermatozoa are preserved. These kind of changes have been called
as 'early state capacitation' or 'cryocapacitation'. These data of Pérez and colleagues (Pérez et al.,
1996) later were supported (Samper, 1997; Maxwell et al., 1997). These authors showed the
negative effect of cryocapacitation on the fertilizing capacity and viability of spermatozoa. The
described study showed that the canine spermatozoa starts rapidly with capacitation process
as soon as have been separated from seminal plasma with subsequent 20-40% of capacitated
and spontaneous acrosome reacted spermatozoa in culture media. This rate is higher than in
other mammals (Risopatrén et al., 2002; Santiani et al., 2004) and the spermatozoa are therefore
more affected by the cryocapacitation process than those of other species. Probably the sperm
membrane in this species is especially sensitive to cooling in the range of temperatures
between 20°C and 5°C and to heating to 30°C at thawing (Holt & North, 1991; Sanchez &
Schill, 1991). In this case for dog spermatozoa which are high sensitive to capacitation the
cryopreservation protocol with a very increased cooling speed should be used, because these
temperature ranges by ultra-rapid freezing (vitrification) will be just eliminated.
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Took into account all mentioned above in our investigation (Sanchez et al., 2011b) to
decrease the sensitivity of dog spermatozoa to different manipulations before
cryopreservation we have chosen the Human tubal fluid (HTF, Quinn et al., 1985) as basic
medium, which was served as control. The centrifugation for removing seminal plasma
before dilution with cryoprotective media and subsequent cryopreservation at 700 g for 6
min was performed. This allowed us to achieve very high (~ 80%) amount of spermatozoa
with intact acrosome in control.

(Figure 9). Integral membrane proteins are associated with the lipid bilayer and their
function may be expected to be altered, especially those that perform the function of
transport channels for calcium absorption. The permeability of these channels is increased
on cooling, affecting calcium regulation (Robertson & Watson, 1986; Robertson et al., 1988).
These facts have serious consequences for cell function (Bailey & Bhur, 1994) and many
changes may be incompatible with sperm viability. In this case we have decided to apply to
dog spermatozoa the early developed us vitrification protocol (Isachenko et al., 2008) for
human sperm cells. The following tested groups were compared: HTF (Control); HTF-
bovine serum albumin (BSA, 1% end-concentration); HTF-BSA + 0.1 M sucrose; HTF-BSA +
0.25 M sucrose and HTF-BSA + 0.4 M sucrose.

The vitrification procedure was done as follow. Briefly, aliquots of 30 pl of sperm
suspension (different vitrification media) were dropped directly into LN,. After
solidification, the spheres were packaged in cryotubes and stored for at least 24 h in liquid
nitrogen before use. The warming was performed by quickly submerging spheres one by
one (not more than five spheres) in 5 ml of HTF-BSA 1% pre-warmed to 37°C accompanied
by gentle agitation for 5-10 sec. The post-thaw sperm suspension was maintained at 37°C
and 5% CO; for 10 min and then centrifuged at 300 g for 5 min. The cell pellet was finally re-
suspended in 50 ul of HTF only for sperm evaluation.

The influence of tested media on the following physiological parameters of dog
spermatozoa we have checked with such screening methods: viability and condition of
acrosome with double stain technique (Trypan blue-Giemsa) with subsequent evaluation of
acrosome pattern according to Didion (Didion et al., 1989); DNA fragmentation was
detected with using of TUNEL technique (Gorczyca et al., 1993); detection of the change in
mitochondrial permeability was done according to Smiley (Smiley et al., 1991); the motility
of spermatozoa was checked as well.

According to our investigtion the percentage of spermatozoa with acrosome-intact
membrane was high in all treatment groups (Figure 9) independent from concentration of
sucrose in vitrification solution, but lower then in control (I’<0.05).

The best progressive motility after warming (Figure 10) was significantly increased in the
sperm vitrified with 0.25 M sucrose and 1% BSA (42.5 + 2.3%), compared to other treatment
groups (P < 0.01). However, lower or higher concentration of sucrose did not significantly
improve the progressive motility post-vitrification. Comparable results (60.7% of motility)
was reported (Tsutsui et al., 2003) when the dog semen was chilled in egg yolk-**Tris at 4°C
for over 4 days, but the spermatozoa lost their fertilizing capacity.

The presence of sucrose in vitrification solution independent from the concentration has
strong positive influence on viability of spermatozoa (Figure 10) and was ~70% (P<0.001) for
all sucrose-treatment groups.
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Fig. 9. Acrosome intact in canine spermatozoa after vitrification with 1% BSA and
different concentrations of sucrose. Percentage of acrosome intact spermatozoa was
determined by dual stain (Trypan blue- Giemsa). Data are expressed as mean + SD from
six experiments. Control = Sperm vitrified with medium HTF only. BSA, bovine serum
albumin.
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Fig. 10. Progressive motility and viability of canine spermatozoa after vitrification with 1%
BSA and different concentrations of sucrose. Motility was determined by microscopic
examination using a phase contrast microscope and viability by dual stain (Trypan blue-
Giemsa). Data are expressed as mean + SD from six experiments. A significant difference
with respect to the control is indicated by a (P < 0.01). Control: Sperm vitrified with medium
HTF only. BSA, bovine serum albumin.

Our data have shown that the vitrification significantly protect the sperm DNA (Figure 11)
against fragmentation when used 0.25 M sucrose in combination with 1% BSA compare to
control (97,2 + 0.5% vs 94,4 + 0.6%, respectively, P < 0.05). However, the lower (0.1 M) as
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well as higher concentrations (0.4 M) of sucrose had not significantly protective effect
against DNA fragmentation. These data support our previous results (Isachenko et al.,
2004a, b, the vitrification medium included only 1% HSA) and we can assume that
vitrification itself due to very fast speed of cooling can provide protective effect on DNA
and protect against fragmentation. It is very important results, because damage of DNA in
sperm is strongly correlated with mutagenic events (Moreno et al., 2004) and how have
showed Paasch with colleagues (Paasch et al., 2004) cryopreservation and thawing can be
associated with varying extent of activation of apoptotic machinery in human spermatozoa.
The danger is that such spermatozoa are still able to fertilize the oocyte, however, the
mutations and defects did not possible to discover until the embryo has divided and the
fetus has developed (Twigg et al., 1998). At present exist the opinion that DNA
decondensation or fragmentation may occur in different magnitudes, which will depend on
the process or the kind of cryoprotectant used (Schuffner et al., 2001; Chohan et al., 2004;
Ngamwuttiwong & Kunathikom, 2007; Yildiz et al., 2007). Unfortunately, until now this
question is still open, because it is not entirely clear what the effect of cryopreservation on
DNA integrity is, and what would be the ideal conditions of slow freezing to reduce this
effect. In this case the method of vitrification is more successful, because allows to obtain
low levels of DNA fragmentation by protection due to applying of very high speed of
cooling and exclusion of permeable cryoprotectants from vitrification solution.
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Fig. 11. DNA fragmentation in canine sperm after vitrification with 1%BSA and different
concentrations of sucrose. DNA fragmentation was determined by the TUNEL assay. Data
are expressed as mean + SD from six experiments. A significant difference with respect to
the control is indicated by a (P < 0.05). Control: Sperm vitrified with medium HTF only.
BSA, bovine serum albumin.

Fragmentation DNA has been interpreted at present as apoptosis or apoptosis-like events
(Paasch et al., 2004). This has been verified in cryopreserved / thawed sperm, with presence
of increased caspase's activity induced by cryopreservation (caspase-3, -8, -9), decreased M
AY due to release of regulating proteins associated with mitochondria, evidence of DNA
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fragmentation, externalization of phosphatidylserine in the plasma membrane (Paasch et al.,
2004) and production of reactive oxygen substances (Roca et al., 2005). Among the first
events that occur in early apoptosis are changes in mitochondrial permeability which alter
the transmembrane potential (M A¥). Changes in the M AY are caused by the insertion of
proapoptotic proteins within the membrane, and oligomerisation may create pores,
dissipating the transmembrane potential and thus releasing cytochrome c into the cytoplasm
(Zamzami et al., 1995). In our work (Figure 12) we achieved the reduction of apoptotic-like
process in canine spermatozoa and have got after warming more then 40% of spermatozoa
with intact M AY using of the vitrification solution with 0.25 M sucrose and 1% BSA
compare to other treatment groups (P<0.001).

These results have demonstrated that vitrification without the use of permeable
cryoprotectants allows to avoid the cryoprotectants toxicity caused by their addition and
removal with subsequent negative effects on the spermatozoa genome. The use of sucrose in
concentration of 0.25 M in combination with 1% BSA and ultrarapid speed of cooling can
effectively preserve important physiological parameters of canine spermatozoa.
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Fig. 12. Integrity of mitochondrial membrane potential in canine spermatozoa after
vitrification with 1% BSA and different concentrations of sucrose. Mitochondrial membrane
potential was determined by staining with the cationic fluorescent JC-1. Data are expressed
as mean + SD from six experiments. A significant difference with respect to the control is
indicated by a (P < 0.05) and b (P < 0.01). Control: Sperm vitrified with medium HTF only.
BSA, bovine serum albumin.

5. New technology for vitrification of fish (Oncorhynchus mykiss)
spermatozoa Merino et al., 2011a, b.

At the beginning of this sub-chapter we would like to mention that the fish spermatozoa of
both sea and river fish species have a very special peculiarities compare to all mammalian
species. The fish sperm cells are homogenous; all spermatozoa can be activated at the same
time and then swim with very similar characteristics at a certain time point post-activation.
In many fish species, the flagellum is 50-60 mm long with a ribbon shape (presence of fins)
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instead of cylindrical; thus, the flagellum appears brighter by dark-field microscopy,
allowing clear visualization of wave shapes (Cosson et al. 2008). Just for knowledge, the
head of investigated us rainbow trout spermatozoa is ovoid-shaped, measuring about 3 x 1.3
pm in diameter and possess any acrosome. In middle piece present only one mitochondrial
body (several mitochondria are sometimes identified in the middle piece, but later during
evolution they are fused together) is shaped like an incompletely closed ring. The middle
piece is completely separated from the flagellum by an invagination of the cell membrane,
which reaches from the head to the base (Billard, 1983; Tuset et al., 2008). During
spermatogenesis, sperm cells are prepared for accomplishing their fertilizing task for which
they need to fully exploit their swimming ability immediately and as fast as possible in
order to encounter the egg. The initial velocity is very high at activation, but motility
duration lasts for periods ranging only 40 s to 20 min as an energetic consequence of the
high velocity (Cosson et al. 2008). As possible to see the fish spermatozoa are much different
from mammalian one.

Since the first successful cryopreservation of herring sperm 50 years ago (Blaxter, 1953)
considerable improvement has been achieved in sperm cryopreservation and developed
technology of conventional freezing of fish spermatozoa has been used in agricultural
practice very broadly (Scott and Baynes, 1980; Stoss and Holtz, 1981; Dreanno et al., 1997;
Wheeler and Thorgaard, 1991; Conget et al., 1996; Lahnsteiner et at., 2000; Fabbrocini et al.,
2000; Zhang et al.,, 2003; Chen et al., 2004; Viveiros and Godinho, 2009). Usually, for
protection of spermatozoa from the negative effects of low temperatures caused by
conventional freezing (‘slow’, with controlled rate of cooling), permeable cryoprotectants
are used. At present, applied cryobiology practically always uses only four permeable
cryoprotectants: three spirits (ethylene glycol, propylene glycol and glycerol) and the highly
polarized organic solvent dimethyl sulfoxide. However, as reported for mammalian
spermatozoa, these cryoprotectants can produce osmotic and cytotoxic effects, including
parthenogenesis (Gilmore et al., 1997). And for fish spermatozoa these problems are still
very actual, because post-thaw viability and fertility of the cryopreserved sperm are reduced
dramatically as a result of accumulated cellular damage that arise throughout the freezing-
thawing process. The same like for other species the cryopreservation results in considerable
damage to cellular structures such as plasma membrane, nucleus, mitochondria, and
flagellum (Lahnsteiner et al., 1992; 1996; Drokin et al., 1998; Conget et al., 1996; Zhang et al.,
2003). So, according to Ogier de Baulny (Ogier de Baulny, 1997) the percentage of
spermatozoa with an intact membrane and a functional mitochondrion after
cryopreservation varied below 18% only. According to our results which we have achieved
on human spermatozoa (Isachenko et al. 2003, 2004a,b, 2005, 2008, 2011a, b, ¢, d) and dog
(Sanchez et al., 2011b) with applying of cryoprotectant-free vitrification protocol we have
decided to investigate the method on fish spermatozoa (Oncorhynchus mykiss) (Merino et al.,
2011a, b). This decision we have got because the authors of these studies were able to
establish statistically higher motility and in vitro fertilization ability of vitrified spermatozoa
compared with spermatozoa cryopreserved using conventional slow freezing.

The standard Cortland® culture medium (Trus-Cott et al., 1968) for fish spermatozoa (per liter:
1.88 g NaCl, 0.23 g CaCl2, 7.2 g KCl, 0.41 g NaH2PO4, 1 g NaHCO3, 0.23 g MgSO4 7 H20,1.0 g
Glucose, 10% Glycol and 10% Tris Base and prepared to pH 8 at 268mOsm) was used for all
manipulation and served as control. Fresh-retrieved semen was diluted 1:3 in the non-activating
Cortland® medium with subsequent determination of the motility and concentration by phase-
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contrast microscopy. Subjective evaluations of motility were performed by placing 2ul of this
sperm suspension on a glass slide and immediately adding 10pl of the activator Powermilt®
(Catolica of Temuco University, Chile) at 10°C. The motility of the spermatozoa was observed in
12ul sperm activated by subjective microscopic examination under phase contrast optics at 400x
magnification. Motility assessments were made in triplicate for each sample at 5 s following
activation with Powermilt®. Sperm concentrations were determined with a Neubauer
hemocytometer after dilution of 1ul of sperm suspension in 1200ul of standard culture medium.
Only samples with high motility (>80%) and concentration 12x10° spermatozoa/mL (Drokin et
al., 1998) were used in this study.
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Fig. 13. Motility, cytoplasmic membrane integrity and mitochondrial membrane integrity of
vitrified rainbow trout spermatozoa. (CM) Cortland®, (BSA) 1% bovine serum albumin, (SP)
40% of seminal plasma, (S) 0.125 M sucrose. Different superscripts indicate statistical
difference between respective values of compared groups (P’<0.05).
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In our work we have investigated the following five treatments groups (Figure 13):
Group 1: Cortland® medium only (frozen control)

Group 2: Cortland® medium+ 1% BSA

Group 3: Cortland® medium+ 1% BSA + 0.125M sucrose

Group 4: Cortland® medium+ 1% BSA + 40% seminal plasma

Group 5: Cortland® medium+ 1% BSA + 40% seminal plasma + 0.125M sucrose.
The vitrification /warming of rainbow spermatozoa was proceeded as following:

Sperm samples were centrifuged at 300 g for 10 min at 4 °C. The seminal plasma
(supernatant) was retained and the sperm suspension diluted with Cortland® medium to a
concentration of 40x10¢ spermatozoa/ml. Five equal 500-ul aliquots from each preparation
were placed in individual 1ml tubes for vitrification. Twenty microliters of sperm
suspension from each tube was dropped directly into liquid nitrogen, during which the
droplet adopted a spherical form approximately 3mm in diameter. After 5min, the solidified
droplets were placed into 2-ml cryovials pre-cooled in liquid nitrogen with precooled
tweezers. After storage for at least 24 h in liquid nitrogen, the samples were warmed by
plunging the droplets into a 15ml tube containing 5ml Cortland® medium supplemented
with 1% BSA at 37°C with intense agitation. After warming (one droplet/tube), the tubes
were maintained at 37°C for 5-10 min prior to evaluation of spermatozoa quality.

The spermatozoa quality was tested according the following parameters:

- Motility - (percent of motile spermatozoa detected during 30 s after warming) was
performed using phase contrast microscope (Carl Zeiss Jena, Jena, Germany);

- Cytoplasmic membranes integrity was assessed using the LIVE/DEAD Sperm Viability
Kit (SYBR-14 dye; Invitrogen Inc., Eugene, OR, USA) and propidium iodide. The
analysis of spermatozoa was carried out under an epifluorescence microscope (Axiolab
drb KT 450905, Zeiss) at 400x magnification (Figure 14).

- Mitochondrial membranes integrity (mitochondrial activity) was assessed due to
relative levels of M AY using the fluorescent cationic dye, JC-1 (5,50,6,60-tetrachloro-1-
10,3,30-tetraethylbenzamidazolocarbocyanin iodide, according to the manufacturer’s
protocol (MIT-E-_TM, BIOMOL® International LP, Plymouth Meeting, PA, USA) and
observed under epifluorescent optics (Axiolab drb KT 450905) at 400x magnification at
room temperature. For the MIT-E-¥ reagent, an excitation/emission filter of
488/490nm was used. The monomeric dye structure emits at 527nm (Green FITC
channel), whereas J-aggregates indicative of high potential of undamaged mitochondria
emit at 590nm (red, RITC channel). If A¥Ym is above a certain mV threshold, JC-1
monomers multimerize into a crystalline-like state that shifts the emission spectrum to
higher frequencies (orange-red) and it is the multimerization of the monomer that is
potential sensitive, the paracrystals can be stable after formation, which is why we can
still get red fluorescence in JC- 1 treated cells after collapsing A¥Ym with inhibitors,
which is why staining is done after inhibitor treatment (Figure 15).

To investigate these cold sensitive (Holt, 2000; O’Connell et al.,, 2002) organelles of
spermatozoa were necessary because the retention of plasma membrane integrity and
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mitochondrial function after cryopreservation is too important with regard to fertilization
capacity of both spermatozoa and oocytes (Gao et al., 1997; de Lamirande et al., 1997). For all
species, normal mitochondrial function is a key factor in the fertilizability of spermatozoa
and for fish it is especially critical to maintain mitochondrial activity because high motility
normally lasts for only 30 s to few minutes. Spermatozoa of rainbow trout have only one
mitochondrion to produce sufficient ATP to drive this transient high motility, and damage
during cryopreservation will certainly lead to decrease of motility and as a result,
fertilization ability (Maisse, 1996). In this case the stability of mitochondrion during
cryopreservation can be used as a specific test for applicability of a any investigated
cryopreservation protocol (Meseguer et al., 2004; O’Connell et al., 2002).

The results of this investigation showed that the proportion of sperm showing normal, high
motility varied between 82% and 95% in fresh samples. In Groups 1, 2, 3, 4, and 5, motility
in these solutions was 86%, 71%, 79%, 81%, and 82%, respectively (Figure 13).

The percent of spermatozoa with intact cytoplasmic membrane after thawing was similar
between the 5 experimental groups, ranging from 81.8% to 90%, as shown in Figures 13 and
14. Nevertheless, the integrity of mitochondrial membrane potential of spermatozoa
(Figures 13 and 15) in Groups 1, 2, 3, 4, and 5 was decreased significantly compare to non

Fig. 14. Example of rainbow trout spermatozoa with non-damaged (green) and damaged
(red) cytoplasmic membranes. Bar = 8um.
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Fig. 15. Example of rainbow trout spermatozoa with (A) non-damaged and (B) damaged
mitochondria. Bar = 2.5um.

treated spermatozoa (5.5%, 49.8%, 37.1%, 54.7%, and 34.4%, respectively). As possible to see
from our results they can have the following potential question. How spermatozoa can have
a high level of motility with low level of the integrity of mitochondrial membranes?
Especially this question is actual taking into account that fish spermatozoa have only one
mitochondrion. A lower M AY, as reflected by green fluorescence, simply can have the
following explanation. Activity of the mitochondria, including ATP production, is reduced
when compared to their red counterparts. Cell often have “green” and “red” mitochondria
with shifts between all green or all red governed by a variety of external and internal
conditions, and this is normal. Individual mitochondria constantly shift from red to green
and back to red in response to rapid changes in local conditions, including calcium levels
and pH (Vanblerkom, personal communication). While the plasma membrane is known to
be sensitive to cryopreservation (Cabrita et al., 2001; Aitken and Baker, 2006; Muller et al.,
2008), our results shows that it is cryostable in rainbow trout sperm, as indicated by ~90% of
non-damaged plasmatic membrane in sperm vitrified in culture medium only i.e., without
permeable cryoprotectants and additional proteins). This is similar to levels reported after
conventional freezing with permeable cryoprotectants. We suggest that the vitrification
technique described here which associated with high rate of cooling allows to avoid the
formation of large extracellular water crystals. Sucrose is well known to have a beneficial
influence on the plasma membrane of cells subjected to cryopreservation (Anchordoguy et
al., 1987; Rodgers and Glaser, 1993). For human spermatozoa, the drop-wise technique of
vitrification is a major technical advance because it includes a mixture of non-permeable
cryoprotectants such as serum albumin (Isachenko et al., 2008). However, we report that the
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inclusion of sucrose in the vitrification solution was ineffective for rainbow trout
spermatozoa. According to Lahnsteiner (2007), lipoproteins in the seminal plasma of
rainbow trout likely maintain the lipid composition of the plasma and may increase the
cryostability of spermatozoa. Our results support this point of view and we suggest that the
method of sperm vitrification described here could also be applied to other species. As a
rule, carbohydrates are used for sperm cryopreservation to compensate for the decrease in
osmotic pressure caused by the permeable cryoprotectant glycerol, which works as an
additional dissolvent and has the ability to decrease the medium’s osmotic pressure. Based
on this evidence, we investigated whether sucrose had a similar cryoprotective effect on fish
spermatozoa during freeze-thaw. We found that its inclusion in vitrification medium has no
visible protective effect on mitochondrial membrane integrity nor does it provide significant
protection for spermatozoa when compared to other vitrification mediums containing BSA
or BSA + seminal plasma. Indeed, the addition of these non-permeable cryoprotectants did
not increase either the motility or plasma membrane integrity of rainbow trout spermatozoa.
However, described here technology of cryopreservation of fish spermatozoa by direct
plunging into liquid nitrogen has big disadvantage because did not protect the biological
material against direct contact with liquid nitrogen. In this connection in the future
investigation it would be necessary to find a synthetic substitute for seminal plasma to avoid
the possible microbial contamination. In fact, any technology in reproductive biology, and
especially in a therapeutic medical approach, must guarantee the full protection of cells
from microorganisms that might survive in liquid nitrogen temperatures (Gardner, 1998;
Bielanski et al., 2003), and it has been suggested that liquid nitrogen can be contaminated by
microorganisms (Tedder et al., 1995). The problem of potential microbial contamination of
spermatozoa during cryopreservation, especially by the virus of Infectious Salmon Anemia
is significant in the fish industry, especially in Latin America (Ellis, 2007; Fortt and
Buschmann, 2007; Sommer, 2009). In spite of that the results of our experiments conformed
that for fish spermatozoa the developed method of cryopreservation by direct plunging into
liquid nitrogen (vitrification) without permeable cryoprotectants is potentially significant
for this industry, but the development of “aseptic” methods, in which the spermatozoa
suspension is enclosed in capillaries or straws to prevent direct contact of sperm with liquid
nitrogen, will need to be considered. Filtration or ultraviolet treatment of liquid nitrogen
cannot guarantee the absence of contamination of biological material by viruses. For
example, Tedder et al. (1995) reported the contamination of blood probes by hepatitis virus
during the storage of probes in liquid nitrogen. Different types of viruses, such as hepatitis
virus, papova virus, vesicular stomatitis virus and herpes virus, which are simple and very
cryostable structures, may increase their virulence after direct plunging and storage in
liquid nitrogen (Hawkins et al., 1996, Charles and Sire, 1971; Schaffer et al., 1976; Jones and
Darville, 1989).

6. General conclusion

Data presented in this review shown that the technique of cryopreservation by direct
plunging into liquid nitrogen (vitrification) in absence of permeable cryoprotectants has a
great perspective. This technique allows significantly protect the important physiological
parameters of mammalian and fish spermatozoa against cryo-injures.
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