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The identification of human sperm hyperactivated
motility has potential importance in sperm function tests,
as well as in quality control assays and in reproductive
toxicology investigations. However, relatively little is
known about this phenomenon and the variety of
definitions used for hyperactivation has led to a great
deal of confusion as to its occurrence and physiological
relevance. This presentation is a critical review of a
number of aspects of hyperactivated motility, including
its identification and potential role(s) in mammalian
fertilization. The initial sections of the review consider
the mechanisms involved in the development and
maintenance of mammalian sperm motility, and the
structural and functional changes in spermatozoa which
occur during transport through the female reproductive
tract. The methods available for the quantification of

there are species-specific features, mammalian
spermatozoa share the same basic sperm structure, i.e. 8
head and a tail, which is composed of a midpiece, principal
piece and end piece. The principal function of the sperm
head is to deliver a haploid set of chromosomes to the
oocyte. The function of the flagellum is to provide cell
motility to allow the spermatozoon to penetrate the
boundaries of the female reproductive tract and the zona
pellucida. The structural features of the head and tail of the
spermatozoon reflect these functional roles.

The flagellum may be considered to be composed of four
regions: the connecting piece, the midpiece, the principal
piece and the terminal or end piece (Fawcett, 1965). The
axoneme and outer dense fibres are also located within the
flagellum (Figure 1). The axoneme is present for most of
the length of the flagellum, terminating in singlet
microtubules in the end piece. Itis composed of two central
microtubules connected by linkages (Pedersen, 1970),
surrounded by nine microtubule doublets (the ‘9 + 2’
pattern) (Fawcett, 1965). Each doublet consists of an A
subunit forming a complete microtubule, and a B subunit
which is C-shaped with its ends attached to the A subunit.
A central sheath composed of a spiral of two fibres
surrounds the two central microtubules (Pedersen, 1970).
In animals with internal fertilization, auxiliary dense fibres

historical overview of sperm movement analysis.
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Sperm ultrastructure

axonemal structure. Attached to the A subunit of the
microtubule doublets are the dynein arms (Afzelius, 1959;
Gibbons and Grimstone, 1960; Gibbons, 1961). Dynein is
a multisubunit ATPase complex (Gibbons, 1965) which
translates chemical energy (ATP) into kinetic energy by
allowing adjacent microtubule doublets to slide relative to

To understand the cellular events which are necessary fjt€ another, causing axonemal bending and hence flagellar
the development of sperm motility and specificallymovement. This occurs in an attachment-detachment
hyperactivated motility, one must first consider thecycle between the dynein arms and the adjacent doublet
fundamental structure of the spermatozoon. Althoug{Marchese-Ragona and Johnson, 1990).
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doublet outer dynein arm known to attach and detach during the microtubule doublet
inner dynein arm sliding cycle.

The axoneme of a mammalian spermatozoon is
surrounded by nine outer dense fibres which are attached to
the distal end of the segmented columns in the connecting
piece (Fawcett, 1975; Baccetti al, 1976). Each outer
dense fibre is associated with an axonemal microtubule
doublet, and numbered according to the doublet with
which it is associated. These fibres each contain a cortex
and a medulla and are composed of a keratin-like protein
radial spoke (Baccettiet al, 1973). There are two groups of disulphide
cross-linked polypeptide chains, with the disulphide
cross-linking occurring during epididymal maturation

cenfral pair (Olson and Sammons, 1980). The length of the outer dense
fibres are variable relative to each other (Fawcett, 1965),
Figure 1. Transverse section of a mammalian sperm flagellum. ~ but stereological analysis of human spermatozoa has
shown that the order of termination of each dense fibre
along the flagellum is constant (Sere¢sal, 1983). They

Adjacent microtubule doublets are connected by nexi<tend for up to 60% of the length of the principal piece of
links (Gibbons, 1965; Stephens, 1970) between the A affef flagellum, with two short fibres (3 and §1), three
B subunits (Baccetéit al, 1985). It has been suggested thaf’edium length fibres (2, 4 and 7; 17-+2h) and four long
these are elastic elements which allow regulation of tH&res (5, 6 and 9; 313 and fibre 1; 3pm). Compared
shear forces during doublet sliding, or that they assist in tHéth hamster spermatozoa, the outer dense fibres of human
retention of axonemal symmetry during sliding (Linck,SPermatozoa are relatively small in cross-section, which
1979). It has been shown that nexin can be digested ggnfers greater potential flexibility on the flagellum than is
elastase, causing an increase in the flagellar bend angigén for other species (Phillips, 1972; Paddock and
and a concomitant decrease in flagellar beat frequend{/oolley, 1980).
suggesting that the nexin links are elastic elements The exact role for outer dense fibres in sperm motility
involved in the regulation of the amplitude of flagellar@s not been determined conclusively. Early studies
bending (Brokaw, 1980). However, it has also beefuggested that they were active motor elements in flagellar
observed that the nexin links undergo cycles oflovement, but later studies have shown that this is
displacement to permit microtubule sliding which wouldunlikely. For example, in toad spermatozoa the axoneme
suggest that their role is not purely for the provision ond accessory fibre (which is analogous to the outer dense
elastic recoil. It has also been proposed that the linfipre) are separate structures connected by a membrane,
regulate the spacing of the microtubules to optimiz&nd it was determined that the accessory fibre did not move
dynein—tubulin interaction (Bozkurt and Woolley, 1993)independently of the axoneme, but rather had a role in
The precise interaction between dynein and tubulin is stiftiffening the flagellum (Swaret al, 1980). Further
not clear, although it is known that the dynein-tubulirevidence for the suggestion of a stiffening role for the outer
binding which allows active sliding involves the B subunidense fibres is the observation that maximum flagellar
of the neighbouring microtubule doublet, and is influence@urvature in sea urchin spermatozoa (which do not have
by ATP (Gagnon, 1995). outer dense fibres) occurs in the proximal region of the

Radial spokes project from the A subunit of thelagellum, while the flagellar curvature of mammalian
microtubule doublets towards the central sheath (Afzeliuspermatozoa in seminal plasma increases with propagation
1959; Gibbons and Grimstone, 1960; Hopkins, 1970{Denehy, 1975), and the maximal curvature occurs in the
These spokes are composed of 17 proteins, 12 in the stegigion of termination of the outer dense fibres (Woolley,
region (attached to subfibre A of the microtubule doublet)979). Using a mathematical approach, Rikmenspoel
and five in the globular head region which projects towardd 984) showed that the outer dense fibres were not actively
the central pair (Gagnon, 1995). Several of the radial spok®/olved in the generation of the forces necessary for
proteins, including five stalk proteins, are known to benotility in bull spermatozoa. The keratin-like protein
phosphorylated, but the reason for this is not yet knoweonfers elastic properties upon the outer dense fibres, and it
(Curry and Rosenbaum, 1993). The radial spokes aiethought that they cause an elastic recoil of the axoneme

outer dense fibre

nexin link
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after microdoublet sliding (Phillips, 1972). It has beerattached to the sperm plasma membrane in the principal
suggested that the asymmetry of the termination of tigece by the ‘zipper’, a double row of interdigitating
dense fibres may play a role in the progressive alteration o¥al-shaped intramembranous particles adjecent to outer
the plane of flagellar beating (Serresal, 1983), but dense fibre 1 (Friend and Fawcett, 1974; Ené¢ral,
asymmetry of flagellar beating has also been observed1983). The attachment of the axonemal complex to the
species without outer dense fibres, and in others with outglasma membrane allows greater efficiency of movement
dense fibres of equal lengths (Woolley, 1979). than would occur if the axoneme was beating within an
The connecting piece is a short linking segment betweemattached plasma membrane envelope (Koehler, 1983).
the flagellum and the sperm head. It is composed of theThe terminal piece is the region beyond the distal end of
segmented columns and a dense fibrous structure, ttime fibrous sheath. This region contains only the 9 + 2
capitellum or capitulum (Fawcett, 1965). The sperm heaakoneme covered by the plasma membrane. The axonemal
and tail are connected via the capitellum and the basal plalements are terminated successively, with the disappearance
which is at the caudal end of the nucleus. It has beefithe dynein arms, followed by the termination of the central
suggested that the columns may be articulated, whigair of microtubules, the separation of the microtubule
would allow the neck region to bend without straining theloublets and the successive disappearance of the B
link between the capitellum and the basal plate (Curry andicrotubule subunits (Woolley and Nickels, 1985).
Watson, 1995). The proximal centriole is embedded The whole sperm cell is covered by a plasma membrane,
transversely within the segmented columns, perpendiculbut the acrosome, nucleus and mitochondria are each
to the plane of the flagellum (i.e. the transverse plane of tiemcapsulated by their respective membranes. The plasma
central pair) and marks the origin of the central pair omembrane has definite structural subdivisions which are
axonemal microtubules. The outer dense fibres arelated to the cellular subcomponents. On the sperm head,
attached to the distal end of the segmented columns. freeze-etching studies of bull spermatozoa have shown that
The midpiece of the mammalian spermatozoon extentlse plasma membrane can be divided into two main
from the distal end of the connecting piece to the annulussactions over the acrosome and the post-acrosomal region,
structural element marking the junction between thwith the equatorial segment forming a transitional region
midpiece and the principal piece. It contains a helicgKoehler, 1966). It has been observed that there is
arrangement of mitochondria which generate energy usddferential, regional binding of lectins (Nicolson and
for flagellar movement (Curry and Watson, 1995). Thé&anagimachi, 1974) and monoclonal antibodies (Mgtes
inner mitochondrial membrane is the site of energgl., 1981) to the plasma membrane of mammalian
production, and the position of the mitochondria aroundpermatozoa, suggesting localized regulation of membrane
the proximal portion of the axoneme suggests that they atemponents (Nicolsoet al, 1977). The distribution of
necessary for the supply of ATP used for flagellar motilitylectin binding sites over the flagellum has been observed to
The principal piece of the flagellum extends from thée less regular than over the head region, leading to the
annulus to the terminal piece, and is characterized by thbeoposal that there may be greater mobility of the
presence of the fibrous sheath. The fibrous sheath isgh/coproteins in the flagellar plasma membrane (Koehler,
cytoskeletal structure surrounding the axoneme and outE®83). It would follow then that these differences may be
dense fibres. It is composed of two peripheral longitudina€lated to the specific functions of each region in terms of
columns in the plane of the central pair of microtubuleghe ionic requirements and second messenger systems
connected by more-or-less semicircular circumferentiahvolved. The view that there may be specialized
ribs that branch and anastomose (Fawcett, 1965). The twembrane components for specific regions of the
columns of the fibrous sheath have been shown to overlggermatozoon is supported by observations of an
and be fused with, the two shortest outer dense fibres aadangement of parallel striations, the basal cords, which
continue an attachment with their associated microtubuppear to be highly stable membrane specializations,
doublets following the distal termination of these outermmediately anterior to the posterior ring (Holt, 1984). The
dense fibres. There is extensive disulphide bondingfability of this membrane structure suggests that it acts to
between the constituent proteins of the fibrous sheatvolate contiguous membrane domains, preventing the loss
(Oko, 1988; Britoet al, 1989), making the structure of essential membrane components to a different region of
extremely stable, and contributing to the hypothesis thétte sperm cell.
the structure provides support to the flagellum in the Consideration of sperm ultrastructure would also argue
control and restriction of flagellar movement, therebyor the existence of separate and distinct regions, with the
assisting in sperm motility. The axonemal complex iposterior ring acting to segregate the cytoplasmic



406 S.T.Mortimer

compartments of the sperm head and flagellum. Furth#ére cell, would be perfectly helical in nature. However, a
evidence for this view is provided by consideration of théelical pattern of wave transmission would not confer
difference in the metabolic requirements of the sperm heatiovement upon the spermatozoon, so this hypothesis has
which is relatively inactive prior to fertilization, and thebeen considered to be a simplification (Kaneusal,
flagellum, which is extremely active when the1993). The flagellar wave has been described as a ‘twisted
spermatozoon is motile. plane’ (a three-dimensional waveform consisting of
essentially planar, twisted waves) in golden hamster
spermatozoa (Woolley, 1977); as an elliptical helix in ram
Theories of flagellar movement spermatozoa (Denehgt al, 1975); and as elliptically

It is known that flagellar bending occurs as a result gonical in bull spermatozoa (Rikmenspoel, 1965). These

asymmetric sliding of axonemal components; however, tfiPServations would support the view that the simple

exact mechanism has still not been elucidated completegf?‘ttem of transmission of axonemal bends from doublet to

The energy for flagellar motility is derived from doubletis not completely accurate. ,
dynein-ATPase catalysed hydrolysis of ATP, which then It has been observed in some species that there is an
drives microtubule sliding. The ATP is regenerated by thaSsociation between microtubule doublets 5 and 6 either
breakdown of glucose or fructose to lactate via egconsiQ,hys'Ca”y or functionally, i.e. acting as a single unit rather

and by mitochondrial oxidation of substrates via the citri’@n @s two separate doublets (Afzelius, 1959, 1988
acid cycle (Ford and Rees, 1990). Gibbons and Fronk, 1972; Warner, 1974). Observations of

The sliding filament hypothesis for flagellar bendingSliding disintegration of reactivated demembranated rat
postulates that bending occurs as a result of active shearffyf! bull spermatozoa (Lindemaen al, 1992; Kanous
forces between the microtubule doublets which lead @t al- 1993) have suggested that doublets 3 and 8 are
localized sliding movements generated through thgonnected to the central pair of microtubules, since they
interaction of the dynein arms with ATP. The binding of ATPVere not extruded from the axoneme. It was also observed
to the dynein arms, and its hydrolysis, are thought to causé'ghese experiments that there were two groups of doublets
cyclical change in the angle of the dynein arms, which 1,2 and 4,5-6,7) which were extruded together. In all
coordinated with the repeated making and breaking of th&iases, doublet group 9,2,1 were extruded first. It was
attachment to successive binding sites along the length of @feserved that these groups of doublets were more like
adjacent microtubule doublet. This attachment—detachmélttened ribbons than separate doublet units, and
cycle results in a sliding motion caused by the dynein arg§nsidered that the concerted sliding of a group of doublets
‘walking’ one microtubule doublet along its neighbour. Theather than one doublet at a time would give a better
localized sliding movements of the axoneme then cause tBgpirical model to explain the observed flagellar beat
generation of a bending moment (Gibbons, 1974). ThereR@tterns of mammalian spermatozoa.
no ‘memory’ of the phase of the beat along the flagellum, An extension of the sliding filament theory is the
since if the beat is lost for any reason, the flagellum is able fgeometric Clutch’ hypothesis which was developed
resume beating at a different phase to the beat just lost (Eshéially to describe the movement of ajl cilium and a
et al, 1992). simple flagellum (Lindemann, 1994a,b). More recently,

The microtubule doublets in the axoneme are numberdais hypothesis has been extended to model flagellar
clockwise, with the number 1 doublet being the onlynovement in mammalian, specifically bull, spermatozoa
doublet which is in the same plane as (i.e. parallel to) tHeindemann, 1996). From computer simulations and
central pair (Afzelius, 1959). It has been considered th&mpirical data it is proposed that, via the outer dense fibres,
the method of movement is sequential attachment of titlee connecting piece of the spermatozoon provides the
dynein arms of doublet 1 to the B subunit of doublet 2, arftecessary basal resistance to microtubular sliding and that
the dynein arms of doublet 2 attaching to the B subunit ¢fie anchoring of the outer dense fibres in the connecting
doublet 3 etc. Sale and Satir (1977) have shown that thece is necessary for bending torque generation and is a
movement of a doublet relative to its neighbour is that tHeey element in normal dynein bridge switching.
lower numbered doublet slides headward on its higher Using Ciona spermatozoa as a model, it has been
numbered neighbour by the action of the dynein arnm@roposed that the inner dynein arms act to maintain the
projecting from the doublet. In this way, the bend in thé&end curvature, while the outer dynein arms perform work
axoneme would be transferred helically, leading to thagainst viscous resistances (Brokaw, 1996). This hypo-
transmission of the bend along the flagellum. This modéhesis was proposed because it was found that large
would predict that the flagellar wave, as viewed external tthanges in the amplitude and wavelength of bend
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propagation occurred with little change in the bengreparation. The methods used became more sophisticated
initiation parameters other than frequency. In humawith improvements in image analysis and computing.
spermatozoa, it has been found that spermatozoa lackipgscriptions of the various methods and the results
outer dynein arms were still motile, although the velocityavailable from each are discussed below.
of movement of the sperm head and the flagellar beat
frequency were lower than (‘approximately half’) those oPassage counting
normal spermatozoa (Jouaneeal, 1983). Similarly, the o . : :
. This is the least complex method and involves microscopic
removal of the outer dynein arms of demembranate . . :
. .~ Observation of the number of spermatozoa crossing a defined
spermatozoa by treatment with 0.5 M KCI resulted in 2

o fne or area on the field of view in a given time period. The
reduction in flagellar beat frequency to half that of contromean velocity of spermatozoa in a sample can then be
demembranated spermatozoa (Gibbons, 1974). P b

calculated from this value using a homogram which also
includes the sperm concentration. This value has been
referred to as ‘sperm motile efficiency’ (Iskii al, 1977).

Calcium is an important regulatory element in flagellafhese analyses have been made directly from observations
beating, with high concentrations causing suppression 8ewn the microscope (Hynie, 1962; Bartak, 1973) or with
sperm movement (Mohri, 1993). In intact humarifimed exposure photomicrographs (Janick and MacLeod,
spermatozoa, a decrease in the concentration of int®70). The values obtained are averaged for the whole
cellular C&* was found to reduce the degree of flagellasample, and so give only a single, rudimentary kinematic
curvature. A concentration al0-6M Ca*in the external value.

medium was required to sustain high amplitude flagellar

bends (Serrest al, 1991). Calmodulin, or calmodulin- Turbidimetry and nephelometry

binding prote?ns are presentin sperm flagella adjgcent to?ﬁese procedures involve the measurement of the rate of
associated with axonemal components, suggesting aroleffl, ., ‘migration out of semen into artificial medium,

signal transduction in the regulation of flagellar movementy . ated as a function of the increase in optical density of
by calc_:|um (Tash, 1990). _ the artificial medium. The proportion of rapidly-moving
Cyclic adenosine monophosphate (CAMP) is necessaiermatozoa and their average velocity can be estimated
for the initiation and activation of sperm movement "hsing this method (Sokoloskt al, 1977; Athertoret al,
mammals and other animals. Adenylate cyclase is activatggm; Levin et al, 1980, 1981, 1984: Morton and

by bicarbonate _ions during ep?didymal maturation and %agadraca, 1981; Halangk and Bohnensack, 1986). A
ejaculation (Morisawa and Morisawa, 1990; Mohri, 1993)sperm motility index determined using this technique was

Thi_s s_timulates the production of CAMP_, leading to th%ignificantly correlated with the proportion of
activation of a cAMP-dependent protein kinase, and then fogressively motile spermatozoa (Athertral, 1979).

to the phosphorylation of protein(s) which participate in theis test can be carried out in optical cuvettes or in
conversion of axonemal sliding to flagellar bending. Proteiga ilaries. and forms the basis for a commercial

kinase C has been proposed as a regulator of human SPE B rument, the Sperm Quality Analyser (SQA; United
motility (Rotem et al, 1990). Calcium uptake has beenMedical Systems Inc, Santa Ana, CA, USA)
suggested to trigger changes in cAMP levels in bovine ’ B '

epididymal spermatozoa (Hoskiesal, 1983).

Biochemical regulation of axonemal function

Laser doppler velocimetry (LDV)

Viscosity The principle of LDV is that a population of motile

. ) . ~ spermatozoa will scatter a monochromatic laser beam
Increased V|sco§|ty of the external medium resylts in @ereby, according to the Doppler effect, giving a spectrum
decreased amplitude of the flagellar wave (Mohri, 1993h¢ light frequencies dependent upon parameters of sperm
In Cionasperm flagella, the reduction in the amplitude of,,gyvement (Jouanneet al, 1977). The parameters
the propagating bends is associated with a reduction in thgtermined by LDV are the number and proportion of
bend amplitude during bend initiation (Brokaw, 1996). mgtile spermatozoa, the velocity distribution and the
three-dimensional instantaneous (‘characteristic’) velocity
(Duboiset al, 1975; Nayloet al, 1982; Craiget al, 1982;
Woolford and Harvey, 1982; Rigler and Thyberg, 1984;
Several methods have been introduced to estimate tRasch, 1985; Earnshagt al, 1985). Variations of this
velocity of spermatozoa in a semen sample or in a spetachnique which have been used in the evaluation of sperm

Analysis of sperm motility
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motility are Photon Correlation Spectroscopy, which is #ultiple exposure photomicrography (MEP)

fully digital technique (Frost and Cummins, 1981) and.. . . .
twin-beam laser velocimetry (Wilson and Harvey, 198Efj'SlmlIarIy to TEP, MEP uses a still camera to record images

Wilsonet al, 1987). The advantage of the latter method igf spermatozoa in a microscope field. However, rather than a
’ Pntinuous image, a light flash is used, giving six images of

that the translational and rotational velocity values are n8n feld/s. | ¢ il i
combined. The disadvantage of these techniques, asforf g Neld’s. Images of motle spermalozoa appear as

turbidimetry techniques, is that there is no visualization g x-ringed chains’ the length and shape of which describe

sperm movement and therefore, they are indirect estimattmsmd',[s.rance trr?]vetzlled by each spermatogool\r;l "Ill Ls, 1;\';‘;3'(5
of motility parameters (Boyest al, 1989). immotile spermatozoa are overexposed (Makler, ’

Makler and Blumenfeld, 1980). Analysis of these
photomicrographs could be made using manual or
semi-automated methods (Makdtral, 1980, 1984), giving
For TEP methods, spermatozoa are visualizesberm concentration, the proportion of motile spermatozoa,
microscopically using dark field optics and movement isndividual and average sperm speed (straight-line velocity,
recorded by exposure of a single frame of photographige below), and the frequency distribution of sperm speed
film for a set length of time (typically 1 s). Track analysis iYMakler, 1978; Kamidonoet al, 1983). The major
made using the negatives of these photomicrographfisadvantage of this system is the number of images
giving a black track on a white background (Janick angecorded per second (six) which is too low to allow
MacLeod, 1970). A number of track measurements aglculation of other kinematic values, such as curvilinear
possible using TEP, allowing the estimation of theelocity, amplitude of lateral head displacement and
proportion of subpopulations of spermatozoa in #&eat/cross frequency (see below). Another disadvantage is
preparation (Overstreeet al, 1979), and objective that darkfield illumination must be used, and this requires
evaluation of differences in sperm movement due tthat a thin film of fluid be used, meaning that deep
culture conditions (Milligaret al, 1978) or to fertility preparations cannot be used.
status (Milligaret al, 1980). Quantitative evaluation of the
move_:ment_characteri_stics of individuql tracks is als%icmcmemamgraphy(,Cme,)
possible using TEP (Aitkest al, 1983), using manual and
semi-automated analysis systems (Mortimer, 1986). Thes for the previous photographic methods, micro-
movement characteristics: curvilinear and straight-lineinematography allows visualization of sperm movement,
velocities, amplitude of lateral head displacement arlout in this case, cinematographic film is used. The number
linearity (see ‘Kinematic analysis methods’, below); a®f ‘pictures’ per second which can be recorded with cine
well as the proportions of motile and progressively motilean range from <20 to several hundred, allowing the option
spermatozoa have been determined using TEP (Aitkeridetailed analysis of both sperm head and tail movement.
et al, 1983; Mortimer, 1986). A variation on the TEPGenerally, analysis of cine films requires manual
technique was introduced in which the TEP film strip waseconstruction, involving tracing the consecutive positions
analysed by optical diffractometry, giving a diffractogrampf a particular point on the spermatozoon, or of the
the spectrum of which differed according to the proportioflagellum, or the whole cell, in consecutive frames. All of
and count of motile spermatozoa in the picture (Guerithe kinematic values derived for sperm head and flagellar
et al, 1988). This method was quite specialized, and wasovement can be determined using the analysis of cine
not widely adopted. images (e.g. Davidt al, 1981; Serrest al, 1984; Freund

A colour TEP method was devised, in which theand Oliveira, 1987). Cine has also been used in the
microscope field was illuminated with a green light for onestimation of the proportion of motile spermatozoa and
second, followed by a red light flash then a blue light flashheir relative velocity using passage counting (see above),
Motile tracks appeared as green lines, with red and blue conjunction with frame-by-frame reconstructions to
dots at the end (allowing determination of the start and emgtermine motility patterns (van Duijn,elral, 1971). The
points of each trajectory), and immotile spermatozodisadvantages of cine are the cost of the film and film
appeared as white dots on a black background, since th@ypcessing, and the time required for processing. Also,
had been exposed to all three lights while in the same platere are no commercially-available systems for the
(Lysikiewicz and Enhorning, 1983). While it was predictecautomated analysis of cine, although some have been
by the authors that this method would prove to be useful fdeveloped. One system relied upon digitization of video
clinical analysis, the development of computer-aidednages of projected cine films, and could determine
sperm analysis shifted the focus of attention. curvilinear velocity, mean velocity for all spermatozoa in a

Timed-exposure photomicrography (TEP)
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preparation, and the proportion of motile spermatozosampling frequency than at the lower image sampling
(Amann and Hammerstedt, 1980). Another was muchequencies (Owen and Katz, 1993).

more sophisticated, allowing the determination of Videomicrography has several (mostly economic)
instantaneous velocity, curvilinear velocity, straight-lineadvantages over microcinematography for the analysis of
velocity, wavelength of the head trajectory, linearity andgperm movement characteristics, since videotape does not
the frequency of lateral displacement of the hearkquire processing after recording, and images are available
(Schoevaert-Brossault, 1984). Cine and TEP methodsr analysis immediately upon completion of recording. The
were used in the validation of the first automated spermelatively low image sampling frequencies of commonly-

analyser (Katz and Dott, 1975). available video systems can be a disadvantage, however, as it
is not possible to obtain a clear image of the flagellum.
Videomicrography However, the use of mechanically shuttered video cameras,

As a result of the disadvantages of cine, particularly th\ghICh restrict the image acquisition t!me to 1/ 50.0 S _for
example, has allowed some laboratories to combine video

time and expense involved, videomicrography becamé ™ . : ) . .
widely used for the analysis of sperm movement. InitiallyImaglng with flag(_allar fanal_y3|s. AIternatl'ver, video cameras
videotapes of motile spermatozoa were replayed and t nd recorder_s with high image sampling frequenqes_ .(200
net displacement of a spermatozoon determined by t ez) are available, although thes_e_ rgpresent a significant
distance travelled over one second, determined wi vestment, Althoug_h_ Sperm mo_t lity is a consequence of
reference to a concentric circle pattern on an acet ggellar movement it IS easier toimage the sperm head_than
overlay placed on the monitor screen (Katz and Overstre 1€ fIageIIum, especially a_t '°W.er Image Sa”?p"”g
réquencies and so most studies using video analysis are of

1981; Jenkst al, 1982; Sokoetal, 1988). The proportion sperm head movement, although there are some notable
of motile and progressively motile spermatozoa and th iceptions (such as Burkman, 1984; Hoshil, 1988:

mean swimming speed for a sperm population wer
determined in this way. Semi-automated analysis methoM,Oraleset al, 1988).
were then developed for the analysis of video images %f
spermatozoa. The sophistication of these systems variedp,
with some capable of providing a progressiveness ratfgomputerized digital image analysis became a practical
(similar to linearity) (Samuels and Van der Horst, 1986jpossibility with the development of progressively faster
and others giving all of the common centroid-derivednicrocomputers and video frame-grabber boards
kinematic values (defined below) (Jenks al, 1982; (Glazzardet al, 1983), resulting in the introduction of
Tessler and Olds-Clarke, 1985; Mortinstral, 1988a). real-time sperm motility analysers. These are referred to
A video picture is composed of an array of picturecollectively as computer-aided sperm analysis (CASA)
elements or pixels. When light strikes the charge-couplddstruments (Boyeret al, 1989), and at present, most
device (CCD) array of a video camera the relevant pixel Bhalyse sperm head movement either from videotapes or in
activated, and produces a voltage proportional to thi€al time. The advantages of CASA over manual or
intensity of the light. These voltages are then encoded @@mi-automated track analysis are that there is no
numbers in the digitization process, and a video picture igquirement for manual trajectory reconstruction, and that
formed. If only black and white are used, then thé€ach trajectory can be analysed in a fraction of the time
digitization is binary, if shades of grey, or colours are usetdsed for manual reconstruction and kinematic analysis.
the digitization process is more complex (Boyetrsal,
1989). When the camera scans an image, it scans the el{@itification of spermatozoa by CASA
rows of the array, then the odd rows, giving two ‘fields’.The advent of CASA instruments made population studies
These fields are then combined, or interlaced, to forma sperm kinematics a practical possibility, since the
‘frame’. The number of frames/s, or frame-rate, dependsovement characteristics of literally hundreds of
upon the video camera and video recorder. In sonmspermatozoa could be determined in minutes. However,
countries (e.g. Australia, UK.), the PAL system is usedhe use of purely automated systems required several
giving 25 frames or 50 fields/s for analysis. In othecompromises in the methods used for trajectory analysis,
countries (e.g. Canada, USA, Japan), the NTSC systensiace only mathematical methods of analysis could be used
used, giving 30 frames or 60 fields/s. It has beefdiscussed in detail, below). Also, the use of digital image
recommended that 60 images/s (Hz) be used for tipeocessing required a number of specific considerations,
analysis of human sperm head movement, since a maiace the instrument itself had to identify each sperma-
accurate trajectory can be reconstructed at this imaggzoon in a microscope field and then reconstruct a

mputerized digital image analysis using CASA
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trajectory for each one. Generally, to be identified as Botential errors in CASA measurement
spermatozoon, the image of the sperm head must be wit
preset parameters for length and width and/or be of
threshold brightness (Mortimer, 1994).

r?Here are some problems with CASA which are common
8 all instruments. These include the discrimination
between debris and spermatozoa, especially clumped or
agglutinated spermatozoa, and aspects of trajectory
reconstruction. The distinction between spermatozoa and
debris is particularly important for semen analysis, when
It has been determined that the most successful imaGASA is used for the determination of sperm con-
analysis of sperm movement is made using negative higlentration as well as sperm motility. Identification of debris
(NH) phase contrast or dark ground optics, in both cases thienon-sperm cells as spermatozoa gives an artificially high
sperm head appears as a bright object on a dark backgrospdrm concentration and a correspondingly low estimation
(Yeung and Nieschlag, 1993). The method used for thaf the proportion of motile spermatozoa (Vantnearal,
identification and tracking of a spermatozoon varied988). Attempts have been made to address this problem
between CASA instruments. For example, some systerhyg the use of fluorescent markers to identify spermatozoa
(e.g. CellSoft) identify the sperm head as a contiguowand/or the assessment of the concentration of motile
series of pixels, and the calculated ‘centre’ of this group @permatozoa in a preparation, rather than determination of
pixels is the ‘centroid’ (Berns and Berns, 1982); while thé¢he concentration and proportion of motile spermatozoa
CellTrak system (MotionAnalysis) uses edge detectiorseparately (Zinamaet al, 1996; Farrellet al, 1996b).
whereby only the pixels which define the perimeter of alvhen the images of clumped or agglutinated spermatozoa
object are digitized, and the ‘centroid’ of the sperm head & e digitized, individual sperm heads cannot be identified
calculated from these coordinates (Boyetrsal, 1989). and the whole group is identified as a piece of debris and so
The Hamilton Thorne CASA instruments identify the pointejected from analysis on the grounds of size. When this
of the spermatozoon to follow by locating the brightesbccurs, the opposite effect to that observed with the
region of each bright image (Yeurd al, 1992). For inclusion of debris in the analysis occurs. That is, the
human spermatozoa this is approximately the centre of toencentration of spermatozoa is underestimated if
sperm head, but for rat spermatozoa, for example, it hakimped spermatozoa are not included in the analysis, and
been reported to track a point on the proximal region of thbe proportion of motile spermatozoa will be over-
midpiece (Yeunget al, 1992). Only one commercial estimated. The presence of non-sperm cells, debris and
CASA system [Stromberg-Mika Cell Motility Analyser clumped spermatozoa is uncommon in swim-up or density
(CMA)] checks each image identified as a sperm head fgradient-selected sperm populations, so this problem is not
the presence of a tail (Neuwinget al, 1990). Other a significant issue in the kinematic assessment of
CASA instruments available include Sperm Motility capacitating sperm populations.

Quantifier (SMQ) (Kaskaet al, 1994); Hobson Sperm  After the sperm head has been defined, the next problem
Tracker (Greert al, 1995); and SpeedSperm (Le Lannous trajectory reconstruction. When manual trajectory
et al, 1992). Other CASA instruments which analyse botineconstruction is performed, it is simple to follow the same
head and flagellar movement have been developsgpermatozoon from one image to the next. However, for
(Stephens and Hoskins, 1990), but only one ithe automated tracking of a spermatozoon, an area of
commercially available at present (Jeudinal, 1996). maximum probability, or ‘search radius’, must be defined
Each of these systems has unique features which are suif8dhoevaert-Brossault, 1984). This is the circular area
to different research applications. For comparison around the current image of the sperm head in which the
results between CASA instruments and between laboradbsequent image is likely to be found. The area used is
tories, it has been noted that careful attention must be givaafined by the maximum velocity value set by the user
to the relative regions of the sperm head tracked fgcalculated as maximum velocity image sampling
trajectory reconstruction, to the method used fofrequency) and included in the setup of the CASA
identification of spermatozoa, to the parameter settingsstrument. The higher the maximum velocity value, the
used, and to the algorithms used in the calculation gireater the search radius. With increasing sperm con-
movement characteristics, as different results may lmentrations this can become a problem, as the areas of
obtained for the same semen sample (Kmtithl, 1987; maximum probability for two or more spermatozoa can
Mortimer and Mortimer, 1988; Davis and Katz, 1992 overlap, increasing the possibility of sperm experiencing
1993; Daviset al, 1992b; Yeung and Nieschlag, 1993;‘actual’ or ‘perceived’ collisions. Some CASA instruments
Holt et al, 1994). truncate trajectories in which this occurs, with the result

Sperm movement analysis
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that the sperm track may be lost from the analysis if too femovement used hydrodynamic principles to determine the
track points had been followed prior to the ‘collision’. Themovement properties of ‘elements’ of a flagellum (e.g.
alternative approach which has been used is to follow bo@ray and Hancock, 1955; Gray, 1955, 1958; Denehy,
spermatozoa through the ‘collision’ and ‘reanastomosd’975). In these studies, the movement of points on the
the trajectories. It has been shown that this approach ciiegellum relative to a longitudinal axis were studied, and
result in significant errors in kinematic values if the wrondlagellar beat amplitude, wavelength, frequency and wave
track segments are joined (Mortimer and Mortimer, 1989Yyelocity were determined. Wave velocity was determined
but one system (CMA) has used vector analysis to redubg calculation of the phase differences of consecutive

the chance of this occurrence. points along the flagellum. Alternative methods for
flagellar analysis have since been proposed, and these have
Clinical relevance of CASA been used in many of the recent flagellar movement

The potential for CASA in clinical applications is verystudies. These values are summarized below:
high. Studies have shown that there are significant

relationships between aspects of sperm movement am@n.nyperactivated Hyperactivated
cervical mucus penetration, as determined using a cervical
mucus substitute (Mortimet al, 1990), and fertilization

in vitro (Holt et al, 1985; Charet al, 1989; Sukcharoen

et al, 1995a, 1996) arid vivo (Barrattet al, 1993; Irvine
etal, 1994; Macleod and Irvine, 1995). CASA instruments
have also been used for the kinematic analysis of
capacitating sperm populations to identify the proportion
exhibiting hyperactivated motility (discussed in detail,
below). It should be noted, however, that some
CASA-based studies of sperm kinematics have considered
mean kinematic values for populations, rather than
defining kinematic values for the motility pattern(s) of Figure 2. Comparison of hyperactivated and non-hyperactivated
interest and then determining the relevant proportion ofPerm tracks, iIIl’JstraFing the influence of flagellar beat pattern upon
spermatozoa in the study population. The latter approactﬂe sperm head's trajectory.

was recommended in a recent Consensus Workshop

(ESHRE Andrology Special Interest Group, 1996), sinCuavelength of flagellar beat

the former approach can interfere with meaningf
statistical analysis of results (Gladetal, 1991).

U‘ll'his is the distance between consecutive peaks along the
flagellum (Katzet al, 1978b; Ishijimaet al, 1986). This
distance is usually calculated as twice the half wavelength,

Kinematic analysis methods that is the distance between a peak and trough (Figure 3).

Kinematics are ‘time-varying geometric aspects of motion _ ,
that are distinct from calculations of mass and force¥elocity of flagellar wave propagation
(Drobnis et al, 1988a). Methods for the quantification of The wave peak is derived using the midpoint method
aspects of both flagellar and head movement of spermatoZézoldstein, 1976) (Figure 3), and the distance travelled
have been developed. While most clinical emphasis is @tong the flagellum by the wave peak is determined by
kinematic evaluation of sperm head movement, it must eeasuring the increase in the distance from the neck to the
remembered that flagellar movement defines motility, anthidpoint in successive images (Gibbons and Gibbons,
hence should be considered in the development ad880; Serret al, 1984, 1991; Schoevaest al, 1988;
evaluation of kinematic descriptions of sperm headoki et al, 1994).
movement.

Flagellar beat frequency

This is determined in a similar fashion to the earlier studies,
The trajectories of free-swimming spermatozoa aree. calculation of the number of flagellar beats per second
dictated by the flagellar beat shape. Thus, differer{iKatz et al, 1978b, 1986; Katz and Overstreet, 1979;
flagellar beat patterns will give rise to different trajectorieSerreset al, 1984, 1991; Burkman, 1984, Ishijirea al,
(Suarezet al, 1983) (Figure 2). Early studies of flagellar 1986).

Flagellar movement analysis
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Flagellar Curvature Ratio
FCR=a/b

9

wave peak by
midpoint method angle ol flagellar
bending

%2 wavelength

between the degree of flagellar bending (ksial, 1986),

but this has not been generally adopted, leading to both
ratios being referred to as FCR. To avoid confusion, the

FCR results have been discussed in this review in terms of
increased or decreased curvature, without consideration of
the ratios themselves.

Curvature radius

This is an expression of the amount of flagellar bending, with
a low curvature radius indicating a tightly-bent flagellum
(Schoevaertet al, 1988). The curvature radius may be
estimated by fitting circles of known radius into images of
flagellar bends (Drobnist al, 1988b) (Figure 3).

Angle of flagellar bending

This value is the supplementary angle to that formed by the
intersection of the two tangents to the flagellar wave

(Goldstein, 1976), and hence will be high for a tightly-bent
flagellum (Gibbons and Gibbons, 1980; Seetssd, 1984;
Aoki et al, 1994) (Figure 3).

Other flagellar kinematic values are: beat efficiency, the
ratio of either head movement velocity or velocity of wave
propagation to flagellar beat frequency (Seeted, 1984,
1991); kinetic efficiency, the ratio of VSL to the product of
flagellar beat frequency and sperm length (Katz and
Overstreet, 1979); and angular velocity of flagellar wave
development, the rate of curvature formation as a function
of time (Serre®t al, 1984).

curvature radiu;

Figure 3. Common methods of flagellar analysis.

Centroid movement analysis

Flagellar beat amplitude Although earlier studies used the head-midpiece junction
This is calculated from the maximum width of the flagellaas the point of reference on the spermatozoon (e.g. Suarez
beat envelope (Burkman, 1984) or as the maximuret al, 1983), the advent of video imaging and CASA has
displacement of the flagellum relative to an arbitrary centreant that this point is more difficult to identify than it was
line (Katz and Overstreet, 1979). using manual and semi-automated track analysis methods,
Since it is not possible to visualize the entire length of thend the sperm head centroid is now used. The established
flagellum, causing problems in the calculation of flagellakinematic values calculated for human sperm centroid
amplitude, an alternative measure, the flagellar curvatutesjectories are outlined below. These values were
ratio (FCR) was developed (Suaretz al, 1983). It is developed by a number of investigators, and have been
determined for the image in which the flagellum reaches iteferred to by a number of different names. In 1988, two
maximum curvature, and is defined as ‘the straight-lineonsensus meetings were held (at the American Society of
distance from the head/midpiece junction to the firsndrology meeting in Houston, Texas, in March, and the
inflection point of the tail, divided by the curvilinear Federation CECOS meeting in Montpellier, France, in
distance between these two points as measured along #&il), in which the terminology to be used for kinematic
tail’ (Suarezet al, 1983) (Figure 3). This ratio is inversely centroid analysis was standardized (Mortimer, 1990).
related to the degree of flagellar curvature, with the ratio
approaching 1.0 for a straight flagellum, and approachingelocity
zero for a tightly curved flagellum. A later study suggeste@hree velocity values are used commonly for the
that FCR be expressed as the inverse ratio, with tliescription of the movement of the human sperm centroid.
minimum value of 1.0 for a straight flagellum, and noThese are the curvilinear velocity (VCL), the straight-line
maximum value, to allow for greater differentiationvelocity (VSL) and the average-path velocity (VAP)
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derived geometrically, by drawing a line from an apex to the
consecutive apex on the other side of the path all the way
along the trajectory. The midpoint of each line is found and
the average path is the line joining the midpoints (Figure 5b).
To determine an average path by purely mathematical
means, the average is taken of the traclgd ¢oordinates.

The averagex(y) value may be found using rectangular,
fixed-point smoothing or by adaptive smoothing.
Rectangular smoothing, or Tukey windows, uses the average
Figure 4. Paths used in the calcula_ltion of the velocity of the SPeM 4t 4 fixed number ofy) coordinates to give the ‘smoothed’
head. Tr_1e length of _each respec_tlve path is corrected for dlstange(\/ dinates f int (Daviet al. 1992 E

time to give the velocity, e.g. the distance travelled along the curvili- Xy) coordinates for a point (Daviet al, a). For
near path/s is the curvilinear velocity (VCL), etc. example, for five-point smoothing, the average is taken of
the &,y) coordinates of the preceding two track points, the

(Boyerset al, 1989). Each of these velocities describes BOINt béing ‘smoothed’ and the following two track points.

different aspect of the progression of the spermatozoJﬁ‘e value obtained is the smoothed value corresponding to
(Figure 4). the actual track point (point number 3 in this case). When all

The curvilinear path is a two-dimensional projection of th@f the track points have been smoothed, the average path can

actual three-dimensional trajectory. Curvilinear velocity &8 constructed by joining all of the smoothed points, then
the distance travelled by the spermatozoon along ifinding the total distance covered by the smoothed path per

curvilinear path/s and is calculated by finding the sum of tHghit time (Figure 5c). The track points can also be ‘weighted
distances along the trajectory then correcting for timd0 emphasize the position of the point being smoothed (Davis
Previously, VCL has been termed.V(Katz and ©t al, 1992a). The problem with this method of calculation

Yanagimachi, 1980; Mortimer, 1986; Neill and Olds-Clarke®f the average path is that the points at the ends of the
1987; Stephenet al, 1988); \, (sperm head velocity: Curvilinear path cannot be smoothed, i.e. for five-point
Suarezet al, 1983; Schoevaert-Brossault, 1984): angd V rectangular smoothing, five-point-averaged values cannot be
(total swimming speed: Katz and Overstreet, 1979). calculated for the first and last two track points. To
The VSL is determined by finding the straight-linecircumvent this, some investigators have ‘reflected’ the ends
distance between the first and last points of the trajectory afithe curvilinear path , thereby apparently extending it, and
correcting for time. This value then gives the net space gai{owing averaging of the ‘true’ track points (Katz and
within the period. Past terminology for VSL included; v Davis, 1987) (Figure 5d); others have used ‘window
(net velocity or net displacement: Tessler and Olds-Clarkémoothing’, progressively altering the number of points
1985; Neill and Olds-Clarke, 1987; Stephensl, 1988); included in the running average at each end of the track, with
Vp (progressive speed or swimming speed: Katz ari#e same firstand last track points on both the curvilinear and
Overstreet, 1979; Katz and Yanagimachi, 1980average paths (Mortimer and Swan, 1995a) (Figure 5c).
Schoevaert-Brossault, 1984; Ishijirtzal, 1986; Mortimer, The rectangular smoothing method of calculation of the
1986); and v (forward velocity: Denehy, 1975). Both \VCLaverage path is quite satisfactory for regular trajectories, but
and VSL can be derived by either manual or mathematicé®n be inaccurate for irregular trajectories. For example, if
means, i.e. by direct measurement or by finding the sum @fere are a number of track points clustered in one area, the
distances between points. average path will be pulled towards these points, causing it to
The average path velocity gives an indication of the lengtbe longer than the ‘true’ average path. Similarly, if there are
of the general trajectory of the spermatozoon. It has beégw track points in an area of the track, the distance between
referred to previously as Mposition-averaged velocity: the true track points and their smoothed points will be
Suarezt al, 1983; Tessler and Olds-Clarke, 1985; Neill andartificially high, leading to inaccuracies in the calculation of
Olds-Clarke, 1987; Stepheesal, 1988). VAP is calculated the amplitude of lateral head displacement. Also, the amount
by finding the length of the average path and correcting f@f smoothing required to determine an accurate average path
time. The average path may be determined manually isr sensitive to the image sampling frequency used in the
mathematically. The average path may be derived manualtgjectory reconstruction (Daws al, 1992a). Higher image
by visual interpolation, drawing an average path onto th&ampling frequencies result in trajectories with more small
curvilinear path (Figure 5a). This is the ‘gold standarddeviations than found in tracks reconstructed at lower image
method for derivation of the average path (Mortimer andampling frequencies (Mortimet al, 1988b). It is possible
Mortimer, 1990). Alternatively, the average path may béor tracks to be over- or under-smoothed. Over-smoothing

Curvilinear path

— — — Straight-line path
— -X= = Average path - smoothed
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Linearity is an expression of the relationship between the
two-dimensional projection of the three-dimensional path
taken by the spermatozoon (i.e. curvilinear path) and its net
space gain, calculated as (VSL/VCk)100. A circling
trajectory would have low linearity, because the curvilinear
path (i.e. the circumference of the circle) would be much
higher than the net space gain (i.e. the distance between the
first and last points of the trajectory). A high linearity
trajectory is one where the curvilinear path has a relatively
low amplitude of lateral head displacement (see below),
and the general direction of movement is the same as that of
the straight-line path. Previously, this value was calculated
as the ‘progressiveness ratio’, with a maximum value of
one, rather than 100 as for LIN (Katz and Overstreet, 1979;

Reflection Katz and Yanagimachi, 1980; Schoevaert-Brossault, 1984;
N ’ Tessler and Olds-Clarke, 1985; Samuels and van der Horst,
b{ " 1986; Mortimer, 1986; Neill and Olds-Clarke, 1987;
A 4 Stephengt al, 1988).
Straightness gives an indication of the relationship
Figure 5.Methods used in the derivation of the average path for cal-D€tween the net space gain and the general trajectory of the
culation of average path velocity (VAP). Method$ 4nd p) are ~ spermatozoon, calculated as (VSL/VAR) 100. A
commonly used in manual and semi-automated trajectory analysigrajectory with evenly spaced track points and a low
while methodsd) and ¢l), which use mathematical ‘smoothing’, are amplitude would have a high STR value, since the average
commonly used by computer-assisted sperm analysis (CASA)path would approximate the straight-line path. A circling
instruments. The difference between metha@jisfd ¢l) relates to
the determination of the smoothed values of the average path at t8Ck would be expected to have a low STR because the
extremes of the trajectory. The average path is also used in the deteaverage path is the average of the curvilinear path, so the
mination of beat/cross frequency and may be used for the determin&STR would be higher than the LIN, but still low. The
tion of the amplitude of lateral head displacement. previous name for STR was the ‘linear index’, and it had a
maximum value of one (Tessler and Olds-Clarke, 1985;
Neill and Olds-Clarke, 1987; Stephestsal, 1988).
occurs when too many track points are averaged to find thewobble is the expression of the relationship between the
smoothed points. A very straight average path is produced yerage and curvilinear paths, calculated as (VAP/VCL)
over-smoothing, since nuances in the trajectory are overrun100. WOB would be low for a track with a wide
Under-smoothing occurs when a low number of track pointgajectory (high ALH, see below), but high for a circling
are used for smoothing, and small deviations in the actughck, since the curvilinear and average paths would be
path can influence the average path. The under-smoothsighilar. In the past, WOB has been referred to as the
trajectory is longer than the ‘true’ average path (Dew@,  ‘curvilinear progressiveness ratio (§R(Tessler and
1992a). To counter this occurrence, adaptive smoothir@lds-Clarke, 1985; Neill and Olds-Clarke, 1987; Stephens
programs have been written for use with CASA instrumentst al, 1988).
Adaptive smoothing takes into account the relative spread of
track points, and will increase the degree of smoothing Wh%np/itude of lateral head displacement
track points are clustered together, and decrease the degr
smoothing when track points are scattered more widely.

Visual interpolation

Smoothing

e1ehoe amplitude of lateral head displacement (ALH) is used
as an approximation of the flagellar beat envelope. It is not

_ ) a true amplitude, in that it does not measure the
Velocity ratios perpendicular distance between the peak of a wave and the
To describe the trajectory further, three velocity ratigoint of inflection of the curve, but rather gives the distance
values have been developed. These are linearity (LIN),b@tween the ‘peak’ and ‘trough’ of the centroid’s path. The
comparison of the straight-line and curvilinear pathselationship between ALH and flagellar beat envelope has
straightness (STR), a comparison of the straight-line arimten studied for seminal human spermatozoa (Cx\adi
average paths, and wobble (WOB) a comparison of tH®81; Serreset al, 1984), although no studies have
average and curvilinear paths (Boyetsal, 1989). investigated this relationship for capacitating spermatozoa.
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The seminal studies showed that ALH was: related to th%n dpoint method

width of the beat envelope, not related to the amplitude
20 um along the tail, and related to the evolution of flagellar, &
bending. There are several methods of calculation of ALH;

and two types of ALH reported. ALHmax is the maximum
ALH found along the trajectory, while ALHmean is the
mean of all or some of the ALH values along the trajectory.perpendicuiar distance method
The ALH can be determined manually, using geometric ]
methods, or by mathematical calculation using the® ( &
coordinates of each track point (Figure 6). The manual
methods are: (i) midpoint method. A line is drawn between
two consecutive peaks, and its midpoint identified. The ALH
is defined as the distance between the midpoint and t 2 pendicular geometiic mefhod
trough between the two peaks (Figure 6a); (i) perpendicular -
distance method. Parallel lines are drawn between adjacent
peaks and troughs, and the perpendicular distance betwegrn &
the lines is measured to give the ALH (Figure 6b); (iii)
perpendicular geometric method. A line is drawn between
consecutive peaks and a perpendicular is dropped from thgers method
trough between the peaks to the line joining them. The length
of the perpendicular is the ALH for that beat. The geometria-+
and midpoint values can be the same for very regular ¥
trajectories, but for irregular tracks, the values can be quite
different (Mortimer, 1994) (Figure 6c). Figure 6.Methods used in the derivation of amplitude of lateral head
To determine the ALH by mathematical methods, riserslisplacement (ALH). The first three methodg(c) are used com-
are used (Boyerst al, 1989). This method requires the monly in manual tre}jectory analysis, th.e fourdhié gsed common-
derivation of an average path by smoothing. The distandé by.computer-asgsted.spern‘w analysis ’(CASA) instruments, and is
. . . relative to the mathematically ‘smoothed’ average path. Because, by
from the true track coordinates to their CorreSpondmg:onvention, the ALH is measured as the full width of the centroid
smoothed coordinates is termed a riser. A peak i§ace, the riser values are doubled to give the ALH for each peak.
considered to occur when there is a local maximal riser
value. The ALH is calculated as double the riser height
(Figure 6d). For a regular trajectory, the riser would be average path was pulled very close to a peak by virtue of a
perpendicular from the true point on the curvilinear path ttgrge number of track points in the area, then the riser value
its smoothed point on the average path. will be smaller than if the average path was not pulled
For any of these methods to give the ‘true’ ALH, dowards the apex. Previously, ALH was referred to gs A
regular trajectory is required. When an irregular trajector{Pavid et al, 1981; Serreset al, 1984; Schoevaert-
is analysed, the assumptions made in the developmentBspssault, 1984; Mortimer, 1986).
the ALH calculations are not met, and less accurate results
may be obtained. This is of particular relevance wheReat/cross frequency
analysing the kinematic values of capacitating sperm@eat/cross frequency (BCF) was developed to give an
tozoa, since irregular trajectories are not uncommon undgidication of the flagellar beat frequency, since each apex is
these circumstances. The image sampling frequency wille result of a change in flagellar beat, and each time the
also influence the values obtained for ALH, since theurvilinear path crosses the average path is the result of a
profile of a sperm trajectory will change dramaticallynew flagellar beat, assuming that the spermatozoon rotates
(Mortimer et al, 1988b). When higher image samplingwith each beat initiation. Previously, BCF has been referred
frequencies are used, the trajectory becomes less smoathas N, (Schoevaert-Brossault, 1984) and N (Seetes,
with many small peaks and troughs. This can confound tl®84). It is simple to determine BCF manually, since it is just
ALH values determined by riser calculation, as many smadl matter of counting the number of times the curvilinear path
‘peaks’ will be identified, instead of the true apices whicltrosses the average path per second (Mortimer and
are related to the flagellar movement. Also, it is possibl®lortimer, 1990). For mathematically-derived ults, the
that peaks would be missed using the riser method, if tlBCF is calculated as the number of local maxima in the
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risers—1, since it is presumed that the first local maximutnajectory, has led to the development of several new
precedes the first curvilinear/average path cross (Mortimg&inematic measures: HAR (frequency of the fundamental
and Mortimer, 1990). Since BCF is a frequency, it isiarmonic), MAG (magnitude of the fundamental harmonic)
sensitive to changes in the image sampling frequency, aadd PBW (power-bandwidth of the signal, the area of the
has been found to increase with increasing frame rafgndamental harmonic) (Davig al, 1992a); also HLO and
(Mortimer et al, 1988b). Also, the presence of irregularHH| (lowest and highest head oscillation harmonics), HMX
trajectories can confound the mathematical calculation @haximum amplitude head oscillation harmonic), HBS
BCF in the same way as for ALH - the presence of smalhasic or fundamental head oscillation harmonic, equal to
differences in the riser values can lead to an apparent aRgEF/2) and H_Y (harmonic amplitudes) (Boyes al,
even wher? this _is just a ‘blip’ on the trajectory. Anotht_ar1989). These are expressions of the track harmonics,
consideration with BCF calculations may be the Nyquistomputed using fast Fourier transformation, but they have
number (Walker, 1988). The Nyquist number is equal i peen included in the ‘mainstream’ of kinematic values

half the image sampling frequency, and to ensure thata,,q necause their relevance to actual trajectories and to
representative wave profile is obtained, the frequency ‘ﬂg

th N q t be less than the Nvauist \ rgeIIar movement patterns have not yet been determined.
€ event measured must be 1ess than the Nyquist NUMDCIe;, o e complexity of the centroid path varies between

Ifthe frequency 9f the measured eventis gbove the Nyqu!sséermatozoa, calculation of the fractal dimension of each
number, then it is possible that events will be missed, and .
-trajectory has been suggested. The concept of fractals was

the profile of the signal processed will be changed, causin . .
aliasing (Walker, 1988). While it has been reported th q%veloped by Man(_jelbrot (1983). A curve or trajectory sa
actal if more details are observable the more closely it is

aliasing is a common problem associated with BCF resul & ted. F traiectorv. it has b h that
using computer simulated trajectories (Owen and Kat spected. or a sperm trajectory, It has been shown that as

1993), the Nyquist number has not been calculated f e image sampling frequency increases, more track details

capacitating human spermatozoa, so it is not known whi@i€ observable (Mortimeet al, 1988b), so the basic

image sampling frequency would give the most reliablgeduirement for it to be a fractal is met. Another
results (Davis and Siemers, 1995). requirement for a fractal is that it has a fractal dimension

(Mandelbrot, 1983). The fractal dimension is an expression
of the degree to which a line fills a plane. If a line is straight,

i i ) o with no deviations, its fractal dimension will be 1.0, since it
Two derived kinematic values for the determination of

_ @ s only in the first dimension (length). However, if the line
hyperactivated motility are Dance ( = V&GLALHmMean)

4D DNG — VCLVSLALH is meandering, then it starts to cover more of the plane, and
and Dancemean ( mean = mean) introduces the concept of breadth. Since the line itself still

(Robertsonet al, 1988). Dancemean is determined byhas a single dimension, it cannot be described as a

some CASA instruments, but since not all CaICUIat%No—dimensional plane, so the fractal dimension of the line

AL_Hmean (e.g. Hamilton Thome instruments), it is nOtls between one and two, since it takes up more space than a
universally reported.

Mean angular displacement (MAD) is a measure of th%ngle dimension, but cannot have a second dimension

trajectory curvature, defined as ‘the time average ince it i.S only aline. Similarly, if the_line be_gins o f.o 'd
absolute values of the instantaneous turning angle of t QCk on tsel, for example,when atrajectory isrecursive, a
head along its curvilinear trajectory’ (Boyextsal, 1989).  concept of depth can be introduced (even though the
In essence, it is the mean of all of the angles of directidi'€-dimensional line is on the page) allowing the line to
change along the trajectory. Similar values to MAD are thg@ve @ fractal dimension above two (Katz and George,
absolute and algebraic angles (Stephens and Hoskid§85). Therefore, it may be considered that the fractal
1990). The absolute angle is the mean of all turning anglé§nension of a curve indicates its complexity. A curve with
relative to the average path, irrespective of the direction 8flow fractal dimension would be regular and predictable,
movement change, while the algebraic angle is the meanwhereas a curve with a high fractal dimension would have
all turning angles relative to the average path, but positivgegularly spaced changes in direction, apparently at
and negative values are assigned in respect of the directi@@dom. The concept of a curve which contains random
of movement change. A similar method of angldlirection changes has been defined in mathematics as a
measurement was described in an earlier studgandom walk’ (Katz, 1988). It has been shown recently
(Schoevaert-Brossault, 1984). that the fractal dimensions of hyperactivated human sperm
The consideration of the centroid path as a signal rathiajectories are ‘random walks’, and that it is possible to
than as a two-dimensional projection of a three-dimensiondistinguish  between  hyperactivated and non-

Other measures
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hyperactivated spermatozoa on the basis of their fract@position and others pericervical deposition. In the
dimensions (Mortimeet al, 1996) human, spermatozoa are deposited in the vagina, near the
cervical 0s, during intercourse. Spermatozoa must swim
) ) through the cervical mucus, traverse the uterus, enter the
Sperm function and physiology oviduct and reach its ampullary portion where fertilization

The preceding sections have considered the mechanisR&§Urs: The sperm motility patterns associated with each of
involved in the development and maintenance ghese regions differ, and the spermatozoa are also modified
mammalian sperm motility, and the methods available fdicapacitated’, see below) during transport through the
the quantification of aspects of sperm movement. Befofémale reproductive tract. The motility patterns differ due

hyperactivated motility can be considered in detail and i differences in the physical and chemical composition of

understand the physiology of the changes in sperm
structure and function which occur during transporCervix

through the female reproductive tract prior to fertilizationCervical mucus is a visco-elastic substance in the lumen of
the cervix. Goblet cells in the cervical epithelium secrete
Male reproductive tract mucin granules which swell and become transformed,

Spermatozoa are produced in the testis then transpor{ggrmgl a hy(r:i]rolgel ”.‘at“x. of |nterconr|1ected _ma;:]rq—
through the caput and corpus regions of the epididymis afii'€cU'es with low viscosity mucus plasma in their

stored in the proximal cauda epididymis. The spermatozd4erstices (Katzt al, 1989). The interstices have been

mature during epididymal transit and storage, acquirin lculated FO b.e of the order oin for bovine cervical
ucus, which is smaller than a spermatozoon (daat,

functional competence due to a series of morphologic . .
- JS%Z)’ prompting the conclusion that spermatozoa must

maturational change in spermatozoa is the acquisition pyteract directly with the _mac.romolecular porthns of _the
the ability to move when they come into contact witHnucus, rather than swimming through_ the mt_erstlces
seminal plasma or with physiological media. c),[he;Overstreet and Katz, 1990). There is considerable

changes which occur during epididymal maturation Oyari_ability in the viscosity of cervical mucus, perhaps due
spermatozoa are alterations to the plasma membrafi@ differences in the mucus secretory process; or to cha'nges
These changes include alterations in the distribution eﬁ{rought by the vanguardh spermatozloon, g‘e first
intramembranous patrticles, increased net negative suﬁaﬁ%zrr;atoziggoto E):ene_tralte the mucus column (Overstreet
charge, adsorption of antigens, glycoproteins and sialff’d KatZ, ). Cervical mucus is receptive to spermat-

acid, incorporation of cholesterol, as well as reduction igzoa In the pre-ovulatory and immediate post-ovulatory

surface sulphydryl groups (reviewed in YanagimachiperiOd’ with mucus secretion under endocrine control

1981). The alterations in the sperm plasma membraﬁéremer and Jager, 1988). The proliferation of watery

occur sequentially along the epididymis, as the chemicHjucus is controlled by oestrogen, which is highest in the

composition of epididymal fluids is region-specific'mmemalte pre-ovulatory ~ phase  (World  Health

(Yanagimachi, 1994). Also in the epididymis, Chrom‘,ﬂtinOrganization, 1992). Increased estrogen levels stimulate

condensation and stabilization of the spermatozoon occuf® lutéinizing hormone (LH) surge, which in turn

and the acrosome acquires its final shape (reviewed §Hmulates_ ovulation. Fqllowmg_ ovulation, ~ serum
Mortimer, 1994). At ejaculation, spermatozoa gr&oncentrations of oestradiol decline and progesterone

transported from storage in the caudae epididymides aﬁancentrations increase with a concomitant shift in cervical
are mixed with prostatic fluid and seminal vesicle fluidMucus secretlonhancli a deﬁllne N mucus r;aceptlvny to
before passage along the penile urethra. The first fractiGRErmatozoa. _T (;_rehore, tr? fecﬁp"V't_y 0 ”LUCUS tof
of the ejaculate contains most of the spermatozo?é’ﬁlr.matt.ozoa s highest when there is a chance o
suspended in epididymal and prostatic fluid, subseque tlization.

fractions contain both prostatic and vesicular fluid Dur_lng C(;r_\”ﬁal thCL]{S pen;etranon, sperm_a:]oz?]a
(Mortimer, 1994). experience high shear forces from contact with the

macromolecular matrix. Flagellar movement modifi-
cations in cervical mucus are an increased beat frequency,
and a decreased beat efficiency (Kettal, 1978a), with

The site of deposition of semen differs betweeithe development of a ‘figure of 8’ beat pattern in the distal
mammalian species, with some species having uteripart of the flagellum (Katz and Overstreet, 1980). The

Female reproductive tract
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centroid motility pattern of human seminal spermatozom hormone concentrations associated with the follicular,
which has been correlated with the ability to penetratevulatory and luteal phases would be experienced by
cervical mucus is VAP >28n/s and ALH >4.5um, thatis spermatozoa stored there. The implications of this are
spermatozoa must be highly progressively motile witlliscussed below. Upon ovulation, it is postulated that a few
significant lateral head movement (Sere¢sal, 1984; spermatozoa at a time are released into the ampulla of the
Aitken et al, 1985; Feneuet al, 1985; Mortimeret al,  oviduct, where fertilization occurs (for review see Hunter,
1986). Motile spermatozoa with antibodies bound to thet996; Harrison, 1996). Contractile movement of the oviduct,
surface are unable to penetrate cervical mucus, @itherbeating of the epithelial cilia and sperm motility all
vivoorin vitro (Hansen and Hjort, 1979; Alexander, 1984 contribute to transport of the spermatozoa from the isthmus
Bronsonet al, 1984; Clarke, 1988; Kremer and Jagerfo the ampulla (Yanagimachi, 1994). The oviductal and
1988). Therefore, cervical mucus is thought to act asdliary movements direct the fluid in the oviductal lumen.
barrier, resulting in the selection of ‘competent'Spermatozoa are constrained to swim against currents
spermatozoa for passage into the uterus (Mortehat, (Rothschild, 1962; Roberts, 1970), so if a directed current
1982; Katzet al, 1990). During epididymal maturation from the ampulla towards the isthmus occurred,
and during contact with seminal plasma [although thepermatozoa would be orientated towards the ampulla.
extent of contact between spermatozoa and seminal plasma

in vivo has not been determined (Dett al, 1979)], o
molecules are adsorbed onto the sperm head plasfmd?acitation
membrane. Another postulated effect of cervical mucus ﬁammalian
the removal of some of these molecules in one of the steI
of ‘capacitation’, discussed in detail, below.

spermatozoa cannot fertilize oocytes
R?mediately upon ejaculation nor upon retrieval from the
epididymis. Despite these spermatozoa having the
functional competence conferred by activation, a series of

. _ _ metabolic and physiological changes must occur before
Following their passage through cervical mucus, spermatozgigsy acquire the ability to penetrate the zona pellucida and

swim from the internal cervical os into the uterus. There is Ngind to the oocyte. In nature, these changes occur during
conclusive  experimental evidence to explain howansit through the female reproductive tract (Austin, 1951;
spermatozoa traverse the uterus, butit has been proposedd@lfing, 1951), and are collectively termed ‘capacitation'.
the primary transport mechanism is via myometriairne original definition was the observation that a ‘sperm
contractions. These contractions are random angyst undergo some form of physiological change or
uncoordinated and probably result in a uniform distributior@apacitation before it is capable of penetrating the egg’
of spermatozoa throughout the uterus (for reviews sg@ystin, 1952). This imprecise definition led to some
Mortimer, 1983; Yanagimachi, 1994). While a ‘rapidcontroversy over the exact nature of capacitation, with
transport’ mechanism for the transfer of spermatozagpposing views as to whether this meant that a capacitated
through the reproductive tract in rabbits has been identifieghermatozoon was in a state in which it could begin the
(Overstreet and Katz, 1990), the relevance of thesgeps involved in zona binding and penetration, or whether
observations to humans, and to fertilization, since theggag already undergone them (Chang, 1984). The current,

spermatozoa are dead or moribund upon reaching thgcepted definition for capacitation is the former view, i.e.

Uterus

1995). spermatozoa ‘with the reaction pathways necessary to
' undergo the exocytotic acrosome reaction in response to an
Oviduct inducing signal from the zona pellucida’ (Storey, 1995).

The spermatozoa must then enter the oviduct via theA number of modifications to the sperm plasma
uterotubal junction. This junction contains mucus (Jansemembrane occur during epididymal transit, including an
1978; Jansen and Bajpai, 1982) and may act as anothmreased net negative surface charge due to uptake of
barrier to spermatozoa with poor motility. It has beemialoglycoproteins, sulphoglycerolipids and sterol
postulated that a sperm reservoir exists in the isthmic portisalphates (Langlais and Roberts, 1985); active glyco-
of the oviduct (Hunter, 1987). Spermatozoa have beaylation of surface components and incorporation of
observed to bind to the epithelial cells of the isthmus in eholesterol into the plasma membrane (Yanagimachi,
number of mammalian species (Hunter, 1996). The isthmd994). It has been postulated that these changes occur to
has a direct supply of blood enriched with ovarian hormonesabilize the spermatozoon, preventing it from capacitating
via the uterotubal artery (Huntetral, 1983), so the changes in the male reproductive tract, since the completion of
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capacitation marks the beginning of membrandorces to which the spermatozoa are exposed (&tadit,
destabilization events which eventually lead to cell deatt989). However, in all mammals sequential exposure of
(Harrison, 1996). Thus, one of the functions of capacitatiospermatozoa to the uterus and oviduct leads to more efficient
is the removal of these residues, although capacitati@apacitation (for review see Bedford, 1972). Acceptance of
involves more than one step (Yanagimachi, 1981). It is ntite existence of a sperm storage site in the isthmus of some
possible to visualize the capacitation-related changes in teammals has led to the hypothesis that the spermatozoa are
sperm plasma membrane, so it not possible to assay f@ld in a quiescent, ‘semi-capacitated’ state until ovulation,
capacitation itself, although it may be monitored througlwhen small numbers of spermatozoa finish capacitation
changes in chlortetracycline binding patterns on the spersequentially and are released from storage, providing the
head (Ward and Storey, 1984; Mattietial, 1996; Pérez oocyte(s) with a succession of competent spermatozoa (for
et al, 1996), or by changes in lectin binding sites (Gordoreview see Hunter, 1987; Harrison, 1996).
et al, 1975; Singeet al, 1985). The changes which occur It is also possible to induce capacitatiorvitro, using
during capacitation include (Yanagimachi, 1981appropriate culture media and conditions. Early studies of
Farooqui, 1983): (i) removal of molecules adsorbed onto ¢ine induction of sperm capacitatiam vitro used fairly
incorporated into the sperm plasma membrane durirgimple salt solutions supplemented with blood serum or
epididymal transit (Voglmayr and Sawyer, Jr, 1986); (ii¥ollicular fluid (for review see Yanagimachi, 1994). Many
reduction in the net negative charge of the sperm surfaa#,the studies of the metabolic and ionic requirements for
e.g. by removal of sialic acid residues (Langlais andperm capacitation have been perfornedsitro. The
Roberts, 1985); (iii) increased rate of respiration, aability to capacitate spermatozioavitro is an integral step
measured by increased oxygen uptake and increasadsuccessful in-vitro fertilization (IVF) and other assisted
glycolytic activity (Hamner and Williams, 1963; Mounib reproductive technology procedures. Concomitants of
and Chang, 1964); (iv) efflux of cholesterol (Dagtsal,  capacitation are hyperactivated motility and the ability of
1980; Davis, 1982), which increases the membrartee spermatozoon to undergo the acrosome reaction
fluidity. Serum albumin mediates cholesterol lwssitro  (Bedford, 1983). Because hyperactivation is caused by
(Go and Wolf, 1985; Ravniét al, 1993); (V) redistribution changes in the flagellar beat pattern, capacitation probably
of intramembranous particles, leaving sterol-depletenhvolves alterations in the physical and chemical properties
areas over the acrosomal region (guinea pig spermatozofithe tail plasma membrane as well as the head plasma
Langlais and Roberts, 1985); (vi) changes in lectin bindinmnembrane (Yanagimachi, 1988). Hyperactivated motility
sites; and in chlortetracycline binding patterns (this is dus discussed in detail, below.
to changes in G4 distribution); (vii) changes in osmotic  The acrosome reaction is a pre-requisite for mammalian
properties of the sperm plasma membrane and fertilization. It involves localized fusions of the plasma
membrane permeability; and (viii) accumulation ofCa membrane and the outer acrosomal membrane over the
Capacitation may be reversibly inhibited, indicating thaanterior portion of the sperm head. The acrosome reaction
there are no major structural changes associated withoftthe fertilizing spermatozoon occurs on the surface of the
(Bedford, 1972). Capacitation inhibitors includezona pellucida and is generally believed to be stimulated by
‘decapacitation factor’ (Chang, 1957) or cholesterol (CrosgP3, a glycoprotein component of the zona pellucida
1996) from seminal plasma; factors removed from th&eviewed by Wassarman, 1995). Following completion of
plasma membrane during capacitation, such as stetbke acrosome reaction, the spermatozoon penetrates the
sulphates (Langlais and Roberts, 1985) andona pellucida. Opposing mechanisms of zona penetration
sialoglycoprotein (Farooqui, 1983); and the femaldave been postulated: either that it is a purely chemical
hormones associated with the luteal phase and/or pregnamycess with the acrosomal enzymes digesting the
i.e. progesterone, high concentrations of LH or humaglycoproteins of the zona pellucida, requiring only
chorionic gonadotrophin (HCG), or the absence omoderate flagellar movement (the ‘binding—release’
oestrogens (Farooqui, 1983). The female reproductive tradegpothesis); or that it is a purely mechanical process reliant
contains sterol sulphatase and neuraminidase, which digagign vigorous flagellar movement to force the sperm head
sialoglycoprotein (Farooqui, 1983; Voglmayr and Sawyer Jthrough the zona pellucida (reviewed by Yanagimachi,
1986), so in mammals with uterine insemination, such &994). In either case, it is important that the fertilizing
rodents, capacitation may begin in the uterus. In mammaipermatozoon be tightly bound by the zona pellucida prior
with pericervical insemination, e.g. human, capacitation may zona penetration as the flagellum is still beating at that
begin with the removal of some sperm surface componeritsie and so otherwise could pull the sperm head free from
during passage through cervical mucus, due to the high shda zona pellucida (Baltet al, 1988). After successful
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penetration of the zona pellucida the spermatozoon entgratterns (Katz and Yanagimachi, 1980). This was observed
the perivitelline space, comes into contact with the oocytarough the walls of the ampullary region of the oviduct in
and the post-acrosomal region of the sperm head bindsitesitu preparations. Hamster spermatozoa have been
the oolemma. Flagellar motility ceases at this time, anobserved to have a transitional phase of hyperactivation,
fusion is initiated between the oolemma and the equatoriahich is a progressive hyperactivated motility phase in
segment of the spermatozoon. The whole spermatozoorwhich there is ‘moderately acute flagellar bending
then engulfed by the oocyte. The nucleus of the sperm hgaghctuated periodically by abrupt turning of the head’
decondenses to form the male pronucleus. This can th(uarez, 1988). Detailed examination of the flagellar beat
fuse with the female pronucleus which was formegbatterns of hyperactivated rabbit spermatozoa revealed
following the resumption of oocyte meiosis triggered bysignificant differences relative to seminal spermatozoa
sperm—oolemma contact. The fertilized oocyte is referrg@uarezet al, 1983). The hyperactivated spermatozoa
to as a zygote, and as an embryo following the firsecovered from the ampulla were observed to swim in
cleavage. circular trajectories, due to the development of asymmetric
flagellar beats within a plane, while the ejaculated
spermatozoa had linear trajectories, due to symmetrical
flagellar beat patterns. The changes in the motility patterns
Definition and description of hyperactivated motility of hyperactivated spermatozoa have been shown to be due

Hyperactivated motilty was first described in goldento a change in flagellar bending, rather than to a change in

hamster spermatozoa undergoing capacitaliowitro the viscous drag associated with acrosome loss, as
. . : : hyperactivated motility has been observed in headless
(Yanagimachi, 1970). The high amplitude flagellar beats inea pig and hamster spermatozoa (Kat, 1978b),

and vigorous movement were described as ‘activation’. g
the same report it was noted that similar movement patterns
had been observausituthrough the walls of the oviductal opjective definitions of hyperactivated motility
ampulla of golden hamsters, indicating a potential
physiological role in fertilization. This motility pattern was In the early studies of hyperactivated motility, the flagellar
renamed hyperactivation (Yanagimachi, 1981) to reducaovement patterns were given descriptive terms such as
the incidence of confusion with the alternative meaning chigh amplitude whiplash’ (Fleminget al, 1981), and
activation, whereby immature spermatozoa in the maftehiplash’ (Johnsonet al, 1981; Cummins, 1982).
tract acquire motility upon contact with seminal plasma ofAnother descriptive term ‘dancing’ was coined to describe
culture medium. the pattern of sperm head displacement of hyperactivated
Hyperactivation has since been obsetivedtro for all mouse spermatozoa in timed-exposure photographs
eutherian spermatozoa studied, including rabbit (Johns¢fessleret al, 1981). Mouse spermatozoa exhibiting a
et al, 1981), guinea pig (Yanagimachi and Mahi, 1976),crawling’ pattern of movement in the uterus and oviduct
rhesus monkey (Boatman and Bavister, 1984), chimpanzeey also have been hyperactivated (Phillips, 1972). To
(Gould et al, 1988), mouse (Fraser, 1977), dolphinreduce the confusion that such qualitative descriptions of
(Fleminget al, 1981), bat (Lambert, 1981), dog (Mahi andhyperactivation engendered, attempts were made to
Yanagimachi, 1978), rat (Shalgi and Phillips, 1988), buljuantify the flagellar motility patterns associated with
(Singhet al, 1983; Blottneet al, 1989), ram (Cummins, hyperactivation. However, estimations of the wavelengths
1982), boar (Blottneet al, 1989), lion and tiger (Blottner and amplitudes of flagellar beats were complicated in the
et al, 1989), and human (Mortimet al, 1984; Burkman, analysis of hyperactivated spermatozoa because it was not
1984); and an equivalent type of motility pattern may exigtossible to keep the whole flagellum in focus. An
in marsupial spermatozoa (Taggart, 1994). There areadternative descriptive term for flagellar bending was
number of similarities in the hyperactivated movementlevised: the flagellar curvature ratio (FCR) (defined
patterns of mammalian spermatozoa, although interspecegsove). Hyperactivation was associated with decreased
differences have also been discerned. For example, rabitaigellar beat frequency and increased flagellar curvature
spermatozoa seem to cycle between hyperactivated andhe hamster (Katet al, 1986).
non-hyperactivated motility patterns (Johnseh al, Since the movement of the sperm head—midpiece
1981), while guinea pig and hamster spermatozoa hajection is affected by the flagellar beat angle and degree of
different phases of hyperactivated motility, with periods oflagellar bending, and because CASA instruments analyse
high-amplitude whiplash-like flagellar movementshead movement rather than flagellar movement, attempts
interspersed with periods with different flagellar bendindhave been made to define hyperactivated motility in terms of

Hyperactivation
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head rather than flagellar movement characteristics. Also,(fanagimachi, 1982). Similarly, in mouse spermatozoa,
was determined that the mean sperm head envelope witiiyperactivation did not occur in the absence offClaut

and the maximum flagellar bend angle could be used temoval of the C& by chelation after the onset of
differentiate between hyperactivated and non-hyperactivatégperactivated motility did not reduce the proportion of
mouse spermatozoa with the hyperactivated spermatozogperactivated spermatozoa over 3 h, suggesting that a
having higher values. This definition gave a total error of 4%priming’ by calcium was necessary (Cooper, 1984).
in classification of tracks as hyperactivated ofPrecocious hyperactivation has been induced in mouse
non-hyperactivated (Cooper, 1984). The first definition ogpermatozoa by incubation of fresh caudal spermatozoa in
hyperactivated motility based solely upon head movemeniedium containing the calcium ionophore A23187 and
characteristics was developed for mouse spermatozoa (Nelvine serum albumin (BSA) (Suarez al, 1987).

and Olds-Clarke, 1987). For 30 Hz analysis of the trajectoi§permatozoa became hyperactivated 2 min after addition
of the head-midpiece junction, hyperactivated spermatozeg BSA, and retained this motility for 10 min, before
were defined as having WOB <56% and VCL >188/s.  reverting to the movement patterns of fresh epididymal
Later studies of different mouse strains gave differe¥permatozoa. Incubation of mouse spermatozoa in
hyperactivation ~ definitions: LIN <34% and VCL solutions containing lactate has been shown to delay
>170um/s; and LIN <42% and VCL >125um/s  hyperactivation, with the authors presuming this effect to
(Olds-Clarke, 1989). Definitions for hyperactivated motiliitybe due to chelation of free calcium ions (Neill and
have also been developed for rabbit spermatozoa: WQBds-Clarke, 1988).

<69% and VCL=55 pm/s when analysed at 30 Hz (Young Bjochemical studies of hamster sperm hyperactivation
and Bodt, 1994). The common factor in all of these studies pdvealed that capacitation of caudal spermatozoa was
the sperm head kinematics of hyperactivated spermatozogissompanied by increased cAMP concentrations, and that
the high VCL and ALH and the low linearity, or wobble, ofthjs increase preceded the onset of hyperactivated motility
the trajectories. These properties are common {@vhite and Aitken, 1989). When no exogenous calcium
hyperactivated spermatozoa of all the species studied, afgls present, the cAMP concentrations were lower than in
reflect the similarity in the flagellar movement patternghe control spermatozoa, and the incidence of
which cause hyperactivation. That is, the high amp"tUdﬁyperactivation was reduced. When a calmodulin
flagellar bends associated with increased flexibility of th%ntagonist was used, hyperactivation declined, even

proximal midpiece. though cAMP concentrations were unaffected, and

conversely, addition of a phosphodiesterase inhibitor
Biochemical requirements for hyperactivated increased cAMP concentrations to those associated with
motility hyperactivation, but none occurred. The authors concluded

Hyperactivation is a flagellar phenomenon, even thoughtiat hyperactivated motility involved a rise in cAMP
is often measured by changes in the movement of the spegacentrations which was controlled by the influx of
head. The difference between the flagellar beat patterns@fogenous Cd. The involvement of calcium and cAMP
hyperactivated and non-hyperactivated spermatozoa ifs the development of hyperactivated motility was
caused by changes in the degree of bending of tif@plicated in another study, in guinea pig spermatozoa
axoneme, as well as changes in the propagation of tfMujica et al, 1994). In this study, procaine-treated
flagellar beats (Katzt al, 1978b; Katzet al, 1986; Spermatozoa were found to become hyperactivated in the
Mortimeret al, 1997). Energy is required for the axonemeabsence of exogeneous calcium, when glucose was present
to bend, and for the bend to be propagated along thethe culture medium. The concentrations of both ATP and
flagellum. The ionic and metabolic requirements for théAMP were found to be significantly higher in
propulsion of seminal spermatozoa have already bedéyperactivated spermatozoa. The authors concluded that
discussed, but the nature of hyperactivated motilithyperactivated motility required ‘cAMP-dependent
suggests that there may be specific requirements which @fgosphorylations of specific sperm protein(s)’, as well as
distinct from those for progressive moatility. regulation of intracellular calcium at the plasma

It is generally accepted that hyperactivation is #@membrane. Procaine is a local anaesthetic, and these
calcium-dependent  phenomenon, with  evidencehemicals are known to cause fluidization of membranes.
accumulated from a number of species, including humaFhe authors postulated that the removal of the requirement
(Yanagimachi, 1988, 1994). In hamster spermatozoa, it his exogeneous C&in the presence of procaine was due to
been shown that hyperactivated motility was related to thelocation of the calcium ions within the plasma
calcium ion concentration in a dose-dependent mannerembrane; however, in consideration of the definite
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membrane regions of spermatozoa described above, itojgposing results were obtained by other investigators
difficult to understand this reasoning. An alternativgUhleret al, 1992; Emiliozziet al, 1996). Progesterone’s
explanation for this observation may be that the procaireffect on spermatozoa is non-genomic (Blackmore, 1993;
mimicked the action of G& This was the conclusion in Revelliet al, 1994) and it is thought to act on a membrane
studies of the effect of ethanol upon intact and reactivatedceptor fory-aminobutyric acid (Blackmoret al, 1994;
demembranated ram and oyster spermatozoa in whichRbldan et al, 1994) which can be activated by other

was found that the asymmetrical flagellar beat pattersteroidal compounds which do not have ‘progestational
observed was due to a direct effect of ethanol upon thgfects’ (Alexandeet al, 1996).

axoneme, rather than to calcium (Molinia and Swan, 1991; |n some species, hyperactivation must be stimuiated

Vishwarathet al, 1992). vitro by artificially increasing the intracellular cAMP
Bicarbonate ions are necessary for hyperactivateghncentrations. In rhesus spermatozoa, this has been
motility in mouse spermatozoa (Neill and Olds-Clarkegchieved by the addition of caffeine or theophylline, both
1987). Incubation of spermatozoa in the absence offiCOphosphodiesterase inhibitors, in the presence or absence of
but in the presence of BSA inhibited hyperactivation, bU(_'t]ibutyryI cAMP, a membrane-permeable analogue of cCAMP
the converse did not. This effect was also observed Boatman and Bavister, 1984). It was found that dibutyryl
hamster spermatozoa (Staussal, 1995). In human cGMmp could not be substituted for dibutyryl cAMP,
spermatozoa, hyperactivated motllity vitro has been impjicating a rise in cAMP, specifically, for the development
found to require 25 mM bicarbonate (Andersenal, o pyperactivated motility. Artifically increasing cAMP
1989). Bicarbonate ions are involved in the activation of, antrations by the addition of caffeine to mouse

adenylate cyclase, so these results provide further ev'dergg‘ermatozoa also increased the proportion exhibiting hyper-

Fh?t r}?/rieraillt/ﬂ?;uon IS tdiz_pendent upon - INCreas€gtivated motility (Fraser, 1979). In human spermatozoa, the
m_:_arl]cer# Zrtc N 'ncq:ceen .rc? |r?ns.f f the requirement ?ddition of pentoxifylline (another phosphodiesterase
1€ Most convincing evidence for e requireme 0mhibitor) has been shown to increase the proportion of
calcium ions for hyperactivated motility has come fro . . .
peractivated spermatozoa in a preparation (&awgl,

studies of indo-1 emission patterns n mtacF hamstefé%)_ The increase in hyperactivation in preparations of
spermatozoa (S_uarez al, 1.993’. Suarez a.nd Dai, 1995)'1‘rozen—thawed human spermatozoa treated with
The concentration of calcium ions was increased in the ntoxifylline has been shown to be a significant predictor of

head and midpiece of hyperactivated spermatozoa, aR inad . inat Johmst
even more so in acrosome-reacted spermatozoa. It was afSganancy in a donorinsemination programme (Johwston

observed that the concentration of calcium ions was greater 1994). _ . . .
5?] Glucose is also required for hyperactivated motility. It

in the flagellum during hyperactivated motility (Suarez an : )
Dai, 1995). Also, the concentration of calcium ion as been found that hyperactivated mouse spermatozoa in

oscillated with the formation of each flagellar bend, boti§Olutions containing both D-glucose and lactate had higher
principal and reverse bends. The greatest correlatidf§locities than those in solutions containing either
between the frequency of calcium concentratiogubstrate alone. _Addltl(_)n of gl_ucose to a caIC|um-pr_|med
oscillations and flagellar beat frequency was detected FYStem resulted in the immediate onset of hyperactivated
the proximal flagellar midpiece (Suaretzal, 1993). This motility (Eraser and Quinn, 1981). It was also observed that
study showed that calcium ions entered both the head af¢ medium components which were necessary for
tail of spermatozoa and oscillated in both regions O|urin(§rtilization were those required for both hyperactivated
flagellar bending. motility and acrosomal exocytosis. Another study of the
Progesterone has been shown to stimulate hypdpetabolic requirements of mouse sperm hyperactivation
activated motility in human spermatozoa (Mbiztoal, @lso found a specific requirement for D- rather than
1990b); however, it has been shown that the action &fglucose, and that while pyruvate and lactate allowed the
progesterone on spermatozoa is to increase the intracellulintenance of a non-hyperactivated motility pattern with
calcium concentration (Blackmoeg al, 1990; Oehninger Velocities similar to those achieved with glucose, neither
et al, 1994), so it possible that this is the manner in whichould support hyperactivated motility (Cooper, 1984).
progesterone’s effect is mediated. Further evidence for thidiese results implicate a specific role for glucose in
is in the observations that the progesterone inhibitdryperactivation. Inhibition of glucose metabolism at the
mifepristone (RU486) inhibited both human spernmphosphohexoseisomerase step of glycolysis also inhibited
hyperactivation (Yanget al, 1994) and penetration of hyperactivation, supporting the observation that the action
zona-free hamster oocytes (Yagigal, 1996). However, of glucose in supporting hyperactivation, as well as
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motility itself (Ford and Rees, 1990), is via the glycolyticmaturation, perhaps by the oxidation of sulphydryl groups
pathway. in the flagellum (Suarez and Pollard, 1990). However,
Potassium ions have also been found to be necessarydbservations on the biochemical requirements for
the development of hyperactivated motility in mousdiyperactivation have shown that while similar conditions
spermatozoa (Fraser, 1983). Very low or very higlare required for hyperactivation as for capacitation and the
concentrations of Kresulted in significant decreases in theacrosome reaction, they are not tightly coupled. It has been
proportion of hyperactivated spermatozoa, but transfer shown that transient, precocious hyperactivated motility
these populations into moderate concentrations df Kcan be induced by the addition of calcium ionophore then
restored hyperactivation levels to those observed in th®vine serum albumin to uncapacitated caudal mouse
controls. The similar results to those observed with glucos@ermatozoa. After a short hyperactivated phase, the
prompted the proposition that the potassium effect wapermatozoa reverted to pre-hyperactivated motility
mediated via glycolysis. Similarly, rabbit spermatozo#atterns and then underwent the capacitation process
recovered from the isthmic portion of the oviduct havéormally, with both the treatment and control groups
been observed to have significantly reduced amplitude 6kpressing hyperactivated motility at the same time
flagellar beats, and increased potassium concentratioffglarezet al, 1987). Also, the inhibition of hyper-
were postulated as the cause (Johnson and Overstr@tivation observed in the absence of bicarbonate, but not
1982). in the absence of BSA, indicated that these processes were
Taurine and hypotaurine and epinephrine have also be@@t inextricably linked, as capacitation in mouse
found to mediate hyperactivated motility in hamstespermatozoa requires both bicarbonate ions and BSA
spermatozom vitro (Leibfried and Bavister, 1982; Suarez (Neill and Olds-Clarke, 1987). Further evidence of a
et al, 1984), while pH does not have a significant effecglistinction between capacitation and hyperactivation for
(Yanagimachi, 1970). Low temperatures have been fourfiouse spermatozoa was the observation that hyper-
to inhibit hyperactivation (Mahi and Yanagimachi, 1973)activation could occur in the presence of diluted
although hyperactivation has been observed in humé&pididymal fluid, i.e. under decapacitating conditions
spermatozoa at room temperature (Mat:b_L 1989) (Fraser, 1984) It is I|ke|y that the processes involved in
Hyperactivation has been linked with the superoxidéapacitation and hyperactivation share biochemical and
anion, both in culture medium (de Lamirande and GagnoRlicroenvironmental requirements, but this would be
1993a,b; de Lamirandet al, 1993) and in semen (de expected if both are to occur prior to the acrosome reaction
Lamirande and Gagnon, 1993c). The appearance Gtuarez and Ppllard, 1990) and in similar regions of the
hyperactivated motility in semen was linked to lowfémale tractn vivo
superoxide scavenging capacity of the seminal plasma.
The action of the superoxide anion was postulated to be-vivo/in-situ studies of sperm hyperactivation

direct or indirect activation of an NADPH oxidase in theE

) . tablishment of the site of the onset of hyperactivation is
sperm plasma membrane. The physiological relevance iﬂfportant in the understanding of its physiological
this observation has not yet been elucidated.

. relevance. Such studies have not been possible in the

Hamster spermatozoa demembranated with Tritof, o g date, so all information in this regard has been
X-100 were observed to express hyperactivated ﬂage”%rived from comparative studies

beat patterns in medium containing ATP, cAMP andMg
(Mohri and Yanagimachi, 1980), leading to the conclusio% )

o ervical mucus
that spermatozoa are intrinsically able to become _ ] _ _
hyperactivated, and that a mechanism exists to prevent 8¢ high viscosity of the cervical mucus, and the
occurrence before it is required (Yanagimachi, 1981). IFfquirement for spermatozoa to be highly progressively
another study, hamster spermatozoa recovered from f@tile for successful mucus penetration (discussed above),
caput region of the epididymis showed movement patterﬁé‘ggeSt that hyperactlvated motility would not occur in this
similar to those of hyperactivation (although movemerf€dion. If it did, the spermatozoa would not traverse the
was very weak), while spermatozoa recovered from tI‘FeerV'C""I mucus successfully, and so would be lost from the

caudal epididymis exhibited the normal, activated®Male tract.

movement pattern (Suarez, 1988). That hyperactivated

motility is then (re-)acquired in the female tract inUterus and utero-tubal junction (UTJ)

association with capacitation has led to the hypothesis tHat rabbits, it has been reported that some spermatozoa
hyperactivated motility is inhibited during epididymalrecovered from the uterus 1.5 h after mating showed
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evidence of hyperactivated motility, although theentering the oviductal ampulla of naturally-cycling rats
observations were not published in their entirety (Suard8halgi and Phillips, 1988).

et al, 1983). Hyperactivated flagellar bending has also Changes in the flagellar beat patterns associated with
been observed in both the uterus and isthmus of exciskegberactivated motility have been observed in a number of
mouse tracts 1-2 h post-coitus (Suarez and Osman, 198f)ecies. The most obvious biphasic matility patterns have
However, it has been shown in hamsters that a linebeen observed in rabbit spermatozoa (Coepal, 1979;
pattern of motility is required for passage through the UTJpohnsonet al, 1981)which have both progressive and
as when capacitated (or hyperactivated) and uncapacitatezh-progressive phases of hyperactivated motility, both
spermatozoa were placed in either uterus, significantlistinct from the movement pattern of non-hyperactivated
fewer spermatozoa were recovered from the oviducts epermatozoa. Calculation of the power output of
the uteri inseminated with capacitated spermatozoa (Shalgiperactivated spermatozoa has shown no significant
et al, 1992). A similar result was observed in the mousdifference between the two hyperactivated movement

(Olds-Clarke and Sego, 1992). patterns, although both had2freater power outputs than
non-hyperactivated spermatozoa (Johnebml, 1981).
Oviduct Analysis of the movement patterns of hamster

Permatozoa in the oviduct has also revealed changes in the
agellar beat patterns of hyperactivated spermatozoa, but
e authors noted that the differences were not as

in either culture medium (Johnsat al, 1981) or in pronognced'as those in rabbit spermatozoa (Katz and
non-ionic isotonic medium (Burkmaet al, 1984). This Yanagimachi, 1980).
effect has been attributed to changes in external potassium

concentrations (Johnson and Overstreet, 1982), and/orR6ysiological relevance of hyperactivated motility
the presence of a mucus substance in the isthmus wh

Rabbit spermatozoa recovered from the isthmic portion
the oviduct have very weak flagellar movements, b
become hyperactivated almost immediately upon dilutio

i ) ; : ) . Lf:ﬂe observations that this motility pattern occurs at or near
would increase the viscosity of the isthmic fluid (Suare%he site of fertilization have led to the development of a

etal, 1991) The low motility and relatively high . )
. , . . . number of hypotheses as to the physiological relevance of
concentrations of spermatozoa in the isthmic portion of the peractivation

oviduct have led to the proposition that this is a storage sitd
for spermatozoa, with ovulation prompting the continuous
release of small numbers of capacitated spermatozoa to théechanism to reduce the chance of entrapment in

site of fertilization, the ampulla of the oviduct (Harrison,t€ crypts of the oviduct

1996; Hunter, 1996). Observations of transilluminatetHyperactivated rabbit spermatozoa recovered from the
mouse oviducts have shown significantly moreampulla showed frequent changes in their direction of
free-swimming spermatozoa (with more sharply benthovement (Suareet al, 1983). It was proposed that this
flagella than the bound spermatozoa) in the ampulla thaould stop the loss of spermatozoa from the site of
the isthmus, suggesting that hyperactivated motility mafertilization as well as provide an opportunity for a ‘search
have a role in moving the spermatozoa away from theattern’ for the cumulus; also, that by changing direction
isthmic reservoir (Smith and Yanagimachi, 1991; Demotbften, spermatozoa would be less likely to be trapped in the
and Suarez, 1992). Hamster spermatozoa observed in fblels and crypts of the ampullary epithelium compared
ampullae of excised oviducts have shown the characteristigth straight-swimming non-hyperactivated spermatozoa
‘whiplash’ movement of hyperactivation, similar to thosewhich would spiral into the crypts and then be unable to
observed in in-vitro preparations (Yanagimachi, 1970escape. In this experiment, ejaculated spermatozoa were
Katz and Yanagimachi, 1980). When the motility patternsebserved to glide along glass surfaces without changing
were assessed in relation to the oviductal epithelium, it walirection. Observations of the interaction of human
observed that the hyperactivated spermatozoa could swipermatozoa with epithelial cell cultures of both isthmic
rapidly along the surfaces of the epithelium, achievingnd ampullary portions of the human oviduct have shown
swimming speeds approaching 500m/s. When that spermatozoa will attach to the oviductal epithelium
spermatozoa were not closely apposed to the epitheli@aceyet al, 1995b). In another study, it was observed that
surfaces, they were observed to ‘undulate’ with no netome of the spermatozoa which detached from the
space gain, or to ‘dart’ across the lumen (Katz andndosalpinx appeared to be hyperactivated, prompting the
Yanagimachi, 1980). Rat spermatozoa have also besuggestion that this movement pattern was necessary for
observed to exhibit hyperactivated motility shortly aftedetachment, but the results were not conclusive, with some
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detaching spermatozoa showing non-hyperactivatatie stirring caused by the high amplitude flagellar

movement patterns (Paceyal, 1995a). movement patterns of hyperactivated spermatozoa would
increase the homogeneity of the chemical content of the
Search pattern for the oocyte ampullary fluid (Katzet al, 1978b). This would act to

Since fertilization occurs in the relatively large volume offaximize the exchange of metabolites and/or stimulatory
the ampulla, a mechanism to ensure contact &Rctors necessary for the high power-output flagellar beat
spermatozoa with the cumulus oophorus would increag@tterns required for cumulus penetration and fertilization
the chance of fertilization. The three-dimensional(Kaizetal, 1989).

tumbling movement pattern of hyperactivated

spermatozoa has been proposed as this mechanism, fir&tlynferring ability to traverse the cumulus matrix

by reducing the chance of wastage of highly selected, afifhamsters, only hyperactivated spermatozoa are able to
therefore ‘good’, spermatozoa by slowing their passage ihter the cumulus oophorus, although the flagellar beat
the oviductal fimbria and thence the peritoneal cavity; angatterns are modified within the cumulus matrix, with a
secondly by increasing the total area traversed by eagBcrease in both beat frequency and flagellar curvature
spermatozoon, increasing the chance of contact with th€yarezet al, 1984: Cummins and Yanagimachi, 1986;
cumulus (Katzt al, 1978b; Suareet al, 1983). Katzet al, 1986). This effect was also noted in solutions of
The mechanism by which spermatozoa are retained gimjlar viscosity to the cumulus matrix, with a concomitant
one region due to a particular movement pattern induced B¥crease in the flagellar wavelength and average path
the chemistry of the local environment is termedelocity. In highly viscous solutions, hyperactivated
‘chemokinesis’ (Cosson, 1990). Chemokinesis is diStin(‘épermatozoa retained their progressive motility (97
from chemotaxis in that chemotaxis causes thgompared with 7% for activated spermatozoa), and
spermatozoa to make directed turns up a concentratig@vebloed greater flagellar thrust (Suasal, 1991). The
gradient (Rothschild, 1962), i.e. there is a ‘selectivghange in flagellar movement patterns upon entry into
orientation of the sperm in line with the attractant sourceymulus therefore may be simply a response to the
(Cosson, 1990). Thus, while chemotaxis involves a changgscosity of the medium, since upon dilution of the viscous
in direction, chemokinesis involves a change in movemegpytion the spermatozoa returned to the three-dimensional
pattern. Some recent studies have proposed that hum@heractivated motility pattern (Suaretzal, 1991), and
spermatozoa are attracted to the oocyte by chemotaxis, %Tﬁ‘lilarly when the cumulus matrix was compressed
that the chemotactic agent stimulates hyperactivat&gtro, expelled spermatozoa were observed to return to the
motility, thereby causing chemokinesis (Retltel, 1994,  same hyperactivated motility pattern as previously before
Cohen-Dayagt al, 1994). However, these studies werge-entry into the cumulus (Cummins and Yanagimachi,
only of the effects of follicular fluid, and there was no1982: Drobniset al, 1988a). Since fertilization cannot
conclusive evidence for chemotaxis since spermatoz@gcur in vivo if the spermatozoa do not traverse the
were not shown to change their direction of movement igymulus matrix, the mechanical advantages conferred by
response to the stimulus. Also, the assessment of mOt“Wperactivated motility would argue strongly for the
patterns  was not performed  according  tgynysiological relevance of this movement pattern. In a
recently-published guidelines for the analysis of humagydy of human spermatozoa incubated with solubilized
sperm hyperactivation (ESHRE Andrology Speciatymuylus fractions, a different movement pattern to that of
Interest Group, 1996; see below), so the identification g peractivation was also discerned, but this study
chemokinesis due to the development of hyperactivate@nsidered head movement patterns rather than flagellar
motility could not be considered to be conclusive. Finallypeat patterns. The cumulus-related motility was
the method used in these studies has been criticized as {Q4racterized by ‘very rapid, linear and progressive
proving that any chemotaxis observed was not secondafyement with high (BCF) and low (ALH)' (Tesaskal,
to hyperactivation and oviductal movemeit vivo  1990). Similarly, human sperm hyperactivation was

(Yanagimachi, 1994). induced by cumulus-conditioned medium, but not by
o ' granulosa-cell conditioned medium (Fettegrtlal, 1994).
Stirring of fluid The active substance in the development of this movement

Hyperactivated hamster spermatozoa have been showrptitern was not determined, and so further studies are
stir ‘substantially more fluid’ than non-hyperactivatedrequired for its elucidation. It has been determined that
spermatozoa, even though their power outputs were similemammalian  spermatozoa have a protein with

(Katz and Dott, 1975). It has been suggestedinhéto, hyaluronidase activity (PH-20) present on their plasma
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membranes (Gmachdt al, 1993; Gacesat al, 1994; motility pattern, with high amplitude, low frequency
Overstreett al, 1995). Purified PH-20 has been found tdlever’ strokes (in which the flagellar bend was not
solubilize cumulus, and spermatozoa with the PH-20 sitgsopagated) interspersed with low amplitude, high
blocked by anti-PH-20 antibodies were unable to penetrafi@quency, propagated, sinusoidal flagellar waves (Drobnis
cumulus (which has a hyaluronic acid matrix) (einal, et al, 1988b). This movement pattern was calculated to
1994). These results suggest that more than justovide a force of up to 24102 uN, which is up to two
hyperactivated motility is required for penetration of theorders of magnitude higher than that calculated using more

cumulus oophorus. simple flagellar beat patterns (Badtzal, 1988). A role for
the cumulus matrix in zona penetration has also been
Power generation for penetration of the zona suggested, with a reduction in the distal flagellar

When the spermatozoon contacts the zona peIIucida,n}PV?ment’_ and an mcreasgd beat amplitude in the
simple bond is formed, then tight binding occurs after thefoximal midpiece observed in spermatozoa attached to
completion of the acrosome reaction. The flagellum is stffiMulus-intact oocytes (Drobresal, 1988D). This effect

beating at this time, so the strength of the initial bonds mu&{oWs the development of higher net forces and torques,
be sufficient to prevent detachment of the spermatozod€reby conferring an advantage in zona penetration.
from the zona pellucida, while allowing the optimaI,However’ even though zona penetration was higher for

tangential, orientation of the sperm head for penetratigiMmulus-intact oocytes, it still occurred in cumulus-free
following the acrosome reaction (Bakz al, 1988). The oocytes, indicating that sufficient force to penetrate the

passage of the spermatozoon through the zona has b&&f2 can occur in its absence.
proposed as either a purely chemical process, i.e. b Iso, a study using a laser optical trap has shown that
proteolytic digestion by acrosin (Austin, 1975); or ifferent forces are generated by different flagellar
alternatively, as a purely mechanical process (Greeflovement patterns of human spermatozoa (Wesgthal
1978). However, it has been noted that the role &~ 1993). The laser power at which the spermatozoon
hyperactivated motility in zona penetration had not beefPuld escape the optical trap was considered to be
considered in either of these hypotheses (Green aRfpportional to the force generated by flagellar movement.
Purves, 1984). Spermatozoa with linear motility were found to have much
The maximum force generated by free-swimmindower force than hyperactivated spermatozoa, with
spermatozoa has been calculated to be XB4 N, using ~ SPermatozoa showing the cumulus-related motility pattern
the minimum amount of suction required to hold draving even higher relative force than those which were
spermatozoon in a micropipette, while the sperm—zor¥yperactivated. The power generated by the different
bond is estimated to have a strength ok-18-4pN (Baltz ~ flagellar movement patterns can be related to the work the
et al, 1988). These calculations illustrated that freeSpermatozoon must do in each micro-environment, with
swimming, non-hyperactivated spermatozoa would b@ore force generated by the movement pattern associated
unlikely to generate sufficient force to break thewith the highly viscous cumulus region.
sperm—zona bonds and to penetrate the zona pellucidafurther, direct evidence for the role of hyperactivation in
Investigations of the power output of hyperactivatedona penetration has been provided in a recent study in the
spermatozoa have shown significant increases compar@@mster (Stauset al, 1995). Following attachment of
with non-hyperactivated spermatozoa in the rabbBpermatozoa to the zonae of cumulus-free oocytes,
(Johnsoret al, 1981). In the guinea pig and hamster, théyperactivation was quenched by the addition of either
power output increased continuously with the flagellar be&erapamil, a calcium channel blocker, or cadmium, which
amplitude, accompanied by an increase in progressiughibits axonemal bending. Only one out of 84 of the test
swimming speed, although the swimming speed declingibcytes were penetrated, compared with 25/40 in the
at very high beat amplitudes (Kagt al, 1978b). The control treatment, indicating the importance of flagellar
observed inefficiency of high amplitude flagellar beats inmotility, and particularly hyperactivated motility, in the
the directional propulsion of free-swimming spermatozogenetration of the zona pellucida. It is therefore unlikely
in simple media, and their calculated ability to provide théhat zona penetration is simply a chemical process of
maximum thrust to a stationary spermatozoon support tidggestion of the zona matrix by enzymes released from the
contention of a contribution of hyperactivated motility tofertilizing spermatozoon during the acrosome reaction.
zona penetration. This contention is supported by the recent observation in
Observation of zona attachment and penetration kifle mouse that acrosin was not necessary for fertilization
hamster spermatozoa has revealed a bimodal spe(Babaet al, 1994). It is likely that hyperactivation is an
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integral part of more than just one of the processes involvégperactivated flagellar movement could be due to a delay
in sperm transport through the female tract, and im wave propagation. This hypothesis was not tested,
sperm—egg interactions. Therefore, it may be supposed thatvever, as the image sampling frequency (10 Hz) was
failure of hyperactivation would be associated with failur¢udged to be too low for meaningful analysis of flagellar
of fertilization, bothin vivo andin vitro. wave development (Mortimet al, 1984). Morale®t al.
(1988) used a higher image sampling frequency for the
analysis of capacitating human sperm populations (60 Hz).
Human sperm hyperactivation They observed a subpopulation of spermatozoa with
Much of the work published on human Spermincreased proximal flagellar benc_ling ar_1d amplitude and
hyperactivation has dealt with the practical aspects creased flag_ellar beat frequencies which were presumed
definition of hyperactivated motility in human 0 be hyperactlvated. Howevgr, _the authors did not derive
spermatozoa, and on its analysis and relevance to infertilgémro.'d m_ove_ment characteristics for these spermatozoa,
their objective was to compare the movement patterns of

diagnosis and treatment. In contrast to many of the S'[Udiiipermatozoa with different head morphologies from fertile
n animal rm hyperactivation, much of th rk th . . . :
on animar spe yperactivation, mucn ot the wo 2 d infertile donors. Hoslet al. (1988) also examined

has been published on human sperm hyperactivation HAX acitating human spermatozoa. usin 40 dee
dealt with analysis of head or centroid movement, rath Ia;klelr clruagmbltjer and Z 200 sz V’i dLe]:oI sgs?ém o rgcor q
than with flagellar movement patterns. It was considere y

that hyperactivation may not occur in human spermatozo agellar movement. 1_'hey foun_o_l that the proportion Qf
since they did not show a ‘typical activated movemen%permatozoawnh particular motility patterns changed with

pattern’ (Yanagimachi, 1981), but a description of changérslcsrtr)r?:; go:n\:\iih Vc\alfgti: ﬂgrc:ﬁgr ﬂovlogéarto%fijg d
in human sperm movement patterns following swim-uﬁp 9 S

into synthetc culure medium suggested that this was bl C Y 2 B SR, O 2 RORSEE U
the case (Mortimert al, 1983). This study did not P

consider flagellar movement, only changes in Vp (nov?nd more ordered patterns of flagellar beating, to the

= .. _‘Whiplash’ pattern of motility which appeared 2-3 h after
called VSL) and Ah (now called ALH), so hyperactlvatlonincuba,[ion inBiggers—Whitten—Whittingham (BWW)

could not be identified specifically. The authors alsa edium. This pattem was characterized by long

observed that the acquisition of the "activated’ state 0vI]:[\:aveIen th flagellar beats and large lateral displacements
motility need not necessarily equate with attaining the full g g g b

copscated state, a5 has been suggesed for atfl'e 6% 1L vaS csenved hatire s e o e
mammalian spermatozoa (see above). 9 P

The first detailed description of both flagellar and heagenetratlon of zona-free hamster oocytes, prompting the

movementpatems of peracivated uman spemato 4107 5, SOLE, 19 perReln T oo
used analysis of 15 Hz video recordings of sper y P '

movement in 20 deep chambers (Burkman, 1984). owever, again, there was no detailed analysis of the head

Sperm were prepared by swim-up from a washed peIIQovement patterns which accompanied the flagellar

into Ham’s F-10 medium containing fetal cord serum.movement patterns.

Three motility patterns associated with hyperactivation

were described, ‘thrashing’, ‘wide amplitude’ andcentroid-based definitions of hyperactivation

‘star-spin’. All of these patterns were characterized by

flagellar movements which were distinct from thosdJnlike animal studies, most of the investigations on human
observed in semen, with rapid, successive flexions of ttgperm hyperactivation have relied upon analysis of the
flagellum with concomitant changes in the plane of th&ajectory of the sperm head, rather than flagellar beat
flagellar beat (thrashing’) or with wide flagellar beatpatterns. This has led to some confusion in the literature as to
amplitudes and moderate flagellar beat frequencies (‘'widbe ‘true’ hyperactivated pattern of movement of human
amplitude’ and ‘star-spin’). It was observed thatspermatozoa, since head movement results from flagellar
spermatozoa exhibiting the star-spin pattern of motilitynovement rather than defining it. The head trajectories of
could revert to ‘vigorous, progressive swimming' in acapacitating human spermatozoa can be roughly placed into
manner similar to that observed with rabbit spermatozothree categories, although some authors have subdivided
although no objective data were presented. Thihese. The forward progressive or non-hyperactivated
observation was repeated in another study in which it wasjectories are generally very straight, with very low ALH
postulated that the distinctive ‘whiplash’ pattern ofvalues and relatively low VCL and relatively high VSL
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values. In contrast, progressive hyperactivated tracks hagefinitions for human sperm hyperactivation are discussed in
high VCL and ALH with low LIN and moderate VSL detail below, with a summary presented in Table I.

values, indicating some net space gain. These tracks cafhe first detailed set of centroid-based kinematic
sometimes be observed to describe large circles, due to thefinitions of human sperm hyperactivation were
asymmetric flagellar beat pattern (Burkman, 1990). Thpublished in 1988 (Robertset al, 1988; Table ). These
third group are the star-spin or non-progressiveefinitions were derived using a CellSoft CASA
hyperactivated tracks. These tracks are similar to thestrument, and hyperactivation was defined in terms of
progressive hyperactivated tracks, in that they have highCL, LIN and a derived parameter, Dancemean
VCL and ALH values and low LIN, but the VSL values are(DNCmean), defined as (VCL/VSLYy ALHmean. Two
extremely low, indicating a low net space gain, despite a higipes of hyperactivated motility were defined in this study,
level of flagellar activity (Robertsoet al, 1988; Mortimer ~ ‘transition’ (corresponding to progressive, hyperactivated)
and Mortimer, 1990). These differences in centroiind ‘star-spin’ (corresponding to non-progressive,
trajectories have been the basis for most of the studieshyfperactivated), with those spermatozoa which did not fit
human sperm hyperactivation. Differences in thénto either of these categories defined as forward
centroid-based definitions of hyperactivated motility haverogressive, or non-hyperactivated. It was postulated that
occurred due to differences in the sperm preparatidhe ‘transition’ phase spermatozoa were exhibiting motility
methods, videomicrography conditions and movememtatterns intermediate to hyperactivation. Flagellar
analysis techniques. The published centroid-basedovement patterns were not considered in this study.

Table I. Kinematic definitions for hyperactivation

Reference Frame rate Motility pattern  Kinematic definitions
Robertson et al., 1988 30 Hz Non-HA Outside hyperactivation ranges
Trans VCL >80; 19 <LIN <34; DNCmean 217
Star VCL> 80 ; LIN<19; DNCmean 217
Mortimer and Mortimer, 1990 30 Hz Non-HA VSL 240; LIN =60; ALHmean <5
Trans VCL 2100; VSL =30; LIN <60; STR =60; ALHmean =5
Star VCL 2100; VSL<30; LIN <60; STR <60; ALHmean =5
All HA VCL =100; LIN <60; ALHmean =5
Grunert et al., 1990 All HA V§5L2<46.4; VCL >91.5; LIN <33.1; ALH >9.9; Dance >951; DNCmean
>35.
Burkman, 1991 30 Hz Circling VCL 2100; LIN 36-65; ALHmax =5; VSL =60
Thrash VCL 2100; LIN <35; ALHmax 28.0; VSL 16-39
Helical VCL 280; LIN 20-60; ALHmax 28.0; VSL 40-59
Star VCL 280; LIN <20; ALHmax =8.0; VSL <15
All HA VCL 2100; LIN <65; ALHmax =7.5
Pilikian et al.,1991 25Hz All HA VCL >80; LIN <60; ALHmax =5.0
Zhu et al., 1994 25 Hz All HA VCL 290; ALH >5.0; LIN <80
Griveau and Le Lannou, 1994 40 Hz NonHA VCL <100
Trans. VCL >100; LIN >40; ALH >4.5
Star VCL >100; LIN <40; ALH >4.5
Sukcharoen et al., 1995a 25 Hz Star VCL >90; LIN <20; DNCmean >45.8
All HA VCL >80; ALHmax >6; DNCmean >14.6
Green et al.1995 25 Hz All HA VCL >70; ALH >7.5; LIN <30
Mortimer and Swan, 1995a 60 Hz All HA VCL 2180; LIN <45; WOB <50; ALHmax >10.0
Farrell et al., 1996a 60 Hz All HA STR <30; LIN <15

VCL = curvilinear velocity; VSL = straight-line velocity; LIN = linearity; STR = straightness; ALH = amplitude of lateral head dis-
placement; DNCmean = dance mean; ALHmean = mean ALH; ALHmax = maximum ALH; WOB = wobble.

Units: VCL,VSL: um/s; LIN, STR: %; ALH, DNCmean: um.

Non-HA = non-hyperactivated; Trans = transition; Star = star-spin; All HA = all hyperactivated
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The next set of centroid-based definitions ofapplied to trajectories reconstructed at 60 Hz, as different
hyperactivated motility were published in 1990 (Mortimersperm subpopulations were identified (Moetsil, 1996).
and Mortimer, 1990; Table I). As for the previous studyThese results emphasized the importance of determining
three movement patterns were defined, however this stuthe image sampling frequency used for hyperactivation
used a first principles approach in the definition ofanalysis, and then using definitions appropriate for that
hyperactivation, with observation, but not analysis, of théequency.
flagellar movement patterns. To differentiate between
hyperactivated and non-hyperactivated tracks, a
combination of VCL, LIN and ALHmean values Were gperm preparation and culture conditions
used, while the subclassification of hyperactivated tracks

into transition and star-spin categories used VCL, VSLlas noted earlier, much of the published work on the

LIN, STR and ALHmean. The use of a ﬁrst-principlesevolu,[iOn of hyperactivated motility in human

approach meant that there was no bias in the results due gb@rmatozoa has dealt with aspects of preparation and

particular CASA instrument, as the ‘gold-standardy i re of capacitating sperm populations, and there are

methods were used (except for the derivation of thg,era which appear to be critical. The method used to
average path and ALH values of the star-spin tracks). jsq|ate the sperm population is important, since if care is

The other centroid-based kinematic definitions fornot taken it is possible to promote the production of

human sperm hyperactivation which considered flagellagctive oxygen species (free radicals’) which can
movement were those of Burkman (1991), Ztual. jreversibly damage spermatozoa by causing plasma
(1994) and Sukcharoest al. (1995a) (Table I). Burkman  memprane lipid peroxidation (Aitken and Clarkson, 1988;
(1991) observed both head and flagellar movement afgytimer, 1991). The sperm preparation methods which
defined four categories of hyperactivated movemenaqyce the risk of free radical production are centrifugation
circling, thrash, helical and star-spin. These Catego”%ﬁroughadensitygradient medium, or direct swim-up from
were defined in terms of VCL, LIN, ALHmax and VSL, semen (reviewed by Mortimer, 1994). Because of the risk
with “all hyperactivated’ defined using VCL, LIN and of artefacts caused by the production of free oxygen
ALHmax only. The ability of a single spermatozoon toradicals, studies involving sperm preparation by
exhibit a variety of movement patterns was observed Wi%ntrifugm sperm washing must be viewed with caution
six different movement patterns observed over a 4 s periaglpce the pathway by which free radicals affect sperm
but this was not extended into a full study. The kinematigovement is not clear. A further confounding aspect to the
definitons were derived using a CASA instrumenijirect comparison of studies on human sperm
(Hamilton-Thorn 2030 v7.0), and the ‘all hyperactivatedhyperactivation has been that, in the past, some studies did
definition has been wused by many researcheffot harvest the motile sperm population after swim-up but
subsequently. Zhet al. (1994) and Sukcharoeet al. |eft it over the washed pellet and only sampled aliquots
(1995a) derived their centroid-based definitions ofrom the upper layer at each time point (e.g. Metchl,
hyperactivation using 25, rather than 30 Hz, trajectories. 1988: Robertsoat al, 1988), or alternatively, resuspended
both cases, the flagellar movement patterns described i entire washed pellet, with no selection of the motile
Robertsoret al(1988) and Mortimer and Mortimer (1990) spermatozoa (Centoket al, 1995). In other studies, the
were used to categorize the cells. Using their kinematigipernatant was harvested into fresh tubes at the end of the
definitions of hyperactivated motility, Sukcharoenal,  swim-up incubation, allowing re-mixing of the entire
(1995a) determined that the proportion of hyperactivateslispension before sampling at each time point (e.g.
spermatozoa after 3 h incubation could account for up tortimer et al, 1984:; Hoshiet al, 1988; Mbizvoet al,
50% of the variance in fertilization rates in a human IVA990a). Clearly, the latter approach is preferable to
programme. These results indicated a likely link betwegmreclude detrimental influences from the pelleted
hyperactivation and fertilization in humans, as waspermatozoa in the lower layer, and to ensure that a sample
observed in animal studies. is taken of the entire swim-up population, not just the
The effect of the image sampling frequency upon thproportion that happened to be in the upper portion of the
classification of spermatozoa as hyperactivated has beswim-up preparation tube at the time of sampling. Also, it
investigated by analysis of the same sperm preparationsibydifficult to determine the physiological relevance of
different CASA instruments, although not by astudies which use an unselected sperm population, since
first-principles approach. It was determined that 30 Hmotility is an important mechanism for sperm selection
kinematic definitons for hyperactivation could not bewithin the female tract (discussed above).
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The culture media that have been used most commomyialysis conditions

for sperm hyperactivation studies are those which a{gije most studies have found that a temperature?@ 37
known to support capacitation and IVF, media such 8§ yitical to the development of mammalian sperm
BWW (Mortimeret al, 1984; Hoshet al, 1988; Morales  yheraciivation (Mahi and Yanagimachi, 1973), another
etal, 1988), Earle’s balanced salt solution (EBSS) (@hu has suggested that room temperature promotes higher
al., 1992; Greeet al, 1995; Sukcharoegt al, 1995b), T6  |evels of hyperactivation and attributed this to a possible
(Mortimer and Mortimer, 1990), Ham's F10 (Burkman,temperature-dependent  calcium  flux,  although

1984; Macket al, 1989; Hurowitzet al, 1995), Quinn’s  jnvestigations by these authors were subsequently made at
HTF (Panget al, 1993; Rose and Scott, 1994; Swansbn 37°C (Macket al, 1989).

al., 1995) and Ménézo's B2 (Mortimest al, 1984,  The most commonly used chamber depths for the
Westphalet al, 1993; Griveau and Le Lannou, 1994).analysis of human sperm hyperactivation have begml0
Although some hyperactivated motility has been reporte@akler chamber; e.g Hoséi al, 1988; Chaet al, 1990),

in all of these media, it is still unclear exactly which, if any20 pm (Microcells or Cell-VU chambers: Lewet al,
components apart from HGO Ca&* and glucose are 1994), ~32um (Chartpak chambers: Magk al, 1988;
necessary; for example, some animal studies ha®obertsoret al, 1988), 5qum (Microcells, or Microslide
indicated that increased pH and osmolarity may promofeat glass capillary tubes: e.g. Le Lanregal, 1992; Lewis
hyperactivation (for review see Yanagimachi, 1994). In &t al, 1994), 10um (haemocytometers and Microslides:
preliminary study, it was found that the incidence of huma@.g. Le Lannoet al, 1992; Sukcharoeet al, 1995a) and
sperm hyperactivation increased with increasing calciu@00 um (Microslides: Burkman, 1984; Mortimet al,
concentrations (up to 5 mM) and with increasingl984; Yanget al, 1994). It is believed that the shallower
bicarbonate concentrations (up to 25 mM). The presencefeparations  (20-30um) may constrain flagellar
HEPES reduced the incidence of hyperactivated motilitgnovement sufficiently to prevent the development of
even when 30 mM bicarbonate was also present (Anders®@"-Spin  hyperactivated ~ motility while  allowing
et al, 1989). A cautionary note has recently been raisdfgnsitional hyperactivated motility, while the very shallow

regarding the use of Ham's F-10 as a culture mediurfi@mbers (i.e. 1um) may prevent the expression of
particularly when used with centrifugation of dilutednyPeractivated motility aimost completely (Grureral,

semen, as it contains iron, and therefore promotes highigr20: L€ Lannoet al, 1992).
free radical production than other culture media (Gomez
and Aitken, 1996). o
It appears that the requirement for protein suppleZuidelines for the study of human sperm

mentation in the culture medium used for the study o/?y peractivation

hyperactivation is not so much for the development S
yp P OI£’>ecause hyperactivation is a flagellar phenomenon, the

hyperactivated motility as for the prevention of thestudies which have considered flagellar movement

sticking-to-glass phenpmenon. Spermatozoa Whlch AlSatterns in the definition of tracks as hyperactivated or
stuck to glass by their tails may appear to be hyperactlvatﬁgn_hyp eractivated (Mortimer and Mortimer, 1990:

because of thrashing movements of the head with no r]§Lt1rkman, 1991; Zhet al, 1994) should be considered to

space gain, leading to artificially high estimations of thg;y o hrecedence over those that only considered centroid
proportion of apparently hyperactivated spermatozoa in &, ement patterns (e.g. Robertsdral, 1988; Greeret

preparation. Initially, there was no general agreement asép_, 1995). One of the major problems in the study of
the minimum protein concentration which should be useghy;man sperm hyperactivation has been the confusion over
with published methods having used: 3.0, 3.45, 4.6, 10yhat is meant by ‘hyperactivation’, and much of this
and 30.0 mg human serum albumin (HSA)/ml; 5.0 angonfusion has probably arisen because of the paucity of
7.5% fetal cord serum; 3.0 mg BSA/ml and 3.8, 7.5 angtydies which have considered both flagellar and centroid
15.0% maternal serum. In a study of the relative effects ﬁﬁovemenL with on|y those spermatozoa Showing a h|gh
protein concentration upon hyperactivated motility it wagmplitude flagellar beat pattern being included in the
found that human sperm hyperactivation was maximal ifiyperactivated’ group for centroid analysis. Another
0.3% HSA (Macket al, 1989). However, the authors did source of confusion has been that investigators have
not exclude the possibility of the inclusion in the kinemati@pplied the hyperactivation definitions in studies which
analysis of spermatozoa which were stuck to the glasave used differentimage sampling frequencies for CASA,
surfaces. and/or different sperm preparation and culture conditions
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from those used in the original analysis. In an attempt the possibility of sticking-to-glass. Therefore, while these
standardize the study of human sperm hyperactivation, tvetudies do not meet current requirements, the use of serum
consensus documents have been published recently in whickd collodion coating of glass surfaces (Chapeau and
experimental guidelines have been set down (Morteher Gagnon, 1987), would have minimized the risk of the
al., 1995; ESHRE Andrology Special Interest Group, 1996}ticking-to-glass phenomenon (e.g. Mortimer and Mortimer,
In the recommendations, which cover the sperm preparatid@90). Also, in three of those studies (Mortimer and
method, culture and analysis conditions, it has beédortimer, 1990; Burkman, 1991; Mortimer and Swan,
suggested that ‘some published studies may, in retrospecfl995a), only free-swimming spermatozoa were studied, and
be considered flawed’ (ESHRE Andrology Special Interedtagellar movement was considered, although not measured
Group, 1996), if the methods used were found to have beén detail, in the classification of spermatozoa as
sub-optimal or even inappropriate for sperm preparation afyperactivated or non-hyperactivated. Other studies in this
analysis (i.e. different to those in the consensus guidelinegyoup (Table ) used inappropriate sperm preparation
The recommendations require that: (i) the spermatoz#aethods (Pilikiaret al, 1991), or used chambers which were
should not be isolated from liquefied semen in a way th&o shallow for hyperactivation analysis (e.g. Ztual,
will adversely affect sperm function. Hence selection 01994; Farreliet al, 1996a).
motile spermatozoa by density gradient centrifugation, or by In summary, the analysis and preparation methods that
direct swim-up from semen would be the preferred methodive been used in past studies of human sperm
(Mortimer, 1991; World Health Organization, 1992); (ii) thehyperactivation have proved to be suboptimal in most cases
culture medium used should be capable of supportinghen subjected to retrospective assessment. It is clear that
capacitationin vitro, and must contain at least 25 mMthe information that is available at present in regard to the
HCO;3~and mM quantities of calcium and glucose, known télefinition of hyperactivated motility of human spermatozoa
be necessary for the development of hyperactivated motiligfe is robust, and many studies have used definitions which
in mouse spermatozoa (Fraser and Quinn, 1981) and hunY¢gfe derived using different preparation and analysis
spermatozoa (Andersoet al, 1989); (i) for human methods. With the current development of a new generation
spermatozoa, analyses must be performed @;3#) a ©f CASA instruments which use higher image sampling
minimum chamber depth of 30m is essential, because it frequencies for image acquisition, and the new guidelines for
has been shown that shallower chambers constrain flagefg¢ @ssessment of human sperm hyperactivation, it would
movement (Le Lannowet al, 1992). Deeper chambers SE€M an appropriate juncture to define human sperm hyper-
would be less likely to constrain flagellar movement, but it i@ctivation in a manner which considers all of the current
more difficult to keep the spermatozoon in focus for the tim@uidelines, as well as the new, higher sampling frequencies.
required to perform the analysis; (v) both the image samplifgefore further work on human sperm hyperactivation is
frequency and the smoothing algorithms used by the CASMParked upon, it would seem prudent to ensure that the
instrument must be taken into account, with validation of thggSults ~ obtained would be ‘transportable’ between
definitions to be used for hyperactivation necessary for eatgporatories. The need for the development of a robust
CASA instrument. definition for hyperactivation has been noted by several
In the light of these guidelines, there are very few studig&/thors, resulting in the consensus meetings. The
which can be considered, in retrospect, to be ‘acceptabfievelopment of a robust definition for hyperactivation
relative to the experimental procedures used. Several of tQuld also allow meaningful clinical studies to be made,

studies in which hyperactivation definitions were derive@Ving information which could then be used in the
(Robertsonet al, 1988; Mortimer and Mortimer, 1990: assessment of the prognostic ability of hyperactivation in a

Burkman. 1991 Greeat al. 1995: Mortimer and Swan. SPerm function test. Since hyperactivation is a flagellar

1995a) used serum as the protein supplement, with albunfi€nomenon, it is also important that any new
concentrationss4.5 mg HSA/mI. Although albumin is centroid-based definitions be related to particular features of

known to be necessary for spermatozoa to underélélge"ar movement, to reduce the risk of artefacts.

capacitation, much of the rationale behind the concentration

of albumin suggested in the guidelines was to ensure that thgs.arch on hyperactivated motility in human
sticking-to-glass phenomenon was avoided, as if the speBermatozoa

tails are stuck to the microscope slide, the head movements

can mimic those of a hyperactivated spermatozooithe studies of hyperactivated motility of human
However, when serum, rather than just albumin is used, themeermatozoa can be roughly divided into three groups:
are other molecules present, such as lipids, which also redattempts to characterize the motility pattern(s) to allow



432 S.T.Mortimer

investigation of hyperactivated motility in relation to Austli:n, ?-%4(1%;5)16'\46%'0@”6 fusion events in fertilizatibnReprod.

. . . . e . . ertil., s —. .
physmloglcal events, such as cap_acnatlon and fe;rtlll_zatlogaba’ T. Azuma, S., Kashiwabara, S. and Toyoda, Y. (1994) Sperm from
prospective analyses of the ability of hyperactivation t0 mice carrying a targeted mutation of the acrosin gene can penetrate the

predict IVF or pregnancy outcome (described in Mortimer, - 92cve zona pellucida and efect fertiizatiah. Biol. Chem. 269,

1997); and analysis of the biochemistry of capacitation anglcceti, 8., Pallini, V. and Burrini, A.G. (1973) The accessory fibers of the
fertilization, using hyperactivation as a marker (e.g. sperm tail. I. Structure and chemical composition of the bull ‘coarse

; ; fibers’. J. Submicrosc. Cytqls, 237-256.
Aanesenet al, 1995)' While these studies have Clea‘rBaccetti, B., Pallini, V. and Burrini, A.G. (1976) The accessory fibers of the

relevance to both science and medicine, it is obvious that sperm tail. i1l High sulfur and low sulfur components in mammals and
without robust definitions of hyperactivation any Ceg_haéop%dslt- Ultlia;tructa RSF-BZ{ 239—(3132-5 | High volt o

. . accetti, B., Porter, K.R. and Ulrich, M. igh voltage electron
co_nclu5|ons dr“_awn erm _these studies may_ not be microscopy of sperm axonenie.Submicrosc. Cytoll7,171-176.
universally applicable, i.e. independent of the kinematiBaltz, .M., Katz, D.F. and Cone, R.A. (1988) Mechanics of sperm-egg

i i interaction at theona pellucidaBiophys. J.54,643-654.
analy3|s .methOd' ThIUS, be.fore these studies can be m d#att, C.L.R., Tomlinson, M.J. and Cooke, I.D. (1993) Prognostic
with confidence, basic studies of the movement patterns of gjgnificance of computerized motility analysis for in vivo fertility.

hyperactivated human spermatozoa must be made. TheseFertil. Steril, 60, 520-525.

: : : rtak, V. (1973) Sperm velocity and morphology in 1727 ejaculates with
sf[udles yvould_lrl_qlude the develop_mer_1t of ce_ntrmd-baséﬁ normal sperm counint, J. Fertl, 18, 116-118,
kinematic definitions of hyperactivation which reflectBedford, J.M. (1972) Sperm transport, capacitation and fertilization. In
defined aspects of flagellar movement. Balin, H. and Glasser, S. (edRgproductive Biolog¥Excerpta Medica,
Amsterdam, p. 338-392.
Bedford, J.M. (1983) Significance of the need for sperm capacitation before
fertilization in eutherian mammalBiol. Reprod. 28, 108—120.
Berns, G.S. and Berns, M.W. (1982) Computer-based tracking of living

Aanesen, A, Fried, G., Andersson, E. and Gottlieb, C. (1995) Evidence fgrlactl:((?rlwlz'rgxpl'?ge”(leegS?:‘gL%;O%_lr?c?r'\- enomic actions of progesterone
gamma-aminobutyric acid specific binding sites on human L g P 9 prog
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