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It is just over 50 years since Polge, Smith and Parkes described

the use of glycerol to freeze spermatozoa (Polge et al., 1949),

and is perhaps a good time at which to consider the progress

made in semen cryopreservation over the last half century. 

In 1970, in a paper for the Veterinary Record entitled ‘Fertilizing

capacity of frozen boar semen following surgical insemination’

(Polge et al., 1970), the authors stated: 

Over 20 years have now passed since the first successful exper-

iments on freezing semen in the presence of glycerol (Polge et al., 1949)

but so far it is only in the artificial insemination of cattle that it has been

possible to exploit this technique and to apply it on a large scale.

At the time of writing, it could hardly have been foreseen that

at the end of the 1990s that the situation would be virtually

unchanged. 

The first calf produced from cryopreserved spermatozoa

was born in 1951 (Stewart, 1951) and the technique very rapidly

established itself thereafter. Today the modern cattle industry

worldwide is based on the use of artificial insemination and

frozen semen. Top sires can produce up to 60 000 doses of

semen per year, and thus cryopreservation has allowed ex-

ploitation of superior sires and achieved rapid, large-scale ge-

netic improvement in cattle stocks coupled with a reduction in

disease transmission.

Frozen semen should have had the same potential for other

livestock species and early successes (Table 1) initially held the

promise of an equally important role for freezing in other

species, for example in commercial pig and sheep production.

However, it rapidly became apparent that many of these ini-

tially positive results were not readily reproducible and that

the advances of the cattle industry would prove harder to re-

peat elsewhere. 

The use of frozen semen for artificial insemination has some

obvious advantages, but if it is to be of commercial value, pro-

cedures must be straightforward and results must be at least

comparable to those achieved by natural mating. For cattle

these conditions have been largely met and success rates with

frozen semen have matched rates from insemination with fresh

semen and from natural mating, but for sheep, pigs and horses

the situation is very different. 

Artificial insemination of pigs has been and remains a

growth area; in 1998–1999 approximately 40% of pig produc-

tion in the UK was by artificial insemination, compared with

about 11% in 1990. However, although frozen semen is used to

a very limited extent for genetic improvement, for conservation

of rare or valuable genetic material and for overseas import–ex-

port, day-to-day commercial use is effectively non-existent.

Low farrowing rates and small litter sizes have discouraged the

use of frozen semen, while the relatively long shelf-life of ex-

tended boar semen (approximately 7 days) at ambient tempera-

tures has allowed many of the logistical problems involved in

collecting and distributing semen for insemination to be solved

without the need for cryopreservation.

The situation in the sheep industry differs in that it is the

technique of artificial insemination that is restrictive with very

low success rates for trans-cervical insemination. When artifi-

cial insemination is used for sheep, it is generally laparoscopic

and frequently utilizes frozen semen and good success rates are

obtained. However, surgical insemination is obviously a vet-

erinary procedure, is expensive and has been criticised on
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welfare grounds. Taken together, these factors have severely

restricted its use. 

Artificial insemination of horses has also been limited par-

ticularly in the UK where thoroughbred breeding, which consti-

tutes a major part of the British equine industry, does not permit

its use. It is also probably true to say that there is a general preju-

dice that is still to be overcome particularly against the use of

frozen semen. There has been much more extensive use in parts

of Europe, for example the Netherlands and Germany, where

there is a greater interest in breeding sport horse types. Success

rates with frozen semen have been good in the hands of ex-

perienced operators, although generally below those of natural

coverings. Breeding of horses fundamentally differs from that

of pigs, sheep or cattle which are managed on a herd basis and

artificial insemination and frozen semen potentially allows the

use of top grade stallions to mare owners; however, use has

been limited by the higher veterinary costs incurred. The wide-

spread availability of chilled semen, which remains viable for

up to 72 h, has, as with the boar, alleviated pressure to improve

success rates with cryopreserved semen.

It is not the aim of this review to consider in detail the dif-

ferences in sperm sensitivity to freezing damage between

species or to describe different freezing protocols. A large 

body of empirical work has resulted in optimization of dilution

and freeze–thawing methods for different species and this 

has been comprehensively covered by a number of recent

reviews (Watson, 1990; Bwanga, 1991; Pickett and Amann,

1993; Salamon and Maxwell, 1995). Rather it is the intention

here to consider why the use of frozen bull spermatozoa has

been so much more successful than that of other species. Is

there an intrinsic difference in bull spermatozoa compared

with those of the other domestic livestock species or can the

success achieved in cattle be accounted for by general dif-

ferences in reproductive physiology and breeding management

systems?

Evidence over the last fifty years has suggested that in all

species so far investigated approximately 50% of cells survive

the freezing process, as measured by indicators such as mem-

brane integrity or motility. There are significant differences

between species in sperm biophysical parameters, such as cell

surface area, cell volume, water volume and membrane per-

meability to water (Table 2; Curry et al., 1996). These bio-

physical parameters have been used to produce a theoretical

model for optimal freezing regimens in an attempt to move 

on from the empirical approach that has dominated the de-

velopment of sperm cryopreservation over the last 40 years.

However, to date, established models that have proved valu-

able for a range of other cell types have been found to be less

appropriate for spermatozoa (Curry et al., 1994). Despite these

observed differences, it remains the case that under optimized

conditions there is little apparent overall difference in the cryo-

survival rates obtainable for spermatozoa from the different

livestock species. 

Cryoprotectants

The discovery of the cryoprotective actions of glycerol allowed

freezing of spermatozoa and although hundreds of potential

cryoprotective agents (CPAs) have subsequently been examined,

glycerol has remained, almost without exception, the cryo-

protectant of choice for spermatozoa from all species. However,

despite extensive experimentation to optimize its use, the basis

of the cryoprotective properties of glycerol and precisely why it

should be more effective than other CPAs remains unclear.

Glycerol is a permeating cryoprotectant able to cross the cell

membrane and the recent identification of the water channel

protein Aquaporin 7 (AQP7) which also facilitates glycerol

transport, at the late spermatid stage in the rat testis (Ishibashi

et al., 1997) may provide a specific route for glycerol entry into

spermatozoa. Previous studies have shown that spermatozoa

from many of the domestic species have a high permeability to

water and a low activation energy (Table 2) and an insensitivity

to inhibition by mercuric chloride (Watson et al., 1992; Curry 

et al., 1994; Gilmore et al., 1996), membrane characteristics

consistent with the presence of the AQP7 channel. It has been

difficult to ascribe a physiological role to the high water per-

meability of the sperm membrane and if AQP7 is found to be

widely expressed amongst the domestic species it may be that

the transport of glycerol and not of water is its primary func-

tion. Unlike the other species examined, rabbit spermatozoa

have a relatively low water permeability and a high activation

energy, parameters associated with lipid phase rather than

channel-mediated water transport (Curry et al., 1995). The

rabbit is also one of the few exceptions in which dimethyl

sulfoxide (DMSO) and not glycerol is the preferred cryoprotect-

ant and it is possible that this might be due to a lack of the

AQP7 glycerol transporter, although currently there is no direct

evidence to support this. The cryoprotective effects of glycerol

are most evident at higher concentrations but have to be

Table 1. First recorded offspring produced by artificial insemination 

using frozen–thawed semen in different species

Species Date Reference

Cows 1951 Stewart

Sheep 1967 Salmon and Lightfoot

Pigs 1957 Hess et al.

Horses 1957 Barker and Gandier

Humans 1953 Bunge and Sherman

Table 2. Membrane permeability parameters for spermatozoa from 

different species

Species Lpa Eab Reference

(µm min–1 atm–1) (kcal mol–1)

Boars 1.0 – (Gilmore et al., 1996)

Bulls 10.8 3.0 (Watson et al., 1992)

Fowl 2.1 4.4 (Watson et al., 1992)

Humans 2.9 1.9 (Curry et al., 1994)

Rabbits 0.6 17.8 (Curry et al., 1995)

Rams 8.5 1.1 (Curry et al., 1994)

aHydraulic conductivity; bactivation energy.
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balanced against glycerol toxicity, which is detrimental at

concentrations much higher than 0.5 mol l–1. The sensitivity 

of spermatozoa to these toxic effects varies with species.

Susceptibility of boar spermatozoa to acrosomal damage at

relatively low glycerol concentrations, for example, may ex-

plain the poor fertility of frozen–thawed boar spermatozoa

compared with more resistant bull spermatozoa. Adverse

effects need not necessarily be immediately apparent; glycerol

has a marked antifertility effect on fowl spermatozoa (Lake 

et al., 1980) without causing obvious morphological damage or

impairing motility. Although mammalian spermatozoa do not

appear to exhibit this effect to the same extent, without a clear

understanding of the mechanisms involved, functional damage

of this type cannot be completely discounted.

Heterogeneity of spermatozoa

Fertilization requires the spermatozoa and egg to meet in the

ampulla of the oviduct, both having completed crucial matu-

ration processes. For induced ovulators such as rabbits or cats,

ovulation is triggered by mating and a fixed interval between

deposition of spermatozoa in the female tract and release of an

egg allows maturation of male and female gametes to be syn-

chronized. However, for many species the situation is more

complex. The female may be receptive to mating during a pro-

longed oestrous period and ovulation may occur at any time

within this period, either before or after mating. With variable

insemination and ovulation times, spermatozoa must be able to

survive within the female tract for periods up to several days

and fully functionally spermatozoa competent to fertilize an

egg must be available within the oviduct when ovulation oc-

curs. One way in which this could be achieved is by spreading

the individual acquisition of fertilizing competence over a

period of time by having a heterogeneous population of

spermatozoa. Heterogeneity of spermatozoa would ensure 

a greater potential for fertilizing an oocyte at some un-

predictable interval after ejaculation. A heterogeneous sperm

population within the female tract implies a heterogeneous

ejaculate, and there is evidence that this is the case.

Spermatozoa acquire fertilizing competence in stages during

passage through the epididymis and subsequently through 

the female tract. Epididymal transport occurs over several days

by peristaltic-like contractions; however, this transport need

not be strictly linear. Intermixing would generate subpopu-

lations of spermatozoa differing in age after spermiation and

probably in degree of maturation. 

Heterogeneity within the ejaculate is clearly important for

successful fertilization after natural mating, but could also be a

significant factor in the use of frozen–thawed spermatozoa for

artificial insemination. Amann et al. (1993) described epidi-

dymal maturation in terms of the spermatozoa acquiring a

‘combined effective amount’ of different individual attributes

which taken together render the spermatozoa fertile. This con-

cept of ‘combined effective amount’ is used by Amann et al.
(1993) to emphasize that acquisition of fertilizing ability does

not result from a single maturational event but is a conse-

quence of interactions between a sequence of multiple steps

and that the relative importance of any individual step could

change under different conditions. Treatments imposed on

spermatozoa can alter their ‘combined effective amount’ of

attributes and it is possible that a specific attribute is limiting 

at one stage during the life of the spermatozoon or at a particu-

lar site, but will be in excess at another. Attributes necessary 

for success will be different for in vitro fertilization, intrauterine

artificial insemination, intra-cervical insemination or natural

mating. Use of cryopreserved rather than fresh spermatozoa

can also affect the blend of attributes required in the ‘combined

effective amount’. Although some of the necessary attributes

for fertile spermatozoa have been identified, others remain

unknown, as does the effective combination required in these

different circumstances. This level of complexity and the num-

ber of unknown factors make it extremely difficult to assess 

the potential fertility of spermatozoa effectively both within the

ejaculate and after freezing and thawing. 

Even if the nature and importance of sperm subpopulations

are still unclear, it is apparent that there are changes in these

subpopulations following the freeze–thaw process. Examination

of post-thaw spermatozoa with techniques such as partitioning

in aqueous two-phase systems to detect subtle differences in

surface properties (Harrison et al., 1992) has demonstrated that

heterogeneity is severely diminished after the freeze–thaw

process (Ollero et al., 1998). Loss of heterogeneity could be

accounted for in one of two ways; the freezing process might

differentially affect a particular population of cryo-sensitive

cells, thereby effectively selecting for a cryo-resistant, if not

necessarily optimally fertile, population. Alternatively the

freeze–thaw process might affect all cells to such an extent 

that pre-existing more subtle differences are masked giving the

appearance of a more homogeneous population. With only 

a limited understanding of the nature and extent of the cryo-

injury suffered by individual cells, it is difficult to decide

between these hypotheses and the true situation may lie be-

tween the two, with a sensitive population of cells at the severe

end of a spectrum of damage effecting all cells within the ejacu-

late. Future studies might usefully involve evaluation of the

heterogeneity of spermatozoa in an ejaculate with multivariate

techniques, an approach that has been used successfully for

looking a different patterns of sperm motility following com-

puter-assisted motility analysis (Davis and Siemers, 1995;

Abaigar et al., 1999).

Capacitation and cryopreservation

The early successes with freezing spermatozoa were almost

contemporaneous with another key discovery in reproductive

biology. Austin (1951) and Chang (1951) independently identi-

fied the need for ejaculated spermatozoa to undergo a process

of capacitation before they were competent to fertilize an egg.

However, it is only in the last few years that the relevance of cap-

acitation to successful sperm cryopreservation has started to be

fully appreciated. Capacitation has been described in numerous

studies (Cohen-Dayag and Eisenbach, 1994; Harrison, 1996)

and it is known that spermatozoa must have completed the

process in order to undergo an acrosome reaction. Therefore,

the acrosome reaction has been a useful endpoint for de-

termining whether cells are fully capacitated. The rate and

extent of the changes that precede the acrosome reaction 

have been more difficult to investigate because there are no

observable changes in morphology and because spermatozoa

within an ejaculate do not capacitate synchronously. More

48 M. R. Curry

Downloaded from Bioscientifica.com at 08/23/2022 07:00:14AM
via free access



recently the fluorescent antibiotic chlortetracycline (CTC) has

been used to study capacitation in a number of species. Three

different CTC staining patterns have been characterized (Fig. 1),

an F pattern associated with uncapacitated cells, a B pattern for

cells that have at least partially completed capacitation but

have not acrosome reacted and the AR pattern characteristic of

acrosome-reacted cells. The F, B and AR patterns were orig-

inally described for mouse spermatozoa (Ward and Storey,

1984) and have since been identified in a number of species in-

cluding bulls (Fraser et al., 1995; Cormier et al., 1997), boars

(Wang et al., 1995; Mattioli et al., 1996; Maxwell and Johnson,

1997), rams (Perez et al.,1996; Gillan et al., 1997) and stallions

(Varner et al., 1987). Perez et al. (1996) used CTC staining to

demonstrate an accelerated rate of capacitation in vitro for

frozen–thawed ram spermatozoa. After incubation for 2 h after

thawing, 39% of cells showed the B pattern compared with

only 16% of fresh spermatozoa incubated for the same period.

Gillan et al. (1997) reported similar findings, with 61% (F), 18%

(B) and 21% (AR) for fresh ram spermatozoa compared with

7.2% (F), 66% (B) and 26% (AR) for frozen–thawed semen. After

incubation for 6 h at 37°C, the fresh spermatozoa showed a

large increase in the B pattern from 18 to 54% and a smaller in-

crease in the AR pattern from 21 to 41%. The frozen–thawed

spermatozoa in contrast showed a fall in the B pattern from 66

to 35%, with a concomitant increase in the AR pattern from 

21 to 64%. In both studies the process of freezing and thawing

increased the number of spermatozoa showing the capacitated

B pattern but had little effect on the numbers of acrosome-

reacted spermatozoa. 

Fuller and Whittingham (1997) described a similar effect in

mice, not with frozen–thawed spermatozoa but with cells

slowly cooled to 4°C and then rewarmed. The cooled cells had

more than 80% B pattern compared with only 20% in the

control group. The effect of slow cooling to above zero tem-

peratures has also been observed with boar spermatozoa

(Maxwell and Johnson, 1997). Freeze–thawing led to a decrease

in the F staining pattern and an increase in the B staining

pattern and cooling to 5°C had a greater effect than cooling to

15°C with 30.4% (F), 48.5% (B), 21.1% (AR) at 5°C compared

with 56.1% (F), 32.6% (B), 11.5% (AR) at 15°C. This relationship

between the number of B pattern cells and the extent of cooling

has more recently been confirmed by Green and Watson (1999).

Changes in CTC staining patterns have also been reported for

bull spermatozoa (Cormier et al., 1997): after either cryopreser-

vation or cooling to 4°C there is a similar increase in the capaci-

tated B staining pattern.

Taken together these results indicate that in the domestic

species examined to date, cryopreservation, or even simple

cooling, induces a change in the spermatozoa such that their

CTC staining properties alter from those characteristic of un-

capacitated spermatozoa to those of capacitated but acrosome-

intact cells. This is a somewhat carefully worded conclusion as

the precise basis of the changes in CTC staining patterns during

capacitation remains unclear. Without a better understanding

of the processes it is not possible to state the extent to which 

the changes observed after cooling and cryopreservation 

are the same as those seen with in vivo or even in vitro capaci-

tation. There is some preliminary evidence from studies with

boar spermatozoa of differences between the phosphorylated

intermediates that can be detected after in vitro capacitation

and those detectable after slow cooling (C. Green, personal

communication).

Evidence that frozen–thawed spermatozoa are capacitated

comes from functional assays such as the hamster egg pen-

etration test and in vitro fertilization studies. Unlike fresh sper-

matozoa which require a period of preincubation and only

show their maximal penetration rate after 24 h, cryopreserved

human spermatozoa show their highest penetration of zona-

free hamster eggs immediately after thawing and the pen-

etration rate declines over 48 h thereafter (Critser et al., 1987).

Other studies have shown that frozen–thawed bull (Wheeler

and Seidel, 1986) and ram (Garde et al., 1993) spermatozoa can

also penetrate eggs more rapidly than unfrozen spermatozoa.

Studies in Maxwell’s laboratory, although finding no difference

in fertilization rates, reported that sheep oocytes fertilized with

frozen–thawed spermatozoa in vitro had reached a more ad-

vanced stage of development after co-incubation for 20–22 h

than had comparable oocytes fertilized with fresh spermatozoa

(Gillan et al., 1997). These studies all appear to indicate that 

the changes in CTC staining pattern are accompanied by the

achievement of some functional fertilizing capacity in frozen–

thawed spermatozoa. This functional change needs to be rec-

ognized and taken into account when performing artificial

insemination with frozen–thawed spermatozoa.

Lifespan of spermatozoa

It was recognized at an early stage in the history of semen pres-

ervation that cryopreserved spermatozoa had a much shorter

lifespan within the female reproductive tract compared with

fresh semen. This finding has subsequently been confirmed in a

number of studies and for a range of species (Mattner et al.,
1969; Hawk 1983). Capacitation does not produce a population

of cells in a defined and stable ‘activated’ state but is a continu-

ing process of positive destabilization and as such will eventu-

ally lead to cell death (Harrison, 1996). On reaching a threshold

level of destabilization, the spermatozoa exhibit hyperactivated
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Fig. 1. Chlortetracycline fluorescent staining patterns for uncapaci-

tated (F), capacitated (B) and acrosome-reacted (AR) spermatozoa. 
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motility and are capable of undergoing acrosome reaction in re-

sponse to an appropriate signal and at this point can be classed

as capacitated. However, once it begins the destabilization pro-

cess will continue beyond the threshold level with progressive

degeneration of membrane function until the spermatozoa is

unable to maintain cell integrity. Thus capacitation leads in-

exorably to cell death for the non-fertilizing spermatozoa.

Therefore, if frozen–thawed spermatozoa exhibit an accelerated

rate of capacitation, this might account for a shortened lifespan

for these cells. In many mammalian species, including cows

(Hunter et al., 1991), pigs (Hunter, 1983) and sheep (Hunter,

1983), spermatozoa introduced into the female tract accumulate

in a sperm reservoir in the caudal isthmus of the oviduct.

Spermatozoa are maintained in the distal oviduct until about

the time of ovulation when, in response to some, as yet un-

known, signal they are progressively released and move up to

meet the egg in the ampulla. Studies in vitro have demonstrated

that attachment to oviductal epithelial cells prolongs the life-

span of spermatozoa (Suarez et al., 1991; Pollard et al., 1991).

Furthermore, studies using pig oviductal epithelial cells in

culture (Fazeli et al., 1999) have shown that the oviductal epi-

thelium preferentially binds uncapacitated spermatozoa; simi-

lar findings have been reported for bovine (Lefebvre and Suarez,

1996) and equine (Thomas et al., 1995) spermatozoa. If capaci-

tation diminishes the ability of spermatozoa to bind to the

oviductal epithelium, the change in status described for frozen–

thawed spermatozoa may interfere with the establishment of

the isthmic sperm reservoir. Failure to establish the normal

sperm–epithelial interactions may contribute to the reduced

fertility and shorter lifespan of the frozen–thawed spermato-

zoa. Poor fertility associated with a compromised ability to

survive within the female tract and to establish sperm reser-

voirs can be overcome by carefully timing insemination with

frozen–thawed semen to coincide closely with ovulation. An

increased need for precise timing is, to a greater or lesser ex-

tent, part of all insemination procedures but is of particular

importance in, for example, the mare in which successful in-

semination with frozen–thawed semen is dependent upon fol-

licular monitoring so that insemination can occur within 6 h 

of ovulation. Insemination can also be used to overcome the

natural barriers to sperm transport in vivo. Semen deposition

after mating, depending on species, can either be intra-vaginal

(for example cow) or intra-uterine (for example sow). The

cervix, between the vagina and the uterus and the utero–tubal

junction, between the uterus and the oviduct, act not only as

passive barriers that the spermatozoa must cross but also 

as filters selecting which spermatozoa will proceed to the next

section of the tract. Intra-uterine insemination bypasses the

cervical barrier and intra-tubal insemination bypasses both the

cervix and the utero–tubal junction but in doing so may allow

passage to spermatozoa that would otherwise have been

blocked. 

If, under conditions in vivo, capacitated spermatozoa are pres-

ent only within the oviduct and if the freeze–thawing results 

in a capacitated sperm population, it might be predicted that

the oviduct would be the most effective site to place frozen–

thawed spermatozoa (Fig. 2). This supposition is borne out by

evidence in sheep and pigs in which surgical intra-tubal

insemination has yielded good results in marked contrast to

trans-cervical insemination with frozen–thawed spermatozoa.

Selection for ‘good freezers’

Variation between individuals in the extent to which their

spermatozoa are damaged by freeze–thawing has been widely

reported. Human semen donors have, for example, routinely

been categorized as ‘good’ or ‘bad freezers’, although the

evidence for such differences is often somewhat anecdotal. 

The concept of poor freezers suggests that cryosurvival is not

necessarily related to the observed quality of the semen sample

such that, for certain individuals with apparently good pre-

freeze sperm parameters post-thaw survival is consistently

poor. 

Stallions have been particularly noted for a high degree of

individual variation in sperm cryosurvival. It has been esti-

mated that 25% of stallions produce semen that freezes well,

50% freeze acceptably and 25% freeze poorly (Pickett and

Amann, 1993). Similarly, large individual differences have been

described between boars. For example, in a recent study it 

has been possible to assign individual boars into good, average

and poor freezer groups on the basis of their post-thaw sperm

viability using a system of multivariate pattern analysis

(Thurston et al., 1999). 

The mechanisms underlying differences in cryosensitivity

between different individuals have yet to be elucidated, but

there is some evidence for physiological differences between

spermatozoa from individuals of the same species. Harrison 

et al. (1996) reported that the stimulatory effects of bicarbonate

on the process of capacitation differ among individual boars.

However, such differences could be genetic or non-genetic in

origin. A role for a genetic component in the overall effect is

suggested by the strain differences in cryosensitivity recorded

for mice (Nakagata and Takeshima, 1993). The positive effects

of selection would also seem to point to a genetic component

for ‘good freezing’ as a characteristic. 

Individual differences have been recorded for bull semen

and allowances have been made for so-called poor freezers 

by packaging straws with more spermatozoa or by adjusting

freezing protocols for individual bulls (Parkinson and

Whitfield, 1987). If there has been a significant problem with

variation between individual bulls, it has been largely over-

come by an ongoing selection process whereby, even though

bulls have not been selected primarily on the basis of their

fertility, those whose semen has proved to be subfertile have

been removed from freezing programmes. The large numbers

of inseminations from a single bull allow the calculation of 

an estimated relative conception rate (ERCR) for individual

sires. ERCR is a measure of the conception rate of a service sire

relative to service sires of herd-mates and is expressed as the

percentage difference in conception rate from the average AI

service sire. Results from the United States for Holstein and

Jersey bulls over the period 1995–1997 ranged from –19% to

+11% (data from Dairy Records Management Systems, USA).

Thus service to the most fertile bull resulted in a calf 11% more

often than did service to an average bull, and conversely the

least fertile bull produced a calf 19% less often. Acceptable fer-

tility was judged to be within the range ± 3%, and 65% of 

bulls fell within this category. Availability of statistics such as

ERCR makes it possible to calculate an additional monetary

value for semen from a sire with a high ERCR score (Pecsok 

et al., 1994), with in practice estimated increases in value per
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unit semen of between $0.6 and $5.01. The recorded effect of

service sire on conception rate is small but when other traits are

equal, fertility may be an important secondary trait. In this way

there is an increased incentive to use bulls of high fertility with

frozen semen, that is, bulls with good functional cryosurvival.

For other domestic species, the numbers of inseminations from

an individual sire are generally too low to provide reliable

information for selection on fertility. Sire selection is predicated

from other attributes, such as meat or wool production in pigs

and sheep or speed in horses. Fertility and particularly fertility

of frozen semen is not currently a primary trait to be taken into

account with these species when choosing which males to use

for breeding.

Conclusion

The story of semen cryopreservation has been one of apparent

early success followed by decades of marginal improvement.

However, it is becoming increasing clear that even when

membrane-intact, motile spermatozoa are recovered after

thawing, these cells are functionally very different from fresh

spermatozoa. If frozen–thawed semen is to be used in the same

way as fresh semen, and be able to achieve high fertility rates

from intrauterine or even intra-vaginal insemination, without

very careful monitoring of the female cycle, it will be necessary

to substantially improve techniques for freezing–thawing. 

A greater understanding of the causes of cryo-injury and the

effects of temperature, osmotic and oxidative stresses on sperm

membranes are required in order to preserve the natural hetero-

geneity of a semen sample and to limit pseudo-maturational

changes in the cells. There is little evidence to indicate that bull

spermatozoa are unique and good reason to hope that it will

not take another 50 years to fulfil the potential of frozen semen

in a wide variety of species.

References
Key references are indicated by asterisks.

Abaigar T, Holt WV, Harrison RAP and del Barrio G (1999) Sperm sub-

populations in boar (Sus scrofa) and gazelle (Gazella dama mhorr) semen as

revealed by pattern analysis of computer-assisted motility assessments

Biology of Reproduction 60 32–41

*Amann RP, Hammerstedt RH and Veeramachaneni DNR (1993) The epi-

didymis and sperm maturation: a perspective Reproduction Fertility and
Development 5 361–381

Austin CR (1951) Observations on the penetration of the sperm into the

mammalian egg Australian Journal of Scientific Research 4 581–596

Bwanga CO (1991) Cryopreservation of boar semen I. A literature review

Acta Veterinaria Scandinavica 32 431–453

Chang MC (1951) Fertilizing capacity of spermatozoa deposited into the

Fallopian tubes Nature 168 697–698

Cohen-Dayag A and Eisenbach M (1994) Potential assays for sperm capaci-

tation in mammals American Journal of Physiology 267 C1167–C1176

Cormier N, Sirard MA and Bailey JL (1997) Premature capacitation of bovine

spermatozoa is initiated by cryopreservation Journal of Andrology 18
461–468

Testis

Epididymis

Vagina Uterus

Semen
deposition

Oviduct

Ovary

Ovulation

Dilution

Freeze–thaw

F

Ejaculation

Capacitation

Insemination
A B C

Fig. 2. Schematic diagram of the stages in gamete production, transport and fertilization. Semen de-

position in the course of mating may be intra-vaginal or intrauterine. Frozen–thawed spermatozoa 

may be inseminated into the vagina (A) into the uterus trans-cervically (B) or laparoscopically into the

oviduct (C).

Downloaded from Bioscientifica.com at 08/23/2022 07:00:14AM
via free access



52 M. R. Curry

Critser JK, Arneson BW, Aaker DV, Huse BA and Ball GD (1987) Cryo-

preservation of human spermatozoa II. Post-thaw chronology of motility

and of zona-free hamster ova penetration Fertility and Sterility 47 980–984

Curry MR, Millar JD and Watson PF (1994) Calculated optimal cooling 

rates for ram and human sperm cryopreservation fail to conform with

empirical observations Biology of Reproduction 51 1014–1021

Curry MR, Redding BJ and Watson PF (1995) Determination of water per-

meability coefficient and its activation energy for rabbit spermatozoa

Cryobiology 82 175–181

Curry MR, Millar JD, Tamuli SM and Watson PF (1996) Surface area and

volume measurements for ram and human spermatozoa Biology of
Reproduction 55 1325–1332

Davis RO and Siemers RJ (1995) Derivation and reliability of kinetic

measures of sperm motion Reproduction Fertility and Development 7 857–869

Fazeli A, Duncan AE, Watson PF and Holt WV (1999) Sperm–oviduct inter-

action: induction of capacitation and preferential binding of uncapacitated

spermatozoa to oviductal epithelial cells in porcine species Biology of
Reproduction 60 879–886

Fraser LR, Abeydeera LR and Niwa K (1995) Regulating mechanisms that

modulate bull sperm capacitation and acrosomal exocytosis as determined

by chlortetracycline analysis Molecular Reproduction and Development 40
233–241

Fuller SJ and Whittingham DG (1997) Capacitation-like changes occur in

mouse spermatozoa cooled to low temperature Molecular Reproduction and
Development 46 318–324

Garde J, Gutierrez A, Artiga CG and Vazquez I (1993) Influence of freezing

process on in vitro capacitation of ram semen Theriogenology 39 225

Gillan L, Evans G and Maxwell WMC (1997) Capacitation status and fertility

of fresh and frozen–thawed ram spermatozoa Reproduction Fertility and
Development 9 481–487

Gilmore JA, Du J, Tao J, Peter AT and Critser JK (1996) Osmotic properties

of boar spermatozoa and their relevance to cryopreservation Journal of
Reproduction and Fertility 107 87–95

Green CE and Watson PF (1999) The ‘capacitation-like’ change of boar sper-

matozoa subjected to cooling Cryobiology (in press)

*Harrison RAP (1996) Capacitation mechanisms, and the role of capacitation as

seen in eutherian mammals Reproduction Fertility and Development 8 581–594

Harrison RAP, Jacques ML, Minguez MLP and Miller NGA (1992)

Behaviour of ejaculated spermatozoa from bull, boar and ram during

thin-layer countercurrrent partition in aqueous 2-phase systems Journal of
Cell Science 102 123–132

Harrison RAP, Ashworth PJC and Miller NGA (1996) Bicarbonate/CO2, an

effector of capacitation, induces a rapid and reversible change in the lipid

architecture of boar sperm plasma membranes Molecular Reproduction and
Development 45 378–391

Hawk HW (1983) Sperm survival and transport in the female reproductive

tract Journal of Dairy Science 66 2645–2660

Hunter RHF (1983) Sperm transport and reservoirs in the pig oviduct Journal
of Reproduction and Fertility 63 109–117

Hunter RHF, Flechon B and Flechon JE (1991) Distribution, morphology and

epithelial interactions of bovine spermatozoa in the oviduct before and after

ovulation: a scanning electron microscope study Tissue and Cell 23 641–656

Ishibashi K, Kuwanhara M, Gu Y, Kageyama Y, Tohsaka A, Suzuki F,
Marumo F and Sasaki S (1997) Cloning and functional expression of a

new water channel abundantly expressed in the testis permeable to water,

glycerol and urea Journal of Biological Chemistry 272 20 782–20 786

Lake PE, Buckland RB and Ravie O (1980) Effect of glycerol on the viability

of fowl spermatozoa – implications for its use in freezing semen

CryoLetters 1 299–304

Lefebvre R and Suarez S (1996) Effect of capacitation on bull sperm binding

to homologous oviductal epithelium Biology of Reproduction 54 575–582

Mattioli M, Barboni B, Lucidi P and Seren E (1996) Identification of capaci-

tation in boar spermatozoa by chlortetracycline staining Theriogenology 45
373–381

Mattner PE, Entwistle KW and Martin ICA (1969) Passage, survival and fer-

tility of deep-frozen ram semen in the genital tract of the ewe Australian
Journal of Biological Science 22 181–187

Maxwell WMC and Johnson LA (1997) Chlortetracycline analysis of boar

spermatozoa after maturation, flow cytometric sorting, cooling or cryo-

preservation Molecular Reproduction and Development 46 408–418

Nakagata T and Takeshima T (1993) Cryopreservation of mouse spermato-

zoa from inbred and F1-hybrid strains Experimental Animals 42 317–320

Ollero M, Perez-Pe R, Muino-Blanco T and Cebrian-Perez JA (1998)

Improvement of ram sperm cryopreservation protocols assessed by sperm

quality parameters and heterogeneity analysis Cryobiology 37 1–12

Parkinson TJ and Whitfield CH (1987) Optimisation of freezing conditions

for bovine spermatozoa Theriogenology 27 781–797

Pecsok SR, McGilliard ML and Nebel RL (1994) Conception rates 2.

Economic value of unit differences in percentages of sire conception rates

Journal of Dairy Science 77 3016–3021

Perez LJ, Valcarcel A, de las Heras MA, Moses D and Baldassarre H (1996)

Evidence that frozen/thawed ram spermatozoa show accelerated capaci-

tation in vitro as assessed by chlortetracycline assay Theriogenology 46
131–140

Pickett BW and Amann RP (1993) Cryopreservation of Semen. In Equine
Reproduction pp 769–789 Eds AO McKinnon and JL Voss. Lea & Febiger,

Philadelphia, PA 

*Polge C, Smith AU and Parkes AS (1949) Revival of spermatozoa after vitri-

fication and dehydration at low temperatures Nature 164 666

Polge C, Salamon S and Wilmut I (1970) Fertilizing capacity of frozen boar

semen following surgical insemination Veterinary Record 87 424–428

Pollard JW, Plante C, King WA, Hansen PJ, Betteridge K and Suarez SS
(1991) Fertilizing capacity of bovine sperm may be maintained by binding

to oviductal epithelial cells Biology of Reproduction 44 102–107

Salamon S and Maxwell WMC (1995) Frozen storage of ram semen I.

Processing, freezing, thawing and fertility after cervical insemination

Animal Reproduction Science 37 185–249

Stewart DL (1951) Storage of bull spermatozoa at low temperatures

Veterinary Record 63 65–66

Suarez SS, Redfern K, Raynor P, Martin F and Phillips DM (1991)

Attachment of boar spermatozoa to mucosal explants of oviduct in vitro:

possible role in formation of a sperm reservoir Biology of Reproduction 44
998–1004

Thomas PGA, Ball BA and Brinsko SP (1995) Changes associated with in-

duced capacitation influence the interaction between equine spermatozoa

and oviduct epithelial cell monolayers Biology of Reproduction Monograph 1
697–705

Thurston LM, Watson PF and Holt WV (1999) Sources of variation in boar

spermatozoa fertility following cryopreservation Cryobiology (in press)

Varner DD, Ward CR, Storey BT and Kenney RM (1987) Induction and

characterisation of acrosome reaction in equine spermatozoa American
Journal of Veterinary Research 48 1383–1389

Wang WH, Abeydeera LR, Fraser LR and Niwa K (1995) Functional analysis

using chloratetracycline fluorescence and in vitro fertilization of

frozen–thawed ejaculated boar spermatozoa incubated in protein-free

chemically defined medium Journal of Reproduction and Fertility 104
305–313

Ward CR and Storey BT (1984) Determination of the time course of capaci-

tation in mouse spermatozoa using a chlortetracycline fluorescence assay

Developmental Biology 104 287–296

*Watson PF (1990) Artificial insemination and the preservation of semen. In

Marshall’s Physiology of Reproduction Vol. 2 pp 747–869 Ed. GE Lamming.

Churchill Livingstone, Edinburgh 

Watson PF, Kunze E, Cramer P and Hammerstedt RH (1992) A comparison

of critical osmolarity and hydraulic conductivity and its activation energy

in fowl and bull spermatozoa Journal of Andrology 13 131–138

Wheeler MB and Seidel GEJ (1986) Time course of in vitro capacitation of

frozen and unfrozen bovine spermatozoa Theriogenology 22 216

Downloaded from Bioscientifica.com at 08/23/2022 07:00:14AM
via free access


