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Abstract

Ekwall, H. 2007. Electron microscopy of cryopreserved boar spermatozoa. With special
reference to cryo-scanning electron microscopy and immunocytochemistry.
Doctoral thesis. ISSN 1652-6880, ISBN 978-91-85913-22-0.

Cryopreservation of boar spermatozoa is as yet sub-optimal, presumably owing to
variation in dehydration and membrane intactness among boars. This thesis work
investigated, using cryo-scanning electron microscopy (Cryo-SEM), how cooling
rates below —5°C/min affect the frozen structure of boar semen in four different
packages/volumes (maxi-straws and medium straws, FlatPacks [FPs] and
MiniFlatPacks [MFPs]). The hypothesis tested was that the degree of dehydration
differs between containers, as well as by cooling rate, which would explain
differences in post-thaw viability among boars. Cryo-SEM allows the study of the
fully hydrated ultrastructure of frozen sperm samples without introducing artefacts
caused by fixation or processing. It further allows visualisation of the topography
of the sample, including the distribution and amount/area of the frozen water
which, when sublimated, leaves the partly or fully dehydrated extender and the
spermatozoa intact. Furthermore, the thesis work investigated the effect of
cooling/re-warming on the localisation of the hexose substrate carriers GLUT-3
and GLUT-5 and water/cryoprotectant channels (Aquaporin 7 [AQP7]) in the
plasma membrane. Use of different cooling speeds and containers clearly affected
the degree of (de)hydration of the extender/spermatozoa, thus explaining recorded
differences in post-thaw sperm survival, but not inter-boar variation. The degree of
dehydration was most favourable for the MFPs owing to their cryogenic properties.
Ultrastructural analyses by SEM and transmission electron microscopy (TEM) of
immunolabelling clearly showed that boar spermatozoa express the hexose/glucose
transporters GLUT-3 and GLUT-5 in both the outer and the inner plasmalemma.
Their distribution in the plasma membrane changed during the process of
cryopreservation, particularly for GLUT-3, whose labelling decreased dramatically
post-thaw. Likewise, the channel protein AQP7, involved in the transport of water
and glycerol through the plasma membrane, is present in boar spermatozoa
collected from the cauda epididymides and from different fractions of the ejaculate.
The domain localisation changed in ejaculated spermatozoa during
cryopreservation, with a clear redistribution and increasing intensity following
freezing-thawing. Both hexose (GLUT-) transporters and AQP7 are markers of
interest for non-empirical studies of boar semen cryopreservation.
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Introduction

Cryobiology is the multidisciplinary science that studies the physical and biological
behaviour of cells, tissues and organs at temperatures below the freezing point of
water (0°C), with reference to their long-term storage for scientific research or
medical application (Walcerz & Karow 1996; Karlsson 2002). Its impact follows
the successful short-term preservation at above-zero temperatures of, among
others, blood and bone marrow cells for transplantation (King 2004). Mammalian
cells exist in an ionic environment and are kept viable by maintaining a similar
concentration of ionic salts in the intra-cellular space to balance the osmotic
pressure across the plasma membrane. Therefore, cryobiology is primarily
concerned with the changes of the phase of water (including changes from the
liquid to/from the solid phase, and even sublimation/condensation), with the
amount of free and bound water, and also, with the occurrence of changes in ionic
concentration, caused by directional movement of water across the membrane,
following phase changes (e.g. formation/dissolution of ice and de/rehydration
phenomena) (Mazur 1963; 1984).

When a mammalian cell is subjected to slow cooling to temperatures below zero
(which is the most commonly used procedure in biomedicine), water freezes to
form ice, primarily extra-cellularly. This ice becomes, over time, surrounded by an
increasing number of solutes which disturb the homeostatic osmotic pressure of the
cell. The cell responds by allowing water to leave the intra-cellular compartment,
thus compensating for the fact that the extra-cellular milieu is becoming
increasingly hyper-osmotic. Such a phenomenon leads not only to dehydration, but
also, to a hyper-concentrated solute environment within the cell, which ultimately
affects its viability (toxic effect) (Watson & Fuller 2001). These changes during
cooling and freezing reverse when thawing or re-warming occurs, which is also an
essential component of cryobiology. Slow re-warming allows water to reflux to the
places where solutes are concentrated, but since these concentrations per se are
toxic, cells are unable to survive the process. A more rapid re-warming is therefore
desirable, since these toxic solute concentrations are then present only
momentarily. However, both customary cooling and re-warming rates affect the
fluidity of the plasma and organelle membranes by rearrangement of structural
proteins and dislocation of the constituent lipids. They can even disrupt the
cytoskeletal proteins or the chromatin structure to such an extent that the
deoxyribonucleic acid (DNA) may be damaged (Watson 1981; Watson & Fuller
2001). In cells in suspension, such as spermatozoa, both the form and volume of
the sample to be cooled/re-warmed, and the concentration of the contained cells
play major roles during the most damaging interval in the process, i.e. during the
changes in phase of the extra-cellular water, when heat is either dissipated (during
cooling) or incorporated (during re-warming) (Mazur et al 1972; Mazur 1984;
Mazur & Cole 1985; 1989; Morris et al 1999).

Obviously, the challenge has been, and still is, to take specimens through the
temperature region in which damage can occur (i.e. cooling) and back again (re-
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warming) without causing irreparable cell damage. Thus far, this challenge has
been successfully met only for some cell suspensions and several relatively simple
tissue systems (Mazur & Cole 1985; 1989; Morris et al 1999), despite the use of
cooling and re-warming protocols that involve addition of cryoprotectant agents
(CPAs) (often toxic substances), use of specific cooling rates run by programmable
freezers, and use of suitable cryogenic containers and handling protocols (Watson
& Fuller 2001). Interestingly, such combinations of procedures have resulted in
findings that question the previously mentioned classic theory of freezing and
thawing events (Mazur 1984), and the reasons for cell damage, particularly when
specific cells such as spermatozoa are considered (Morris 2006; Morris et al
2007).

The spermatozoon, a highly differentiated, terminal cell with several sub-cellular
compartments, has been used as a model for investigating the effects of
cryopreservation procedures on cell survival and function (Mazur & Cole 1985;
1989; Yudin et al 1988). To be fully functional, spermatozoa must reach the site of
fertilisation and the oocyte; they must capacitate, undergo the acrosome reaction
when in contact with the zona pellucida (ZP), penetrate it, and fuse with the
oolemma. Freezing could interfere with, or ablate, the capacity of the
spermatozoon to undergo one or more of these steps (Critser, Ameson et al 1987,
Critser, Huse-Bender et al 1987). Consequently, multiple levels of biological
function must be considered in assessing the role of the biophysical parameters that
are regarded as critical for cell survival during freezing and thawing (Hammerstedt
et al 1990; Rodriguez-Martinez 2007b). For gene banking or breeding through
assisted reproductive techniques (ARTs), such as artificial insemination (AI) or
embryo transfer (ET), both gametes (but particularly spermatozoa) and embryos
are cryopreserved (Watson & Holt 2001). Semen from both domestic and wild
animals, as well as humans, has been frozen following extrapolation of protocols
used for other species, with varying results post-thaw (Gao et al 1997; Curry 2000;
Holt 2000a). Spermatozoa from some species (including avian and human) are
easy to cryopreserve, as indicated by the good survival rates achieved, while others
are more difficult (such as the equine or porcine species), or nearly impossible
(such as marsupials) (Watson & Holt 2001).

One of the species in which Al has increased exponentially during the past years
has been the porcine, using liquid-stored semen. Boar ejaculated spermatozoa
(often from the sperm-rich fraction of the ejaculate) are re-suspended at low
concentrations in chemically defined extenders and stored at 16-20°C for several
days before use. Artificial insemination with these spermatozoa usually results in
fertility rates similar to those obtained after natural mating (for a review, see
Rodriguez-Martinez 2007a). However, boar spermatozoa are one of the most
demanding cell types with respect to sustaining viability during freezing and
thawing, with a large proportion of the spermatozoa not surviving these procedures
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(Penfold & Watson 2001). Those spermatozoa that do survive are, moreover,
usually a mixture of cells, some of which survive well while others show modified
motility and a shortened lifespan, factors which compromise their fertilising ability.
Insemination with such spermatozoa leads, ultimately, to lowered pregnancy rates
and fewer piglets born, compared with Al using liquid-stored semen (Larsson &
Einarsson 1976; Larsson & Ersmar 1980; Johnson 1985; Johnson et al 2000).

Because of low post-thaw survival, boar semen has been traditionally frozen in
large containers, such as 5 mL maxi-straws, holding about 5 billion spermatozoa
(Westendorf et al 1975). Such large cylinders are cryogenically unsuitable, since
because of their large section-to-surface ratio the dissipation of heat during cooling
and the consequent incorporation of energy during re-warming take very long time
(Weitze et al 1987; Yoshida 2000; Watson & Fuller 2001). Efforts have been made
to use other, cryogenically more suitable packaging, such as the 5 mL FlatPack
(FP) (Eriksson & Rodriguez-Martinez 2000), or smaller containers such as 0.5 mL
medium-straws (Roca, Rodriguez-Martinez et al 2006) and the novel, 0.5 mL,
MiniFlatPack (MFP) (Saravia et al 2005). More efficient freezing and re-warming
of the spermatozoa would be expected in these latter types of packaging, leading to
higher survival rates among the processed cells (Eriksson et al 2002; Roca,
Rodriguez-Martinez et al 2006; Saravia et al 2005; 2007; Wongtawan et al 2006).
However, whether these survival rates are a consequence of improved, more
homogenous cooling and freezing remains to be seen, particularly considering the
interactions that occur during cryopreservation between cooling rates, and the
volume and shape of the samples to be frozen, among other factors.

In studies of cryopreservation, the emphasis has been on how cell survival relates
to the physical responses of the cell to the physico-chemical events involved in the
process, primarily the intactness of the plasmalemma. However, the other
membrane-bound organelles present within the cell may also suffer (Armitage &
Mazur 1984). As yet, little has been done to determine how these intra-cellular
structures and organelles respond to freezing, partly because it is difficult to assay
their state and function in Situ in an instantly recognisable fashion. Cryo-
substitution (Bwanga, Ekwall et al 1991) and the related ice granulometry
determinations at transmission electron microscopy (TEM) level (Courtens &
Paquignon 1985; Courtens et al 1989; 1992; Ekwall, Eriksson et al 1997,
Rodriguez-Martinez & Ekwall 1998) have been the methods used to determine,
indirectly, the presence of ice crystals in frozen spermatozoa, including those of
pigs. Boar semen slowly frozen in extender containing glycerol as CPA, and
packaged in maxi-straws or plastic bags (FPs) showed larger globular masses of
extra-cellular ice (lakes of free water) and freeze-concentrated extender/CPA-
containing spermatozoa (veins). Differences in the size of both lakes and veins
were evident between containers, and also, between regions within the maxi-
straws. These differences reflect variation in the formation of ice and the ability of
water to leave the CPA-sperm-bearing extender, which showed varying degrees of
compaction/dehydration. In those areas with less dehydration, such as the centre of
the maxi-straws, intra-cellular ice crystal shadows were present in the acrosome,
between the acrosome and nucleus, in the mitochondria and the sub-plasmalemma,
and along the entire spermatozoon, especially when ultra-rapid cooling was used
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(Bwanga, Ekwall et al 1991), compromising ~20% of these spermatozoa (Ekwall,
Eriksson et al 1997). However, studies of other species, such as the equine or
human species, whose spermatozoa are more hydrated, particularly at the sperm
head region, than those of the pig, have failed to identify the presence of intra-
cellular ice crystals during slow (10°C/min) or rapid (3,000°C/min) cooling
(Morris et al 1999; 2007; Morris 2006). Further detailed studies are needed to
elucidate inter-species differences.

Although valuable evidence is provided by the use of granulometry, in combination
with freeze substitution, to determine the presence and size of ice, the sequence of
practical steps required before the samples can be analysed makes the procedure
fairly demanding and time-consuming, as well as potentially introducing artefacts
(Rodriguez-Martinez & Ekwall 1998). Other methods are now available, such as
cryo-scanning electron microscopy (cryo-SEM), which make it possible to directly
study cells in their frozen state, including visualisation of inner structures (Ekwall,
Eriksson & Rodriguez-Martinez 1997; Rodriguez-Martinez & Ekwall 1998; Nissje
& Van Aelst 1999; Wyss et al 2002). In brief, frozen semen samples are fractured
at liquid nitrogen (LN,) temperature and the fracture surface is etched by
controlled sublimation of the frozen aqueous phase. This is subsequently examined
by cryo-SEM after platinum/palladium coating. The assessment of these non-
chemically fixed, fully hydrated samples provides instant knowledge of the
different components (such as extender and free water) and the microstructure of
included cells. Moreover, cryo-SEM enables quantitative image analysis, thus
allowing the study of differences between cooling rates, containers and location
within frozen samples. Such data would be beneficial for developing new handling
protocols for both freezing and thawing (Morris et al 1999; 2007), particularly in
the porcine species.

Selection for sperm freezability has been pursued for decades among Al bull sires
and has resulted in minor inter-animal variation, despite a common freezing
method utilized for all sires. Such selection has not been applied in the pig. Despite
efforts made to accommodate freezing methodologies (Hernandez et al 2007), the
large variation seen in post-thaw sperm survival is still being attributed to
individual boars, consequently forcing their pre-selection (for a review, see Roca,
Hernandez et al 2006). This pre-selection for semen processing is usually based on
post-thaw sperm characteristics, such as motility, membrane integrity and
chromatin structure, and results in classifying the boars as “good-” or “bad
freezers” (Hernandez et al 2006; 2007). Owing to the low degree of intra-boar
variability present, this classification is useful, but tedious. Moreover, it is not
known why these differences exist between boars. Variations in the plasma
membrane (Ortman & Rodriguez-Martinez 1994; Medrano et al 2002), motility
(Thurston et al 1999), chromatin stability (Hernandez et al 2006) and genetics
(Thurston, Siggins et al 2002; Thurston, Watson et al 2002) have been listed as
possible causes. Cryo-SEM studies of semen in a frozen state may disclose whether
differences in freezing patterns can be seen among boars as a cause of variation.

Cold shock injury during temperature reduction in spermatozoa is a general
phenomenon whose intensity varies among species, the pig being highly sensitive
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(Wales & White 1959; Watson & Plummer 1985; Watson & Morris 1987). The
possible mechanisms of cold shock injury include thermotropic instability of the
plasma membrane, which may cause differences in solute concentration around the
spermatozoa. There may also be protein dislocation and/or denaturation, causing
loss in sperm membrane permeability and the membrane’s eventual disruption
during thawing (Waterhouse et al 2006, Saravia et al 2007). Examples of vital
proteins are those belonging to the hexose transporter (GLUT) family, which play a
role in the regulation of the glucose and fructose metabolism of unfrozen cells.
These proteins are mainly responsible for the passage of hexoses across
mammalian sperm membranes (Burant et al 1992; Angulo et al 1998), including
those of the dog (Rigau et al 2002), rat (Farooqui et al 1997), human (Kokk et al
2005) and boar (Medrano et al 2006). Since the major substrate provided in most
boar semen extenders used for cooling and freezing is glucose, studying the
presence and temporal localisation of these GLUT proteins during the different
steps of cryo-processing is of utmost importance in determining whether their
function is impaired and therefore related to the decreased cell survival post-thaw.

Water transport across cell membranes is, as already pointed out, of wvital
significance, particularly with regard to fluid flow among cells and tissues. It is
also of importance when cells such as spermatozoa are confronted to different
media during their transport in the female genitalia or during their manipulation
and processing for Al or storage (including cryopreservation). Water moves across
the plasma membrane by two main mechanisms: by passive osmotic pressure, and
by active transport through molecular water channels. These channels are built by
specific membrane proteins, the so-called “Aquaporins (AQPs)” (Verkman et al
1996; Borgnia et al 1999; Izumi et al 2006). Aquaporins have been demonstrated
in cell membranes with a tenfold to 100-fold higher capacity for water permeation
than diffusion (Agre et al 2002), and have been detected in both rat and human
testicular spermatozoa (Calamita et al 2001; Saito et al 2004). Functionally, AQPs
are divided into those that selectively transport water, and those that transport
glycerol (Rodriguez et al 2006) and possibly other small solutes (Wang et al
2006), in addition to water, being also called “aquaglyceroporins”. One of the
latter group, AQP7, has been found in the rat testis, and its gene is particularly
expressed by spermatids, where it has been attributed a role for glycerol transport
as a carbon source for mature sperm metabolism (Borgnia et al 1999). As
mentioned previously, in the cryopreservation of cells, the movement of water and
CPAs such as glycerol across plasma membranes plays a central role in their
survival post-thaw. The replacement of water by glycerol, which occurs during cell
cryopreservation (Mazur 1984), may therefore be modulated by some types of
AQPs, such as AQP7, which are involved in transporting neutral solutes with a
small molecular weight, such as glycerol or urea (Ishibashi et al 1994; 1997,
Tsukaguchi et al 1998), as well as water. It is noteworthy that glycerol is by far the
most widely used CPA for boar semen preservation. Therefore, studies aiming at
disclosing whether AQP7 is present in boar spermatozoa and whether its location is
affected by handling and cryopreservation, would provide cues for the non-
empirical design of better cryopreservation methods.

The presence and localisation of both GLUT and AQPs in spermatozoa can be
studied using different methods depending on the objective of the study. For
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instance, molecular determination by blotting methods provides evidence of the
presence of GLUT and AQPs, but does not disclose their precise cell location.
Fluorescent light microscopy after immunolabelling gives a general, but imprecise,
view of the binding pattern, although it studies only a few cells. Flow cytometry, a
very fast technique able to analyse thousands of spermatozoa per minute, can be
used instead, but the method does not indicate where the binding sites are, for
instance whether the labelling is in the inner or outer membrane face. On the other
hand, immunocytochemistry at the electron microscopy (EM) level exposes details
of the binding sites thanks to its higher resolution. Immunocytochemistry for
GLUT or AQP7 proteins has not been previously applied to boar spermatozoa
when studied at the various stages of the cryopreservation procedure.
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Aims of the study

The general aim of this thesis work was to investigate, using cryo-SEM, how extra-
cellular ice formation occurs during freezing of boar semen in containers of various
cryo-biological properties, at different cooling velocities, and using the semen of
different males, in the hope of helping to facilitate the development of this sub-
optimal biotechnology. Moreover, the presence, localisation and temporal
modifications of membrane molecules involved in the transport of hexoses
(GLUTSs) or water/cryoprotectants (AQPs) in relation to sperm handling and cryo-
processing were disclosed using immunocytochemistry, combined with SEM and
TEM.

The specific aims were to determine, using cryo-SEM —

* how freezing rates affect the degree of dehydration of frozen boar semen in two
different, large packages (5 mL) for single Al doses;

* whether the degree of dehydration and ice crystal distribution differs among
boars whose spermatozoa display different post-thaw viability, when processed in

medium-straws (0.5 mL); and

* how small, 0.5 mL containers, such as medium-straws or MFPs, affect the degree
of'in situ dehydration and levels of homogeneity of boar semen.

Also, the thesis work aimed to determine —

* where the hexose-specific transporters GLUT-3 and GLUT-5 are located in boar
spermatozoa, and whether their location varies during cooling and thawing; and

* whether AQP7 is present in the membrane of boar spermatozoa, both epididymal
and ejaculated, in relation to their extension, and to cooling and freezing-thawing.
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Materials and Methods

Animals

Ejaculated spermatozoa were collected from 29 sexually mature boars (aged 8
months to 5 years) of various breeds (Swedish Yorkshire, Swedish Landrace,
Iberian) or commercial hybrid lines, while epididymal spermatozoa were removed
from the caudae epididymides of six Swedish Yorkshire boars slaughtered at a
local abbatoir. All boars were fed commercial pig feed, according to national
(Swedish or Spanish) standards, and provided with water ad libitum while being
housed in individual pens. The boars were selected according to either normal
semen quality and proven fertility (Papers |-V) or normal development (for
slaughtered boars, Paper V). Boars were either not pre-selected for freezability
(Papers 1, 111-V) or classified as having different freezability (Paper Il). The
experimental protocol was designed in accordance with the relevant regulations on
animal welfare. These were the guidelines established by the Animal Welfare
Directive of the Government of Catalonia (Spain, Paper 1V), the Region of Murcia
(Spain, Paper Il), or the Ethics Committee for Experimentation with Animals,
Uppsala, Sweden, which reviewed and approved the experimental design in
advance (Papers I, 11 and V).

Collection of semen

Semen was collected once or twice per week using the gloved-hand technique,
either selecting the sperm-rich fraction of the ejaculate, collected in an insulated
thermos flask (Papers I-1V), or as selected portions of the ejaculate (Paper V). In
the latter case, two portions were collected, the first 10 mL from the sperm-rich
fraction (portion 1 [P1]), which was collected in a 15 mL plastic tube, and the rest
of the ejaculate (portion 2 [P2]), which was collected in a plastic bag, both inside
an insulated thermos flask. In Papers I, 11l and V the spermatozoa were processed
immediately, while in Papers Il and IV the spermatozoa were suspended (1:2, v/v)
in Beltsville thawing solution (BTS) (IMV, Beltsville, MD, USA), cooled and
maintained at 17°C for shipment, within 24 h of collection, to the laboratory where
they were cryopreserved and stored (University of Murcia, Paper Il; and the
Swedish University of Agricultural Sciences (SLU), Paper 1V).

Sperm evaluation pre-freezing

Only ejaculates (n= 64) with at least 70% of motile spermatozoa and 75% of
morphologically normal spermatozoa were used (Papers I, 111-V). Ejaculates
included in Paper Il had >200 x 10° spermatozoa/mL, >85% spermatozoa with
normal morphology, >75% of spermatozoa that were progressively motile and
>80% displaying intact membranes before cooling and freezing.
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Sperm freezing

Semen was processed using documented protocols, in Paper | following the
method described by Eriksson & Rodriguez-Martinez (2000), in Paper 11 using the
straw freezing procedure described by Westendorf et al (1975) and modified by
Thurston et al (1999) and Carvajal et al (2004), and in Papers 111-V following
Saravia et al’s protocol (2005). In brief, the BTS-extended semen was spun in a
programmable refrigerated centrifuge, whereupon the supernatant was discarded
and the resulting pellets were re-extended in lactose-egg yolk (LEY, extender II)
extender to a concentration of 1.5 x 10° cells/mL. After further cooling to 5°C
within 90-120 min, the extended spermatozoa were re-suspended with LEY-
glycerol-OrvusEsPaste (LEYGO) extender (extender III) to yield a final
concentration of 1 x 10° cells/mL and a final amount of glycerol of 3% (v/v). The
cooled spermatozoa were then packed into 5 mL maxi-straws (Paper 1), 5 mL FPs
(Paper 1), or 0.5 mL medium- plastic straws (Papers 11-V) or MFPs (Paper I11)
before being frozen using controlled-rate freezers (Papers I, 111, V: Mini Digitcool
1400; IMV, L’Aigle, France; Paper Il: IceCube 1810; Minitiib, Tiefenbach,
Germany). The cooling started from +5°C to —5°C at rates of 3 or 6°C/min,
followed by different freezing rates being used from —5°C (Paper I: 2°C, 50°C or
1,200°C/min, the last by direct plunging into LN,; Paper I1: from —5°C to —80°C
at 40°C/min, held for 30 sec at —80°C, then cooled at 70°C/min to —150°C; Papers
111-V: 1 min for crystallisation at —5°C and thereafter cooling at 50°C/min from —5
to —140°C). In all cases, the straws/bags were thereafter plunged into LN, (-
196°C) for storage.

In addition, in order to determine eventual changes in viability and
immunolocalisation during semen processing (Papers IV and V), spermatozoa,
after being extended in BTS and kept chilled at 17°C for approximately 24 h (A),
or after being re-extended in extender-II and cooled to 5°C for 2 h (B), or (C) post-
thaw (Paper 1V) were also studied during different stages of cryopreservation. In
particular, they were studied for sperm viability (VIA) (motility and membrane
integrity) as well as for GLUT-3 and GLUT-5 immunolocalisation. For AQP7
immunocytochemistry (Paper V), spermatozoa were studied at +20-21°C (stage 1
[S1]), at +16°C (stage 2 [S2]), at +5°C (stage 3 [S3]) and post-thaw (stage 4 [S4]).

Semen evaluation during processing and post-thaw

As mentioned, spermatozoa were studied for VIA (motility and membrane
integrity) during different stages of cryopreservation and post-thaw. Frozen
samples were thawed in circulating water at 50°C (Papers | and Il) for 40 sec
(maxi-straws), 13 sec (FPs) and 12 sec (medium-straws), or at 35°C for 20 sec
(medium-straws and MFPs, Papers 111-V).

Sperm motility
Sperm motility was assessed with computer-assisted sperm analysis (CASA)
instruments (Papers I, Il and V: SM-CMA; MTM Medical Technologies,

Montreaux, Switzerland; Paper Il: Sperm Class Analyzer®; Microptic, Barcelona,
Spain) following incubation at 37-38°C for at least 30 min, using microscopes
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equipped with a warm stage and phase contrast optics (200 x). One hundred to 200
spermatozoa were counted per sample, using pre-warmed Makler counting
chambers (Sefi Medical Instruments, Haifa, Israel) to determine the percentages of
motile spermatozoa and, among these, of those linearly motile (LIN) spermatozoa,
after counting between three and eight predetermined optic fields (Papers | and
I1). As well, the following motility variables were recorded: percentage of LIN
spermatozoa (%), straight linear velocity (VSL) (um/s), average path velocity
(VAP) (um/s), and curvilinear velocity (VCL) (um/s) (Papers 111 and V).

Sperm viability

Sperm viability was evaluated in terms of plasma membrane integrity (PMI)
(Papers 1-1V) using the DNA-specific fluorochrome propidium iodide (PI)
(Papers | and Il) or the LIVE/DEAD Sperm Viability Kit L-7011 (Molecular
Probes Inc., Eugene, OR, USA) (Papers Ill and IV) and flow cytometry. In
addition, mitochondrial membrane potential and acrosomal integrity were
microscopically determined in thawed samples (Paper 1) using a triple fluorescent
staining method which included PI, rhodamine-123 (R123) and fluorescein
isothiocyanate-labelled peanut (Arachis hypogaea) agglutinin (FITC-PNA).

Classification of semen freezability

Following evaluations of post-thaw sperm quality, cryopreserved ejaculates
included in Paper Il were classified by multivariate pattern analysis technique
(PATN) (Belbin 1993; Abaigar et al 1999) into three groups, as described in detail
by Hernandez et al (2006). Those boars with the best frozen-thawed sperm
characteristics (>60% of total sperm motility [TSM] and VIA) were identified as
“good” freezers. By contrast, boars showing reduced frozen-thawed sperm
characteristics were considered as “moderate” (40-60% TSM and VIA) or “bad”
freezers (<40% TSM and VIA). Only straws from boars classified as “good” (n= 5)
or “poor” (n=5) freezers were used.

Cryo-scanning electron microscopy (cryo-SEM, Papers I-111)

Cryo-SEM was performed on frozen-fractured, etched samples to examine their
fine structure, in particular the size (area) of the solid-state water in the extra-
cellular, outer-extender areas (“ice lakes”). Inside LN,, the containers were
manually broken, the plastic was removed, and a cylinder (maxi- or medium straw)
or rectangle (FP or MFP) of the frozen semen was mounted in a mechanical grip
holder. The grip holder was transferred to a cryostage (Oxford HT1500F Cryo
System; Oxford systems, Oxon, UK) and then to a chamber attached to the
microscope (JEOL Scanning Microscope 6320F; JEOL Ltd, Tokyo, Japan). Once
the sample was inside the chamber, it was fractured in order to obtain a fresh, clean
surface for examination. The temperature of the sample was raised by heating the
holder to —92°C for 30 sec in order to etch the surface by water sublimation.
Sublimation removes crystalline ice and increases the contrast of the sample. The
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temperature was then decreased to —130°C to stabilise the frozen preparation
whose surface was thereafter coated with platinum/palladium to prevent charging
and to obtain a good signal-to-noise ratio. The coated sample was then transferred
to the microscope chamber where it was analysed at a temperature range of —125°C
to —135°C.

Image analysis of cryo-SEM assessment (Papers I-111)

Digital images (seven to ten per container, at 600 x for image analysis and at 3—
4,000 x for fine structural examinations) were collected at 5 KV and stored on a
computer (JEOL SemAfore software; JEOL Skandinavisk, Sundbyberg, Sweden).
Image analysis (Easylmage 3000 software, version 1.3.0; Tekno Optik, Huddinge,
Sweden) of the areas occupied by the partially sublimated, solid-state free water
(“ice lakes”) and of the sperm-containing, concentrated extender veins was then
performed. Results were expressed in um’ (Paper 1). In Papers 11 and 111 three
variables were retrieved per image to monitor the degree of hydration: the area of
the frozen concentrated extender matrix (containing spermatozoa, e.g. veins), the
area of the spaces occupied by the partially sublimated solid-state water (extra-
cellular, outside the extender, e.g. lakes) and the degree of compartmentalisation in
the sample (size and number of lakes per image).

Sodium dodecyl sulphate (SDS)-electrophoresis and Western
blot analysis (Paper 1V)

For Western blot analysis, sperm samples were homogenised in a mixer, briefly
boiled and then centrifuged at 10,000 g for 15 min at 4°C. Western blotting was
carried out on the resultant supernatants whose total protein content was calculated
(Bradford 1976), after applying a commercial kit (Bio-Rad Laboratories, Hercules,
CA, USA) to ensure a homogeneous loading of protein (20 pg) per lane. The
immunological analysis was based on sodium dodecyl sulphate (SDS) gel
electrophoresis (Laemmli 1970), followed by transfer to nitrocellulose membranes
(Burnette 1981). Since the freezing extender contained a significant number of
non-sperm proteins, the transfer of an equal quantity of sperm proteins to each
electrophoretic lane was tested by previously staining each transferred membrane
with Poinceau red (BioRad). Only those membranes holding nearly equal amounts
of sperm protein/lane were subsequently subjected to the Western blot, being
tested with the primary antibodies for GLUT-3 (an affinity-purified polyclonal
antibody, 16 amino acid synthetic peptide, which recognises the facilitative GLUT-
3 in mammalian tissues including spermatozoa) and GLUT-5 (a rabbit anti-GLUT
5 polyclonal antibody (twelve amino acid peptide) which reacts with GLUT-5 and
does not cross-react with GLUT-1, 2, 3 or 4) (Chemicon Europe Ltd, Hampshire,
UK). Detection of immunoreactivity was done with a peroxidase-conjugated anti-
rabbit secondary antibody developed using the ECL Plus detection system
(Amersham, Buckinghamshire, UK).
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Immunocytochemical localisation of hexose transporters -3 and-
5 (Paper 1V)

Scanning electron microscopy: Smears were prepared by spreading sperm
suspensions from each sampling point onto superfrost polylysine-coated slides
which, immediately after being briefly air-dried, were fixed in buffered
paraformaldehyde (0.5%) for 15 min at room temperature (RT) and further washed
with phosphate-buffered saline (PBS), pH 7.2-7.4. The smears were then
incubated with the same primary antibodies to GLUT-3 and GLUT-5 used for
Western blotting, at a dilution of 1:500 (v/v) in PBS. The spermatozoa were further
washed with PBS and incubated with goat anti-rabbit immunoglobulin (IgG)-15
nm gold (1:25) (Auroprobe; Amersham, Buckinghamshire, UK) for 1 h 50 min at
RT. Silver enhancement (IntenSE™ silver enhancement system for microscopy,
code RPN 491; Amersham Biosciences, Buckinghamshire, UK) was then applied
for 10 min and samples were air-dried for 24 h in the dark. The smears were coated
with platinum/palladium (High Resolution Sputter Coater; Agar Scientific,
Accessories for Microscopy, Stansted, UK) for 30 sec. Selected regions of the
glass were cut and mounted onto stubs for observation under an electron scanning
microscope (JEOL SEM 6320F; JEOL Ltd, Tokyo, Japan) at 5 kV of filament
intensity.

Transmission electron microscopy: The spermatozoa were suspension-fixed in
0.5% (w/v) paraformaldehyde in a 0.1 M phosphate (Sorensen’s) buffer, pH 7.3,
for 1 h at 4°C and centrifuged at 800 x g for 10 min. The resulting pellet was
dehydrated in graded alcohol solutions, and progressively embedded at 4°C in LR-
White acrylic resin (Acrylic Resin; TAAB Essentials for Microscopy, Reading,
Berkshire, UK), transferred to capsules (one block/capsule) and polymerised for 24
h at 50°C. Semi-thin (1-3 um) and ultra-thin (60-80 nm) sections were obtained.
The latter were mounted on 300-mesh nickel grids (Amersham, Buckinghamshire,
UK) for immunocytochemical labelling with the specific primary antibody (GLUT-
3 and GLUT-5; see above) at 1:500 dilution (v/v in PBS) for 2 h at RT. Non-
specific binding was blocked by incubating the sections for 1 h at RT with 2%
normal goat serum (NGS) in 1% BSA/PBS. Pre-immune rabbit serum and the
specific antibody, pre-absorbed with saturating concentrations of the corresponding
peptide, were used in the primary incubation step as negative stained controls.
After extensive washing in phosphate-BSA buffer (PBB), pH 7.4, the sections were
incubated with A-protein gold (AuroProbe™ EM G 15 nm; Amersham
Corporation, Louisville, KY, USA) at a dilution of 1:100 (w/v) in PBB for 1 h at
RT. The sections were finally counterstained with uranyl acetate 2% (w/v) in
distilled water for 30 min and in lead citrate 3% (w/v) in distilled water for 10 min
(Reynolds 1963). Finally, the sections were examined using a transmission electron
microscope (JEOL JEM-1230 Electron Microscope; JEOL Ltd, Tokyo, Japan) at
80 kV of filament intensity.
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Immunocytochemical localisation of Aquaporin 7 (Paper V)

Epididymal spermatozoa, collected post-mortem by manual aspiration from the
cauda epididymides, and ejaculated spermatozoa from the whole (n= 4) or from P1
(n=4) and P2 (n= 6) of the ejaculate at different stages of cryopreservation (S1—
S4) were suspended and fixed in 1% paraformaldehyde in PBS at RT for 1 h,
followed by incubation for detection of AQP7. Sperm smears were prepared on
polylysine-coated slides, air-dried and rinsed in PBS several times, finishing with
distilled water. Subsequent blocking was done with 1% BSA/PBS for 10 min to
reduce non-specific IgG(Y) binding, followed by incubation with the primary
antibody (chicken polyclonal to AQP7) (ab15123; Abcam, Cambridge, UK) for 1 h
at RT (1:500). A donkey-anti-chicken IgY(G) (1:100; H+L) conjugated with 4 nm
colloidal gold (Jackson Immuno Research, West Grove, PA, USA) was used as
secondary antibody. The binding was silver-enhanced with IntenSE™, washed and
dried. From each slide, round pieces of the glass with the incubated smear were cut
out with a diamond pen and mounted on a SEM stub coated with
platinum/palladium (60 mA for 30 sec) (208HR High Resolution Sputter Coater;
Ted Pella, Redding, CA, USA) to avoid charging of the sample. Analysis was
performed with a JEOL SEM 6320F electron microscope using its backscatter
detector (BSD) and/or secondary electron detector (SED). The images were
recorded using JEOL Semafore software. The labelling across different domains
and sperm sources was visually scored by the same operator in order to provide an
overall, albeit semi-quantitative, view of the distribution of the immunostaining.

Statistical analyses

In Paper | the data (sperm motility and the relative mean surface area, in um’, of
the areas of extra-cellular, unbound water, or ice lakes) were analysed using the
General Linear Model (GLM) procedure of the Statistical Analysis Systems
software (SAS Institute Inc., Cary, NC, USA). The model included packages (2)
and freezing rates (3) for sperm motility and, in addition, locations within the
package (2) for the areas of extra-cellular ice. Data derived from Papers -1V
were statistically examined using SPSS, version 14 (SPSS Inc., Chicago, IL, USA).
The non-parametric Kruskal-Wallis test and Mann-Whitney U-test were used in
Paper 1l to evaluate differences in cryo-SEM variables between boars (“good” and
“bad” freezers) and groups. Spearman correlations were calculated to disclose
relationships  between post-thaw sperm quality variables and cryo-SEM
measurements. In Paper 111 mean values for post-thaw CASA parameters and PMI
were examined by analysis of variance (ANOVA) using the GLM procedure. The
statistical model used included the effects of the boar, and the packaging system,
and the interaction between boar and package. Differences in cryo-SEM variables
between boars and packages were examined by ANOVA including the fixed effects
of boar and package and the replicate as random effect. Pearson’s correlations
were calculated to disclose relationships between post-thaw sperm quality variables
and cryo-SEM measurements. In Paper IV VIA was examined by a multi-analysis
of variance (MANOVA). Student’s t-test was used to compare least square means
and a GLM was included to assess the differences among the various classes. For
all studies, differences were considered statistically significant if P<0.05.

23



Results

Sperm cryosurvival post-thaw

Sperm viability post-thaw was primarily evaluated either by mapping PMI (Papers
11-1V) (in Paper Il also including mitochondrial membrane potential and
acrosomal integrity) or by determining sperm motility by CASA (Papers 1-1V), in
an attempt to disclose effects of freezing rate (Paper 1), packaging container
(Paper I11) and the individual boar in terms of freezability potential (Paper II)
and breed (Paper 1V).

The proportion of spermatozoa with an intact plasma membrane post-thaw was
significantly lower in the Entrepelado (P<<0.05) than in the Lampifio Iberian breed
(Paper 1V). Regarding PMI, variation among males was seen, but not between
containers, e.g. MFP and medium-straws (Paper Ill1). Neither was there any
interaction between boar and packaging system (P>0.05). Acrosomal integrity,
PMI and mitochondrial activity were included as components of VIA and allowed
categorisation of sires with regard to freezability potential (Paper I1).

Freezing rate significantly (P<0.05) affected the number of motile spermatozoa,
with cells cooled at a rate of 50°C/min showing the highest cryosurvival (44-54%)
compared with 2°C/min (32-34%) and 1,200°C/min (0%) (Paper I). At 50°C/min,
the FP yielded significantly better post-thaw motility than did the maxi-straw, for
both total motile spermatozoa (52.8 v. 42.7%; P<0.05) and those motile
spermatozoa depicting linear progressive motility (68.6 v. 50.2%; P<0.05) (Paper
1). Total sperm motility post-thaw did not differ statistically between medium-
straws and MFPs, with the exception of the percentages of LIN spermatozoa (P =
0.036) and VCL (P = 0.02). The MFPs displayed the highest percentage of linearly
motile spermatozoa and the lowest VCL, and revealed no variation among boars
(Paper 11I). The percentages of sperm motility were lowest post-thaw (compared
with other steps of cooling) but showed no significant differences between the
Entrepelado and Lampifio Iberian breeds (Paper 1V).

In sum, PMI was consistent post-thaw, no matter which container was used, with
significant variation between animals and breeds. Sperm motility, on the other
hand, was clearly affected by extreme cooling rates and container types, the
smallest containers (medium-straws and MFPs) depicting the highest proportions
of linearly motile spermatozoa post-thaw, to the extent of masking boar and breed
variation.

Cryo-SEM of frozen boar semen

Ultrastructure of the frozen semen

The appearance of the cross-fractured straws and bags frozen in extender with
glycerol as CPA, followed by deep etching to remove crystalline ice, revealed two
major domains, one with extensive extra-cellular ice formation (lakes), and a
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complementary, homogenous, freeze-concentrated material (CPA and sperm-
containing extender, e.g. veins). At higher magnification, the freeze-etched samples
revealed that the spermatozoa had migrated into the freeze-concentrated material
during solidification: spermatozoa were very rarely entrapped within the extra-
cellular ice crystals, although a few sperm tails could be seen in these areas. Sperm
details could be studied, with cells depicting an intact outer surface or inner
structures fractured at different levels. Most spermatozoa appeared intact, without
obvious signs of plasma membrane disruption, especially when smaller containers
were considered and freezing had occurred at non-extreme speeds, e.g. 50°C/min
(Papers I-111).

At first sight, the distribution and shape of the veins differed between containers,
being thinner and more compact, and apparently occupying less space in the FPs
than in the maxi-straws and in the MFPs compared with medium-straws or the
larger containers. Consequently, the size of the areas of ice was inversely
proportional to the size of the veins, a finding that was later confirmed when
quantifying the relative mean surface area of the ice lakes. Regarding shape and
distribution, while in the FPs the shape of the icy areas was irregular and variable
within the container, the “lakes” (and veins) in the maxi-straws formed radial
patterns from the periphery towards the centre (Paper I). The distribution of
components followed a similar trend, the area of the extra-cellular ice (i.e. the
surface area of the “ice lakes™) being larger in the periphery than in the centre
(P<0.05), except for FPs frozen by LN, plunging (Paper I). Samples that were
frozen at higher rates (1,200°C) had a freeze-concentrated material which occupied
a much larger cross-sectional area (see below).

In the comparison of medium-straws from two classes of boars, divided into
“good” or “bad” freezers (Paper Il), the cryo-SEM showed that neither the
number nor the distribution of ice lakes (or their counterpart veins) followed a
uniform pattern, irrespective of the group of boars under consideration or the
section in the straw (peripheral v. central). The relative size and shape of the lakes
varied within the same straw. The complementary relative surface (in %) of the
veins (frozen concentrated extender and included spermatozoa) showed a similar,
and homogenous, width in both groups of boars but without a linear trend of
solidification.

The MFPs showed larger lakes than did the medium-straws (Paper 111), the latter
showing a highly asymmetrical organisation of lakes and veins depending on the
position of the section. Smaller lakes were seen in the periphery and centre of the
medium-straw, while larger lakes were seen in intermediate areas (Paper I1l). The
degree of dehydration seemed higher in the MFPs, since the areas of individual
lakes appeared larger, thus leading to thinner/smaller veins (Paper I11).

In sum, the ultrastructure of the frozen boar semen was clearly defined by two
major domains, the frozen free water (lakes) and the concentrated, CPA extender
including the spermatozoa (veins). The latter became more homogenous the slower
the freezing rate applied, probably in relation to a higher degree of dehydration of
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the components of the veins towards the lakes. There were clear differences
between containers, particularly in comparison with the maxi-straws, which
depicted major regional differences.

Quantitative differences between frozen areas

The difference in size of the “lakes” between locations was numerically larger in
the maxi-straws than in the FPs (Paper I), probably owing to differences in the
degree of dehydration of the spermatozoa and the extender. The area of the “ice
lakes” was smaller the faster the rate of cooling, with a dramatic difference
between 2°C/min and 1,200°C/min rates (P<0.001), being more conspicuous (area-
wise) for maxi-straws than for FPs (Paper I). Numerical differences in the relative
surface of the ice lakes between containers were only significant for the extreme
speeds of cooling (Paper I). Spermatozoa frozen at 2°C/min or 50°C/min appeared
very dehydrated, as did the surrounding extender in which they were embedded. By
contrast, plunging into LN, (1,200°C/min) caused freezing of water both extra- and
intra-cellularly (Paper I), with clear evidence of sub-cellular distortion caused by
the presence of intra-cellular ice crystals in the peri-nuclear and peri-axonemal
areas, owing to a lack of sperm dehydration during the process.

The overall relative mean percentage of the lake fraction (i.e. of solid-state free
water in the frozen straws) was ~80% of the total surface while that of the veins
was ~20%. There were no significant differences (P>0.05) between the two groups
of boars (Paper Il). In the “bad” sperm freezers the area of concentrated matrix
(veins) averaged 17.7% (range 10.5-21.3%), and the area of ice (lakes) 82.3%
(range 78.7-89.6%). The average number of lakes was 35.6 (range 16—64). The
corresponding values measured in “good” sperm freezers were 18.5% (range 11.6—
22.7%), 81.5% (range 77.7-88.4%) and 47.3 (range 12—111), respectively. None
of the variables correlated significantly (P>0.05) with the outcome of post-thaw
sperm quality (Paper Il). However, significant inter-boar differences were
detected for all the cryo-SEM measures (P<0.0001), with one sire showing a higher
number of vein compartments, thus leading to a higher number of lakes per area
(86.4+17.7, mean + standard deviation [SD]).

The area occupied by lakes was significantly larger (P<0.001) in the MFPs (82%)
than in the medium-straws (78%), and the converse was found for the area
occupied by veins (18% and 22%, respectively; P<0.001), both variables having a
low variation between replicates/ejaculates (Paper 111). The mean number of lakes
was lower in the MFPs (~50) compared with the medium-straws (61), but owing to
the large variation between ejaculates there were no significant differences within
medium-straws (Paper 111). While none of the cryo-SEM variables correlated
significantly with post-thaw sperm quality in the medium-straws, TSM was
significantly correlated with cryo-SEM measurements, area of veins, and area of
lakes in the MFPs (Paper I11).

In sum, the size of the extra-cellularly frozen, free water (lakes) depends on the
speed of freezing, being larger the slower the freezing, probably because slow
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cooling allows water to leave the cells and the surrounding concentrated CPA-
containing extender, thus decreasing the size of the veins. At a similar cooling rate
range (40-50°C/min), following crystallisation, container size (and shape)
influences the size of the lakes/veins, with the MFPs showing the highest
homogeneity.

Expression of hexose transporters -3 and -5 in boar spermatozoa

The presence of hexose transporters GLUT-3 and GLUT-5 in boar spermatozoa
was confirmed by Western blotting (Paper 1V), with specific bands of about 50
KDa, which were mainly maintained during cooling (Steps A and B) and post-thaw
(Step C). However, in almost all cases, the relative intensity of the GLUT-3 band
in supernatants from sperm extracts decreased during the cooling and thawing steps
(A—C) compared with equivalent fresh sperm samples, while that of GLUT-5
increased during Steps A-C compared with equivalent, freshly collected
spermatozoa (Paper 1V).

Immunocytochemistry of hexose transporters -3 and -5 in boar
spermatozoa

The analyses of the SEM and TEM immunolabellings clearly showed that boar
spermatozoa expressed the hexose transporters GLUT-3 and GLUT-5 in both the
outer and the inner plasmalemma (Paper 1V). The expression of the hexose
transporter isoform GLUT-3, however, showed differences with GLUT-5 in terms
of both location and concentration among spermatozoa, as well as during the
various steps of the freezing-thawing protocol used (Steps A—C). The GLUT-3
immunoreactivity was apparently more conspicuous in the acrosome membrane of
spermatozoa kept chilled at 17°C (Step A), especially in the anterior half of the
head, clearly delimited by the equatorial segment, decreasing in the rest of the
domains towards the mid-piece. This pattern of reactivity was maintained at 5°C
(Step B) when glycerol was added. Post-thaw (Step C), the immunolabelling
became, however, less clear in terms of both intensity and distribution (Paper 1V).
The immunolabelling of the hexose isoform GLUT-5 in spermatozoa kept chilled
at 17°C (Step A) was mainly located in the apical and principal segments of the
acrosomal region, with moderate labelling in the post-acrosomal region and strong
labelling in the connecting piece, the mid-piece and the principal tail segment
(Paper 1V). Contrasting the GLUT-3 pattern, the immunolabelling was maintained
at 5°C (Step B) and post-thaw (Step C), thus contrasting the GLUT-3 pattern.
Controls were negative.

In sum, boar spermatozoa express the hexose transporters GLUT-3 and GLUT-5 in
both the outer and the inner plasmalemma, mostly over the acrosome. The intensity
of expression and the relative intensity of immunolabelling decreased during
freezing-thawing for GLUT-3 but they were maintained throughout for GLUT-5.
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Immunocytochemistry of Aquaporin 7 in boar spermatozoa

Controls were negative, while boar spermatozoa incubated with the AQP7 antibody
showed differential immunolabelling depending on the sperm membrane domains
considered (Paper V). The labelling was distinct in the tail region of most
spermatozoa, particularly in spermatozoa from the cauda epididymides. The
binding was most prominent over the mid-piece down to the annulus, with more
intermittent or absent labelling along the principal piece and the end piece of the
sperm tail. Cytoplasmic droplets, either proximally or distally located, were
conspicuously immunostained. They were particularly visible in spermatozoa
collected from the cauda epididymides, with a tendency for reactivity at the sperm
neck region. The intact sperm acrosome domain did not show obvious labelling,
but what presumably was unspecific immunostaining could be seen when the
acrosome appeared exocytosed during processing (Paper V). Aquaporin 7 was
more intensely localised in the entire tail and cytoplasmic droplets in spermatozoa
from the cauda epididymides than in ejaculated spermatozoa, where it was
intensely present only in the mid-piece and the principal tail piece, irrespective of
the portion of the ejaculate that the spermatozoa had been collected from.
Spermatozoa ejaculated in P1 showed very little labelling in the surrounding
seminal plasma, while spermatozoa from P2 showed major background labelling.

Cryopreservation of the ejaculated spermatozoa modified the AQP7
immunolabelling, with a clear redistribution and increasing intensity following
cooling and, particularly, freezing-thawing (Paper V). At RT (S1) after extension
in BTS, and at 15°C (S2, extender 2), the immunostaining was mainly restricted to
the sperm neck region and the mid-piece. At S3, when temperature decreased to
5°C and the extender contained the CPA glycerol, immunolabelling was
maintained in the same regions. On the other hand, labelling increased post-thaw
(at S4), both at the mid-piece and at the sperm neck, and also at the post-acrosomal
region. Over the acrosome, a very intense immunolabelling (probably unspecific)
was noted.

In sum, boar spermatozoa possess AQP7 at the plasma membrane, with specific
domain location. The degree of immunolabelling is influenced by the site of origin
(epididymal v. ejaculate), by interactions with seminal plasma (ejaculate fractions
P1 v. P2) and by the stages of cryopreservation.
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General discussion

Freezing of spermatozoa from various species of domestic and wild animals, and
also from humans, has been done for decades, following the discovery that
addition of egg yolk and rather simple CPAs (such as glycerol) allows
spermatozoa to survive cooling and freezing, and be viable after thawing (Polge et
al 1949; Smith & Polge 1950; Lovelock & Polge 1954). However, the success of
cryopreservation using rather simple extenders and protocols is dependent on
many factors, some of them still unknown. Perhaps the most striking of these
factors is the difference between species (Holt 2000b). Spermatozoa from fowl or
humans can be preserved relatively easily, while those from stallions or boars are
more difficult, and marsupial spermatozoa are nearly impossible to recover as
viable cells post-thaw (Watson & Holt 2001). There are also differences between
individuals in the ability of their spermatozoa to survive freezing and thawing. For
the porcine species, the frequency of spermatozoa from those males surviving the
process of cryopreservation has, historically, been very low (Johnson et al 2000).

About 40% of the red meat consumed worldwide is currently provided by pigs,
and increases in production/consumption of up to 25% are foreseen for the next
decade (Rodriguez-Martinez 2007a). With such anticipated production figures,
genetic selection of boars and sows for desired characters (growth, leanness, litter
size, reproductive efficiency, health, etc) is regarded as a priority. In order to
increase the dissemination of desired characters from the elite sires to the general
breeding population, artificial insemination (AI) has been developed. The
technique has grown exponentially since it started in the Soviet Union in the
1920s, when proper extenders to handle boar semen at RT were initially designed
(Milovanov 1962; Serdiuk 1970). In the past 20 years, the use of boar semen
preserved in liquid form for Al has increased more than threefold; in Europe >90%
of the sows are now bred using Al with liquid semen. More than 99% of the
approximately 30 million registered first Als in the world are performed with
liquid semen, while the remaining 1% utilise frozen-thawed semen (Wagner &
Thibier 2000). Liquid semen is mostly used for genetic improvement at national or
regional level while frozen-thawed semen is preferred for international trade, to
avoid the movement of live animals.

The reason for this difference in the use of liquid-preserved v. frozen boar semen is
the low sperm survival post-thaw. Those spermatozoa that survive usually show
signs of a shortened lifespan, i.e. they succumb shortly after thawing, obviously
leading to decreased fertility. To compensate for these losses (often ~50%), the
total number of frozen-thawed spermatozoa contained in an Al dose is huge,
usually in the order of 5 billion spermatozoa. Despite these excessive sperm
numbers, fertility, particularly in terms of the number of piglets born after Al, is
lower with frozen-thawed semen than with liquid-stored semen. The farrowing
rates for cryopreserved spermatozoa are around 10-30% lower, and the litter sizes
smaller by one to three piglets than those obtained with fresh, liquid semen stored
at moderately reduced temperatures (i.e. 16-20°C) which, in turn, are similar to
those reached after natural mating.
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Research on freezing of boar semen has been carried out since the first successful
inseminations with frozen-thawed boar semen in the early 1970s, leading to the
design of the current semen cryopreservation techniques, which became
commercially available shortly thereafter. However, these methods are still sub-
optimal, and technically demanding. Consequently, boar sperm cryopreservation is
currently limited to research, genetic banking and the export of semen for selected
nuclei lines (for a review, see Johnson et al 2000). Moreover, the freezing
procedure is expensive in terms of labour and laboratory equipment, as well as
being time-consuming (for a review, see Roca, Rodriguez-Martinez et al 2006).
Lastly, because of low sperm survival, the number of Al doses that can be prepared
from a single ejaculate is low (<10). Taking these factors together, it seems
unlikely that deep-frozen semen will replace the use of fresh semen on an extensive
basis even if the fertility levels were similar. The procedure is, to put it simply, too
expensive.

The major constraints to developing cryopreservation procedures for pigs are the
inherent difficulties in freezing spermatozoa from this species (Holt 2000a; 2000b),
and also, the sire-dependent cryosurvivability with the current process (Eriksson et
al 2002; Holt et al 2005; Gil et al 2005; Waterhouse et al 2006; Hernandez et al
2006; Roca, Hernandez et al 2006). On the technical side, the methods currently
used have been empirically designed, often simply extrapolating the techniques
used in other species (mostly the bovine). In view of the lack of success, however,
attempts are still being made worldwide to design novel cryopreservation methods
and containers (Eriksson & Rodriguez-Martinez 2000; Kumar et al 2003; Saravia
et al 2005; Woelders et al 2005). The goals of this research are to increase both
cryosurvival (Pefia et al 2003; 2004a, b; 2005, 2006; Roca et al 2004) and the
number of Al doses per processed ejaculate (Bussiere et al 2000; Saravia et al
2005). These studies have had moderate success. Fertility post-Al is now
substantially improved, in some cases approaching the rates seen with liquid semen
(Eriksson et al 2002), even when using low sperm numbers. However, to achieve
higher results, alternative sites for sperm deposition, such as deep intra-uterine
deposition, have been used instead of the conventional, cervical Al (Bathgate et al
2005; Roca, Rodriguez-Martinez et al 2006). In any case, the problem of
individual variability still remains. Methods are being modified (still empirically)
in order to accommodate the differences in sperm survival between different sires.
For instance, we use different containers to package the semen (from large maxi-
straws to medium-straws, which represent a tenfold difference in size, with
corresponding differences in cryogenic suitability), as well as different handling
methods, new extenders (and CPAs) and different cooling and thawing rates. One
way to resolve this confounding situation is to study how the freezing-thawing
process affects sperm structures essential for VIA and sperm function. This
knowledge may lead to the design of an ideal cryopreservation method, which
could be used subsequently for all boars, in order to implement their selection, as is
current practice with bull sires for Al

Most groups dealing with cryopreservation of boar semen use similar extenders
(often three, used stepwise), among which hexoses provide an energy source, egg
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yolk functions as a cryoprotectant of the plasma membrane following modification
(emulsification) with detergents, and glycerol is most commonly used as a CPA at
low concentrations (~3%), owing to its toxicity. Most groups cool the semen in two
steps, starting with a reduction from the temperature at collection (~ +35°C), to
+20°C (RT), followed by a further decrease to +5°C during extension and
equilibration, and eventually to a seeding temperature (often —5°C). This stage is
followed by faster cooling (between 40 and 50°C/min or even higher) after the
initial nucleation of ice. Packaging of the semen differs, from large containers
(such as 5 mL maxi-straws or FPs) to smaller containers (such as 0.5 mL medium-
straws or MFPs). Thawing procedures also vary, being adapted to the container in
question (volume-wise).

The present thesis has studied the use of these techniques and their effects on the
cryobiology of the frozen semen, with particular emphasis on the sperm plasma
membrane, a structure that has been defined over the years as that mostly, and
primarily, affected by cryopreservation (Watson 1981; Parks & Graham 1992).
The sperm plasma membrane is responsible for maintaining the homeostasis of the
spermatozoon, particularly regulating the transport of water and essential
molecules (such as metabolic substrates). Moreover, it is the structure that interacts
with the different environments the spermatozoa sequentially encounter during
their migration from the caudal epididymis, along the female genital tract, until
they meet the oocytes, with which they interact during fertilisation (Rodriguez-
Martinez et al 2001). The plasma membrane is, therefore, responsible for
destabilisation processes such as capacitation, which primes the spermatozoon for
the fusogenic events that lead to the acrosome reaction upon subsequent contact
between the sperm plasma membrane and the ZP (receptor-mediated, species-
specific contact). Finally, fusion occurs between the oolemma and the post-
acrosomal plasma membrane remnants during fertilisation (Yanagimachi 1994).

Most studies of the plasma membrane have focused on its integrity during or
following cryopreservation (i.e. post-thawing). These studies employ either light
microscopy with phase contrast optics, staining (particularly combining non-
permeable dyes against a dark background, such as the classic eosin-nigrosin stain)
or, more recently, the use of specific fluorophores, either penetrating or non-
permeable (for a review, see Rodriguez-Martinez & Barth 2007). Other, recent
studies have focused on determining the degree of (in)stability of the plasma
membrane, particularly in relation to the lipid bilayer (Silva & Gadella 2006),
which some researchers have linked to a “capacitation-like” phenomenon caused
by cooling of the membrane (Green & Watson, 2001). However, more recent
studies have indicated that the phenomenon is not linked to capacitation, but,
rather, to subtle damage to the plasmalemma, which eventually (post-thaw) causes
its disruption and, ultimately, cell death (Guthrie & Welch 2005a; 2005b; Saravia
et al 2007). In the present studies (Papers I1-1V), PMI and sperm motility were
consistently lower post-thaw than pre-freeze, no matter which container or cooling
speed was used, with significant variation between individual animals/breeds.
These findings were expected, and they simply confirmed that the freezing method
used was not optimal. However, differences were lower when the smallest
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packaging containers (medium-straws and MFPs) were used, yielding the highest
proportions of LIN spermatozoa post-thaw (Papers 11-1V).

The present thesis studied the changes occurring during freezing, by examining
processed boar semen in a frozen state, using cryo-SEM. The aim was to determine
whether the appearance of the frozen material could be linked to VIA post-thaw,
mostly recorded as membrane integrity and sperm motility. The methods used
included determination of the degree of dehydration that the extender (including
the CPA and the spermatozoa) was subjected to during freezing at different rates
and in containers of different shapes and volumes.

The cryo-SEM and the accessories used (cryo-chamber, etc) constituted suitable
instrumentation for examining these frozen samples, samples that were physically
fixed and not subjected to excessive manipulation, thus avoiding the introduction
of undesirable artefacts (Nijsse & Van Aelst 1999; Wyss et al 2002). In a
conventional SEM microscope, placement of a fully hydrated specimen results in
the removal of water from the specimen in the high vacuum of the microscope,
causing the cells to shrink, deform and die (besides ruining the microscope). In the
past, attempts to overcome this problem involved chemical fixation followed by
freeze-drying or critical point drying in order to detect indirectly where ice crystals
were, for instance (for a review regarding spermatozoa, see Rodriguez-Martinez &
Ekwall 1998). These techniques were tedious, and liable to introduce unacceptable
artefacts, either by the chemical fixation or through the methods used for
dehydration and staining/fracturing. Cryo-SEM permits relatively quick assessment
of non-chemically fixed, fully hydrated samples, providing instant views of the
different components (such as extender and free water) and their ultrastructure,
including internal structures if the fracture plane is favourable. Since the
temperature of the sample can be controlled, it can be raised to allow water
sublimation during the etching of the surface and thus expose the interface between
free water in solid phase, such as extra-cellular ice, and the concentrated solutes,
such as extender or spermatozoa. Alternatively, the temperature can be maintained
at, or lowered back to, levels below —140°C, thus preventing changes in the
original frozen state and allowing for extended examinations in vacuum, without
water loss and distortions. The internal structure of cooled specimens can be
sequentially revealed by several freeze fractures. Even the structure of highly
hydrated cells can be exposed in this way, provided that care has been taken to
minimise ice crystal growth. Moreover, cryo-SEM enables quantitative image
analysis and, furthermore, X-ray microanalysis of the elemental contents of the
sample (Rodriguez-Martinez & Ekwall 1998). Obviously, cryo-SEM would
facilitate studies of the effects caused by different cooling rates, containers and
location within frozen samples. These data would be beneficial to the development
of new handling protocols for both freezing and thawing (Morris et al 1999; 2007).

The cryo-SEM ultrastructure of the frozen boar semen was clearly defined by the
presence of two major domains, the frozen free water (lakes) and the concentrated
CPA extender, which included the spermatozoa (the veins) (Papers I-111). These
domains are formed during the process of supercooling of the CPA-treated sample,
during which water changes phase from the liquid to the solid state, with the initial
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formation of ice crystals in the extra-cellular milieu where free water is more
abundant. Ice crystals grow and displace the solute-rich, cell-containing extender
(the veins), which also loses water to the growing ice masses. These continue
enlarging until an equilibrium is formed, either because the veins are dehydrated or
because ice is also formed there. The duration of the process depends on the rate of
cooling, and also on the volume of the sample to be cooled, the amount of CPA
present, the composition of the extender and the number of spermatozoa involved.
In the present studies (Papers I-111) some of these variables were tested for their
effect on the morphology of the semen in a frozen state.

Since the organisation and relative surface of the frozen biological material (veins
and lakes) could be easily registered by cryo-SEM, these complementary variables
were measured and quantified by image analysis in samples from four different
packages (FPs v. maxi-straws (Paper 1), and medium-straws v. MFPs (Paper 111)).
The apparent organisation of lakes and veins differed between packages, with the
MFPs depicting larger lakes than the maxi-straws and FPs, and tending to show a
more homogenous distribution of lakes/veins compared with medium-straws. There
seems to be a logical relation between lake/vein size and post-thaw viability, with
the maxi-straws yielding the lowest proportions of surviving spermatozoa
compared with the other containers. Following the classical theory, sperm damage
is expected to occur during freezing, by the formation of intra-cellular ice (Mazur,
1984) or by the toxicity of the hyper-osmotic medium (Watson & Fuller 2001),
and/or (as is considered today) at thawing, especially when re-warming is slow.
The form and volume of the semen sample to be cooled/re-warmed, and the
concentration of the contained cells, play a major role in cryo-injury during the
most damaging interval in the processes, i.e. during the changes in phase of the
extra-cellular water, when heat is either dissipated (during cooling) or incorporated
(during re-warming) (Mazur et al 1972; Mazur 1984; Mazur & Cole 1985; 1989;
Morris et al 1999). Maxi-straws and FPs, although holding the same volume, are
constructed in different ways, the former being a cylinder and the latter a flat bag.
Under current cooling/re-warming, the maxi-straws have longer heat exchange
periods, and therefore presumably allow more damage to the cells than the FPs
(Paper 1), which have a larger surface-to-thickness ratio.

In a comparison of the smaller containers (medium-straws v. MFPs, Paper Il1), the
cryo-SEM showed differences in the degree of in situ dehydration and the levels of
homogeneity of freezing of the semen. The MFPs allowed for a more uniform
dehydration of the spermatozoa, and higher cryosurvival, as determined by the
proportion of LIN spermatozoa measured subsequently by CASA. The lakes in the
medium-straws appeared highly asymmetrical, depending on their position in the
section and their relative surface per section, with a smaller amount of free water
(lakes) and, consequently, thicker veins in the medium-straws than in the MFPs. It
was therefore concluded that MFPs allowed for a more homogenous dehydration of
the spermatozoa/frozen extender compared with medium-straws, which may
account for their somewhat better sperm quality post-thaw. Since the degree of
dehydration and heat transfer is higher in MFPs than in straws, and the motility as
well as PMI is superior in MFPs compared with straws, it can be concluded that
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freezing in MFPs gives a higher proportion of viable cells after thawing, related to
differences in surface-to-diameter ratio.

In Paper | three different cooling rates following ice nucleation (2°C/min,
50°C/min and 1,200°C/min) were tested for the largest containers. The results of
post-thaw survival were dramatically different, the best sperm motility being seen
in samples frozen at 50°C/min. These large packages can easily contain 5 mL
volume and ~5 billion total spermatozoa, i.e. the customary Al dose for frozen
boar semen. In these packages the ice lake area decreased inversely with increasing
rapidity of cooling, being particularly evident with the extreme cooling speeds.
Although the trend was similar for both maxi-straws and FPs, the differences were
more obvious in maxi-straws, especially when comparing locations within the
container. The ice lakes were larger in the periphery compared with the central
compartment, except for the samples plunged into LN,. The differences in the size
of the lakes obviously relate to the possibility of water being transferred from the
veins to the lakes, and therefore the quicker the freezing speed, the smaller the
chance of vein dehydration.

The cryo-SEM observations also indicated that the ultrastructure of cryopreserved
spermatozoa differed according to the rate at which the sample was cooled after
nucleation. At higher magnification, the freeze-etched samples revealed that the
spermatozoa had migrated into the freeze-concentrated material during
solidification: spermatozoa were not entrapped within ice crystals, particularly
when low cooling rates were used (2-50°C). These frozen spermatozoa did not
show evidence of major osmotic shrinkage or presence of ice voids within the
sperm heads. On the other hand, some shrinkage was observed in the mid-piece
and tail. It is, however, important to bear in mind that the cryo-SEM does not
permit detailed observation of the inner structures, as seen with TEM, unless the
cryo-fracture plane is suitable.

Samples cooled down at low rates (2—-50°C/min) had a freeze-concentrated material
similar to that seen in human and stallion semen, where the overall composition of
the veins has been reported to contain more than 60% glycerol, close to the eutectic
concentration (Morris 2006; Morris et al 2007). At faster cooling rates
(3,000°C/min), in the same studies, the concentration of glycerol in the freeze-
concentrated material was only approximately 20%. Although the semen frozen in
the present study did not reach such high cooling rates, the sample morphology was
similar at 1,200°C. The present investigation has therefore provided significant
insights into the effect of freezing on boar spermatozoa. In particular, the cryo-
SEM has extended previous observations made by light microscopy (Holt et al
2005), and also by freeze substitution (Ekwall, Eriksson et al 1997), that
spermatozoa and solutes migrate either entirely into the freeze-concentrated
glycerol-rich matrix (veins) when cooled at low rates, or are entrapped in a looser
matrix (containing more water) when higher temperature rates are applied
(1,200°C). These results agree with other observations in human and equine
spermatozoa (Morris et al 1999; 2007).
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Intra-cellular ice may be visualised and correlates with loss of boar VIA at thawing
(Bwanga, Einarsson et al 1991; Eriksson & Rodriguez-Martinez 2000). Although
intra-cellular ice has not been identified in human or equine spermatozoa, probably
due to the low resolution used while conducting the studies (Morris 2006; Morris
et al 2007), human/stallion spermatozoa possess more water in the sperm head than
porcine spermatozoa do, as determined by the presence of uncondensed chromatin
areas in the former species. Moreover, their spermatozoa, or those of primates,
which hold a similar chromatin structure (Rutllant et al 2003), act as good
osmometers, with a high permeability for glycerol (Gao et al 1993). By contrast,
boar spermatozoa are not good osmometers, and show signs of glycerol toxicity at
concentrations above 5% (lida & Adachi 1966; Larsson 1985). Human
spermatozoa can be frozen at very high cooling rates without inducing the death of
all spermatozoa (Noiles et al 1993), while boar spermatozoa cannot be cooled at
very high speeds without leading to cell death (Bwanga, Einarsson et al 1991). The
CPA glycerol is added during cryopreservation in order to reduce ice crystal
formation within the cell. However, glycerol is only effective when slow cooling
rates are applied, which is usually the case with spermatozoa (Farrant et al 1977).
With higher rates (see Bwanga, Ekwall et al 1991) intra-cellular ice crystals are
formed in boar spermatozoa, although these rapidly cooled cells are apparently
injured mainly during re-warming, since their ultrastructure is almost unaltered in
the frozen state. Another possibility is that, at high cooling rates, the concentration
of glycerol becomes too low in the vicinity of the spermatozoa, which may explain
why samples frozen at such speeds usually die. Moreover, the viscosity of the
frozen extender varies with the temperature, increasing at lower temperature
ranges. The speed of cooling also contributes, not only to this viscosity, but also, to
a concerted effect on the diffusion rate for water, which becomes limited and, in
turn, restricts the osmotic loss of water from the cells (Morris et al 2006).
Therefore, it can be concluded that freezing rates of 40-50°C/min are suitable
when boar semen is packaged in cryogenically effective containers, such as FPs,
medium-straws or MFPs.

In sum, the size of the extra-cellularly frozen free water (lakes) depends on the
speed of freezing. The lakes are larger the slower the freezing, probably since the
slower rate allows water to leave the cells and the surrounding concentrated CPA-
containing extender, thus decreasing the size of the veins. At a similar cooling rate
range (40-50°C/min) following crystallisation, container size (as well as shape)
influences the size of the lakes/veins. The MFPs show the most homogenous
freezing of boar semen, which is consistent with the highest sperm survival post-
thaw.

However, it should be remembered that another major factor affecting sperm
recovery is the rate of change in solute concentration, which depends on the rate of
cooling below 5°C (Maldjian et al 2005) and, most importantly, on the rate of
thawing (Saravia et al 2007). It has been observed by SEM that spermatozoa
subjected to hypertonic conditions display exvaginations of the head membrane,
resulting in a wrinkled surface (Hammerstedt et al 1990; Gao et al 1993). If this
wrinkled surface results in a fusion of contiguous membranes under the influence
of hypertonic stress, as has been described in other cell types (Homann 1998), then

35



an abrupt return to isosmolal conditions would possibly result in cell lysis. Thus,
spermatozoa with a hypertonically stressed membrane during cooling would, upon
return to isotonic conditions (after thawing), swell above their normal volume, and
lyse (Lovelock 1953; Zade-Oppen 1968; Steponkus & Wiest 1979). It is at this
point that the limitations to using cryo-SEM become clear. Thawing, which is now
regarded as the most critical step in causing membrane disruption (Morris et al
2007), cannot, at least not at present, be studied using this instrumentation. Since
the sample is in a vacuum, the containing water will sublimate from the sample if
the temperature of the chamber is raised above —100°C. Therefore, since the
extender and the cells contained therein also contain water (mostly as bound
water), the sample will collapse when this water disappears, thus introducing
damage not related to the process of thawing.

Moreover, cryo-SEM did not prove useful when studying differences in semen
classified as coming from “good” or “bad” freezers (frozen at the same
temperature, and using the same extenders and containers) (Paper IlI). As already
mentioned, a major limiting factor for commercial cryopreservation of boar semen
for Al is the large individual variation in cooling, where the degree of cell
dehydration during ice (re)shaping appears to play a major role. Cross-sectioned
medium-straws (0.5 mL) containing frozen semen from these boars were examined
by cryo-SEM to determine whether differences between groups could be
distinguished prior to thawing and would relate to differences in dehydration
during cooling. The degree of hydration was monitored in relation to the areas of
ice crystals formed extra-cellularly (lakes), the areas of frozen, concentrated
extender (veins) where spermatozoa were located, and the degree of
compartmentalisation (i.e. number of lakes) present. Irrespective of the region
studied, the gradient of dehydration observed along the cross-section area of the
straws was very irregular. Most spermatozoa were enclosed in the freezing
extender matrix and no obvious signs of external membrane damage were
observed. However, none of the cryo-SEM variables correlated significantly with
post-thaw sperm parameters, thus invalidating the tested hypothesis. However,
significant differences were detected between boars in all ultrastructural variables
studied. This led to the conclusion that inter-boar post-thaw sperm differences are
not related to the large variability in ice crystal formation during the conventional
freezing process, once again disproving the hypothesis. However, thawing may still
be the single most important process causing sperm damage and consequently,
differences between boars may be visible only post-thaw.

Cold shock of the sperm plasma membrane is considered a predisponent factor for
sperm damage (Watson & Morris 1987). Apparently, the sensitivity of the boar
sperm membrane to cooling is strongly related to the characteristic lipid
composition of this membrane (Watson 1995; Parks 1997), which reacts differently
during freezing and thawing (Pettit & Buhr 1998). Moreover, any modifications of
the structure of the plasma membrane, including protein deterioration or
movement, could very well alter both the housekeeping metabolism of the cell and
its ability to move. These effects could be caused by an altered capacity for energy
sourcing (Cerolini et al 2001) if the proteins involved are related to the transport of
substrates. Examples of these proteins are those belonging to the GLUT family,
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which are mainly responsible for the transport of hexoses across mammalian sperm
membranes (Burant et al 1992; Farooqui et al 1997; Angulo et al 1998; Kokk et al
2005). Other proteins may well play a role in the active transport of water, solutes
or CPAs, such as the AQPs (Verkman et al 1996; Borgnia et al 1999; Izumi et al
2006). The presence and temporal localisation of representative proteins of these
families, i.e. GLUT-3 and GLUT-5, and AQP7, respectively, were studied in boar
spermatozoa at different stages during the process of cryopreservation (Papers IV
and V).

Immunocytochemistry, i.e. the fundamental laboratory practice which uses
antibodies to target antigenic receptors in order to determine the presence of
certain proteins, is probably the technique of choice to determine the precise
location of the above-mentioned sperm proteins (Griffits 1993). There are many
methods available for performing immunological stains on cells and tissues,
including the use of fluorescent or non-fluorescent indicators. With the first
method, an antibody is used that is bound either directly to the antigen (marker) on
a cell, with a fluorescent or coloured dye directly bound to the antibody, or
indirectly, where the primary antibody binds directly to the antigen, and a second
antibody, linked to a marker, binds to the primary antibody, thereby allowing the
complex to be visualised. Such stainings are most often used for assessment with
light microscopy, although the exact location of the antigen may be hard to
determine because of the low resolution of the instrument. In order to increase the
capacity for locating the antigens more precisely, for instance when trying to
determine the sperm plasma membrane domain in which a certain protein is
located, immunocytochemistry at the EM level can be performed using either SEM
or TEM. The most commonly used method for detecting the antigen is by using a
primary antibody which links to the protein of interest, followed by the binding of
a secondary antibody that is conjugated with colloidal gold, which is then visible
under the electron beam in the SEM or TEM. The technique can also be applied
with light microscopy, with an additional incubation with silver that binds to the
gold, the so-called “silver enhancement” (Griffits 1993).

Paper IV evaluated the effects of cooling, freezing and thawing on the PMI, and
the kinetics and expression of two sugar transporters (GLUT-3 and GLUT-5) in
spermatozoa from fertile Iberian boars of the Entrepelado and Lampifio breeds,
two ancient pig breeds without pre-selection for sperm freezing. The expression of
the proteins was determined by electrophoresis and Western blotting, while their
precise localisation and temporal variations during cryopreservation were studied
using immunocytochemistry at EM level. The results clearly confirmed that these
breeds have not been selected for sperm freezing and that the method used for
cryopreservation probably needs to be modified, since the post-thaw survival was
very low. The study also showed that boar spermatozoa express both GLUT-3 and
GLUT-5, these being localised in both the outer and the inner plasmalemma,
mostly over the acrosome. The intensity of expression and the relative intensity of
immunolabelling decreased during freezing-thawing for GLUT-3 (dramatically
post-thaw) but were maintained for GLUT-5. The GLUT-3 is a very effective
glucose transporter (Medrano et al 2006), while GLUT-5 is a fructose-specific
transporter (Burant et al 1992). The specific distribution in the different sperm
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domains may link their presence to different sperm metabolic events, either to the
housekeeping metabolism (membrane activity, etc) or to sperm motility. Since boar
spermatozoa show a very different affinity to utilise various monosaccharides such
as glucose, fructose, sorbitol and mannose depending on the location and activity
of these transporters, this finding indicates that the exact location of a specific
hexose transporter would be the first regulatory step in the utilisation of a
particular carbohydrate to obtain energy at a given moment (Medrano et al 2006).
The relocation of the transporters links these proteins to the deterioration of
function (particularly motility, but also membrane viability) in relation to
cryopreservation. The maintenance of the GLUT-3 location in spermatozoa kept
chilled at 5°C suggests that the problem is not present up to this point, but that it
appears during either sub-zero handling or at thawing.

The expression of GLUT-5 followed a different pattern, without undergoing any
major changes in location, distribution or intensity of immunolabelling, despite the
spermatozoa being damaged by the cryopreservation process. In mammals,
fructose is mainly internalised from the seminal plasma by the GLUT-5 sperm
membrane carrier, directly affecting the glycolytic activity of the mid-piece of the
tail and, consequently, sperm motility (Grootegoed & Den Boer 1990). Fructose is
produced and excreted by seminal vesicles. In boars it represents an important
substrate, and it is usually stored for special situations (Sancho et al 2004; 2006).
However, the affinity for, and rate of use of, fructose by boar spermatozoa is lower
than that of glucose, probably owing to the differential substrate affinity depicted
by hexokinases (Medrano et al 2006). The differential modifications of GLUT-3
and GLUT-5 may follow their association with different non-soluble sperm
structures underlying the plasma membrane. For example, GLUT-5 may be linked
to the mitochondria, and therefore to motility regulation (Silva & Gadella 2006).
On the other hand, GLUT-3 may simply be linked to the plasma membrane, which
explains its decrease when cells disrupt their plasma membrane.

Until recently, movement of solutes through the cell membrane was thought to
occur only by slow, passive transport regulated by osmotic pressure differences.
The discovery of AQPs, special proteins present in the cell membranes of several
human organs (Agre et al 2002), was, therefore, a breakthrough. These proteins
build water channels for active water transport, functioning with a tenfold to 100-
fold higher capacity compared with diffusion. Of the two families of AQPs, the
most interesting for cryopreservation of spermatozoa are the aquaglyceroporins
(AQP3, 7, 9 and 10) since they are, apparently, involved in the transport of
glycerol during lypolisis in fat tissue (Rodriguez et al 2006). Therefore, the
presence and temporal localisation of a member of this family, AQP7, through
which water movement appears to be bi-directional, was studied in boar
spermatozoa, collected either from the caudae epididymides or from different
fractions of the ejaculate (Paper V). The rationale behind using these two different
sources was that epididymal spermatozoa survive handling and cryopreservation
procedures better than ejaculated spermatozoa do (Lasley & Bogart 1944;
Woelders & Den Besten 1993; Watson 1995; 2000). Spermatozoa collected in the
first portion (P1) of the sperm-rich fraction of the ejaculate have also been proved
to survive handling and cryopreservation procedures better compared with
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spermatozoa collected in other portions of the seminal plasma (P2) or even
compared with the whole ejaculate (Rodriguez-Martinez et al 2005). Survival to
handling and cryopreservation is apparently related to the different amounts (rather
than the kind) of seminal plasma proteins present in these fractions (Rodriguez-
Martinez et al 2005; 2007; Saravia et al 2007). Lastly, the movement of water and
cryoprotectants such as glycerol across the sperm plasma membrane plays a central
role in sperm survival post-thaw. Therefore, if the rate of water transport or the
replacement of water by glycerol, which occurs during cell cryopreservation, is
modulated by AQPs, then these molecules rank highly among substances that can
be used as markers for functional monitoring of this process.

Aquaporin 7 is present in both epididymal and ejaculated boar spermatozoa, thus
confirming the hypothesis tested in Paper V. Aquaporin 7 was specifically and
more intensely localised in the entire tail and the cytoplasmic droplets in cauda
epididymidal spermatozoa compared with ejaculated spermatozoa, where it
reached the same intensity only in the mid-piece and the proximal tail. The portion
of the ejaculate the spermatozoa originated from did not influence the distribution
of AQP7. Interestingly, AQP7 appeared in the plasma membrane domains where
more water is intra-cellularly present (see Paper I11) and where the cell dehydrates
the most during cryopreservation, rather than in the sperm head, where the least
water has been reported in boar spermatozoa (Ekwall, Eriksson et al 1997). The
presence of seminal plasma from P2 contributed to extra-cellular labelling,
probably in an unspecific manner. Processing of ejaculated spermatozoa modified
the immunolabelling, with a clear redistribution and increasing intensity following
cooling and freezing-thawing, indicating that the distribution of AQP7 was affected
by these procedures. The acrosomal region was disturbed during processing of the
samples and also post-thaw (during acrosome exocytosis) and caused an increase,
probably unspecified, of immunolabelling over this particular domain. The role of
AQP7 is controversial, since it has been related to fertility in the human (Saito et al
2004) but did not appear to be essential for fertility in AQP7 knockout (KO) mice
(Sohara et al 2007). However, this does not necessarily mean that AQP7 is not
involved in sperm function, since some of the other members of the family may
have acted as back-up for the missing protein in the KO mice.

Why AQP7 was more strongly present in the epididymal caudal spermatozoa than
in the ejaculated spermatozoa is not known. Boar caudal spermatozoa survive
freezing and thawing better than ejaculated spermatozoa do, with less damage to
the plasma membrane. Whether a higher amount of AQP7 is related to this higher
resilience to cryopreservation remains to be studied. However, it is interesting that
the labelling in the ejaculated spermatozoa decreased dramatically compared with
the epididymal labelling. The ejaculated spermatozoa showed virtually the same
labelling irrespective of whether they were collected in P1, P2 or the whole set of
seminal plasma (i.e. the whole ejaculate), suggesting that there was no relation
between surrounding proteins (epididymal or seminal) and the expression of
AQP7. In the present studies, perhaps the most relevant link of AQP7 is with
glycerol, since this is the CPA most frequently used when preserving boar
spermatozoa. During the different steps of cooling, AQP7 binding was relatively
higher when spermatozoa were cooled (5°C) and exposed to glycerol (pre- and
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post-thaw) (S2—S4), suggesting that it is during these stages that AQP7 becomes
more visible (and perhaps active). Such observations of the distribution pattern of
AQP7 and its temporal change may make it useful as a marker in studies of cooling
and re-warming effects. Obviously, more studies are needed, including studies on
other AQPs, to shed more light on their role in cryopreservation and hopefully
facilitate the design of better cryopreservation protocols.

40



General conclusions

e The degree of dehydration of boar spermatozoa/frozen extender
(measured as areas of extra-cellular, unbound frozen water) differed
between single-dose (5 mL) containers (maxi-straws and FPs), the
location of free water within the container and the cooling speed,
explaining differences in post-thaw VIA, and suggesting that FPs permit a
more homogenous freezing of boar semen.

e There was large variability among boars regarding ice crystal formation
during the conventional freezing of medium-straws (0.5 mL), which was
apparently unrelated to inter-boar post-thaw sperm differences.

e The MFP (0.5 mL) seemed to allow for a more homogenous dehydration
of the spermatozoa/frozen extender compared with the medium-straw,
which may explain the relatively better sperm quality observed post-thaw.

e The hexose transporters GLUT-3 and GLUT-5 were present in boar
spermatozoa. Their pattern of expression was characteristic, in terms of
location and concentration, although the expression was maintained only
for the isoform GLUT-5 during cryopreservation steps, suggesting that
cryopreservation affects the status of spermatozoa by altering the
distribution of GLUT-3.

e Aquaporin 7 was present in the plasma membrane of boar spermatozoa,
with differences in location between epididymal and ejaculated sources.
Cryopreservation of ejaculated spermatozoa modified the AQP7
immunolabelling, which was most intense following thawing, thus
suggesting that AQP7 could be an interesting marker for non-empirical
studies of boar semen cryopreservation.

In summary, cryo-SEM is a valuable instrument to determine changes in the
dehydration of boar spermatozoa during cryopreservation. The results clearly
indicate that cooling rates, semen containers and boar influenced the amount of
frozen free water (and, consequently, dehydration of the CPA-concentrated
extender). Such differences affected post-thaw sperm survival, which was best
using MFPs. Scanning electron microscopy and TEM immunocytochemistry was
useful in determining the precise localisation of membrane molecules of relevance
for sperm metabolism (hexose transporters GLUT-3 and GLUT-5) and glycerol
transport/de(re)hydration, such as AQP7. Although EM techniques, particularly
cryo-SEM, are expensive and require highly skilled personnel, they are a
prerequisite to perform these in-depth studies.
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Popularvetenskaplig sammanfattning

Artificiell insemination pa gris med féarsk, utspddd sperma har okat dramatiskt
under senare ar. Spermierna, spads med en véldefinierad buffert och kan sen lagras
vid 16-20° C i flera dygn innan de deponeras i hongrisens kdnsorgan. Insemination
med dessa farska spermier medfor vanligen lika goda resultat ndr det giller
draktighet och antalet fodda griskultingar, som efter naturlig parning.

Konservering av galtspermier sker genom djupfrysning till -196° C (flytande
kvdve), dar de kan forvaras i flera &r, finns beskriven sedan 1970-talet.
Djupfrysningsprocessen for spermier dr dock lang och innehéller ménga steg med
tillsats av olika &mnen vid olika temperaturer innan de slutligen 6verfors till
flytande kvive for lagring. Frysning som metod, for att bevara galtspermierna for
semin, dr fortfarande inte optimal och de flesta spermier (ofta mer &n 50 %)
overlever inte proceduren eller skadas s& mycket att de inte forblir
befruktningsdugliga efter upptining. Dessutom finns det en stor variation mellan
hangrisar, dér vissa “fryser” bra och andra daligt.

Nar en cell utsdtts for ldngsam nedkylning till temperaturer under 0° C fryser det
omgivande vattnet till is &ven om man tillsdtter frysskyddande medel som glycerol
(jamforbart med glykol i bilkylaren!). Denna is blir allteftersom och med sjunkande
temperatur omgiven av en Okande koncentration av salter, vilket paverkar det
osmotiska trycket hos cellen. Cellerna, som Onskar vidmakthélla det osmotiska
trycket, svarar med att sldppa ifran sig vatten, vilket inte enbart leder till uttorkning
(dehydrering), utan dven till 6kad saltkoncentration inuti cellen. Dessa fordndringar
sker dven vid upptining av cellen fast 4 motsatt hall. En snabb uppvarmning ar
dérfor ndodvindig for att minimera de toxiska effekter som annars skulle uppsta,
med celldéd som f6ljd. Studier av frysning under olika hastigheter verkar behdvas
for att forstd graden av cellpaverkan. De flesta observationer har dock gjorts pa
upptinade prov och inte pa prov som fortfarande varit frysta.

Galtspermier avsedda for semin har traditionellt frysts i stora forpackningar, s.k.
maxistran innehéllande 5 ml och 5 miljarder spermier, vilket dr ett det antal
spermier som anvinds for insemination av fryst sperma. Frysning i maxistran har
dock resulterat i en 14g Overlevnad och ddrmed ett lagre driktighetsresultat. En
rund forpackning, som denna, &r inte kryobiologiskt optimal, eftersom kyl-
respektive virmedverforingen ar 14g, vilket forlinger nedkylnings- och
upptiningsforloppet. Det &r just under dessa faser som de flesta celler dor. Forsok
med att dndra formen pa forpackningarna har gjorts i syfte att forbattra den
kryobiologiska situationen. Vid SLU har en platt péase (s.k. FlatPack) testats, som
innehéller samma volym och lika manga spermier som maxistrdna, men dér
spermierna Overlever béttre och dven resulterar i ett acceptabelt draktighetsresultat
efter insemination. Annu hogre overlevnad kan fis genom anvindande av s.k.
mediumstran eller de nyligen vidareutvecklade minipasarna (s.k MiniFlatPack),
som béada innehaller endast 0,5 ml och mellan 500 miljoner till 1 miljard spermier.
Aven om det ir firre spermier som fryses i dessa forpackningar #r det sannolikt att
utvecklingen vad géller svinsemin med fryst sperma gér mot mindre spermadoser

54



som kan ge acceptabel fruktsamhet genom exempelvis deponering av sperman inne
i livmodern. Den 6kade 6verlevnadsgraden och dréktighetsresultatet som visats vid
anvindning av dessa behéllare forknippas med en mer effektiv frysning och
uppvdrmning, dven om studierna som gjorts hittills huvudsakligen begransats till
undersokning av upptinade prover.

Vid studier av frysta celler har vikten lagts vid hur 6verlevnaden péaverkar det
fysiska svaret hos cellerna och dé framfor allt hos membranerna. Fram till idag &r
kunskapen om dessa skador inte sa vildokumenterade, da det inte funnits metoder
for denna typ av studier. Undersokningar med kryomikroskop pa ljusmikroskopisk
niva ar en metod som anvénts, men dir kan man endast folja nedkylnings- och
frysforloppet ned till 0° C, eftersom cellerna da fryser till is och det inte gar att se
detaljerna i dem. Fryssubstitution med efterféljande analys elektronmikroskopiskt
dr en annan metod som anvénts for att finna spar av iskristaller som bildats under
frysningen, men metoderna dr enormt tidskrdvande och innefattar kemisk
hantering.

Eftersom endast ett fatal studier har redovisat hur ett fryst spermaprov ser ut under
de olika faserna i infrysningen har man i denna avhandling istéllet anvént sig av
kryoscanning elektronmikroskopi (kryo-SEM). Metodiken innebér att provet halls
nedfryst vid en temperatur ldgre &n -120 C och analyseras i detta tillstdnd, vilket
ger fordelen att ingen kemisk eller annan process paverkat provet. Man kan saledes
studera topografin hos provet och dven fordelningen av fryst vatten jimfort med
det biologiska materialet i fryst tillstdnd. I kryo-SEM oOverfors det frysta materialet
till en behallare, vilken innehdller flytande kvéve, dér forpackningen Oppnas.
Provet overfors sedan till en kryo-kammare som har samma vakuum som svep-
elektronmikroskopet. Inne i denna kammare bryts provets yta med hjélp av en
skalpell, for att blottldgga en frasch yta. Darefter hojs temperaturen till -90° C,
vilket dr den temperatur dér vatten overgér till gasform,. Férdngningen av vatten
sker tydligast utanfor cellerna eftersom det dr diar huvuddelen av det icke
proteinbundna  vattnet finns. Proceduren bidrar till att motverka
elektronuppladdningen av provet samt tydliggéra dess strukturer (okar dess
kontrast), vilka forstirks genom att provet darefter tdcks med ett elektriskt ledande
skikt av tungmetall som forangas Over provet. Slutligen fors provet in i
mikroskopet for analys. Denna avhandling undersdkte hur galtsperma fran olika
galtar (dven klassade som bra respektive déliga “frysare”) overlevde frysningen
under olika forhéllanden. Olika typer av frysforpackningar med olika volym, som
kyldes och frystes med olika hastigheter, testades.

Dessutom undersoktes nidrvaron av proteiner for savél socker- (energisubstrat),
som vatten- och glyceroltransport genom spermiemembranet och hur dessa
paverkades av frysning respektive upptining. De forstnimnda proteinerna (s.k.
GLUT-proteiner) dr ansvariga for att olika sockerformer, mestadels glukos, fors in
i spermien. Spermien anvénder sockret for att utvinna energi for cellmetabolismen,
men framforallt for sin rorlighet. Eftersom den stdrsta energikéllan i
spadningsvétskan for galtsperma utgérs av glukos dr det av intresse att studera
dessa proteiner under frysningsprocessens olika faser for att faststdlla om deras
funktion paverkas och dirmed bidrar till den daliga dverlevnaden efter upptining
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som ses idag. De andra proteinerna hor till familjen Aquaporiner, vilka &r sma
proteiner som bildar kanaler genom vilka vatten och glycerol fors in/ut i cellen i
hog hastighet. Tidigare trodde man att uttorkningen av cellerna skedde endast for
att vatten ldmnat cellen passivt genom membranet. Detta dr dock en ldngsam
process som inte haller som forklaring for de observationer man dittills gjort. Nu
vet man att vatten passerar ett membran pa tva olika sétt. Dels sker detta genom en
passiv transport pd grund av det osmotiska trycket och dels genom en aktiv
transport genom molekyldra vattenkanaler bildade av Aquaporiner, med 100
ginger hogre kapacitet 4n den osmotiskt drivna diffusionen. Funktionellt delas
Aquaporinerna in i olika grupper beroende pa deras uppbyggnad. En del av dem,
sasom Aquaporin-7 (AQP7), kan dven forutom vatten, transportera glycerol och
andra molekyldrt sma proteiner. Vattentransporten verkar vara den drivande
processen i samband med frysningen som orsakar torkningen. I samband med
upptiningen som leder till ett tillbakaflode av vatten till cellerna samt att glycerol &r
det mest anvénda frysskyddsmedlet vid frysning av galtspermier, verkade studier
av AQP7 logiska. Fragestillningen var om det fanns AQP7, och i sa fall var dessa
fanns och om/hur de paverkades av frysning/upptining.

For att kunna undersdka dessa proteiner, som &r for smé for att kunna sarskiljas
med de flesta mikroskop, har immunocytokemi anvénts pé elektronmikroskopisk
niva. I forsta hand har man forsokt se om och var dessa proteiner fanns pa den yttre
spermieytan med hjélp av svepelektronmikroskopi (SEM). Nér det giller GLUT-
proteiner var man dven intresserad av att se om/var de kunde finnas inne i cellen,
och d& har transmissionelektronmikroskopi (TEM) anvints. Skillnaden mellan
dessa procedurer ir, att i den forstndimnda skannas endast ytan pa cellen. I den
pafdljande snittas forst cellen i ultratunna snitt som sedan bombarderas med
elektroner for att kunna se var i snittet (utanfor liksom innanfor cellen) proteinerna
finns. For att kunna lokalisera proteinerna av den rétta sorten krédvdes dock att man
forst faste ett antikroppsprotein till dessa som man mérkt med ett elektrontétt
material, exempelvis sma guldpartiklar, som syns tydligt i elektronmikroskopet. Pa
sd vis kunde man lokalisera om, var och hur dessa proteiner varierade under en
kryobehandling av galtspermier, antingen samlade fran bitestikeln eller fran olika
delar av ejakulatet.

Resultatet frén de fem studierna, som utgdér stommen av denna avhandling, har
redovisats i forhandsgranskade vetenskapliga tidskrifter, och kan sammanfattas pa
foljande sitt:

Hypotesen som testats nir man jamforde de fyra olika frysforpackningarna (5ml
maxistran, 0,5ml mediumstran, Sml FlatPack samt 0,5ml MiniFlatPack) var hur
graden av torkning hos spermierna péverkades i de olika férpackningarna och hur
olika nedkylningshastigheter inverkar pd spermiernas dverlevnad efter upptining.
Kryo-SEM anvindes vid samtliga studier. Den platta typen av forpackning med 0,5
ml innehall (MiniFlatPack) resulterade i den hogsta frekvensen levande spermier,
beroende pd en snabbare torkning tack vare forpackningens béttre varmeutbyte.
Olika fryshastigheter undersdktes och det visade sig, att 50° C/minut gav den
hogsta overlevnaden efter upptining. Vid langsamma fryshastigheter ansamlades
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mer vatten runt den koncentrerade spadningsvétskan, som innehéller spermierna.
Hogsta fryshomogenitet hittades hos MiniFlatPacks.

Spermier, som frysts fran olika galtar, uppvisar efter upptining olika grad av
overlevnad. Troligen beror detta pé skillnader i membranernas uppbyggnad, dndrat
rorelsemonster, annorlunda sammanséttning av seminalplasman eller andra
egenskaper, vilket gor att man talar om ”bra” respektive “déliga” galtar ur
frysbarhetssynpunkt. Studien av bra” respektive “daliga” frysare med hjilp av
kryo-SEM, gav dock inget besked om orsaken dd métningar med hjilp av
bildanalys inte visade pa nagra signifikanta skillnader i organisationen i de strén
som undersoktes. De fordndringar som ger en “’bra” frysare dess egenskaper ligger
troligtvis i en béttre tolerans hos membranerna vid kylning/upptining.

Forandringar i membranerna medfor dndrad genomslépplighet for exempelvis de
sockerforande membranbundna proteiner som tillhér GLUT-familjen, vilka svarar
for regleringen av spermiernas glukos- och fruktosinforsel till spermierna. Genom
att anvinda elektronmikroskopi tillsammans med immunocytokemiska metoder
kunde deras nirvaro upptickas. Dessutom kunde man pavisa att bAde GLUT-3 och
GLUT-5 var lokaliserade till bade ytter- och innermembranerna, mestadels dver
spermieakrosomen. Intensiteten i inmirkningen minskade for GLUT-3, men okade
for GLUT-5 efter upptining, vilket tyder pa olika funktioner for dessa proteiner.

Slutligen fann man att Aquaporin-7 (kanalproteiner som forutom vatten kan
transportera glycerol) forekom i bade frysta/upptinade och farska galtspermier, dér
de framforallt var lokaliserade till spermiesvansens mittstycke. Hos spermier fran
bitestikeln aterfanns samma monster som hos ejakulerade spermier med tillagg for
stark forekomst Oover den kvarvarande cytoplasmadroppen. Intensiteten av den
immunocytokemiska mérkningen skiljde sig mellan bitestikel- och ejakulerade
spermier samt férdndrades under frysning/upptining.

Sammanfattningsvis, kryo-SEM visade sig vara en utmérkt metod for att bedoma
och studera frysta spermaprover som inte utsatts for ndgon bearbetning pa kemisk
vig. Med hjélp av denna metodik kunde man savél bedoma som berdkna graden av
torkning sperman drabbats av och hur pass homogen frysningen varit beroende pa
kylningshastighet och forpackningstyp. Med hjéilp av elektronmikroskopi av
immunocytokemiskt mérkta prov kunde man pévisa ndrvaro av temporira
fordndringar under frysning/upptining av sévil sockerforande proteiner (GLUT-3
och GLUT-5), som reglerar inforsel av energisubstrat (glukos respektive fruktos),
som Aquaporin-7 (AQP7) i galtspermiernas plasmamembran. Sammantaget, kan
dessa tekniker och markoérer anvindas for framtida icke-empiriska och djupare
studier. Aven om utrustningen #r dyr i inkdp och drift, och kriver hogt
specialiserad teknisk personal, dr det uppenbart att detta &r en forutsittning for att
kunna genomfora experiment av den hér typen. Forhoppningsvis kan dessa
experiment leda fram till en optimal metod f6r kommersiell frysning av galtsperma
avsedd for insemination.
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