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Table 4.3

Percentages of motile sperm, sperm with intact plasma membrane and SCSA
parameters of sperm (n=9, mean +SE) during storage at ambient temperature
in diluents containing no ATA or 25 umol/l of ATA under aerobic and anaerobic
conditions. Values within rows that do not share a letter in superscript are
significantly different (P<0.05).

Aerobic Anaerobic
With Without With Without
ATA ATA ATA ATA
% motile
Day 0 66+1.3° 65+1.2° 66+1.1° 66+1.3°
Day 2 54£1.0° 53£1.2° 46£1.1° 48£1.5°
Day 4 48+1.7° 51+1.3 37£1.9° 44+3.5%
Day 6 33+1.2° 35+1.2° 25+1.2° 27£1.9°
Day 8 161.0° 131.5° 13+1.2° 15£1.9°
All days 4340.6° 43£0.6° 3720.6° 40+0.9°
% live
Day 0 78+2.3° 78+2.8° 78+2.2° 80+2.1°
Day 2 69+2.4° 72:2.8° 74+1.4° 7322.1°
Day 4 64+3.1° 69+2.9° 69+1.4° 69+1.8°
Day 6 5743.1° 64+3.0° 66+1.7° 67+2.3°
Day 8 45+3.2° 54+3.6" 63+1.1° 65+2.4°
All days 63+1.3° 67+1.3° 700.7° 7121.0°
Meana,
Day0  219.0£0.84° 217.240.71° 357.6£6.50°  391.6+4.11°
Day 2 221.1£0.77*  220.5+1.06 426.5+4.96° 423.1+4.95°
Day 4 221.1£0.77*  218.8+0.66 438.1£7.99° 459.0+7.71°
Day 6 216.0£0.67*  218.6+0.69" 456.3+4.08°  460.7+6.56"
Day8  216.6£0.76" 219.2+0.63° 458.042.25°  492.146.26°
Alldays  218.8+0.15° 218.9+0.15° 427.3£1.03° 4453118
SDa,
Day0  21.740.37°  23.4£0.45° 114.0+3.86°  110.7+4.01°
Day2  229+0.42°  22.6£0.43° 168.6+1.58°  178.5+3.77°
Day4  28.0+1.19°  25.3+0.77° 186.2+1.84°  182.5+1.91°
Day6  23.1£0.74°  23.4%0.35° 196.142.98°  214.5+3.15°
Day8  22.8+0.48°  21.7+0.70° 217.6£2.61°  212.3+1.95°
Alldays  23.74#0.13*  23.3%0.11° 176.5£0.51°  179.7+0.59°
COMPa,
Day 0 0.53£0.27°  1.16x0.47° 19.68+2.65°  19.80+2.42°
Day 2 0.44£023°  1.82£1.01° 27.53+2.24°  29.63+2.72°
Day 4 0.72+0.11°  0.730.08" 37.94+4.51°  42.33+5.39°
Day 6 0.47+027°  0.94x0.21° 41.72¢4.92° 39.58+3.81°
Day 8 0.88+0.19°  0.930.19° 42.00+4.78°  50.81+3.99°
Alldays  0.61+0.14*  1.12+0.18° 33.78+1.71°  36.431.64°
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44.4 The effect of ATA on the susceptibility of DNA of sperm stored under
aerobic and anaerobic conditions to in situ acid denaturation

Inclusion of ATA in the sperm storage medium had a strong destabilising effect on
sperm chromatin (Figure 4.2) as measured by all parameters derived from SCSA (Table
4.3). This effect was observed almost immediately after dilution of the sperm in the
medium containing ATA, and increased with the time of storage. However, there was
no change in viability and motility of sperm caused by ATA. Mean o, on days 0 and 8
of storage as well as on average across all days of storage, and the SD of o, on days 2
and 6 were slightly but significantly higher (P < 0.05) for sperm stored under aerobic
than anaerobic conditions in the medium containing ATA. All SCSA parameters of
sperm stored under aerobic and anaerobic conditions in the diluent that did not contain -
ATA were much lower than those of sperm stored in presence of ATA. All SCSA
parameters of samples stored in the medium without ATA remained stable during the
storage period. There was no significant difference (P < 0.05) between sperm stored
under aerobic and anaerobic conditions in the absence of ATA on any of the storage

days.
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Representative SCSA cytograms and corresponding histograms of bovine
sperm incubated at ambient temperature for 15 minutes under the following
conditions: A) sperm diluted in 14G buffer; B) spemm diluted in 14G buffer
containing 25 pmol/l ATA.
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4.5 DISCUSSION

The effects of exposure to H,O,, on the motility and viability of sperm during storage at
ambient temperature were similar to those observed in previous reports where
exogenous H,O, was either directly added to the diluent (Aitken et al. 1998a) or
generated by aromatic amino acid oxidase (Shannon and Curson 1972; Shannon and
Curson 1981; Shannon and Curson 1982; Shannon and Curson 1983b). The present
study also confirmed the beneficial effect of catalase on sperm survival observed by
Shannon and Curson (1982), although total exclusion of oxygen from the medium was
more effective in maintaining sperm motility and viability during storage than addition
of catalase alone (Table 4.1). Plasma membrane integrity was shown to be damaged by
ROS more easily under aerobic than anaerobic conditions. This is likely to occur
because lipid peroxidation chain reaction initiated by ROS is sustained by oxygen and

thus can proceed under aerobic but not anaerobic conditions.

The finding that exposure to H,O, during storage caused an increase in susceptibility of
sperm DNA to in situ acid denaturation supports previous observations. DNA damage
in sperm exposed to ROS in vitro has been demonstrated using single cell
electrophoresis (COMET) assay (Aitken et al. 1998a) and deoxynucleotidyl transferase
mediated end labelling (TUNEL) assay (Lopes et al. 1998). Detection of DNA breaks
by single cell electrophoresis (Aravindan et al. 1997) and TUNEL assay (Evenson
1999) has previously been shown to correlate well with the SCSA. Interestingly, results
obtained in this study show remarkable stability of bull chromatin stored in 14G diluent
in the absence of exogenous ROS. In contrast a significant decline in chromatin
stability was detected after only one day of storage in mouse sperm stored in un-

supplemented T6 diluent (Estop et al. 1993), or human sperm stored in human tubal
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fluid supplemented with human serum albumin (Ellington et al. 1998). The high
stability of bull sperm chromatin observed in this study may in part be an intrinsic
property of the sperm of this species which, unlike sperm of numerous primates and
rodents (Balhorn et al. 1991), including that of humans (Domenjoud et al. 1988) and
mice (Maleszewski et al. 1998), contain only one type of protamine. However, since
other studies have demonstrated SCSA alterations during storage of bull sperm in
commercial semen extender at a higher temperature (39°C) (Karabinus et al. 1991), it
may be the function of the 14G diluent used here that provided protection to the genome
during storage. The 14G extender has been experimentally developed over a number of
years for maintenance of high viability and fertility of bovine sperm during in vitro

storage at ambient temperature (18-22°C).

In contrast to the deleterious effects of ROS on sperm chromatin, any endogenous
nuclease activity in the sperm was seen to be of little effect under present storage
regime. Sperm cells possess endogenous nucleases that, according to some reports, can
under stress conditions be activated to cleave both exogenous and genomic DNA,

leading as a consequence to apoptosis-like cell death (Spadafora 1998).

ATA is a general nuclease inhibitor that has been reported to suppress endonuclease
activity and promote long-term survival of some types of somatic cells under conditions
which would otherwise lead to apoptotic cell death (Batistatou and Greene 1991; Okada
and Koizumi 1995). Incubation of sperm with ATA prior to IVF has been shown to
improve the yield of two-cell embryos (Zaccagnini et al. 1998). Since the susceptibility
of sperm DNA to in situ acid denaturation as determined by SCSA has in limited studies

been shown to be strongly correlated with DNA strand breaks (Aravindan et al. 1997),
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it was expected that a potential protecting effect of ATA exerted via nuclease inhibition

on sperm DNA stability would be detected.

A surprisingly high level of DNA instability that increased with the time of storage was
detected in all samples stored in the presence of ATA, while virtually no change
occurred in all SCSA parameters in samples stored in absence of ATA (Figure 4.2).
The destabilising effect of ATA on chromatin was very rapid as it was detected in all
samples frozen approximately 15 minutes after dilution (Figure 4.2). In this
experiment, chromatin was destabilised by ATA before any change in motility or
viability was observed (Table 4.3), thus showing that SCSA parameters were
independent of classical semen measures. This observation indicates that increased
SCSA values were not due to cell death as defined by the loss of motility and plasma
membrane integrity. The mechanism of chromatin destabilisation by ATA may well be
different from the mechanism of chromatin destabilisation caused by exposure to H,O,,

as the latter occurs in parallel with the loss of motility and viability (Tables 4.1 and 4.2).

Zaccagnini et al. (1998) did not offer a clear explanation of the fact that ATA was most
effective in increasing IVF yields at concentrations below those required for complete
inhibition of sperm nucleases. They speculated that at low concentrations (5 umol/l),
ATA has an anti-apoptotic effect exerted through partial inhibition of nucleases, while
higher concentrations (25-50 pmol/l) ensure complete endonuclease inhibition but also
lower two-cell IVF yields. The results of the present study are contradictory to the
hypothesis that ATA stabilises the sperm nucleus. It is possible that ATA, while
inhibiting sperm nucleases, causes changes to protamines and DNA packing within the

nucleus leading to higher DNA susceptibility to acid denaturation. In turn, such partial

113



de-condensation of chromatin could have a positive effect on IVF yields by making
sperm chromatin easier to fully de-condense inside the oocyte during fertilisation. An
alternative explanation for the decreased chromatin stability in the presence of ATA

observed in our study is that ATA somehow caused DNA damage.

If ATA caused limited DNA strand breaks it would not necessarily decrease in vitro
fertility because, as demonstrated by Ahmadi and Ng (1999), the oocyte can repair
defective DNA contributed by sperm if the damage does not exceed 8%. In addition,
sperm with extensive DNA damage can fertilise an oocyte with the same efficiency as
an undamaged sperm. Furthermore, cleavage can proceed after fertilisation with sperm
with damaged DNA up to the eight-cell stage, at which time paternal genomes are
activated. Studies are needed that go up to and beyond the eight-cell stage. However, it
is difficult to imagine that the DNA damage would actually increase IVF yields. It may
be that ATA is acting in another way as it has been reported to inhibit numerous

enzymes other than nucleases (Zaccagnini et al. 1998).

The fact that sperm stored for 4 to 8 days in the presence of ATA under aerobic
conditions have lower viability than in all other treatments suggests that ATA is

cytotoxic under aerobic but not anaerobic conditions.

In human sperm various markers of apoptosis have been reported. Fas molecule and
DNA fragmentation are present in some cells of sub-fertile males (Sakkas et al. 1999)
and are thought to be the result of uncompleted apoptosis that was initiated in the testis
rather than induced following ejaculation. Externalisation of phosphatidylserine,

detected with annexin-V and DNA fragmentation have also been observed in ejaculated

114



human sperm (Blanc-Layrac et al. 2000). However, those markers are not necessarily
specific to apoptosis (Charriaut-Marlangue and Ben-Ari 1995; Glander and Schaller
1999). Since apoptosis is an active process requiring protein synthesis for its execution
(Walker et al. 1988) and since sperm are devoid of ribosomes and thus can not
synthesise proteins, classical apoptosis is unlikely in these cells. Also apoptosis-
specific morphological changes such as budding of the whole cell and production of
membrane-enclosed apoptotic bodies have not been reported in sperm. Even so, the
possibility of a programmed or induced cell death mechanism in sperm different from

apoptosis in somatic cells could not be excluded.

4.6 CONCLUSIONS

ATA makes sperm DNA more susceptible to in situ acid denaturation. It is yet not
known, whether those changes are due to alteration of protein and/or DNA or to DNA
strand breaks. Taking into account that ATA is a general nuclease inhibitor, the first
explanation seems more likely. Further experiments involving SCSA together with
estimation of DNA strand breaks through single cell electrophoresis (COMET assay) or
in situ labelling of DNA breaks (TUNEL assay) of bovine sperm exposed to various
concentrations of ATA would help clarify this question. An IVF trial using bovine
sperm pre-stored with ATA and assayed for chromatin stability would demonstrate if
partial destabilisation of sperm chromatin prior to IVF could be beneficial to the

outcomes of IVF.
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Chapter 5

EFFECT OF SPERM NUMBER AND OXYGENATION
STATE OF THE STORAGE MEDIA ON IN VITRO
FERTILITY OF BOVINE SPERM STORED AT AMBIENT
TEMPERATURE

5.1 INTRODUCTION

The physiological function of sperm is to deliver paternal genetic material into the
oocyte in such a condition that it would sustain normal development of the embryo and
foetus. During in vitro storage at room temperature in artificial insemination
procedures, both the ability of the sperm cell to fuse with the oocyte and the genetic:
material itself undergoes gradual detrimental changes (Salisbury et al. 1976). Damage
to the messenger (cellular components involved in oocyte penetration) results in
decreased percentage of fertilised oocytes, while damage to the message (haploid

genome) results in increased embryonic mortality.

It is generally accepted that during storage, both in vivo and in vitro, sperm undergo
detrimental genome alterations sooner than they lose their capacity for fertilisation and
motility (Salisbury and Flerchinger 1967, Salisbury et al. 1976; Vishwanath and
Shannon 1997). The ultimate measure of sperm quality is its ability to fertilise the
oocyte in vivo. The closest approximation possible for the study of this in laboratory

conditions is in vitro fertilisation.

The ageing of the male gamete during in vitro storage plays a major role in the practice

of artificial insemination with semen stored at ambient temperature. The detrimental
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effects of sperm ageing, both in vitro and in vivo, has been demonstrated in many
species. Storage of human sperm in the female reproductive organs is linked to
increased incidence of failed pregnancies (Guerrero and Rojas 1975). In the rabbit,
concurrent insemination with both fresh and stored semen demonstrated great
competitive advantage of fresh sperm (Roche ef al. 1968). Shaver and Yanagimachi
(1978) found with artificial insemination that hamster females inseminated with sperm
aged in vitro for up to S days resulted in decreased fertility and increased frequency of
abnormal development. The effect of in vitro sperm storage on fertility is best
documented for the bull, and data from a number of publications shows explicitly that
the non-return rate declines and embryonic mortality rises with duration of liquid
storage (Salisbury 1965; Salisbury and Hart 1970; Vishwanath and Shannon 1997;

Willett and Ohms 1955).

The objective of the study presented in this chapter was to assess the in vitro fertilising
potential of sperm that retained motility after storage at ambient temperature for
extended periods of time. The study was extended to determine whether the decline in
fertility of stored sperm could be reduced by altering the oxygenation state of the

storage medium.
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5.2 MATERIALS AND METHODS

5.21 Materials

Analytical grade chemicals were used in this study. The CO,, and the gas mixture of
88% N, 7% O,, and 5% CO; were purchased from British Oxygen Co., Hamilton, New
Zealand. Lactate, HEPES, hypotaurine and heparin (from porcine intestinal mucosa)
were purchased from Sigma Chemical Co., St. Louis, MO, USA. TCM 199 medium
with Earle’s salts, MEM essential and non-essential amino acids solutions, and foetal
calf serum, were purchased from Life Technologies, New Zealand. Affinity purified
bovine serum albumin “ABRD” and ovine luteinising hormone were purchased from
Immuno-Chemical Products, New Zealand. Mineral oil was purchased from E.R.
Squibb & Sons Inc., Princeton, NJ, USA. H33342 Hoechst fluorochrome was
purchased from Calbiochem-Novabiochem Corporation La Jolla, CA, USA. All other

materials were purchased from the same suppliers as described in previous chapters.

5.2.2 Semen collection and evaluation

Semen was collected and evaluated as described in Section 2.2.3.

Sperm viability throughout experiments described in this chapter was measured as

described in Section 3.2.4.

The percentage of motile sperm in samples was assessed visually as described in

Section 3.2.5.
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523 Processing and storage of liquid semen

Semen was initially diluted at 32°C, to the concentration of 100 x 10° sperm/ml into

CAPROGEN®  (Livestock Improvement Corporation, Hamilton, New Zealand)
commercial extender (Shannon 1965) containing 20% egg yolk, and allowed to cool
slowly to ambient temperature (18-20°C) to avoid cold-shock. It was then diluted to the
final concentration of 10 x 10° with the same extender but with 5% egg yolk instead of
20% egg yolk. When standard storage conditions were used, the diluent was purged
with nitrogen for 30 minutes to reduce the concentration of oxygen in it. For
experiments requiring aerobic and anaerobic conditions the diluent was further
processed as described in Section 3.2.2. When sperm were stored under aerobic

conditions, the diluent was not gassed at all.

Diluted semen was stored at ambient temperature in sealed 100 ml sterile Schott bottles
wrapped in aluminium foil, under aerobic, anaerobic or nitrogen-gassed conditions,
depending on the experiment. Under nitrogen-gassed conditions, the headspace of
bottles was filled with nitrogen. For storage of sperm under anaerobic conditions, the
sperm were suspended in an anaerobic medium and stored inside an anaerobic chamber
as described in Section 2.3.2. For storage under aerobic conditions, the bottles in which
sperm were stored were opened daily and aerated by gentle shaking. The anaerobic and
nitrogen-gassed storage bottles were shaken with the caps sealed to ensure equilibration

with the gas phase of storage.

524 Recovery and in vitro maturation (IVM) of oocytes
Bovine ovaries obtained from a local abattoir were transported to the laboratory within

3 h of slaughter in a thermos flask containing 0.9% NaCl, at approximately 30°C.
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Follicles 2 to 6 mm in diameter were gently aspirated with an 18g needle into a tube
connected to a vacuum-pump system. Cumulus-oocytes complexes and follicular fluid
were collected into HEPES-buffered TCM 199 medium supplemented with 10 pg/ml
heparin and 0.4% (w/v) bovine serum albumin. The cumulus-oocyte complexes were
recovered and evaluated under a stereomicroscope. Only oocytes surrounded by a
compact, multi-layered cumulus investment and homogenous cytoplasm were selected
for maturation. Selected oocytes were washed twice in 5 ml of HEPES-buffered TCM
199 medium supplemented with 10% (v/v) foetal calf serum. Then oocytes were
cultured in 50 pl droplets of maturation medium (TCM 199 supplemented with 10%
foetal calf serum, 10 pg/ml ovine follicle stimulating hormone, 1 pg/ml ovine
luteinising hormone and 1 pg/ml estradiol) under mineral oil, in a 35 mm diameter
Falcon Petri (Becton Dickinson) at 39°C under an atmosphere of 5% CO; in humidified

air for 24 h. Each droplet contained about 10 oocytes.

5.2.5 Preparation of stored sperm for in vitro fertilisation (IVF)

On the day of fertilisation a 15 ml aliquot of diluted semen of each bull was drawn out
of the storage Schott bottles and centrifuged at 500 g for 5 min, the pellet was re-
suspended in 1 ml of HEPES-Tyrode’s Albumin Lactate Pyruvate medium (HEPES-
TALP) (Bavister and Yanagimachi 1977) and divided into 4 equal parts. Aliquots were
also taken from storage bottles for motility assessment and flow cytometry. Each 0.25
ml aliquot of suspension of sperm was carefully layered at the bottom of a 5 ml plastic
test tube containing 1 ml of HEPES-TALP medium, and then incubated for 1 h at 39°C.
Thereafter, the upper 3/4 of the medium, which contained motile sperm that had swum
up into it, was collected by careful aspiration. The motility of the sperm selected by

swim-up procedure was assessed under a microscope equipped with phase contrast
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optics, while the concentration of sperm was determined by haemocytometry. The final
concentration of motile sperm was adjusted to 2 x 10° motile sperm cells/ml by dilution

with the fertilisation medium described by Lu ez al. (1987).

5.2.6 In vitro fertilisation and culture (IVF-IVC)

After in vitro maturation as described in Section 5.2.4, oocytes with expanded cumulus
investments were selected and washed twice by transferring them in a minimal volume
of the medium to 5 ml of HEPES-TALP buffer in a new Petri dish, and then transferred,
in groups of 5, into 40 pl droplets of fertilisation medium, under mineral oil. Sperm
selected with swim-up procedure (as described in Section 5.2.5) were further diluted in
the fertilisation medium as necessary, and a 10 pl portion was added to the droplets to
achieve an in-droplet concentration of 1 000, 2 000 or 4 000 motile sperm per oocyte
depending on the experiment. Sperm were co-cultured with oocytes in fertilisation
droplets contained in a 35 mm diameter Petri dish under mineral oil at 39°C under an
atmosphere of 5% CO, in humidified air. After 24 h of sperm-oocyte co-culture, the
cumulus cells around the zygotes/oocytes were removed by repeated pipeting with an
automatic pipette. Then, zygotes/oocytes were washed twice placing by them in a 35
mm diameter Petri dish containing 5 ml of the HEPES-buffered version of synthetic
oviduct fluid medium described by Tervit et al. (1972) and pipeting them twice up and
down the automatic pipette tip. Zygotes/oocytes were then transferred using the
minimal possible volume of HEPES-buffered version of synthetic oviduct fluid to a 50
ul droplet of culture medium comprising of synthetic oviduct fluid supplemented with
MEM essential and non-essential amino acids and 8 mg/ml fatty acid free bovine serum
albumin (Gardner et al. 1994) positioned in the centre of the 35 mm diameter Petri dish

under mineral oil. From there zygotes/oocytes were distributed into 20 pl droplets

121



placed in the same Petri dish under mineral oil. Each culture droplet contained about 10
zygotes/oocytes. The numbers of cleaved oocytes (at least 2 blastomeres of
approximately the same size) were recorded at 24 h. Un-cleaved oocytes were stained
with H33342 Hoechst fluorochrome to detect pronuclei. Cleaved oocytes were cultured
for 7 days at 39°C under humidified gas mixture of 5% CO,, 7% O,, 88% N, with a
transfer of zygotes on day 5 to droplets of fresh culture medium (synthetic oviduct fluid
supplemented with MEM essential and non-essential amino acids and 8 mg/ml fatty
acid free bovine serum albumin). The number of zygotes developing to blastocyst stage

was determined under a stereo microscope.

5.2.7 Statistical analysis of results
Data for fertilisation and development to blastocyst were analysed by analysis of
variance with days as independent variable, percentage of oocytes fertilised or

developed to blastocyst stage as dependent variable and bulls as random effect.

5.3 EXPERIMENTS

Ejaculates collected from 3 bulls were processed as described above, and diluted semen
was stored at ambient temperature. Three experiments were conducted. In all
experiments the motility of stored sperm was estimated by microscopic observation in
the storage medium before processing for IVF and plotted against the time of storage.
The percentage of sperm with intact plasma membrane in the storage medium before
processing for IVF was determined by flow cytometry. The motility of swim-up-
selected sperm was also assessed during sperm preparation for IVF to ensure that there

was uniform number of motile sperm in fertilisation droplets.
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In all experiments oocytes that were to be used for IVF were aspirated from the ovaries
one day prior to fertilisation and matured as described in Section 5.2.4. In the first
experiment, oocytes were fertilised in vitro with sperm (from each of 3 bulls) stored for
0,2,4,7,9 and 11 days at ambient temperature in nitrogen-gassed medium. Between
25 and 41 oocytes per semen sample from each bull were fertilised on each fertilisation

day. The number of motile sperm used in the fertilisation droplets was 1000 per oocyte.

In the second experiment, oocytes were fertilised in vitro with sperm (from each of 3
bulls) stored for 0, 3 and 7 days at ambient temperature in nitrogen-gassed medium
using ratios of 1000, 2000 and 4000 motile sperm per oocyte in the fertilisation
droplets. Between 31 and 39 per sample of the semen from each bull used at one of

three different sperm to oocyte ratios were fertilised on each fertilisation day.

In the third experiment, oocytes were fertilised with sperm (from each of 3 bulls) stored
for 0, 3 and 7 days under anaerobic, aerobic and nitrogen-gassed conditions using the
ratio of 1000 motile sperm per oocyte in the fertilisation droplets. Between 47 and 56
oocytes per sample of the semen from each bull stored at each of three different storage

conditions were fertilised on each fertilisation day.
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5.4 RESULTS

54.1 Changes in viability and metility of sperm during storage at ambient
temperature

In the first and second experiments the percentage of motile sperm and the percentage
of sperm with intact plasma membrane in diluted semen stored at ambient temperature
were similar for up to 2 days of storage (Figures 5.1 and 5.2), following which the
percentage of motile sperm declined more rapidly than the percentage of sperm with

intact plasma membrane. When all sperm became immotile, about 45% of them still

maintained membrane integrity (Figure 5.1).

100 .

Eg 80 _

&3

o g 60 ]

°

: B

.E.E 40

8_«

Eg 20 |

= s
0 1 T T T T T T l.l

-1 1 3 5 7 9 11 13 15 17
Storage time (days)

Figure 5.1 Changes in the percentage of sperm (from 3 bulls) with intact plasma
membrane () (n=9, mean + SD) and percentage of motile sperm (@)
(n=18, mean + SD) during storage at ambient temperature under nitrogen-

gassed conditions (first IVF experiment).
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Figure 5.2 Changes in the percentage of sperm (from 3 bulls) with intact plasma
membrane () (n=9, mean + SD) and percentage of motile sperm ()
(n=18, mean + SD) during storage at ambient temperature under nitrogen-

gassed conditions. (second IVF experiment).

In the third experiment the percentages of sperm that were motile under aerobic,
nitrogen-gassed and anaerobic storage conditions were similar on day 0 and on day 3 of
storage, but on day 7 the motility of sperm was significantly lower (p<0.01) after
storage under anaerobic than under aerobic and nitrogen-gassed storage conditions
(Figure 5.3). The percentage of sperm with intact plasma membrane was lower in
sperm stored under aerobic conditions (p<0.01) than in those stored under anaerobic

and nitrogen-gassed conditions on days 3 and 7 of storage (Figure 5.4).
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Changes in the percentage of sperm (from 3 bulls) with intact plasma
membrane during storage at ambient temperature under anaerobic (OJ),

nitrogen-gassed (®) and aerobic conditions () (n=9, mean + SD).
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54.2 In vitro fertility of sperm stored at ambient temperature in nitrogen-
gassed medium
The percentage of oocytes that were fertilised using the ratio of 1000 motile sperm per

oocyte declined from 45.4% on day 0 of sperm storage to nil by day 11 (Table 5.1).

The percentage of fertilised oocytes that developed to blastocyst stage declined from
71.1% on day 0 to nil on day 7 of sperm storage, i.e. the early “embryonic” death
increased from 8.9% of fertilised oocytes on day 0 to 100% on day 7 of sperm storage.
In other words, some fertilisation was still taking place on day 7 and 9 without inducing

subsequent development.

Table 5.1 Percentages of oocytes fertilised and developed to blastocyst stage when
sperm stored at ambient temperature under standard conditions were used
at the ratio of 1 000 of motile sperm per ococyte. Mean values (+SD) are
shown for the percentages fertilised and developed to blastocyst stage after

in vitro fertilisation by sperm from each of 3 bulls.

The total number of % of fertilised
Day of storage oocytes fertilised % of oocytes that oocytes that
with sperm from 3 were fertilised developed to
bulls blastocyst

0 101 45+4.9 71+6.7
2 85 3245.1 49+9.6
4 96 28+4.6 36+9.1
7 98 10+3.0 0+0.0
9 119 542.0 0+0.0
11 75 0+0.0 0+0.0

In the second experiment the percentage of all the oocytes that were fertilised using
ratios of 1000, 2000 and 4000 motile sperm per oocyte were overall much higher than
in the first experiment, but again declined between day 0 and 7 of sperm storage for all

the sperm to oocyte ratios used (Table 5.2).
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The differences between percentages of oocytes fertilised achieved with different sperm
to oocyte ratios were not significant but the percentage of fertilised oocytes that
developed to blastocyst stage was significantly higher (p<0.05) when a higher sperm to
oocyte ratio was used on days 0 and 3 of sperm storage. On day 7 of sperm storage
there was no significant difference between the percentages of fertilised oocytes that

developed to blastocyst stage achieved with different sperm to oocyte ratios.

At day 7 of storage only between 0% and 5% of fertilised oocytes were able to develop
to blastocyst stage regardless of the sperm to oocyte ratio, in spite the fact that at all the

ratios they were able to fertilise more than 40% oocytes.

543 The effect of storage atmosphere on the in vitro fertility of sperm stored
at ambient temperature

The percentages of oocytes fertilised with sperm stored under aerobic, nitrogen-gassed
and anaerobic conditions were not significantly different and declined from around 90%
on day 0 to about 45% on day 7 (Table 5.3). Accidental loss of oocytes fertilised on
day 0 of sperm storage meant that there were no data on the subsequent development to
blastocyst stage. There is no significant difference in the percentage of fertilised
oocytes developing to blastocyst stage with sperm stored under anaerobic, nitrogen-
gassed or aerobic conditions and used for IVF on either day 3 or day 7 of sperm storage.
For sperm stored under all conditions, the percentages of fertilised oocytes developing
to blastocyst stage were much higher than those seen in first and second experiments on

days 3 and 7 of sperm storage.
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Table 5.2

Percentages of oocytes fertilised and developed to blastocyst stage when sperm stored at ambient temperature under
standard conditions were used at various ratios of motile sperm per oocyte. Mean values (+SD) are shown for the
percentages of oocytes fertilised and developed to blastocyst stage after in vitro fertilisation with sperm from each of 3
bulls (n is the total number of ococytes fertilised with semen from all bulls). Values marked with * are significantly higher

(p<0.05) than those achieved with 1000 motile sperm per oocyte on the same day of storage.

1000 sperm per oocyte 2000 sperm per oocyte 4000 sperm per oocyte
Day % of % of fertilised % of % of fertilised % of % of fertilised
of n oocytes that  oocytes that n oocytes that  oocytes that n oocytesthat  oocytes that
storage were developed to were developed to were developed to
fertilised blastocyst fertilised blastocyst fertilised blastocyst
0 104  78+4.0 32+5.3 109  89+3.0 45+5.1 99  92+2.7* 54+5.2*
3 95 54+5.1 13+4.6 114  56+4.7 30+5.7 115 63+4.5 35+5.6*
7 100 48+£5.0 242.2 95 44+5.1 0+1.0 98 48+5.0 5+3.2
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Table 5.3

Percentages of oocytes fertilised and developed to blastocyst stage when sperm stored at ambient temperature under anaerobic,

aerobic and nitrogen-gassed (standard) conditions were used at the ratio of 1 000 of motile sperm per cocyte. Mean values (+SD)
are shown for the percentages of oocytes fertilised and developed to blastocyst stage in vitro fertilisation with sperm from each of 3
bulls. (n is the total number of oocytes fertilised with semen from all bulls).
Anaerobic Aerobic Nitrogen-gassed
Day of % of % of fertilised n % of % of fertilised n % of % of fertilised
storage n oocytesthat oocytes that oocytes that  oocytes that oocytes that  oocytes that
were developed to were developed to were developed to
fertilised blastocyst fertilised blastocyst fertilised blastocyst
0 142 94+1.5 142 93+2.16 146  91+2.36
3 155 93+2.6 64+4.0 152  88+2.68 67+4.09 151  95+1.82 64+4.01
7 168  40+£3.9 56+6.2 165 52+3.89 63+5.21 169  44+3.82 61+5.64




5.5 DISCUSSION

A sharp decline in the percentage of motile sperm, without a corresponding decrease in
the percentage of sperm with intact plasma membrane, suggests damage to regulatory
mechanisms rather than cellular structures responsible for motility. This is also
supported by the similar results obtained in the experiments described in Chapter 3 and
discussed in Section 3.4 showing that a large proportion of sperm that lost motility as a
result of storage could regain it when exposed to the phosphodiesterase inhibitor in
order to raise their intracellular level of cAMP. When sperm were stored under aerobic
conditions, plasma membrane integrity deteriorated faster than under anaerobic or
nitrogen-gassed conditions, however the same is not true for sperm motility. On day 7
of storage, the motility of sperm stored in the anaerobic medium was lower than that of
sperm stored under either aerobic or nitrogen-gassed conditions. This is not consistent
with other experiments conducted in this laboratory, where the motility was better

maintained under anaerobic than aerobic storage conditions (Bullen 1999).

In the experiments presented here, it was a sperm sub-population that retained motility
that was tested for fertility, as the dead and immotile sperm were excluded using swim-

up selection.

Because the decrease in fertilising ability was seen with the same concentration of
motile sperm on different days of the storage trials it is clear that loss of in vitro fertility
in experiments presented here was not caused by the loss of motility or plasma
membrane perforation. However, more subtle changes, potentially occurring before the
total loss of motility and plasma membrane integrity, might have been a cause of

decline in fertility. This could include damage to nuclear material.
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If sperm were loosing fertilising ability without concurrent damage to the genomic
material, the proportion of fertilised oocytes developing to blastocyst would remain
constant while the proportion of all oocytes which became fertilised would decline over
time. If, on the other hand, only the genetic material were negatively affected, the
percentage of oocytes being penetrated would remain constant with the percentage of
normally developing zygotes declining. The present study showed that during storage
sperm lose both the oocyte-penetrating ability and the ability to sustain early
development of the zygote. The ability to sustain development declined more rapidly
than the oocyte-penetrating capability in two experiments (Tables 5.1-5.2). In the third
experiment the results are incomplete due to accidental loss of the samples during
culture, but the percentage of fertilised oocytes that developed to blastocyst stage are
higher than in other two experiments and do not change significantly between day 3 and
7 of storage. The results of first two experiments point to the relatively more rapid
decline in the quality of the genomic material delivered to oocyte then the decline of the
efficiency of cellular mechanisms involved in oocyte penetration. The results of the
third experiment indicate that the sperm ability to penetrate the oocyte and to sustain

early development of the zygote declined at very similar rates over the time of storage.

The percentage of oocytes developing to blastocyst stage is a better measure of fertility
than just the percentage of oocytes penetrated by sperm because the oocytes that are
fertilised but fail to develop would not result in a pregnancy. Some sperm retain the
ability to penetrate the oocyte after they are damaged to the extent that they are unable
to induce correct development of fertilised oocytes. Salamon et al. (1979) showed that
the oocyte-penetrating capacity of ram sperm is preserved for up to 10 days at 5°C, but

rates of lambing declined drastically after 3 days of semen storage.
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In artificial insemination experiments, the effective motile sperm concentration at the
fertilisation site would perhaps decline in parallel with the time-dependent decline in the
percentage of motile sperm if the total insemination dose were kept constant throughout
the storage trial. The other point of difference between current IVF results and the non-
return data from artificial insemination with stored sperm is that only very early stages
of embryo development (up to 7 days) were investigated here as opposed to longer-term
effects observed when fertility is estimated from non-return rates. The small volume of
the droplets used for fertilisation in this study, and the absence of cumulus vestments,
means that motile sperm were essentially delivered almost to the surface of the oocytes,
and thus did not need, as sperm in artificial insemination do, to cover the distance from

the deposition site at the top of the cervix to the fertilisation site in the oviduct.

In artificial insemination the semen dose is correlated, up to an optimal value, with
fertility, and the increased fertility is attributed to the increased probability of sperm
reaching the oocyte surface (Shannon and Vishwanath 1995). The decline in fertility is
more pronounced during storage when lower sperm doses are used for artificial
insemination (Willett 1950; Willett 1953). The present study showed that, apart from
increasing the probability of fertilisation, increased sperm numbers at the fertilisation
site correlate with higher percentages of oocytes developing to blastocyst stage,
particularly during the early stages of storage. This suggest that some form of sperm
competition or oocyte selection occurs and is based on the ability of sperm to induce

development rather than just on the ability of sperm to penetrate the oocyte.

A recent report (Van Dyk et al. 2000) suggests that human zona pellucida has the

capacity to select against motile sperm with chromosomal abnormalities. The
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mechanism of this selection remains unknown but it may also select against sperm with
potential chromatin defects accumulated during in vitro storage. An alternative
explanation that may be put forward is that higher numbers of sperm on the oocyte
surface assist the development of the embryo resulting from fertilisation by a single

sperm.

As seen in artificial insemination (Vishwanath and Shannon 1997), current results show
that increasing the sperm to oocyte ratio does not increase the percentages of oocytes
fertilised or developed to blastocyst stage achieved with semen stored for more than 3

days.

Maxwell and Stojanow (1996) investigated in vitro and in vivo fertility and viability of
ram sperm stored in the presence and absence of antioxidants. They used a constant
number of motile sperm in IVF droplets, and in artificial insemination each ewe was
inseminated with the same total number of sperm throughout the storage trial. They
found that the percentage of in vitro and in vivo fertilised ovine oocytes declined with
the time of semen storage. The percentage of in vitro fertilised oocytes after 7 but not
after 14 days of semen storage was higher in diluents containing superoxide dismutase
and catalase than in control diluents. Pregnancy rates achieved with artificial
insemination using fresh sperm were higher than those achieved with stored sperm, and
overall the pregnancy rates were better with sperm stored in the diluent containing
catalase and superoxide dismutase than in the medium without antioxidants. However
on any single day of storage there was no significant difference between pregnancy
rates achieved with semen stored in diluents containing antioxidants and those achieved

with semen stored in the control diluent. Their results suggest that oxygen is probably
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an important factor in reducing sperm viability and fertility during liquid storage
because of lipid peroxidation caused by reactive oxygen species generated during
respiration (Maxwell and Stojanow 1996). The reduction in the fertility of stored sperm
may reflect the changes in the intensity of sperm motility or/and changes in their plasma
membranes (Maxwell and Stojanow 1996). Maxwell and Stojanow speculated that the
concentration of scavengers of reactive oxygen species was not sufficient to give
protection from reactive oxygen species after 14 days of storage. After an extended
storage period sperm may lose fertility regardless of the presence or absence of reactive
oxygen species. The decline seen in artificial insemination results may be due to there
being a lower probability of fertilisation with the lower number of motile sperm in the
insemination dose, as a constant total number of sperm for each insemination was used.
Probably, the overall decline in fertility is due to energy substrate exhaustion and
general cellular deterioration. Another possibility is that sperm may possess a

mechanism of programmed cell death similar to apoptosis in somatic cells.

The rationale behind the trial involving sperm storage in diluents with different oxygen
content was the expectation to see a sharper decrease in fertility of sperm stored under
aerobic conditions due to increased exposure to reactive oxygen species when compared
with sperm stored under anaerobic and nitrogen-gassed media, because reactive oxygen
species have long been implicated in deterioration of sperm quality during storage
(Aitken 1989; Aitken 1994; Aitken and Clarkson 1987; Aitken et al. 1998a; Aitken et
al. 1993; Cummins et al. 1994; Vishwanath and Shannon 1997). However, no
differences in the in vitro fertility of sperm stored under aerobic, nitrogen-gassed and
anaerobic conditions were detected. There might be several explanations for this result.

The diluent in all storage treatments contains catalase that offers protection from
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hydrogen peroxide, perhaps the most detrimental of all reactive oxygen species. Also,
damaged sperm from all the treatments have been eliminated from the population used
for fertilisation by the swim-up procedure. Therefore, the quality of sub-populations
selected by swim-up from sperm stored under different conditions was higher and more

uniform than that of the all the sperm cells in the storage bottle.

5.6 CONCLUSIONS

It was demonstrated here that the in vitro fertility of the motile sub-population of sperm
declines over the time of storage. From the experiments presented here it seems that
this decline is not caused by the oxidative damage to sperm due to the presence of
oxygen in the diluent. This is possibly because sufficient protection is afforded by
catalase present in the diluent. This decrease in fertility is not a result of diminishing
probability of sperm oocyte fusion due to decline in the number of motile sperm
available, but is the result of a decline in the quality of sperm that retained motility.
Apart from the loss of sperm ability to penetrate the oocyte, even more rapid loss of the
ability of stored sperm to induce and sustain early development of the embryo was
observed in two experiments. The loss of sperm quality could be partially compensated
by the increased quantity of sperm at the fertilisation site, which may be the result of
either more sperm competition for the oocyte selection, or due to the effect of greater

number of sperm on maturation of the oocytes.
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Chapter 6

GENERAL DISCUSSION

In artificial breeding systems that use unfrozen semen, sperm cells are diluted to
facilitate an extended use of superior sires and stored only for the length of time
necessary to distribute insemination doses from the collection centre (where the bulls
are located) to the dams dispersed over a wide area. Initially this was done with sperm
diluted in aerobic diluent using relatively high sperm numbers per insemination dose.
However the adverse effect of O, was realised fairly early in the history of artificial
insemination and the cause of damage was identified as reactive oxygen species
generated under aerobic incubation conditions (Aitken and Clarkson 1987; Dawra and
Sharma 1985; de Lamirande and Gagnon 1992; de Lamirande and Gagnon 1994; de
Lamirande and Gagnon 1995; Gagnon et al. 1991; Kessopoulou et al. 1992; Potts et al.
1999; Shannon 1965; Shannon 1968; Shannon and Curson 1972; Vishwanath and
Shannon 1997). The success of Long Last Liquid™ semen technology in New Zealand
is to a great extent based on research into the ways of minimising the effects of reactive
oxygen species on sperm (Shannon 1965; Shannon 1968; Shannon 1978; Shannon and
Curson 1972; Shannon and Curson 1981; Shannon and Curson 1983c). That research
was taken further in the present study by comparing changes in various parameters of
sperm occurring during storage under fully aerobic and fully anaerobic conditions. This
has previously not been attempted. Motility was investigated in Chapter 2 and to the
lesser degree in other chapters. In Chapter 3 the influence of the presence of O, in the

medium on the tyrosine phosphorylation of sperm proteins was examined.
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In Chapter 4 the impact of exposure to reactive oxygen species on sperm chromatin
stability was evaluated, and in Chapter 5 an attempt was made to demonstrate the effect

of the presence of O, in the diluent on in vitro fertility of stored sperm.

The work presented in Chapter 4 was undertaken to reconcile two initial observations.
First, it was assumed, based on previous findings that bovine sperm require active
aerobic respiration to maintain a high level of motility (Prendergast 1994; Wilson
1985). However, it was demonstrated in the present study that, contrary to the initial
hypothesis, ejaculated bovine sperm can maintain a high level of motility under fully
anaerobic conditions as long as a glycolysable substrate is available in the diluent.
Thus, the complete exclusion of O, from the storage diluent provides a potential means
of elimination of oxidative damage without depriving sperm of a necessary metabolic
pathway for the generation of ATP. Also it is now known that sperm are stored
anaerobically in the epididymis for extended periods and are only exposed to oxygen
upon ejaculation when motility is activated (Max 1992). This biological storage system
could inspire investigations to imitate it in vitro. Some interesting questions, however,
were not answered in the study described in Chapter 2. What is the effect of
presumably increased flux through the Embden-Meyerhof pathway on the changes in
the pH of the storage medium? This has subsequently been investigated and in 14G
diluent the pH drop during storage is significantly sharper under anaerobic than under
aerobic conditions (Pitt; personal communication). Is the higher motility observed
under anaerobic conditions an experimental artefact? For how long can the viability
and fertility of sperm be maintained if they were to be stored in a medium devoid of
glycolysable substrate under anaerobic conditions where their energy-generating

metabolism would be eliminated? This question could be answered by storing sperm
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under such conditions and then assessing motility, viability and fertility after re-

supplying them with glycolysable substrate, or with pyruvate and oxygen.

As the motility of bovine sperm seems to be independent of aerobic respiration, its
decline must be caused by factors other than damage to the mitochondria. It was
demonstrated in Chapter 3 that swimming velocities of sperm stored for as long as 7
days could be restored to values at least equal to or even higher than the velocities of
freshly ejaculated sperm (Figure 3.2) by raising the intracellular concentration of cAMP
via phosphodiesterase inhibition. This result indicates that the decline in motility during
storage is not caused by the exhaustion of energy substrate in the diluent or irreversible
damage to sperm components involved in motility. Rather, it seems the regulation of
sperm motility is adversely affected by storage. Changes in the percentage of motile
sperm during storage present a slightly different picture. It can be seen from Figure 3.1
that a proportion of the sperm became immotile during storage and could not be
stimulated to regain motility by the inhibition of phosphodiesterase. Those cells can be
regarded as permanently damaged. However even on day 8 of storage the percentage of
motile sperm was increased three-fold by stimulation with theophylline. Sperm that
regain motility have clearly dysfunctional regulation but are mechanically able to be

motile.

When the changes in tyrosine phosphorylation of proteins in stored sperm were studied
(Chapter 3) the results were the opposite of what was expected. The expectation was to
see increased protein tyrosine phosphorylation under aerobic conditions as it has been
described for sperm undergoing capacitation. Instead, the tyrosine phosphorylation of

several proteins increased during storage under anaerobic conditions, with little change
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under aerobic conditions. This demonstrated a strong effect of the oxygenation state of
the diluent on an important mechanism of cellular regulation. The regulation of
tyrosine phosphorylation during sperm storage by the oxygenation state of the non-
capacitating diluent seems to act in the opposite direction to the regulation of the same

process during capacitation.

Overall, the effect of complete exclusion of oxygen from the storage medium on the
percentage of motile sperm appears to be complex. In two experiments (Figure 3.8 and
Table 4.1) the percentage of motile sperm declined more rapidly under aerobic storage
conditions, but in one experiment there was no significant difference (Table 4.3) and in
one experiment the decline in the percentage of motile sperm was more rapid under
anaerobic conditions. This should be further investigated in a randomised study focused
solely on the percentage of motile sperm using an increased number of bulls. Changes
in the pH of the diluent and availability of glucose should be measured simultaneously
as they are known to affect motility. Also, the gas mixture of the anaerobic chamber

should be checked for contaminants that could affect motility.

Although motility is necessary for fertility, it is not all that is required. Motile sperm
could be infertile because of the defects in the chromatin. A remarkable stability of bull
sperm chromatin in normal 14G diluent was demonstrated under both aerobic and
anaerobic storage conditions (Chapter 4). However, exclusion of catalase from this
diluent together with addition of the aromatic amino acid oxidase substrate
phenylalanine to this diluent caused a significant destabilisation of chromatin under
aerobic conditions. This is relevant to the practice of artificial insemination where egg

yolk, which contains aromatic amino acid oxidase substrates, is normally added to the
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diluent and where fully anaerobic conditions during storage are not maintained. In this
situation the integrity of the sperm chromatin depends solely on the effectiveness of
catalase to remove the H,O, generated by sperm during storage. This may not always
be adequate and even subtle damage to the sperm chromatin that may not necessarily be

detected by SCSA could be detrimental to the fertilising potential of sperm.

No difference in in vitro fertility of the motile sub-population of sperm stored under
aerobic and anaerobic conditions was detected (Chapter 5). An interesting question
arises from this, whether the in vitro fertility of the total sperm population would be the
same for sperm stored under aerobic and anaerobic conditions. This could be
investigated by conducting an in vitro fertilisation trial where the same total number of
sperm stored under different conditions would be used on different days of storage

without selection of motile sperm.

Recommendations for further research

In relation to changes in sperm motility during storage it would be interesting to
investigate the following problems. The rate of glucose loss from the storage medium
and the change in lactate concentration and pH should be measured under anaerobic and
aerobic storage conditions to perhaps improve the buffering capacity of the current
diluent. The change in viability and the possibility of restoring motility to sperm stored
under conditions of arrested metabolism achieved by the absence of glycolysable
substrate and O, in the diluent should also be investigated. Since reduced metabolic
rate may improve sperm survival and maintenance of fertility during storage at ambient

temperature.
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As shown in Chapter 3, the tyrosine phosphorylation of several cytosolic and whole cell
proteins changes during storage, and those changes are modulated by the oxygenation
state of the diluent. The isolation and identification of proteins with storage-related
changes in tyrosine phosphorylation would shed some light on their possible role in
sperm ageing.  Isolation of those proteins could be achieved by immuno-
chromatography of cell extracts using anti-phosphotyrosine antibodies immobilised on
agarose gel. Proteins separated by SDS PAGE could be blotted to PVDF membrane
and the amino acid sequences of internal or terminal peptides obtained. Based on those

amino acid sequences proteins could be identified.

In Chapter 4, ATA was shown to have a dramatic effect on sperm chromatin stability.
It would be interesting to see if incubation of bovine sperm with ATA improves IVF
efficiency as it does with mouse sperm. Whether the destabilisation of chromatin by
ATA is the result of increased occurrence of DNA breaks or destabilisation of
protamines in the sperm head should also be investigated. DNA breaks could be
detected by COMET or TUNEL assays. The effects of ATA on sperm protein tyrosine
phosphorylation could also be investigated as it has been reported to stimulate tyrosine

phosphorylation in other cells (Okada and Koizumi 1995).

The multitude of effects due to incubation of sperm under fully anaerobic and fully
aerobic conditions has been demonstrated in this thesis. Further studies are certainly
required to further explore the impact of chronic anaerobiosis on sperm. This will
provide a new impetus to the studies on the methods of sperm storage at ambient

temperature.
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