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Capacitation is defined as the series of transformations that spermatozoa normally undergo during their
migration through the female genital tract, in order to reach and bind to the zona pellucida, undergo the
acrosome reaction, and fertilize the egg. During this process, extensive changes occur in all sperm compart-
ments (head and flagellum; membrane, cytosol, cytoskeleton), factors originating from epididymal fluid and
seminal plasma are lost or redistributed and membrane lipids and proteins are reorganized; ion fluxes induce
biochemical modifications and controlled amounts of reactive oxygen species are generated; spermatozoa
develop hyperactivated motility; and complex signal transduction mechanisms are initiated. The main purpose
of capacitation is to ensure that spermatozoa reach the eggs at the appropriate time and in the appropriate
state to fertilize these eggs, by finely controlling the rate of the changes necessary to prime spermatozoa
and by activating all the mechanisms needed for the subsequent acrosome reaction. The reversibility of some
of the mechanisms leading to sperm capacitation may therefore be a very important aspect of the fine
regulation and perfect timing of this process.
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Introduction sperm population, etc. Furthermore, there is still controversy

Spermatozoa are very peculiar cells because they under@@ the definition of capacitation because some investigators
several important maturation steps throughout their life/nclude the acrosome reaction in this process while others do
resulting from their interaction with the different environmentsnot (Chang, 1984). However, results on the reversibility,
through which they migrate and the various functions that theyprerequisites, and events associated with these two processes
are expected to accomplish. Furthermore, spermatozoa agélpport the concept that they are clearly different maturational
compartmentalized cells, and the rate at which modificationsteps. Capacitation is a reversible phenomenon, which means
occur within the various subcellular regions (acrosomal andhat treatment of capacitated spermatozoa with specific sub-
post-acrosomal portions of the head, midpiece and distatances or biological fluids, such as seminal plasma, reduces
portions of the flagellum) may vary widely. In the epididymis, their ability to fertilize oocytes and therefore ‘decapacitates’
spermatozoa acquire the potential for motility and fertility by these cells; a continued incubation or a longer residence in the
the action of epithelial cell secretions and constituents of théemale genital tract is needed to overcome the inhibition and
luminal fluids. At ejaculation, they become motile and are'recapacitate’ spermatozoa (Bedford and Chang, 1962). On
‘conditioned’ by seminal fluid constituents although they arethe other hand, since the acrosome reaction is an exocytotic
not yet able to fertilize oocytes. During their migration throughprocess, it cannot be stopped or reversed once it is induced
the female genital tract, spermatozoa undergo a series @¥anagimachi, 1994). Furthermore, the specific ionic require-
controlled biochemical and membranous changes, globallynents (for example, the concentrations of bicarbonate and
termed capacitation, that enables them to reach and bind &alcium; Fraser, 1995a) for the promotion and support of
the zona pellucida, undergo the acrosome reaction, penetratapacitation and acrosome reaction further segregate these two
the egg vestments and, finally, fuse with the oocyte. processes. In the present review, we will consider capacitation
Chang (1951) and Austin (1951) discovered that spermatozoas the ensemble of transformations that spermatozoa must
are unable to fertilize eggs unless they reside in the femalendergo after ejaculation up to the time they reach and bind
genital tract for a specific period of time, and named ‘capato the zona pellucida. Special attention will also be given to
citation’ the ensemble of transformations these cells mussperm hyperactivation which is the specific, poorly progressive,
undergo to become fertile. Since then, the physiological procesand vigorous type of motility that is closely associated with
of capacitation has been regarded as a maturation step, ampacitation.
activation or a ‘switching on’ process, a residential period in Several experimental models have been used to study
the female reproductive tract, a ‘rubbing off’ of the protective in-vivo sperm capacitation including hamsters (Sréthal,
coat from sperm plasma membrane, a selection of a competent ~ 1987), mice (Demott and Suarez, 1992), rabbis$ §¢5uarez
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1983), sheep, cows and pigs (Hunter, 1987), etc. These mainly) content of cell membranes @ealqff1993).
investigations have the advantages of being more physiologidvieasurement of these-mannose binding lectins might be
ally relevant because they closely follow sperm transport and physiologically relevant since these lectins are considere
modifications in their real space and time coordinates. Howevegs putative zona pellucida recognition molecules on sperm
because capacitation occurs internally within the female genital membrane and a strong correlation was established betwe
tract, these experiments have the disadvantages of being costhe transposition of these lectins to the plasma membrane and
and difficult to perform. Furthermore, the very low numbers  success in in-vitro fertilization (IVF) (Betadf., 1993).
of spermatozoa that reach the oviduct and later the site ofhere is also an increased expression, or an unmasking, of a
fertilization (Barratt and Cooke, 1991; Suarmtzal, 1992) do  cellular form of fibronectin on human sperm surface during
not allow quantitative measurements of sperm biochemicatapacitation (Fusi and Bronson, 1992). It was suggested that
parameters (composition of cell membranes, enzyme activities, fibronectin is involved in sperm—oocyte interactions sinc
etc). Finally, for ethical reasons, there are strict experimentahnti-fibronectin antibodies greatly reduced the adhesion and
limitations for this type of study in humans. For these reasons, penetration of zona-free hamster eggs by human spermatoz:
even though in-vitro systems carry inherent disadvantage@-usi and Bronson, 1992; Hoskt al,, 1994).
being more or less similar to the in-vivo situation in terms of The evaluation of capacitation and acrosome reaction by
environmental conditions, time course of events, etc., suckhhanges in chlortetracycline fluorescence patterns was first
in-vitro models have been developed in many animal species performed with mouse spermatozoa (Ward and Storey, 198
such as mouse (Toyodzat al, 1971; Neill and Olds-Clarke, and was subsequently applied to human (leteal, 1987;
1987), hamster (Yanagimachi, 1982), rabbit (Young and Bodt, DasGu@th 1993; Pernet al, 1995), monkey (Kholkute
1994), boar (Suareet al, 1992), bull (Parristet al, 1988), et al, 1990) and bull (Fraseet al, 1995) spermatozoa.
monkey (Wolfet al, 1989; VandeVooret al, 1994) and man  Chlortetracycline is an antibiotic, the fluorescence of which
(Burkman, 1990), to study sperm capacitation, its requirementghanges when it chelates membrane-associated divalent cations
characteristics and mechanisms. (mainly calcium) (Hadletl, 1972). This probe offers the
In this review, we will attempt to summarize the presentadvantage of measuring directly the percentages of non-
knowledge on sperm capacitation and hyperactivation. Because capacitated, capacitated and acrosome-reacted spermat
of the enormous amount of work done in this field of researchin the same preparation. However, possibly due to the
a special emphasis will be given to human spermatozoa  novelty of using chlortetracycline with human spermatozo
whereas observations obtained on other species will be usedhd/or the need of a special fluorescence filkigg: (>515 nm;
mainly to support or complement these data. We will describe.,; 405 nm) for this assay, researchers often favoured other
the methods used to evaluate sperm capacitation, in-vivanethods to measure human sperm capacitation.
sperm capacitation, sperm hyperactivation, some of the events Induction of the acrosome reaction with specific sul
associated with sperm capacitation (ion fluxes, modificationstances used at concentrations that allow discrimination
of membrane lipids and antigens, generation of reactive oxygen between capacitated and non-capacitated spermatozoa
species), and finally the regulation of sperm capacitatiorgenerally used to assess human sperm capacitation. The ideal
including the signal transduction mechanisms involved. and physiological agonist to induce the acrosome reaction i
the zona pellucida glycoprotein (ZP3) that specifically binds
L. to capacitated spermatozoa and provokes the acrosome reaction
Measurement of capacitation in these cells. Although solubilized zonae pellucidae and
The ideal probe to assess sperm capacitation should nepurified ZP3 have been used, these products are not easily
interfere with sperm physiology and should be easily available available. Furthermore, even though human recombinant ZF
and specific for capacitated spermatozoa. Unfortunately, sudnduced the acrosome reaction in capacitated spermatozoa
an ideal compound does not exist. Most of the time, sperm (Aitkerh, 1995; Barratt and Hornby, 1995), such a product
capacitation is evaluated by changes in the expression and/@ not commercially available yet.
distribution of cell surface molecules, staining with chlortetra- Progesterone can initiate the acrosome reaction in huma
cycline, or treatment of spermatozoa with substances knowspermatozoan vitro and may be one of the substances that
to induce the acrosome reaction preferentially in capacitated naturally induce this process évaiz£090; Cross, 1996).
spermatozoa. However, the use of progesterone is limited since it was also
Redistribution, modification, removal or appearance of gly-  shown to capacitate human spermatozoadFale$@02;
coproteins, surface sugars and sugar binding proteins, as walhler et al., 1992; Emiliozziet al, 1996).
as other various antigens, occur during capacitation. Such The divalent cation ionophore A23187 has been widel
modifications can be assessed by the use of specific antibodiesed to induce the acrosome reaction in capacitated human
lectins, sugars conjugated to albumin, etc. (Cohen-Dayag and spermatozoa. However, A23187 is potentially cytotoxic ar
Eisenbach, 1994). The following two examples illustrate suchthe concentrations have to be carefully chosen according to
modifications for which a correlation with sperm function  the conditions of incubation. Although up 1823187
has been proposed. Incubation of human spermatozoa undeas employed (Bielfelet al, 1991), concentrations of 1.25—
capacitating conditions was associated with the appearance of pM.5(in the presence of albumin) were found more
pD-mannose binding lectins on the human sperm head, whickuitable to promote the acrosome reaction and cause maximal
was dependent on the reduction of the sterol (cholesterol sperm/oocyte interaction and penetration without causing
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major drop in human sperm motility and viability (Aitken a 100

et al, 1993). ] .
Lysophosphatidylcholine (LPC), a membrane disturbing < 801 L

agent found at high concentrations in the region of the female ) 60 ]

genital tract where fertilization takes place (Grippt al, =

1994), was also found to induce the acrosome reaction in < 40 [

capacitated guinea pig (Yanagimachi and Suzuki, 1985) and & | Capacitated

bull (Parrishet al,, 1988) spermatozoa. LPC was successfully = 20

used to assess human sperm capacitation (de Lamirande and b Control

Gagnon, 1993a,b, 1995a; Ziei al., 1995) but, as for A23187, 0- T T

the concentrations of LPC and albumin in the incubation 0 100 200 300

medium need to be carefully chosen to prevent potential toxic LPC (uM)

effects (Jarviet al, 1993). The differentiating effect of LPC
on capacitated and non-capacitated spermatozoa obtained in
bull spermatozoa (Parriskt al, 1988) was reproduced in
human spermatozoa (Figure la). The rate of LPC-induced
acrosome reaction was higher in capacitated than in non-
capacitated spermatozoa for all LPC concentrations tested, but
motility and viability of spermatozoa were significantly affected
when the incubation medium containec200 uM LPC. LPC
appeared as reliable as A23187 to evaluate human sperm
capacitation as indicated by the close correlation between
the percentages of capacitation determined by the LPC- and
the A23187-induced acrosome reaction (Figure 1b; Zini 0 . . . .
et al, 1995). 0 10 20 30
There is presently no ideal method to measure human sperm A23187-AR (%)
capacitation. The methods that are currently available have
their advantages and their limits. Therefore, they should bé&igure 1. Lysophatidylcholine (LPC) as an inducer of the acrosome
considered as tools to study sperm capacitation or compaf@u"ﬁ:ﬁggnsi”efgg?g;tgge\?vehr‘gﬁé‘ungég“gtf;??g%fg'éwﬁ?:el_?am,s
fertile apd infertile sperm samples while awaiting adequat -10 mecF:I)ium in the absence (control; empty circles) or presence
recombinant human ZP3. (capacitated; filled circles) of fetal cord serum ultrafiltrate (7.5%,
vlv; 3 kDa exclusion limit) (de Lamirande and Gagnon, 1993b,
1995). Bovine serum albumin (3 mg/ml) and various concentrations

In-vivo capacitation of LPC were then added and (30 min later) spermatozoa were

Spermatozoa are capacitated and become hyperactivated duri‘f’@Shecl in HEPES-balanced saline and fixed in ethanol. Sperm
acfosomal status was evaluated using the fluorescein isothiocyanate

their journey thr.ough_the female reproductive t_ract. Howevgrconjugatedpisum sativuagglutinin. Values are mean SEM of
the exact location, time course and mechanisms regulatin@ur experiments done with different sperm samples and on
these events are still unknown. Data from in-vivo studies ordlifferent days. The rate of LPC-induced acrosome reaction
humans are scarce in comparison with those of in-vitro studie§-PC-AR) was higherk <0.05) in capacitated than in control

. . . spermatozoa for all LPC concentrations, but sperm motility and
and relate to expenments performed with cervical mucusViability were significantly decreased in the presence=@00 uM

tissues recovered at the time of abdominal hysterectomy, Qlpc A 100pM LPC concentration (in the presence of albumin)

primary culture of cells originating from these tissues. efficiently segregated capacitated from control spermatozoa without
In the human, ejaculated spermatozoa are deposited in tradfecting cell motility or viability. ) Human spermatozoa were

vagina and must first penetrate the cervical mucus, in whiclincubated in various capacitating or non-capacitating conditions.

: ) . ch sample was then divided in two portions and the acrosome
they may lose some of their surface-adsorbed materials. Hum@ction was triggered by LPC (1) or A23187 (1uM), both

cervical mucus induced sperm capacitation (Zinareeéfl, i, the presence of bovine serum albumin (3 mg/ml). There is a

1989) and hyperactivation (Zhet al, 1992, 1994) but not the  highly significant P <0.001) correlation between the results

acrosome reaction (Bielfielet al, 1991), therefore preserving obtained with the two inducers.

sperm function. However, spermatozoa that become capacitated

in the cervical mucus may not be those that reach the  sperm head plasma membrdre before, but not after,

fertilization site. capacitation (Banerjee and Chowdhury, 1994). On the other
The very small numbers of human spermatozoa recovered hand, the strong binding of human spermatozoa to cultur

from the uterus and the presence of neutrophils often invadingpithelial cells from the Fallopian tube (Pacslyal., 1995a,b)

this area (Barrattet al, 1990; Barratt and Cooke, 1991) and the positive effects of these epithelial cells on sperm

suggested that the uterus acts more as a conduit than asviability and motility (percentage and hyperactivation)

reservoir for spermatozoa. However, the human endometrium (Kervancaighl, 1994) indicated that sperm-—epithelial

may play a role in sperm maturation as it secretes a 54 kDamteractions may be a major event during the residence of

sialic acid-recognizing protein that specifically binds to the spermatozoa within the Fallopian tubes. Human spermatozo
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sequentially incubated with cervical mucus and tubal secretions calcium influx éZtal, 1994; Revelliet al, 1994). In
in vitro expressed higher levels of hyperactivated motility buthamsters, spermatozoa incubated with progesterone at the
lower rates of acrosome reaction in the presence of follicular ~ concentration found in the oviduct (20 ng/ml) and for their
fluid in comparison with spermatozoa challenged with follicularnormal period of residency in this tissue (5 h), had a higher
fluid without prior incubation with tubal fluid (Zhwet al, rate of egg penetration than spermatozoa to which progesterone
1994). Thus, human oviductal fluid may serve to preconditiorwas added after capacitation and during coincubation with
spermatozoa, allowing the maintenance of motility and the  eggs (Libersky and Boatman, 1995). On the other hand, it i
progression of capacitation, but delaying the induction ofpossible that the cholesterol present in the oviduct prevents a
the acrosome reaction until the appropriate time. Although the premature capacitation by stabilizing sperm membranes. |
strong binding between spermatozoa and oviduct of farnthe bovine oviduct, the cholesterol to phospholipids ratio was
animals was associated with the formation of a preovulatory  highestin the fluid collected from the isthmus (sperm reservoir
sperm reservoir (Hunter, 1987), no such evidence has yet beet all times of the cycle, and lowest in the fluid obtained from
obtained in humans (Williamet al,, 1993). the ampulla (site of fertilization) at the time of ovulation
The mechanisms regulating sperm—epithelial cell inter{Grippo et al, 1994). Furthermore, the concentrations of
actions and those by which tubal secretions act on sperm-  membrane-disturbing lipids, such as lysophosphatidylcholin
atozoa are not well understood. In hamsters, a sialylatediere lower in the isthmic as compared to the ampullary fluid,
oligosaccharide similar to that found on fetuin is present onthe  again emphasizing the stabilizing and destabilizing charact
epithelium of the oviduct and appeared both to be recognized byespectively, of these two regions of the oviduct (Grippo
sperm surface components and to mediate sperm binding &t al, 1994).
this tissue (Demottet al, 1995). Furthermore, the loss of  Experiments performed in non-human species indicated that
specific fetuin- and sialic acid-recognizing lectins (27.5, 32,  other factors such as oxygen concentratioet @1ak376)
and 50 kDa) from hamster sperm membranes was temporalgnd temperature (Hunter and Nichol, 1986; Hunter, 1987)
associated with the acquisition of hyperactivated motility and influence sperm capacitation in the oviduct. During the pre-
the release of spermatozoa from the oviductal epitheliunovulatory period, the temperature of the isthmus was found
(Demott et al, 1995). In addition, there was a significant  to be lower, by 0.69°C, than that of the ampulla in mated
reduction in the binding to the oviduct when hamster or bullpigs, a difference that was abolished at ovulation time when
spermatozoa were capacitated (and hyperactivatedjitro  the temperature of the isthmus increased to reach that of the
prior to their introduction into the oviduct or addition to ampulla. Even though this difference in temperature is small,

oviductal epithelium explants (Smith and Yanagimachi, 1991; it may be sufficient to influence events associated with sperr
Lefebvre and Suarez, 1996). Whether the membrane modificaapacitation.
tions needed for the release of spermatozoa from the oviductal The observations described above and summarized in Fig

epithelium in vivo are performed by spermatozoa and/or2 demonstrate thatin vivo, sperm capacitation requires a
epithelial cells and whether these membrane modifications  fine balance between the actions of various promotors al
play a role in the development of hyperactivation remains tanhibitors. Spermatozoa must be modified and become capacit-
be investigated. ated but at a controlled rate so that they reach the eggs at the
The attachment of bull spermatozoa to the oviduct provoke@ppropriate time and in the appropriate physiological state to
important changes in protein (types and quantities) synthesis  fertilize these eggs.
from epithelial cells (Ellingtoret al,, 1993). It was proposed
that thes_e newly _s_ecrete_d pro_teins play a role in SPeMyyperactivation
capacitation. Specific bovine oviductal proteins (72, 66, 39, L
38, and 36 kDa) were found to bind strongly to spermatozodescription and measurement
and to allow long term maintenance of motility (Lapointe and Hyperactivation, which is the type of motility spermatozoa
Sirard, 1996). The binding of three of these proteins (39, 38display at the site of fertilization, was qualified as non-
and 36 kDa) was calcium dependent, and it was hypothesized progressive, vigorous, whiplash type, frantic, high amplitud
that they may stabilize cell membranes by binding strongly teetc. and was observed in many species such as hamsters
spermatozoa in the isthmus where calcium concentration is (Yanagimachi, 1982), mice (Neill and Olds-Clarke, 1987), pig
higher (2.5 mM) and then promote capacitation by being(Suarezet al, 1992), rabbits (Young and Bodt, 1994), and
slowly removed from spermatozoa in the ampulla where humans (Robestsahh 1988; Burkman, 1990; Mortimer
calcium concentration is lower (1.8 mM) (Lapointe and Sirard,and Mortimer, 1990; Zhwet al, 1994; Mortimer and Swan,
1996). In the human, proteins synthesized by the oviduct were 1995; Sukclraleri995). Although the motility patterns
found to bind and stabilize spermatozoa (Lippes and Waghpbserved and the temporal relationship with capacitation may
1989). On the other hand, oviductal fluid also contains proteins vary from one species to the other, sperm hyperactivatic
that could destabilize sperm membranes by promoting cholesppears as an essential event of capacitation. Sperm hyperactiv-
terol efflux (Davis, 1982; Ehrenwal@t al, 1990; Ravnik  ation is associated with an increased velocity, a decreased
et al, 1990, 1995). linearity, an increased amplitude of lateral head displacement,
Small molecules, such as progesterone and lipids, present  and whiplash movements of the flagellum. In humans, speci
in oviductal fluid may also affect spermatozoa. Progesteroneperm motility patterns were described but there is no consensus
could stimulate sperm capacitation, possibly by initiating a  yet on the classification of these sperm trajectories nor on th
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Figure 2. Schematic representation of in-vivo capacitation. Spermatozoa still coated with substances originating from the epididymis and th
seminal plasma are not capacitated when they enter the oviduct and their motility is still expected to be linear and progressive. They
strongly bind to the epithelial cells (possibly by recognition of sialylated oligosaccharides on the surface of these cells) of the oviduct,
which respond by de novo synthesis of a variety of proteins. Specific oviductal proteins bind to spermatozoa and allow maintenance of
motility and viability and it is to be expected that they play a role in the regulation of capacitation and its associated membrane changes.
During sperm transit in the oviduct, there is a release of sialic acid-recognizing lectins and of decapacitating factors and the hydrolysis of
sialic acid from sialoglycoconjugates on the sperm surface. Progesterone is present in the oviductal fluid but its capacitating abilities are
probably counterbalanced by the presence of cholesterol or stabilizing proteins, such as oviductin. As ovulation occurs, physical and
chemical changes (such as rises in temperature, oxygen, pH, etc.) in the environment may cause the capacitation to resume. The binding
spermatozoa to the epithelium weakens and the acquisition of hyperactivated motility allows spermatozoa to detach from the epithelium an
progress further in the oviduct, to regions where the presence of lower concentrations of cholesterol and higher concentrations of
lysophosphatidylcholine help in completing the capacitation process.

threshold criteria to identify hyperactivated spermatozoa. The 1995) (Figure 3). These observations emphasize the need"
‘transitional’ trajectory which retains sufficient symmetry to standardization of the measurement conditions.
permit forward sperm movement (Robertsen al, 1988;
Mortimer and Mortimer, 1990) shares similarities with the Functions, requirements, and mechanisms
‘circling high-curvature’ and the ‘helical’ motility patterns Hyperactivated motility may have multiple functlanstro,
described by Burkman (1990) (Figure 3). The ‘star spin’ typeit allowed mouse and hamster spermatozoa to penetrate more
of sperm motility (characterized mainly by very low linearity) efficiently media supplemented with Ficoll, methylcellulose or
(Figure 3) was observed by all these authors and appeared pslyacrylamide, the viscoelasticities or densities of which were
a good predictor for the success of IVF (Sukchare¢ral, similar to those of the fluids from the female genital tract or
1995). Recently, the fractal analysis of sperm movement wagona pellucida (Suarezt al., 1991; Suarez and Dai, 1992
found to give a good indication on the regularity of spermvivo, hyperactivated spermatozoa were also shown to more
trajectories and help in classifying hyperactivated spermatozoaasily break free from the oviduct and progress along this
(Mortimer et al,, 1996). tissue, as indicated by direct in-situ observations of oviducts
Results concerning the percentages of hyperactivatiofrom naturally-mated mice (Demott and Suarez, 1992) and
obtained with human spermatozoa, as well as the correlation from observation of human spermatozoa co-cultured wit
between hyperactivation and fertilization, vary from one studyepithelial cells from Fallopian tubes (Pacey al., 1995a,b).
to another. Differences in methodology could explain these Finally, Stetuat (1995) took advantage of the different
discrepancies. For example, the use of a deeper measuribicarbonate requirements for the development of hyperactiv-
chamber gave a higher proportion of star spin, as compared ation and capacitation in hamster spermatozoa (Boatman ¢
to transitional, type of sperm motility (LeLanna@t al, 1992).  Robin, 1991) to demonstrate that, although capacitation allows
The method for collection and analysis of images [total number, sperm binding to the zona pellucida and acrosome reactio
images/s, computer-assisted sperm analysis (CASA) systeryperactivation is needed for penetration of the zona pellucida.
etc.] also has a major influence on the data obtained (Robertson ~ These data further stress that the acquisition of hyperactiva
et al, 1988; Mortimer and Mortimer, 1990; Mortimer and motility is an essential event of sperm capacitation to ensure
Swan, 1995; Sukcharo@al,, 1995). Furthermore, hyperactiv- successful fertilization.
ation is not a synchronous process in humans, which means thatinflux of bicarbonate ions appears as a major determinant
not all spermatozoa from a preparation display hyperactivated in the development of hyperactivated motility. Most of the
motility at the same time of incubation. Finally, human studies on this topic were performed with epididymal sperm-
spermatozoa constantly switch from one pattern of hyper- atozoa and the concentration of bicarbonate needed for mou
activated motility to another or from non-hyperactivated toand hamster sperm hyperactivation (25 mM) was much higher
hyperactivated motility (Burkman, 1990; Murad al., 1992; than that needed to induce capacitation (2.9 mM) (Neill and
de Lamirande and Gagnon, 1993b; Mortimer and SwanQlds-Clarke, 1987; Boatman and Robin, 1991; Steetsal,,
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CONTROL in the flagellum during hyperactivation and in the head during
the acrosome reaction (Suarez and Dai, 1995). Consistent

NN T— with the known effect of calcium on the flagellar curvature
/\/\/\/,/\ (Lindemann and Goltz, 1988), Suaret al. (1993) showed
that, during hyperactivation, the calcium oscillations that

occurred throughout whole spermatozoa correlated best with
the flagellar beat cycle detected in the proximal flagellar

S
C midpiece, and were faster than calcium oscillations detected
H g in any other cell types. One possible target for calcium during

HYPERACTIVATED

hyperactivation might be calcineurin, a calcium-dependent
protein phosphatase that was suggested to be involved in

flagellar beat asymmetry (Tagt al, 1988).

Changes in the concentrations of various ions are probably
only a part of the complex modifications which human

B spermatozoa undergo during hyperactivation. Thus, experi-

ments performed with demembranated reactivated human
spermatozoa, that were or were not previously hyperactivated,
indicated that sperm hyperactivation is accompanied by inter-
dependent changes at the cytosolic and axonemal levels (Murad

et al, 1992). Potential axonemal modifications may be related

to phosphorylation of proteins, which is known to be involved
Figure 3. Representative sperm motility patterns of control and in sperm motility (Tash, 1990; Leclerc and Gagnon, 1996).
hyperactivated spermatozoa. Percoll-washed spermatozoa were We recently observed that two proteins, called p105 and p81
incubated in Ham's F-10 medium alone (control, upper panel) or  (corresponding to their molecular masses of 105 and 81 kDa
supplemented with fetal cord serum ultrafiltrate (7.5%, v/v) respectively), and located on sperm fibrous sheath, were

(hyperactivated, lower panel). They were then placed between ivelv ph horv . . hen h
Collodion-coated slides and coverslips (Muradal., 1992) and progressively phosphorylated on tyrosine residues when human

motility was analysed at 37°C. Tracks were obtained with the spermatozoa were incubated in capacitating conditions
CellSoft© Research Module and corresponded to the displacement(Figure 4) (Leclercet al., 1996, 1997). This phosphorylation
of sperm heads for 1 s. The circling high-curvature (C) and helical was significantly increased afté h of incubation and further
(H) motility patterns correspond to the transitional trajectories and j,~reased for upa 3 h of incubation (Leclercet al, 1996

retain a sufficient symmetry to permit forward sperm movement. . . L
The star spin (S) type of motility, characterized by very low 1997), an interval of time that corresponds to the acquisition

linearity, was generally recognized and appeared as an important Of hyperactivated motility in human spermatozoa incubated

predictor of success in in-vitro fertilization. Human sperm in vitro (Burkman, 1990).

hyperactivation is not constant and, even over the course of 1 s,

spermatozoa change their motility pattern (biphasic, B). Bat0 Clinical relevance of sperm hyperactivation
pm.

Several studies (Burkman, 1990; Chah al, 1992; Wang
et al, 1993; Sukcharoeret al, 1995), reporting a clear
1995). In humans, spermatozoa are in contact with a higleorrelation between the level of human sperm hyperactivation
concentration of bicarbonate at the time of ejaculation, when and the success of IVF, emphasize the physiological relevan
they are mixed with secretions from the seminal vesiclef this process. Howevein vivo, this phenomenon should be
(Okamuraet al,, 1986). Probably because of this pre-exposure  well synchronized with other events, such as ovulation, an
to bicarbonate, the extracellular presence of these ions did nehould take place at the right time and location. Premature
appear as an absolute requirement for in-vitro hyperactivation hyperactivation of spermatozoa in semen was observed in
of ejaculated human spermatozoa (Muradal, 1992; de significant proportion (22/120; 18%) of infertile men whose
Lamirande and Gagnon, 1993a,b, 1995a). The absence or  spermiograms were otherwise considered normal according
presence of bicarbonate (25 mM) in Ham’s F-10 medium didthe World Health Organization standards, but not in semen of
not influence any motility parameters of human spermatozoa  fertile volunteers (de Lamirande and Gagnon, 1993c,d). |
(E.de Lamirande and C.Gagnon, unpublished). addition, mouse spermatozoa that were hyperactiviateidro
Although the calcium requirements for human sperm acro- prior to insemination fertilized significantly fewer oocytes
some reaction were determined (Thomas and Meizel, 1983han spermatozoa that were not hyperactivated (Olds-Clarke
Flormanet al, 1992), most of the studies on the need for this  and Wivell, 1992; Olds-Clarke and Sego, 1992). Furthermore
ion in sperm hyperactivation were performed in non-humarthe number of inseminated hamster spermatozoa entering
species (reviewed in Fraser, 1995a). Due to their larger size, the utero—tubal junction was reduced when hyperactivate
hamster spermatozoa were used to demonstrate an increag®rmatozoa were used (Shadgial., 1992). Together, these
in intracellular calcium concentration during hyperactivation observations indicate that premature sperm hyperactivatiol
(from ~50 nM to 100-200 nM), which was lower than that impairs sperm transport through the female reproductive tract.
observed during the acrosome reaction (300—400 nM) (Suarez In conclusion, sperm hyperactivation appears as a ma
and Dai, 1995). Furthermore, the calcium increase was greatevent temporally associated with capacitation. These two

180



The priming effect of sperm capacitation

lons and sperm capacitation

Y .
P'Lg? — a-PY Sodium, potassium, and bicarbonate
The requirements for sodium (Njpand potassium (K) ions
- — - in sperm capacitation have not been studied extensively. Very
55 kDa a-Tub low concentrations of sodium ions appeared to be needed for
guinea pig sperm capacitation (Hyeeal,, 1984) and the small
— v sodium influx that occurred during mouse sperm capacitation is
32 kDa a-ODF thought to be regulated by a membrane a" ATPase (Fraser
et al,, 1993). Capacitation of mouse and bull spermatozoa was
associated with an increased permeability to potassium ions
200 that would be responsible for the observed membrane hyper-
e Gend a-FS polarization (Zenget al., 1995). The present data are however
92 o insufficient to support a definitive role of these two ions in
69 sperm capacitation.
46 As stated above, human spermatozoa acquire the bicarbonate
(HCO;) they need from seminal plasma at the time of
30 ejaculation (Okamuraet al, 1986). Furthermore, the high
concentration of bicarbonate present in the fluids of the
21 female genital tract (Maa®t al, 1977) is sufficient to
14 maintain a high concentration of this ion inside the cell.

We successfully induced human sperm capacitation in Ham'’s

F-10 medium devoid of bicarbonate (de Lamirande and Gagnon,

12345 1993a,b, 1995a) and addition of bicarbonate to this medium did

Figure 4. Localization of the two main tyrosine-phosphorylated not further inc_rea_se t.he level of capacitation opserved (Leclerc
proteins in human spermatozoa. The purification of sperm fibrous et al",1996)] indicating that the, plcarbonate influx that tOQk

sheath was performed as described by Oko (1988). Briefly, PercollPlace in seminal plasma was sufficientto support sperm function.
washed spermatozoa were incubated at room temperature in the One of the functions of bicarbonate ions is probably to allow the

presence 05 M urea and 25 mM dithiothreitol until sperm heads  rise in intracellular pH that is associated with sperm capacitation

were dislocated from flagellae. An equal volume of HEPES- (Fraser, 1995a,b; Vredenburg-Wilberg and Parrish, 1995). In
buffered saline was added to the suspension, which was then

separated by centrifugation (10 09010 min) on a discontinuous bl,J” spe_rmgt_ozoa,_ heparm-,nduced CapaC|tat|pn was associated
45/90% Percoll gradient. The presence of the two major with a significant increase in intracellular pH in both the head
phosphotyrosine-containing proteins was assessed in whole and midpiece of the cell. The increase in pH was, on average,

spermatozoa (lane 1), soluble fraction (top of the Percoll gradient, relatively small (0.2 units) but frequency distribution analysis
lane 2), particulate fraction that did not enter the 45% Percoll layer ¢ sperm intracellular pH revealed that a subpopulation of

lane 3), particulate fraction that migrated to the 45%/90% Percoll . .
i(nterfac)e F()Iane 4), and pellet (lane 59), using a monoclonal anti- spermatozoa (possibly the capacitating ones) was more affected

phosphotyrosine antibody (a-PY, top panel). The same fractions ~ With pHrises of upto 0.6 units (Vredenburg-Wilberg and Parrish,
were also tested for the presence of axonemal proteins (with a ~ 1995). On the other hand, experiments performed with hamster
monoclonal anti-tubulin antibody, a-Tub) and for sperm outer densgBoatman and Robbins, 1991) and pig (Suzakial, 1994)
fibres (ODF) and fibrous sheath (FS) (with polyclonal antibodies,  gpermatozoa suggested that bicarbonate did not only function as

a-ODF and a-FS, respectivel enerously donated b . .
Dr Richard Oko, Quegn's Un?(/)e(rgsity, Onta%o, Canada))./ The 32 kD& buffer to increase the intracellular pH, but also affected sperm

protein is the major protein reacting with the anti-ODF antibody. ~function, possibly by stimulating the adenylyl cyclase (Okamura
The position of the molecular mass markers is shown on the left. et al, 1985).
Note the good correlation in the molecular masses and the location
(Percoll fraction) between p105 and p81 and the two major fibrous .
sheath proteins. Calcium
There is, to our knowledge, only one report on the time

course of the calcium influx associated with human sperm
processes are reversible but the conditions required for thegapacitation. The intracellular free calcium concentration of
development may not be always identical, which could suggestuman spermatozoa incubated in capacitating conditions rose
that hyperactivation is not a part of capacitation. Howeverfrom 70 to 250 nM during the fit2 h of incubation and did
in-vivo experiments demonstrated that hyperactivatiomot significantly increase thereafter (Baleli al, 1991). The
develops during sperm capacitation in the female genitahddition of progesterone to the medium caused a faster and
tract and allows spermatozoa to detach from the epithelium afreater influx of calcium (up to 350 nM) in spermatozoa, but
the oviduct and progress towards the egg. Furthermore, th&lso an induction of the acrosome reaction (Baddi al,
fact that capacitated spermatozoa can bind to the zonk991). It is worth noting that the calcium concentrations
pellucida and induce the acrosome reaction, but cannot penett uncapacitated, capacitated and acrosome reacting human
rate the zona pellucida unless they are hyperactivated, stressggermatozoa are similar to those of hamster spermatozoa under
the importance of hyperactivation in the capacitation processsimilar conditions (Suarez and Dai, 1995; see section on
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hyperactivation). These results suggest that calcium concentra- dependent on the presence of calcium and, although their r
tion increases stepwise during capacitation and acrosonia sperm acrosome reaction was recognized (Yanagimachi,
reaction and that different mechanisms regulating calcium  1994; Dotedrtgl, 1995), their involvement in sperm
influx may be involved in these two phenomena. capacitation is not established yet. Calcium action could also
Three mechanisms have been proposed for the regulation be by direct interaction with phospholipids, modifying thei
of calcium influx in spermatozoa and all could be involved inphysical state, phase separation behaviour and consequently
the capacitation event. Voltage-dependent calcium channels  membrane fluidity (Holt, 1995).
capable of allowing CH influx are possible candidates but
they were associated more with the acrosome reaction thaéinc
with capacitation (Flormamt al, 1992). On the other hand, Zinc (Zr?*) is present at high concentrations in human seminal
experiments performed with €aATPase inhibitors (e.g. plasma, appears as a membrane stabilizing compound for
quercitin) and calmodulin antagonists (e.g. W-7) providedspermatozoa, and therefore could be considered as a decapacit-
indirect evidence for the presence and involvement of &Ca ation factor (Andrewset al, 1994). A study by Riffoet al.
ATPase that pumps calcium out of the cell in guinea pig(1992) indicated that addition of 1QM zinc to the incubation
(Roldan and Fleming, 1989), human (DasGugtal., 1994), medium prevented human sperm capacitation and/or acrosome
and bull (Fraseet al, 1995) spermatozoa. The fact that mousereaction (no differentiation of these two sperm functions was
spermatozoa, incubated in a medium supplemented with a lomade). In a preliminary study, we observed that {38l
concentration of glucose (5.56M) to decrease intracellular zinc decreased hyperactivation and capacitation of human
ATP concentration, became capacitated faster than thosgpermatozoa without affecting the percentages of cell motility
incubated in the presence of a standard glucose concentratiaind viability (E.de Lamirande and C.Gagnon, unpublished).
(5.56 mM) substantiated the hypothesis that the activity of &inc also inhibited mouse and hamster sperm capacitation
membrane Ca -ATPase was involved in the regulation of the while the acrosome reaction was unaffected (Aonwenal,
calcium influx during sperm capacitation (Adeoya-Osigua andi981; Andrewset al., 1994). In hamsters, this inhibitory effect
Fraser, 1993; DasGuptet al, 1994). It was suggested that of zinc was progressively eliminated by supplementing the
decapacitation factors adsorbed on the sperm membrangcubation medium with higher albumin concentration or zinc
activate a C&-ATPase and prevent the net increase inchelators such as-penicillamine, L-histidine, orL-cysteine
intracellular calcium concentration and premature capacitatAndrews and Bavister, 1989). The use of a zinc-specific
tion; thus, the loss of these decapacitation factors durinluorochrome allowed the demonstration that zinc is removed
incubation would cause a decrease of GATPase activity from hamster spermatozoa (mainly acrosomal and post-
and, consequently, a rise in intracellular calcium (Adeoya-acrosomal regions) in a time-dependent fashion during in-vitro
Osiguwa and Fraser, 1993, 1994). Indeed, a decapacitatingipacitation (Andrewst al, 1994). However, although zinc
factor of epididymal origin was recently shown to stimulate aremoval appeared essential, it was not sufficient by itself to
calcium-dependent ATPase activity in membranes isolatethduce sperm capacitation and may be part of a process
from heads, but not from tails, of mouse spermatozoa (Frasethat causes membrane destabilization and/or triggers other
1995b; Adeoya-Osiguwa and Fraser, 1996). This decapacitatingembrane-related events associated with this process (Andrews
factor inhibited sperm capacitation and fertility but not hyperac-et al, 1994).
tivation, further suggesting that different mechanisms may
regulate intracellular ionic composition in sperm head and tai
(Fraser, 1995b; Adeoya-Osiguwa and Fraser, 1996). Lipid embrane events
such as lysophosphatidylcholine (inhibitor) and lysophosphatiAs emphasized in the previous sections, major membrane
dylserine (activator), and modifications of disulphide bridgesmodifications have been observed during sperm capacitation.
were also proposed as regulators oPGATPase activity, as Membrane coating materials originating from the epididymis
observed in guinea pig spermatozoa (Roldan and FlemingBoueet al, 1992, 1994, 1996) and seminal plasma (Oliphant,
1989). The third candidate possibly responsible for calciuml976; Audhyaet al, 1987; Theien et al, 1995; Cross, 1996)
influx is an Na (out)-C&"(in) exchanger. From experiments are removed or altered, membrane antigens are relocalized
performed in bull spermatozoa, it was hypothesized that théFusi and Bronson, 1992; Fusit al, 1992; Benoffet al,
activity of this exchanger would be regulated by caltrin, a low1993; Cohen-Dayag and Eisenbach, 1994), mechanisms
molecular weight protein originating from seminal plasma thatresponsible for ion fluxes are activated or inhibited (see section
binds to spermatozoa and is released during capacitatichoove), and membrane fluidity increases (Wetlfal, 1986)
(Rufo et al, 1984). Both the N&-C&* exchanger and the due to changes in lipid composition (Langlas al, 1988;
Ca&*-ATPase could be involved in the capacitation-associate@enoff, 1993). It is not possible in the context of this review
calcium influx but there is not yet direct evidence for theirto cite all the numerous studies that have dealt with the
involvement in this process. membrane modifications related to sperm capacitation and we
The mechanism of calcium action during capacitationwill present only a few selected ones.
remains to be delineated but, as for bicarbonate, it could
stimulate adenylyl cyclase activity (Groskal, 1987; Parinaud Membrane lipids
and Milhet, 1996). Other enzymes present in spermatozoa, In contrast to what is observed in mammalian somatic cell
such as phospholipase,A&nd protein kinase C, are also a high proportion of lipids and proteins from sperm membranes
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is not free to diffuse and it was suggested that relocalization membrane towards a more fusogenic state @taaglais
of membrane proteins is in many cases controlled by lipidl981, Holt, 1995). On the other hand, it was also suggested
fluidity (Wolf and Cardullo, 1991). Although few studies on  that cholesteryl sulphate, in conjunction with calcium, could
the levels of phospholipids were published (e.g. Snider andestabilize membrane in preparation for membrane fusion
Clegg, 1975; Llanos and Meizel, 1983; Harrison and Gadella, during the acrosome reaction (Holt, 1995).
1995), much more attention has been directed towards choles- Cholesterol efflux and/or redistribution are expected to
terol in sperm membrane and its fate during capacitation. The  allow destabilization of sperm membranes and induction c
cholesterol present in sperm membranes was shown to lim@tapacitation. Indeed, incubation of washed spermatozoa with
ion permeability, protein insertion and mobility in phospholipid albumin (as ‘sink’ to adsorb cholesterol) or with follicular
bilayers, as well as to rigidify and stabilize membranes (Parker oviduct fluids (which contain ‘lipid transfer proteins’)
and Ehrenwald, 1990), therefore preventing some of the  favours cholesterol efflux and sperm capacitation (Davis
phenomena associated with sperm capacitation. Cholesteryb82; Langlaiset al, 1988; Ehrenwaldet al, 1990; Parks
sulphate, which was also found in human spermatozoa, was  and Ehrenwald, 1990; Ravalik 1990). Suzuki and
thought to endow greater stability and rigidity to sperm Yanagimachi (1989) observed that sterols were abundant and
membranes than cholesterol itself (Langlatsal, 1981). It  evenly distributed in the plasma membrane over the acrosome
was hypothesized that its desulphation in the female reproduda non-capacitated hamster spermatozoa but that their density
tive tract and its subsequent release from the membrane would  was sharply reduced after capacitation. Conversely, prevent
dramatically change the biophysical properties of the spernof cholesterol efflux inhibited or delayed sperm capacitation.
For example, a recent study emphasized that the presence of
high concentrations of cholesterol in seminal plasma, which
is expected to maintain a high cholesterol concentration in
sperm membranes, may be a more important factor for the
inhibition of capacitation (Cross, 1996) than other factors such
as antifertility proteins (Audhyat al., 1987; Haret al., 1990),
spermine (Rubenstein and Breitbart, 1991), zinc (Réfal,,
1992; Andrewset al,, 1994), etc. that were previously thought
to be responsible for the decapacitating activity of seminal
plasma.
. Cholesterol efflux presumably causes an increase in mem-
None BSA FCSu brane fluidity, a cell parameter that can be determined by lipid
Treatment diffusion measurements. Wodit al. (1986) observed that the
diffusion of lipids in mouse spermatozoa was compart-

Cholesterol efflux (%) O

Figure 5. Cholesterol efflux from human spermatozoa during
capacitation. Percoll-washed human spermatozoa resuspended in
HEPES-buffered saline were labelled wiftH[cholesterol (46.5 Ci/
mmol, emulsified in HEPES-buffered saline by sonication) for 1 h
at 37°C. Spermatozoa were then washed and resuspended at
20x 1P cells/ml in Ham’s F-10 medium alone (none) or
supplemented with bovine serum albumin (BSA, 3 mg/ml) or fetal
. . cord serum ultrafiltrate (7.5%, v/v) (FCSug)(Cholesterol efflux
was measured after 1 (white bars), 3 (grey bars), and 6 (black bars)

None BSA FCSu h of incubation by the radioactivity remaining on spermatozoa.
Treatment (b) Sperm hyperactivation was measured r@&é use of the
CellSoft© computer assisted semen analyser as described by de
Lamirande and Gagnon (1993a,)) Gperm capacitation was
determined after 1 (white bars), 3 (grey bars), and 6 (black bars) h
of incubation by the lysophosphatidylcholine-induced acrosome
reaction as described in Figure 1. Values are mea®EM of four
experiments performed with sperm samples from different
volunteers. The time-dependent cholesterol efflux of spermatozoa
incubated in the presence of albumin is significantly higter (
<0.05) than that of spermatozoa treated with fetal cord serum
ultrafiltrate at all times measured even though these two conditions
allowed sperm hyperactivation and capacitation. On the other hand,
the cholesterol efflux of non-capacitating spermatozoa (medium
alone) was similar to that of spermatozoa treated with fetal cord

Hyperactivation (%) T

Capacitation (%) ©

) serum ultrafiltrate, even though the levels of hyperactivation and
None BSA FCSu capacitation obtained with these two treatments were significantly
Treatment (P <0.001) different.
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mentalized and occurred faster in the flagellum than the head the seminal plasma of different species, including hume
in all cases studied. Sperm capacitation (as measured Izeblondet al, 1993). It was hypothesized that BSP would
hyperactivation) was associated with an increased lipid dif- be released during capacitation and help this process &
fusion rate in membranes of the acrosome, midpiece, anextracting cholesterol and phospholipids from the sperm
flagellum but not in those of the post-acrosomal region of  membranéri€fhet al, 1995). A tripeptide similar to
spermatozoa. Furthermore, the diffusing lipid fraction of thethyrotrophin releasing hormone, present in seminal plasma
acrosomal membrane decreased during sperm capacitation (prostatic origin), was also found to stimulate the capacitati
(Wolf et al,, 1986). These physical changes are consistent witland fertilizing ability of human spermatozaa vitro (Greene
the functional changes, acquisition of hyperactivated motilityet al, 1996). The surface localization of another protein,
and of fertilizing ability that occur in capacitating spermatozoa.called P34H (P26h in hamsters), on human spermatozoa
Membrane fluidity could also be influenced by the increase in demonstrates the complexity of the transformations these cel
temperature that occurs in the isthmus of the oviduct at thenust undergo. Bouest al. (1996) observed that P34H is
time of ovulation (pig; Hunter and Nichol, 1986) (see section secreted within the epididymal fluid, progressively and strongly
on in-vivo capacitation). binds to the acrosomal cap of spermatozoa during their transit
The requirement for cholesterol efflux for sperm capa-  from the caput to the cauda of the epididymis, is then
citation, as well as its causative role in this process, idnternalized (or masked) at the time of ejaculation, reappears
still debated (Parks and Ehrenwald, 1990). Cholesterol efflux  during capacitation, and is finally eliminated after the acrosom
appeared as prerequisite for the exposition of specific antigenreaction. Antibodies to P34H inhibited human sperm-zona
such as head-specific mannose-ligand proteins (one of the interactions without affecting hyperactivation, capacitation, ¢
putative zona pellucida recognition molecules) that is transzona free hamster egg penetration suggesting that P34H may
posed from subplasma membrane sites to an integral membrane  also be a potential sperm receptor for the zona pellucida (B
position during human sperm capacitation (Berstfél, 1993; et al, 1994). In addition, the amount of P34H, as well as the
Benoff, 1993). On the other hand, preliminary results from degree of binding to homologous zona pellucida, was greatly
our laboratory indicated thatn vitro, cholesterol efflux can reduced in spermatozoa of 9 out of 16 infertle men as
occur to some extent even in the absence of albumin or lipid compared to what was observed in fertle men, furthe
transfer proteins and that capacitation can be induced even émphasizing the importance of this epididymal factor in the
only a small proportion of cholesterol is released from human acquisition of the fertility potentidl éadusgullivan, 1996).
spermatozoa (Figure 5). Albumin and fetal cord serum ultra-
filtrate induced similar rates of human sperm hyperactivatiorOther membrane modifications
and capacitation but the cholesterol efflux was much highegapacitation is also associated with a decrease in surface-
when albumin was present in the medium. On the other handyegative charge that may be a consequence either of removal
the cholesterol efflux was similar in spermatozoa mqubated iRt sialic acid from the surface sialylglycoconjugates (Lasalle
the absence or presence of fetal_ cqrd serum ultrafiltrate, b_lgnd Testart, 1994) or of redistribution of these sialylglyco-
sperm hyperactivation and capacitation were observed only iggniygates (Focarelkt al, 1995). Furthermore, experiments
the latter case. Therefore, if cholesterol efflux is essential folberformed in bulls and mice indicated that sperm membrane
sperm hyperactivation and capacitation, it did not appear t@ocomes hyperpolarized during capacitation (Zestgal,
be by itself sufficient. It is also possible that the release 0f1995)_ The decrease in membrane potential (from ~—30 mV
only a small proportion of the total cholesterol is required;, non-capacitated spermatozoa, to ~—60 mV in capacitated
during these processes. spermatozoa) appeared to be due to an enhanced permeability
to potassium ions (Zengt al, 1995) and appeared essential
) ] ) for the subsequent zona pellucida-induced acrosome reaction.
Many membrane antigens are relocalized during sperm i is presently not known which of the changes described
capacitation (Cohen-Dayag and Ehrenwald, 1994) but theigpgye induces sperm capacitation, in what order they proceed
functional link to this process h_as been assessed in only a feWhq which ones are mere consequences of this process. These
cases. Eor example, a cor_relatlon was established b_etween %dies, and those not cited because of lack of space, suggest
expression of cell adhesion molecules, such as fibronectifhst there are probably complex interdependent relationships

(Fusi and Bronson, 1992; Hoskt al, 1994), vitronectin and  pepyveen these membrane events in the induction of sperm
laminin (Fusiet al, 1992), during human or hamster sperm capacitation.

capacitation and the subsequent ability to bind zona-free
hamster eggs.

The bin_ding and/or Iocaliz_at_ion of oth_er factors, origina_ti_ng Reactive oxygen species
from seminal plasma or epididymal fluid, are also modified
during sperm capacitation. For example, bovine seminal plasmitduction of sperm hyperactivation and capacitation
proteins from a family globally called BSP, were found to  Spermatozoa incubated under aerobic conditions generat
bind phosphatidylcholine molecules of sperm membrane anceactive oxygen species (ROS) such as the superoxide anion
to facilitate heparin-induced capacitation (Tiea et al,, 1995). (@7) (Aitken and Clarkson, 1987; Alvareet al, 1987)
Furthermore, these bovine proteins shared antigenic detewhich spontaneously dismutates to hydrogen peroxig©{H
minants with phosphatidylcholine-binding proteins found in Whereas high concentrations of ROS, and mainly hydroger
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peroxide, were shown to have detrimental effects on human exogenously added hydrogen perght)d Gatreauet al.,,
spermatozoa (Aitken and Clarkson, 1987; Alvaetal, 1987; 1994; Leclercet al, 1997) or superoxide anion (0.5 mM
de Lamirande and Gagnon, 1995b), there is now evidence that  generated over a 30 min period) (de Lamirande and Gagn
very low and controlled concentrations of ROS are involved1993a, b) needed to induce human sperm hyperactivation and
in sperm acquisition of fertilizing ability (de Lamirandx al., capacitationin vitro exceed by 2—-3 orders of magnitude that
1995b, 1996). produced in capacitating sperm suspensions (de Lamirande
Human spermatozoa incubated in the presence of a  and Gagnon, 1995a). Therefore, itis possible that the generati
superoxide-generating system (xanthiftexanthine oxidase of low concentrations of ROS by spermatozoa would be
+ catalase) developed higher levels of hyperactivation and sufficient to induce sperm hyperactivation and capacitatio
capacitation than spermatozoa incubated in Ham’'s F-1@ecause it occurs in close proximity to the target site on the
medium alone, an effect that was prevented by the presence cell surface. In addition, ROS generated in the immedie
of superoxide dismutase (SOD) (de Lamirande and Gagnomnvironment of the target molecule on sperm surface could
1993a,b). These results demonstrated that exogenously added reach much higher local concentrations than those effecti
superoxide anion induced human sperm hyperactivation ancheasured in whole cell suspensions.
capacitation (de Lamirande and Gagnon, 1993a,b). The Low concentrations of nitric oxide aN® promoted
relevance of this finding was confirmed when human spernmuman sperm capacitation (Zimit al, 1995). Surprisingly,
capacitation induced by various biological fluids, such as fetal catalase prevented the effects of nitric oxide, indicating
cord serum and follicular fluid (whole, dialysed, or ultrafiltrate), complex mechanism of action involving hydrogen peroxide
was always prevented by the presence of SOD, even though  €Zimi, 1995). The fact that no nitric oxide synthase
these fluids did not produce detectable concentrations diNOS) activity was detected in human spermatozoa (capacitated
superoxide anion by themselves (de Lamirande and Gagnon, or not)efZahj 1995) suggested that, if nitric oxide plays
1993b; de Lamirandet al, 1993). Interestingly, the level of a role in sperm functionn vivo, it must originate from the
sperm capacitation induced by the various biological fluids  female reproductive tract. Even though the NOS found in the
was inversely proportional to the potential of these fluids tofemale genital tract was until now associated with modulation
scavenge the superoxide anion (de Lamiraetal, 1993). It  of smooth muscle relaxation (Sladstlal., 1993), it is possible
was then proposed that the triggering of capacitation originatethat this enzyme is also present in the epithelium of the
from various stimulators from the biological fluids (an ‘on’ oviduct.
mechanism) but that its regulation would be through the In hamsters, catalase, but not SOD, reduced sperm capa-
superoxide scavenging activity of the fluids, which is an citation whereas hydrogen peroxide (generated by the com
inhibiting system (an ‘off’ mechanism). bination glucoset glucose oxidase) promoted it, suggesting
The superoxide anion involved in capacitation originated a role for hydrogen peroxide in sperm capacitatiehdBize
from spermatozoa themselves (de Lamirande and Gagnot991). In mice, the increases in hyperactivation (#1@0%)
1995a). Furthermore, the fact that superoxide dismutase (a  and capacitatior@4bthat were observed after treatment
cell impermeant protein) prevented sperm capacitation indief spermatozoa with xanthine xanthine oxidase were totally
cated that the superoxide anion was generated at the level of prevented in the presence of SOD or catalase, indicating tt
the plasma membrane and acted at the external surface of threthis case, both the superoxide anion and hydrogen peroxide
cell (de Lamirande and Gagnon, 1995a). The superoxide  were needed for these processes (de Letnaitath866).
production of human spermatozoa started immediately at th€here is still no direct evidence for the production of ROS in
beginning of incubation under capacitating conditions (Ham’s  these two models.
F-10 medium supplemented with fetal cord serum ultra- The studies presented above tend to demonstrate the
filtrate), reached a plateau 15-25 min later, and was sustained oxidative nature of the capacitation process. During in-vi\
for >4 h (de Lamirande and Gagnon, 1995a). On the othecapacitation spermatozoa may not be the only source of ROS.
hand, sperm hyperactivation peaked after 1-3 h of incubation Fluids and cells from the female reproductive tract may als
and capacitation increased progressively over 6 h of incubatiomroduce ROS or promote the formation of ROS by spermatozoa.
indicating that generation of superoxide anion is one of the Indeed, the concentration of oxygen in these fluids rises sharp
first events for the induction and development of these sperrat the time of ovulation (Maast al., 1976) further emphasizing
functions (de Lamirande and Gagnon, 1995a). the physiological relevance of oxygen and ROS in sperm
The involvement of ROS in sperm capacitation is not limitedfunctions.
to the superoxide anion and human spermatozoa. Hydrogen
peroxide may also be involved in these processes sincMlechanisms of action and origin of ROS
catalase reduced, and hydrogen peroxide accelerated, the At the present time, very little is known concerning the targ
hyperactivation and capacitation of human spermatozofor ROS that is involved in sperm capacitation. It should be a
(Griveauet al,, 1994; Leclerceet al,, 1997). No direct measure- molecule or type of molecule that can be oxidized by both the
ment of hydrogen peroxide generation was performed omsuperoxide anion and by hydrogen peroxide since these two
capacitating spermatozoa and it can be postulated that this ROS induced human sperm capacitation (de Lamirande &
ROS originated from the dismutation of the superoxide aniorGagnon, 1993a,b, 1995a; Griveatal, 1994; Leclercet al,
known to be produced by capacitating human spermatozoa  1997). In addition, this target should be located on the exterr
(de Lamirande and Gagnon, 1995a). The concentrations afide of sperm plasma membrane because the superoxide anion
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produced by capacitating spermatozoa is released extra

cellularly and because cell impermeant ROS scavengers su%ﬁb'e | Effect of NADPH oxidase inhibitors on human sperm
. . 1y'?eracuvatlon, capacitation and superoxide production

as the superoxide anion and catalase prevented ROS effec

(de Lamirande and Gagnon, 1993a,b, 1995a; Griveaal, Inhibitor Hyperactivation ~ Capacitation Superoxide
1994; Leclercet al, 1997). Finally, the reversibility of sperm (% of control) (% of control) (g%‘i“ccot'r?t’r]ol)
capacitation could suggest that the ROS target may be subject i

to oxidation/reduction cycles, which would allow anotherNone 100 100 100
method of regulating this process. ROS may directly orPiphenyliodonium 21+ 6 5=1 32+5
indirectly affect the enzymes responsible for protein phos horD!'Ohewlene'ocjor"um 2 16=2 112=16
md|.reCty anec y p > p p. p .Cibacron blue 61+ 9 3x1 66 * 4
ylation. Indeed, human sperm capacitation was associated wittapachol 18+ 4 32+5 68+ 11

an increase in tyrosine phosphorylation of two proteins, p105 _ _ , ,

. L. . . Percoll-washed human spermatozoa were incubated in Ham’s F-10 medium
and p81 (see section on hyperactivation), which was a-bO|'Sheéfpplemented or not with fetal cord serum ultrafiltrate (7.5%, v/v), and in
in the presence of SOD or catalase (Lecletcal, 1997). the absence (none) or presence of NADPH oxidase inhibitors {l)0
Conversely, incubation of spermatozoa with ROS (xantHine Sperm hyperactivation was measured raftén of incubation using the

hi id hvd id | | CellSoft™ system (Muraet al., 1992) and sperm capacitation was
xanthine oxidase, hydrogen peroxide, or gluceseglucose determined after 3.5 h of incubation by the lysophosphatidylcholine-induced

oxidase) caused significant increases in sperm capacitation aactosome reaction as described in Figure 1. The superoxide anion

tyrosine phosphorylation of p105 and p81l (Leclerc al. production was measured by chemiluminescence as described by de
' Lamirande and Gagnon (1995a). Values are expressed as a percentage of the

1997). Furthermore, the ability of human spermat(_)zoa tchyperau:tivatior\, capacitation and superoxide production measured in the
respond to progesterone appeared to depend on their level gesence of fetal cord serum ultrafiltrate. Values are mes®EM of four

tyrosine phosphorylation (Aitkeet al. 1996). Protein tyrosine to six experiments performed with semen samples from different volunteers.
' Values obtained with the various NADPH oxidase inhibitors are all

phosphorylatlon was shown to be Su_b]eCt to redox_regwauoeignificantly different P <0.05) from those of capacitating spermatozoa
in other cells and organelles (Bauskem al, 1991; Fialkow except that for the superoxide production of spermatozoa treated with

et al, 1993) and in sperm acrosome reaction (Aitkegnal,  diphenyleneiodonium.
1995). These data strongly suggest the involvement of ROS in
signal transduction mechanisms leading to sperm capacitation. plasma membrane that would be activated at the time

ROS were shown to affect various cell mechanisms thatapacitation (de Lamirande and Gagnon, 1995a; Leekat,
could be expected to exist in spermatozoa and be involved in ~ 1997). The four inhibitors of neutrophil NADPH oxidase
capacitation. For example, a significant increase in phosphdThelenet al, 1993) that were tested prevented sperm hyper-
lipase A activity and in ATP-dependent calcium uptake was activation and capacitation, and three of them significantly
observedn vivoin plasma membranes from ovaries following decreased the superoxide production related to sperm capa-
the generation of superoxide anion (Sawada and Carlson, citation (Table I). Two of these inhibitors, diphenyliodoniun
1991). Furthermore, adenylyl cyclase of a murine vasculaand diphenyleneiodonium, were also tested for their effect on
smooth muscle cell line was activated in a dose-dependent  tyrosine phosphorylation of sperm proteins and were found
fashion after treatment with hydrogen peroxide (Tenal, significantly reduce this phenomenon (Figure 6 and Leclerc
1995). Protein kinase C activity (Tahlat al, 1993) and et al, 1997). Therefore, the oxidase of human spermatozoa
calcium pumps (Groveet al, 1992) were also modified by would share some similarities with that of neutrophils. How-
oxidant stress. Finally, the activity of protein tyrosine kinases  ever, considering that the amounts of superoxide anion prc
and phosphatases, the two types of enzymes regulating tlieiced by spermatozoa during capacitation are more than three
level of tyrosine phosphorylation of proteins, are both known orders of magnitude lower than those of activated neutrophil:
to be susceptible to redox regulation. Oxidants caused afde Lamirande and Gagnon, 1995a), we can expect that the
increase of tyrosine kinase Lkt (Bausleh al., 1991) activity sperm oxidase would also be quite different from the NADPH
in lymphocytes whereas hydrogen peroxide inhibited tyrosinexidase of neutrophils. In addition, signal transduction mechan-
phosphatases by oxidizing the essential sulphydryl groups isms appear to be different in neutrophils and spermatozc
present at the active site (Hecht and Zick, 1992). This lasivhereas the tyrosine phosphorylation of specific proteins was
observation is potentially important since the presence of  a prerequisite for the oxidative burst of neutrophils (Fialkow
reducing agents (such as dithiothreitol) prevented the inductioat al, 1993), it appeared to be a consequence of ROS
of human sperm capacitation whereas the presence of oxidants  production in spermatozoa ételed997). The exact
targeted at sulphydryl groups (such as phenylarsine oxide ardcation, mechanism of activation, and co-factors (NADPH,
vanadate) promoted tyrosine phosphorylation of p105 and p81 NADH or others) of the sperm oxidase remain to be determine
(Leclercet al, 1997).

The enzymatic system responsible for the generation of th€&linical relevance of ROS in sperm hyperactivation
superoxide anion in human spermatozoa and linked to sperm The needs for a fine balance between ROS production &
hyperactivation and capacitation remains unknown. Due t@cavenging, as well as the right timing for ROS production,
some similarities between events occurring during sperm are of paramount importance for sperm functions. As state
capacitation (calcium influx, increase in intracellular cAMP, above, spontaneous sperm hyperactivation was observed in
protein phosphorylation, etc.) (Yanagimachi, 1994) and the 18% (22/120) of semen samples from infertile patients whos
oxidative burst of neutrophils (Moredt al, 1991), we postu- spermiograms were considered normal according to the World
lated that spermatozoa possess an oxidase at the level of the Health Organization criteria (de Lamirande and Gagnc
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threonine and tyrosine residues of proteins) in human sperm
capacitation. The relationships that exist between these modu-

200 lators are not well established and are probably complex
since they can influence and interact with each other in
9 2 -— . s multiple ways.
—— -
6 9 Adenylyl cyclase and cAMIP
Calcium influx and generation of ROS appear as the earliest
4 6 events of sperm capacitation since they are initiated immedi-

ately at the beginning of incubation under capacitating condi-
tions (Baldiet al, 1991; de Lamirande and Gagnon, 1995a).
These two processes may be responsible for the physiological

3 0 activation of adenylyl cyclase which might play a role in the
development of human sperm capacitation. Indeed, substances

21 that contribute to the rise in intracellular concentrations of
cAMP, such as forskolin (an adenylyl cyclase activator),

1 4 dibutyryl cAMP (a cell permeant analogue of cAMP), as well

as caffeine and isobutylmethylxanthine (phosphodiesterase

inhibitors), stimulated human sperm capacitation and protein

1 2 3 4 tyrosine phosphorylation of two proteins, p1l05 and p81

(Leclercet al,, 1997). Furthermore, progesterone was recently

Figure 6. Effect of NADPH oxidase inhibitors on tyrosine shown to stimulate calcium _influx in human spermatozoa
phosphorylation of proteins in capacitating human spermatozoa. and consequently to cause increases in intracellular cAMP
Percoll-washed human spermatozoa were incubated for 2.5 h at concentrations, protein tyrosine phosphorylation and rate of

37°C in Ham’s F-10 medium alone (no capacitation, lane 1) or  capacitation (Emiliozziet al, 1996; Parinaud and Milhet,
Ham’s F-10+ 10% fetal cord serum ultrafiltrate in the absence 1996).

(capacitation, lane 2) or presence of 0.1 mM diphenyliodonium . . - .
(lane 3), or diphenyleneiodonium (lane 4) (inhibition of The complexity of the mechanisms by which cAMP is

capacitation). Total sperm proteins were separated by sodium produced and acts is well illustrated by results obtained with
dodecy! sulphate—polyacrylamide gel electrophoresis (SDS—-PAGE) monkey spermatozoa. In this species, caffeine increased the
and transferred to nitrocellulose. Phosphotyrosine-containing number of spermatozoa binding to the zona pellucida,
proteins were detected on Western blots using a monoclonal whereas dibutyryl cAMP induced higher rates of sperm acro-

antiphosphotyrosine antibody (Leclegt al, 1996a,b). The position L e
of the molecular mass markers (kDa) is shown on the left. Results some reaction; however, the combination of both substances

are from one experiment representative of four others. Human ~ Was needed for the development of hyperactivated motility

sperm capacitation was associated with a marked increase in (VandeVoortet al, 1994). Even though caffeine and dibutyryl
tyrosine phosphorylation of two proteins, p105 and p81. NADPH cAMP are both recognized as agents that cause an increase in
oxidase inhibitors caused a significant reduction both in this intracellular CAMP concentration, it appeared that they may

phosphorylation and in sperm capacitation (Table ). have other mechanisms of action and/or that the increase in

cAMP concentrations in different compartments of sperm-

1993c,d). Interestingly, this phenomenon was associated witfit0z0a may have different effects (VandeVoer@al, 1994).

a decrease in the superoxide scavenging capacity of the seminal1N€ fact that mouse spermatozoa incubated in a medium
plasma (by 37%) and spermatozoa (by 40%) of these patien&evo'd of calcium but supplemented W|th ce_II perr_neant _cAMP
as compared to those of seminal plasma and spermatozoa frdfffalogues were able to undergo capacitation (Viscendl,
normal men (de Lamirande and Gagnon, 1993c,d). It wad995a,b) corroborated the proposition that calcium influx
postulated that spermatozoa from these patients prematureffPuld directly or indirectly lead to activation of adenylyl
initiated superoxide production and that the resulting imbalancgYclase. Conversely, the induction of human sperm capacita-
between the superoxide production and scavenging led to 3PN and its associated tyrosine phosphorylation by isobutyl-
net superoxide release from spermatozoa which caused ngethylxanthine was not inhibited by superoxide dismutase

premature sperm hyperactivation (de Lamirande and Gagnoﬁ',:igure 7), suggesting that the intracellular increase in cAMP
1993c,d). occurred downstream of ROS production. It is therefore

possible that ROS take part in activation of sperm adenylyl
cyclase as demonstrated in other cellular systems (Tahler
Cellular controls of sperm capacitation et al, 1993).
Whereas signal transduction mechanisms involved in sperm o
acrosome reaction have been studied extensively (Yanagimacifrotein kinases
1994; Dohertyet al, 1995), relatively little information is  The increase in adenylyl cyclase activity results in an increase
available on the controls of sperm capacitation. At the preserin cAMP, which has been implicated in the initiation and
time, there is evidence for the involvement of calcium, ROS, maintenance of sperm motility (Tash, 1990) and capacitatior
cAMP, protein kinases and protein phosphatases (for seriné¥anagimachi, 1994; Lecleret al, 1996, 1997). Most of the
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Figure 7. Effect of superoxide dismutase (SOD) and isobutylmethylxanthine on sperm capacitation and protein tyrosine phosphorylation.
Percoll-washed human spermatozoa were incubated at 37°C in Ham'’s F-10 medium alone (lane 1), or supplemented with superoxide
dismutase (SOD, 0.1 mg/ml) (lane 2), isobutylmethylxanthine (IBMX, 0.5 mM) (lane 3) or both of these substances (lane 4). Protein
tyrosine phosphorylation (left panel) was evaluated after 2.5 h of incubation, as described in Figure 4. The position of the molecular mass
markers (kDa) is shown on the left. Results are from one experiment representative of five others. Sperm capacitation (right panel) was
determined afte4 h of incubation, by the LPC-induced acrosome reaction as described in Figure 1. Values are: (8&Ah of six

experiments performed with different sperm samples. *Value significantly higher than those obtained with no supplementation of Ham’s
F-10 (none) or SOD. IBMX-induced sperm capacitation and protein tyrosine phosphorylation were not prevented by the presence of SOD.

actions of cCAMP are mediated through activation of protein known but cAMP/PKA- and PKC-dependent pathways appea
kinases A (PKA), the presence of which has been reported ito be interrelated and ultimately converge in the induction

spermatozoa (Garbeet al, 1973). In mice (Viscontet al, of the acrosome reaction in human spermatozoa (Doherty
1995a,b) and humans (Leclegtal, 1996), inhibitors of PKA et al, 1995).
(H-89 and Rp-cAMPS) blocked sperm capacitation and the The cAMP-dependent phosphorylation of human sperr

associated protein tyrosine phosphorylation, indicating thaproteins appeared as a prerequisite for protein tyrosine
PKA takes part in these processes. Treatment with dibutyryl phosphorylation, a phenomenon often associated with cap
cGMP also accelerated mouse sperm capacitation (Furuyctation. Nazet al. (1991) observed tyrosine phosphorylation
et al, 1992), suggesting the possible involvement of guanylyl of detergent-solubilized human sperm membrane proteins i
cyclase and cGMP. However, the guanylyl cyclase/cGMFour molecular weight regions (94, 46, 25, and 12 kDa),
system is known more for its role in sperm acrosome reaction  the importance of which varied according to the state o
(Santos-Sacchi and Gordon, 1980; Yanagimachi, 1994), anchpacitation. The 94 kDa and the 12 kDa proteins were
its involvement and mechanism of action in sperm capacitation respectively 30% more and 12% less phosphorylated in cap
remain to be confirmed. citated than in non-capacitated spermatozoa. Immunofluores-
The enhancing effect of phorbol myristate acetate (PMA), cence observations on methanol-fixed human spermatozc
an activator of protein kinase C (PKC), on the phosphorylatiorindicated a progressive change in the localization of tyrosine
of numerous human sperm proteins (78, 71, 57.5, and 56 kDa) phosphorylated proteins from the flagellum to the acrosom
and on mouse and human sperm capacitation, as well as thegion during capacitation (Nat al., 1991). Other researchers
reversal of these effects by staurosporine or H-7 (non-specific ~ observed a time-dependent increase in tyrosine phosphory
inhibitors of protein kinases) could indicate the involvementtion of proteins of ~97 and 75 kDa (Lucomit al, 1995)
of PKC in capacitation (Furuyat al, 1992; 1993b). Indeed, and 94 kDa (Emiliozzi al, 1996) during human sperm
various forms of PKC were found to be compartmentalized incapacitation but did not attempt to localize these proteins.
human spermatozoa, PiKCand PK@,, being located in the More recently, Leclest al. (1996, 1997) observed that
equatorial segment of the sperm head and BKadd PKG  tyrosine phosphorylation of two proteins, p105 and p81, was
in the principal piece of the flagellum (Na@t al, 1995). higher in capacitating than in non-capacitating spermatozoa.
However, the stimulation of human sperm capacitation (Furuydhis phosphorylation was time-dependent and significantly
et al, 1993b) and acrosome reaction (Naral, 1995) by  increased as early as 1 h after the beginning of the incubation.
PMA were not calcium dependent, which did not favour theThe localization of p105 and p81 in the fibrous sheath of the
hypothesis of an activation of PKC. It was recently observed sperm flagellum (Figure 4) (Letcdrcl997) is suggestive
that the stimulation of human sperm capacitation and tyrosinef their possible role in the control of sperm motility.
phosphorylation by PMA was bicarbonate-dependent (Leclerc The increased degree of protein phosphorylation observe
et al, 1996). Therefore, it is possible that, as observed irduring sperm capacitation may result from a stimulation of
hamster spermatozoa (Viscor al, 1990), PMA caused a  kinases and/or an inhibition of phosphatases but the relative
bicarbonate-dependent increase in cAMP concentration. Thele of these enzymes is not yet known. Human spermatozoa
mechanism by which this stimulation would occur is not yet  contain type 1 and type 2B protein phosphatases &lash
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Figure 8. Hypothetical signalling pathways during human sperm capacitation. ROS generation and calcium influx appear as the first cellular
events of capacitation. At the beginning of the capacitation period, a yet unidentified biological effector would activate an oxidase at the
level of the sperm plasma membrane, which would result in an immediate and sustained production of the superoxide 3nibmigO

ROS or its dismutation product, hydrogen peroxide@kb), could activate sperm adenylyl cyclase as observed in other cell systems or
promote calcium influx through inactivation of calcium ATPases or calcium channels (dashed lines indicate hypothetical phenomenon). It is
also possible that ROS transform lipids, therefore promoting their extraction from the plasma membrane. In addition ROS could oxidize
proteins and modify their structure and functions. Calcium influx, which could possibly be induced by the action of progesterone on specific
receptor or inactivation of calcium ATPases, also occurs immediately at the beginning of the capacitation period, and reaches its maximum
h later. Calcium could activate the adenylyl cyclase as well as many other enzymes, such as protein kinase C and phospholipases, for whi
there is no evidence yet for their involvement in sperm capacitation. Stimulation of adenylyl cyclase activity would lead to an increased
formation of cAMP. As a consequence of the production of this second messenger, protein kinase A (PKA) would be activated and cause &
increase in the serine/threonine phosphorylation of numerous proteins therefore modulating their functions to elicit an overall cellular
response. The increase in Ser/Thr protein phosphorylation could also be caused by an inhibition of protein phosphatase activity. Protein
tyrosine kinases (PTK) are potential targets for PKA or their phosphorylated substrates; the consequent increase in PTK activity would
result in the phosphorylation of various proteins, the location (fibrous sheath, membrane; flagellum, head) of which would vary with the
degree of capacitation achieved. Moreover, the increase in protein phosphotyrosine content could be due to inhibition of protein tyrosine
phosphatases (PTPases), since these enzymes are very sensitive to oxidation.

1988; Tash and Bracho, 1994; Smihal, 1996). Calyculin  divergent pathways regulating tyrosine phosphorylation of

A and okadaic acid (inhibitors of type 1 and 2A phosphatasesproteins, capacitation, and motility in human spermatozoa.
promoted human sperm capacitation (Furwtaal, 1993a; Considering the variety and complexity of mechanisms
Leclercet al, 1996) but only calyculin A caused an increasedescribed above (summarized in Figure 8), the possibility of

of p105 and p81 tyrosine phosphorylation (Leclestc al, cross talk between these processes, as well as the paramount
1996). The fact that these inhibitors block serine/threoninemportance of sperm capacitation in the fertilizing process, it
(Ser/Thr) protein phosphorylation suggests that Ser/Thr phos- is tempting to speculate that more than one pathway may
phorylated proteins are involved (possibly through cAMP/available to ensure the success of this event. In other words,
PKA regulation) in sperm capacitation and in tyrosine phos-  the redundancy which is observed in so many other cell type
phorylation of p1l05 and p8l1. Whether such Ser/Thr phoswould ensure that if the main pathway fails, capacitation can
phorylated proteins are themselves tyrosine kinases or  still proceed.

phosphatases or other regulators involved in the tyrosine

phosphorylation pathway remains to be established. Substanc&gPacitation as a priming and regulatory step for the

such as phenylarsine oxide, vanadate, and hydrogen peroxid€rosome reaction

that can oxidize the cysteine residues present at the active  The factors mentioned above, calcium influx, ROS generatic
site of phosphotyrosine protein phosphatases (Garcia-Moraléscrease in adenylyl cyclase activity and protein phosphoryla-

et al,, 1990; Hecht and Zick., 1992) increased protein tyrosine tion, are also involved in the induction of the acrosome reactiol
phosphorylation in human spermatozoa (Lecketral, 1997).  (Yanagimachi, 1994; Aitkeet al,, 1995; Dohertyet al,, 1995;
However, the correlation between sperm capacitation and Leclerc and Kopf, 1995). It is therefore possible that sperr
tyrosine phosphorylation is not perfect, which suggests thatapacitation may be considered as a ‘priming’ event during
although a cAMP-dependent phosphorylation of proteins  which the cellular systems are brought to the specific level o
appears as a common intermediate step, there are probalagtivation that will be needed for the acrosome reaction to
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proceed upon exposure to the proper stimulus. This would allows spermatozoato detach from the epithelium of the ovidu
imply the presence of inhibitory mechanisms to keep theand progress towards the egg. Furthermore, capacitation allows
system in this reversible state of activation, thus preventing a  sperm binding to the zona pellucida and acrosome reactio
premature acrosome reaction. It could also suggest the neddit hyperactivated motility is essential for penetration of

for a very specific stimulus for the acrosome reaction and/or  the zona pellucida, demonstrating that real (physiological
the recruitment of one or several regulatory mechanisms natapacitation cannot proceed without hyperactivation.

involved in sperm capacitation. A very good example of the Many questions remain to be addressed and elucidated |
stepwise nature of sperm capacitation is illustrated by resultthe understanding of events leading to sperm capacitation. One
obtained by Suarez and Dai (1995) on calcium influx in main field of interest concerns in-vivo capacitation. The
hamster spermatozoa. During capacitation, the intracellulamprovement of tissue culture systems (type of co-culture,
calcium concentration increased to a specific value that temperature, oxygen concentration, etc.) could help to repr
remained constant until the induction of the acrosome reactiorduce in-vivo conditions and result in a physiologically more

at which time there was a second calcium influx. Presently, relevant process of human sperm capicitatmnrhese

no time sequence of events has yet been established for tistudies could help to elucidate how spermatozoa and oviduct
concentrations of cAMP, rate of ROS generation, degree of  interact with each other, and to identify the real inducers an
protein phosphorylation, etc. attained during sperm capacitatiothe mechanisms regulating sperm capacitation, etc.. On the
and acrosome reaction. These data would provide essential other hand, more research should also be undertaken
information on the mechanisms that are common or differentinderstand the signal transduction mechanisms leading to

in these two cellular processes. Furthermore, they would  sperm capacitation and what makes them different (in type
help to pinpoint the factors (or mechanisms) responsible foconcentration, or activity of a messenger, in cellular localiz-
maintaining spermatozoa in the capacitated (‘primed’) state, ation, etc.) from those involved in the acrosome reaction. Th
as well as those that are specific for the second step dfnowledge obtained in these two areas of research could
activation, that is, the acrosome reaction. Important inter- provide better conditions for IVF or treatment of spermatozoce
mediates in signal transduction mechanisms, such as phospho-improve their fertilizing ability.

lipases, G-proteins, phosphatidylinositol, ion channels, etc.

have been shown to be involved in sperm acrosome reaction

but their potential role in sperm capacitation has not yetAcknowledgement

been studied. The authors are grateful to the Medical Research Council of Canada
for their research grant to C.G.
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: e ; uptake by mouse spermatozivavitro correlates with changing functional
major cellular modifications. Interestingly, changes occur both potential.J. Reprod. Fertil 99, 187194,

in sperm head and flagellum, and in multiple cellular compartageoya-Osiguwa, S. and Fraser, L.R. (1994) Evidence fdi*@ependent
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