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ABSTRACT

In this investigation we sought to determine whether sperm
capacitation in vitro is accompanied by changes in the func-
tional presence of zona binding sites on the plasma membrane
of boar spermatozoa. During sperm incubation at 39C in var-
ious modifications of a Tyrode's-based in vitro fertilization me-
dium, the zona binding ability of individual spermatozoa was
assessed with fluorescein-conjugated solubilized zona pellucida
proteins, using a flow cytometer. Propidium iodide was routinely
included to allow simultaneous assessment of membrane integ-
rity; rhodamine-conjugated peanut agglutinin was used to assess
acrosomal status. During incubation in the fertilization medium,
a subpopulation of live acrosome-intact spermatozoa developed
enhanced binding of the fluorescein-conjugated solubilized
zona proteins. Microscopy revealed that the increase in cyto-
metrically detected zona binding was paralleled by an increase
in the area on the sperm head to which zona proteins bound,
from the apical region to the whole of the acrosomal region.
The changes were accelerated by phosphodiesterase inhibitors,
were attenuated by omission of bicarbonate, and were com-
pletely inhibited by addition of EGTA. In the fertilization me-
dium, numbers of sperm showing enhanced zona binding max-
imized after 60-90 min. This time course is somewhat similar
to that reported by others for development of egg-penetrating
ability in vitro. We suggest that the observed changes in zona
binding ability bring about optimal sperm-egg attachment; they
may also relate to induction of the acrosome reaction by zona
pellucida components. In consequence, the zona binding
changes may be an important part of the process by which the
sperm acquires fertilizing ability as a result of capacitation.

INTRODUCTION

Before a spermatozoon can fuse with an oocyte, it needs
to bind to and penetrate the zona pellucida, the extracellular
matrix that surrounds the oocyte. To be able to penetrate
the zona pellucida, the sperm have to undergo the acrosome
reaction, an exocytotic membrane fusion event. There is
considerable evidence that the fertilizing sperm undergoes
the acrosome reaction in consequence of binding to com-
ponents of the zona pellucida via specific receptors on the
plasma membrane surface [1, 2]. Thus, correct interaction
with the zona pellucida is crucial to the fertilization pro-
cess.

Although spermatozoa fresh from the male reproductive
tract can bind to the zona pellucida [3, 4], they do not have
the immediate ability to undergo a zona-induced acrosome
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reaction [5] or to penetrate the zona pellucida [6]. These
latter abilities develop in mammalian spermatozoa as a re-
sult of a priming process known as capacitation [2, 7]. Ca-
pacitation takes place in vivo in the female reproductive
tract, but it can also be induced in vitro as a precondition
for successful in vitro fertilization (IVF). Many cellular and
biochemical changes that occur in sperm samples during
such IVF incubations have been described [8]. However,
relating a given change to the acquisition of fertilizing abil-
ity has proved difficult. The lengthy period needed for max-
imal fertilizing ability to develop within sperm samples
subjected to in vitro "capacitating" treatments implies that
the capacitation process may comprise a sequence of
events. Moreover, sperm populations display heterogeneity,
in that individual cells respond to capacitating conditions
at widely different rates. It is not possible to detect the
fertilizing ability of individual spermatozoa and therefore
to match the changes that can be observed in individual
cells to the acquisition of fertilizing ability. Thus, identifi-
cation and ordering of the events within the capacitation
sequence is rendered very problematical.

An alternative approach has been to use flow cytometry
to examine the changes in individual cells within the sperm
population that are brought about specifically by compo-
nents or conditions essential to the acquisition of fertilizing
ability. Among these, bicarbonate appears to play a primary
role, having been shown to be needed for the acquisition
of fertilizing ability in vitro ([9] and references therein), for
the acquisition of the ability to undergo the acrosome re-
action in response to zona pellucida components [1, 10-
12], and for the expression of hyperactivated motility [13]
(another parameter of capacitation, thought to be needed
for zona penetration [14]). Moreover, bicarbonate has been
shown to induce some specific changes in the sperm plasma
membrane, with respect both to lipid architecture [15, 16]
and to the reorganization of surface components [17]. The
involvement of calcium in capacitation has also been dem-
onstrated [18], but the details of its role have not yet been
ascertained.

Despite the pivotal importance of binding of zona com-
ponents for sperm-egg attachment and induction of the ac-
rosome reaction, little is known about the effect of fertil-
izing conditions on the functional presence of zona recep-
tors at the sperm plasma membrane surface. In this study,
we have used flow cytometry to investigate the ability of
boar sperm to bind fluorescein-conjugated solubilized zona
pellucida proteins during the course of incubation under
IVF conditions. In particular, we have noted the influence
of the key components of IVF media, bicarbonate, and cal-
cium.

MATERIALS AND METHODS

Chemicals

Unless stated otherwise, reagents (of analytical grade if
available) were purchased from Sigma Chemical Co.
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HARKEMA ET AL.

TABLE 1. Composition of the variants of the Tyrode's-based medium
used for sperm incubation.

Variant

Component TB* TBC TB-Ca TB+E T TC

15 mM HCO3 + + + + - -

4.5 mM Ca
2 +

+ + - - + +

2 mM EGTA - - - +

2 mM caffeine - + - - - +

* Standard Tyrode's medium (TB) contained 15 mM NaHCO3, 4.5 mM

CaCI 2, 96 mM NaCI, 3.1 mM KCI, 0.3 mM KHPO4, 0.4 mM MgSO4, 5

mM glucose, 21.7 mM sodium lactate, 1 mM sodium pyruvate, 20 mM

Hepes (adjusted to pH 7.6 at 25
0

C with NaOH, to obtain a pH of 7.4 at

39°C), 5 mg/ml BSA (Sigma A4378), 100 ipg/ml kanamycin, 20 jig/ml

phenol red, and 2.5 ,ag/ml propidium iodide (PI); all variants were pre-

pared by mixing relevant amounts of stock solutions.

(Poole, Dorset, UK) or BDH (Merck Ltd., Poole, Dorset,
UK). Percoll was obtained from Pharmacia Biotech Ltd.

(St. Albans, Herts, UK). Tetramethylrhodamine isothio-
cyanate-labeled peanut agglutinin (TRITC-PNA) was de-

rived from Vector Laboratories Ltd. (Peterborough, UK).

Media and Incubation Conditions

Variants of the modified Tyrode's medium used by Par-
rish et al. [19] were used for incubation of spermatozoa.
The compositions of the variants are given in Table 1. Os-

molality was maintained at 300 mOsmol/kg in all by ad-
justing the NaCI concentration. Variants containing Na-

HCO 3 - (i.e., TB, TBC, TB-Ca, TB+E) were maintained in
equilibrium with 5% CO2 in air during incubations, whence
all media had a nominal pH of 7.4 at 39°C (in practice, pH

7.3-7.4: this was achieved by adjusting EGTA and caffeine

stocks to pH 7.4 with NaOH prior to inclusion and by main-
taining all variants containing HCO 3 in equilibrium with

5% CO 2; see [9]).
Beltsville Thawing Solution (BTS) was used both as ex-

tender for fresh boar semen and as incubation medium in

some experiments. BTS was made up according to Johnson

et al. [20], with kanamycin (50 g/ml) used as antibiotic

instead of penicillin and streptomycin.
All media were passed through a 0.22-pim filter in order

to reduce "noise" in the flow cytometric analyses.

Unless otherwise stated, incubations were carried out at
a temperature that was measured as 38.5°C by conventional

laboratory thermometers. However, to give the temperature

as 38.5°C would imply a level of accuracy that could not

be justified, therefore throughout this paper we have re-

ferred to the incubation temperature as 39°C.

Collection and Washing of Spermatozoa

Sperm-rich fractions of 25 ejaculates were collected

from 4 Large White boars (proven breeders, 2-4 yr of age,
200-275 kg BW) belonging to the Babraham Institute's
colony; collections were made from each boar once a week.

After cooling slowly to room temperature (20-22°C), the

semen was filtered through gauze to remove gel particles
and diluted to a final concentration of 1.5 x 108 cells/ml

in BTS. The diluted semen was stored at room temperature
for up to 48 h.

Thirty minutes before start of the experiments, aliquots
of 4.5 x 108 spermatozoa (3 ml of diluted semen) were

layered over 4 ml 35% iso-osmotic Percoll-saline on 2 ml
70% Percoll-saline, and centrifuged for 5 min at 200 g

followed by 15 min at 900 x g [21]; the saline basal me-

dium for the Percoll consisted of 137 mM NaCl, 2.5 mM
KC1, 10 mM glucose, and 20 mM Hepes adjusted to pH
7.5 with NaOH. After centrifugation, the supernatant layers
were aspirated to leave 0.5 ml "pellet plus supernatant,"
in which the loosely packed spermatozoa were readily re-
suspended.

Preparation of Fluorescein-Conjugated Solubilized Zona
Pellucida Proteins

Zonae pellucidae were prepared from porcine ovaries
obtained from a slaughterhouse. The ovaries were stored
frozen until required and then thawed in an isolation buffer

(2 mM EDTA, 10 mM Na2HPO4, 130 mM NaCl, 11 mM
sodium citrate, 0.2% w:v polyvinyl alcohol [Sigma P-

8136], pH 7.0). Oocytes were isolated from the ovaries,
according to Dunbar et al. [22], on ice. Isolated oocytes
were layered on top of 30 ml of 15% Percoll in isolation
buffer and centrifuged for 45 min at 30 000 x g (80 C). A
band of oocytes (visible at a height of two-thirds of the

gradient column) was then aspirated. The oocytes were ho-
mogenized using a Potter-Elvehjem homogenizer. The zo-
nae were collected on a 45-pim stainless steel screen, rinsed
with the isolation buffer, and centrifuged twice for 10 min
at 800 x g. The pure zonae were solubilized in 50 mM
NH4HCO3- (pH 7.2, adjusted with acetic acid) by heating

at 70°C for 30 min. The solubilized preparation was lyoph-

ilized and stored dry (with desiccant) at -20°C.
The purity of this porcine zona preparation was assessed

using two-dimensional gel electrophoresis according to

Topper et al. [23]. Material was solubilized in electropho-
resis sample buffer under reducing conditions and subjected
to isoelectric focusing in 8 M urea for the first-dimensional
separation, and to SDS-PAGE in 7.5% poly-acrylamide gel
for the second-dimensional separation. Proteins were visu-

alized by the use of a silver-staining method.
The ability of the prepared zona proteins to inhibit bind-

ing of spermatozoa to the zona pellucida was investigated
in a competition assay. Washed spermatozoa (2 x 106 cells/

ml) were incubated in standard Tyrode's medium (TB, Ta-

ble 1) at 39°C in plastic test tubes. After 2 h, 45-,ul ali-
quants of the cell suspension were gently mixed with 5 .l1

of the solubilized zona pellucida proteins in the same me-

dium at a final concentration of 100 jig/ml (or 0 jig/ml, as

control), and incubation was continued in 50-,ul droplets
under paraffin oil. After 10 min, a volume of 50 il of the

same Tyrode's medium containing 10 oocytes (isolated ac-

cording to Dunbar et al. [22]) was added to each sperm

droplet, and incubation was continued for 60 min. The oo-
cytes were washed to remove loosely bound spermatozoa

by pipetting 5 times with a glass pipette and transferring

them into fresh droplets of medium; the internal diameter
of the pipette was twice the diameter of the oocytes. Fi-
nally, the oocytes were transferred to droplets of medium

without BSA but containing 2.5% glutaraldehyde and fixed
for 15 min. After treatment with 0.05% Nonidet P-40 and

10 iM propidium iodide (PI), the numbers of spermatozoa

bound to the zonae were counted using a fluorescence mi-
croscope. Two separate experiments were carried out, using
semen from 2 different boars, within each of which sperm-

egg interactions at each level of zona protein were tested
in duplicate.

Conjugation of zona proteins with fluorescein isothio-

cyanate (FITC) was performed by incubation of the pro-
teins with FITC for 4 h at 20-220 C in a 100 mM borate
buffer (pH 8.5; 1 mg/ml protein and 0.2 mg/ml FITC). Ex-
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ZONA BINDING SITES AT THE SPERM SURFACE

cess FITC was removed using a Centricon-30 centrifugal
concentrator (Amicon Inc., Lexington, MA). The concen-
trated protein fraction (of approximately 400 RlI) was then
diluted fourfold with Hepes-buffered saline (150 mM NaCl,
20 mM Hepes; pH 7.4) and resubjected to centrifugal con-
centration. This washing procedure was repeated five times.
The labeled protein preparation and the filtrates were stored
at -20°C. The filtrate collected during the fifth washing
step was used as a control for interference of "free" FITC
during flow cytometry. The protein concentration of the
obtained FITC-labeled solubilized zona protein (FITC-sZP)
preparation was estimated in an assay using bicinchoninic
acid [24].

Assessment of Binding of Zona Proteins

From the washed sperm preparations, aliquants of 15 1
that contained approximately 6 x 106 spermatozoa were
transferred to 100 16-mm screw-capped conical-based
plastic tubes (144AS: Bibby Sterilin Ltd., Stone, Staffs,
UK), containing 1.985 ml of chosen prewarmed medium;
the bicarbonate-containing media were in equilibrium with
5% CO 2. The suspensions were then mixed gently and put
in a water bath to incubate at 39°C. After 5, 30, 45, 60, 90,
120, and 180 min of incubation, subsamples of 147 l were
taken and mixed with 3 Il of a 100 pxg/ml FITC-sZP stock
solution (in bicarbonate-free Tyrode's medium: T, Table 1);
the final concentration of FITC-sZP was 2 pxg/ml. Four
minutes later, the spermatozoa were subjected to two-color
flow-cytometric analysis to measure fluorescence of cell-
associated FITC-sZP and PI simultaneously. Each time a
tube of bicarbonate-containing medium was uncapped (for
sperm addition or removal), the overlying (premoistened)
5% CO2 gas phase was briefly replenished before recapping
and continued incubation [21].

Pilot experiments showed that maximal binding of
FITC-sZP was achieved in less than 4 min. Removal of
residual free FITC-sZP was unnecessary because the flow
cytometer only detects particle-associated fluorescence.

To investigate the effect of temperature, similar incuba-
tions were carried out at 20°C instead of 39°C.

Assessment of the Acrosomal Status

Washed spermatozoa were incubated at 39°C in standard
Tyrode's medium (TB) for 3 h. At set time points, subsam-
ples of 147 1I were taken, mixed with 3 1I of TRITC-PNA
(150 ixg/ml) and, after 4 min, analyzed by flow cytometry.
In these experiments, PI (whose fluorescence emission
spectrum is similar to that of TRITC) was replaced with
Hoechst 33258 (final concentration 2.5 Ixg/ml) to assess
membrane integrity. Pilot studies confirmed that binding of
TRITC-PNA was established within 1 min [17] and that the
brief exposure to the lectin caused no detectable cell death
(c.f. [17]).

PNA binds to sperm whose acrosomal components are
exposed but does not bind to the plasma membrane of intact
sperm [17, 25]; thus live cells with an intact acrosomal cap
will be PNA-negative, whereas live cells undergoing an
acrosome reaction will be PNA-positive. Such cells can be
distinguished from acrosome-damaged cells because the
latter will also stain with vital stains, such as Hoechst. In
some experiments, FITC-sZP binding and TRITC-PNA
binding were assessed together. TRITC-PNA was added 1.5
min before addition of FITC-sZP. Incubation was then con-
tinued for 2.5 min, after which the cells were subjected to
three-color flow cytometry. The resultant binding of the

probes used in combination was identical to the binding of
the probes when used separately.

Parallel to the flow cytometric analysis of the sperm, the
acrosomal morphology of TRITC-PNA-stained prepara-
tions was evaluated by fluorescence and phase contrast mi-
croscopy of the wet mounts. The spermatozoa were im-
mobilized by addition of 0.8 mM formaldehyde [26], and
acrosomes were assessed according to the criteria of Pursel
et al. [27].

Flow Cytometric Analysis

Two-color flow cytometry was performed using a Facscan
flow cytometer (Becton Dickinson, San Jose, CA), which
collected fluorescence data in logarithmic mode, and forward
and side light-scatter data in linear mode from 10 000 events
per sample, at a rate of 500-1000 events per sec. Fluores-
cence of FITC was detected using the FL1 530/30-nm band-
pass filter, and fluorescence of PI was detected using the FL3
650-nm long-pass filter. Data were analyzed using Facscan
software. Through inspection of light-scatter data (indicative
of size and cellular nature), small (non-sperm) events and
large events (due mostly to sperm aggregates) were excluded
from the analysis by gating. The data were then displayed
as dot-plots of relative FITC and PI fluorescence, on which
computerized quadrants were set up to partition the data into
subpopulations from which the relative proportions of the
sperm categories were calculated (see Fig. 2). The overall
cell subpopulation patterns were very consistent in all ex-
periments; however, there were slight day-to-day variations
in channel response that stemmed from a combination of
instrument performance and basal staining within individual
sperm samples. Thus the channel limits for the quadrants
were set daily (i.e., for a given day's experimental replicate),
after visual inspection of the particular data set. Some dead
cells were always detectable in any sperm sample (with rel-
ative PI fluorescence at least 10-fold greater than that of live
cells); thus differentiation between the live and dead popu-
lations was always clear cut (in Fig. 2, quadrants I and II
versus III and IV, respectively), and the dividing boundary
was always set midway between the two groups. The divid-
ing boundary between low and high FITC-sZP binding was
always set just beyond the upper limit of the major live
population seen after 5-min incubation (see division between
quadrant I versus II in Fig. 2a).

Three-color flow cytometry was performed on a Facstar-
Plus flow cytometer (Becton Dickinson). The fluorescent
signals of Hoechst 33258 (excited at 361 nm with a UV
laser and detected using a 390-nm long-pass filter), FITC-
sZP (excited at 488 nm with an argon laser and detected
using a 530/30-nm band-pass filter), and TRITC-PNA (ex-
cited with the argon laser and detected using a 580-nm
long-pass filter) were collected from 10 000 events, in com-
bination with forward light-scattering signals. Data were
analyzed by procedures similar to those described above,
using Lysis-II software (Becton Dickinson).

Statistical Analysis

Data were analyzed using a generalized linear mixed
model [28]. Effects were introduced on the probit scale.
Fixed effects were main effects for boars, time, media, and
interaction between time and media. Random effects with
corresponding components of variance were ejaculates
within boars, tubes within ejaculates, and interaction be-
tween boars and media and between media and time. The
random effects in the model account for correlation be-
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424 HARKEMA ET AL.

x(I 1-{ ), where is the probability (conditional upon the
random effects) for the expression of a given sperm prop-
erty (e.g., a cell to be alive). Thus Var(y) = 0 RI(l - ). The
unknown dispersion parameter 0 was estimated from the
data and represented the combined effects due to sampling,
counting, and other residual sources of variation. Overall
significance tests were based on the Wald test [29]. Cal-
culations were performed in the statistical programming
language Genstat 5 [30].

Unless otherwise stated, numerical data are expressed as
means SD.

RESULTS

Characteristics of the Solubilized Zona Protein
Preparation

FIG. 1. Two-dimensional gel electrophoresis of solubilized porcine zona
proteins. The protein preparation was isolated from porcine zonae pel-

lucidae, as described in Materials and Methods, and then solubilized in
electrophoresis sample buffer under reducing conditions. Isoelectric fo-
cusing in 8 M urea was used for the first-dimensional separation and SDS-
PAGE in 7.5% polyacrylamide gel for the second-dimensional separation.
Proteins were visualized by the use of a silver-staining method. For details
of the method, see Topper et al. [231. ZP1, ZP2, ZP3, and ZP4 indicate

the major glycoprotein derivatives of the porcine zona pellucida 31].
Molecular weight markers (X 10 3) appear at left.

tween measurements on, for instance, the same ejaculate,
or the same tube within an ejaculate. Boar main effects
were entered as fixed effects and not as random effects
because of the small number of boars in the experiment.

On the residual level, the variance (Var) of a fraction y
(= percentage/100) was assumed to be a multiple of
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The electrophoretic pattern of the solubilized porcine
zona protein preparation is shown in Figure 1. It resembled
that reported by Koyama et al. [31]: under reducing con-
ditions, 4 zona protein families (ZP1, ZP2, ZP3, ZP4) were
resolved, and only very low levels of other (contaminat-
ing?) proteins could be detected.

Incubation of spermatozoa with the solubilized zona
preparation led to a significant reduction in the numbers of
sperm binding to the zona pellucida, from an average of
266 + 84 to 52 28 spermatozoa per zona (4 ejaculates
tested, using 20 oocytes for each sperm sample; p < 0.05).
The effect indicated that the preparation used for the study
was indeed able to interact with the sperm receptors re-
sponsible for sperm-zona attachment.

Binding Capacity of Spermatozoa for FITC-sZP during
Incubation in Tyrode's Medium

At the start of incubation at 39°C, all membrane-intact
(i.e., live) sperm showed approximately the same level of
FITC-sZP fluorescence (Fig. 2a,, in which the live cells are
designated by quadrants I and II). However, in the standard
Tyrode's medium TB (i.e., in the presence of 15 mM
HCO 3- and 4.5 mM Ca2+), a subpopulation of the live sper-

Relative FITC-sZP fluorescence

FIG. 2. Flow cytometric dot plots of sperm populations labeled with FITC-sZP. Washed spermatozoa were incubated in standard Tyrode's medium

(TB, Table 1) at 39°C; at the stated times, samples of the suspension were mixed briefly with FITC-sZP and analyzed by use of two-color flow cytometry

(PI was included in the incubation medium as a viability stain). Fluorescent signals of cell-bound FITC-sZP and PI were collected in a logarithmic

mode. After collection of data, signals from debris and sperm aggregates were excluded from further analysis, after which computerized quadrants were

set according to the dot-plot patterns of relative FITC-sZP and PI fluorescence signals. For details of all procedures, see Materials and Methods. a) After

5-min incubation; b) after 180-min incubation. Cells within quadrants I and II are live (PI-negative); cells within quadrants III and IV are dead (PI-

positive); cells within quadrant I are those defined as low-FITC-sZP-binding live; cells within quadrant II are those defined as high-FITC-sZP-binding
live.
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FIG. 3. Effect of bicarbonate, calcium, and caffeine on the development
of a subpopulation of intact boar spermatozoa with altered zona binding
abilities. Washed spermatozoa were incubated at 39C in various modi-
fications of a Tyrode's medium (see Table 1): solid circles, TB (4.5 mM
Ca

2 +
and 15 mM HCO3 present); open circles, TB-Ca (15 mM HCO3

present but no supplementary Ca
2

); squares, TBC (4.5 mM Ca
2 +

, 15 mM
HCO3 and 2 mM caffeine present); solid triangles, T (4.5 mM Ca

Z+
pres-

ent but no bicarbonate); open triangles, TB+E (15 mM HCO, and 2 mM
EGTA present). PI was included in all media as a viability stain. At inter-
vals, subsamples were mixed briefly with FITC-sZP and subjected directly
to two-color flow cytometry. After signals from debris and sperm aggre-
gates were excluded, the percentage of the total population that consti-
tuted the live cells with enhanced cell-bound FITC-sZP fluorescence was
calculated for each sample (i.e., those cells falling within quadrant II in
Fig. 2). The mean results of 25 ejaculates from 4 boars are presented
(except for t = 45 and t = 180 min, which are mean values from subsets
of 14 and 8 ejaculates, respectively, from the same 4 boars). *p < 0.05;
**p < 0.01.

matozoa developed that showed clearly increased FITC-
sZP binding ability (Fig. 2b, quadrant II). This subpopu-
lation increased rapidly over the first 60 min and thereafter
leveled off (Fig. 3); after a 120-min incubation in TB, the
size of the high FITC-sZP-binding live population, ex-
pressed as a proportion of the total sperm population, was
35 + 9%, averaged over all ejaculates (n = 25).

Incubation in TB also caused sperm death (compare Fig.
2, a and b, quadrants III and IV), an effect of fertilization-
supporting media reported in previous studies [17, 21] and
considered to be an inevitable eventual outcome of capac-
itation [7]. (It should be noted that cell death was consid-
erably lower in media T and TC (Fig. 4); T and TC do not
support fertilization [9]). The proportion of dead cells in
the sperm samples increased particularly rapidly during the
early stages but continued to rise throughout the 3-h period
(Fig. 4A). Although some of the dead cells showed clearly
enhanced zona binding (see upper right quadrant in Fig.
2b), such cells were not considered to be of physiological
importance, for, being dead, they would clearly not be able
to fertilize. Our further studies therefore focused essentially
only on changed zona binding ability within the live sperm
population.

Influences of Bicarbonate/CO, Phosphodiesterase
Inhibitors, and Ca2 + on FITC-sZP Binding

When the same 25 ejaculates were incubated in bicar-
bonate-free Tyrode's medium (T, Table 1), the rate at which
the subpopulation of intact cells with enhanced zona bind-
ing capacity was formed was decreased (Fig. 3; compare
also Fig. 4C with Fig. 4A). Moreover, the final size of that
subpopulation (after 120-min incubation) was significantly
smaller than in the presence of bicarbonate: 27 9% ver-
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FIG. 4. Relative changes in sperm subpopulations during incubation in
various modifications of Tyrode's medium. Washed spermatozoa were in-
cubated at 39oC in variants of a modified Tyrode's medium (see Table 1):
A) TB (4.5 mM Ca

2 +
and 15 mM HCO3 present); B) TBC (4.5 mM Ca

2+
,

15 mM HCO,- and 2 mM caffeine present); C) T (bicarbonate-free but
calcium-supplemented); D) TC (bicarbonate-free but caffeine- and calci-
um-supplemented); E) TB+E (Ca-deficient bicarbonate-containing medi-
um supplemented with 2 mM EGTA). PI was included in all media as a
viability stain. At intervals, subsamples were mixed briefly with FITC-sZP
and subjected to two-color flow cytometry. The data were analyzed to
yield the percentages of the total sperm population constituted by live
cells with low cell-bound FITC-sZP fluorescence (cross-hatched bars), live
cells with high FITC-sZP fluorescence (solid bars), dead cells with high
FITC-sZP fluorescence (dotted bars), and dead cells with low FITC-sZP
fluorescence (open bars). (These four categories were represented by
quadrants I, II, Ill, and IV in Fig. 2; see Materials and Methods for ana-
lytical procedures.) The mean results of 25 ejaculates from 4 boars are
presented (except for t = 180 min, which are mean values from a subset
of 8 ejaculates from the same 4 boars).
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HARKEMA ET AL.

sus 35 9%; n = 24 (one missing value), p - 0.05. The
effect of omitting bicarbonate was seen as even greater if
considered in terms of the proportion of live cells devel-
oping the enhanced zona binding, since cell death was low-
er in the absence of bicarbonate. The differences between
the media could not be ascribed to any alteration in external

pH, as this was maintained at 7.4, regardless of the presence
or absence of bicarbonate.

Inclusion of the phosphodiesterase inhibitor caffeine
(medium TBC) led to an acceleration of the formation of
the subpopulation of intact cells with enhanced zona bind-
ing capacity (Fig. 3; see also Fig. 4B). The size of this
subpopulation was significantly higher at 30 min and 60
min than in the absence of caffeine (at 30 min, in relation
to the total sperm population, 29 5% versus 22 + 6%
respectively; n = 25 in both), although by 90 min, differ-
ences due to caffeine addition were no longer evident. In
the absence of bicarbonate, however, caffeine (medium TC)
had no significant effect on the development of enhanced
sZP binding (compare Fig. 4, C and D). Inclusion of iso-
butylmethylxanthine (IBMX), another phosphodiesterase
inhibitor, in the standard Tyrode's medium (tested on 3

ejaculates) had effects very similar to those of caffeine
(data not shown).

Omission of Ca2 + from the Tyrode's medium (medium

TB-Ca, resulting in a residual free Ca2+ concentration of

10-50 RIM: [18, 32]) did not affect the development of the
subpopulation of sperm with enhanced zona binding (Fig.

3): there was no discernable difference when compared to
the medium TB containing added calcium (n = 25). How-
ever, if 2 mM EGTA was added to chelate residual Ca 2+

(medium TB+E), the development of the subpopulation
was significantly inhibited (Fig. 3; also Fig. 4E): the size
of the subpopulation of intact cells with enhanced FITC-

sZP binding, in a set of four ejaculates tested with and

without EGTA, were, respectively, 8 + 2% and 34 + 8%

after 120 min. In samples of sperm from the same four

ejaculates to which 5 mM CaC12 was added after 30-min

incubation in TB +E, the subpopulation of intact cells with

enhanced FITC-sZP binding increased rapidly, reaching a

size of 32 ± 9% by 120 min (data not shown). Notably,
although the inclusion of EGTA in the Tyrode's medium

prevented the development of zona binding ability, it did

not reduce sperm death (compare Fig. 4, E with A).

Location of FITC-sZP Binding

Microscopical examination showed that the increase in
FITC-sZP binding as detected by flow cytometry was ac-

companied by an extension of the area on the sperm head

to which zona proteins were seen to bind: from the apical

ridge to the entire acrosomal area (Fig. 5).

Relation between FITC-sZP Binding and Acrosomal Status

The increased binding of FITC-sZP, shown in the pre-
vious section to take place over the acrosomal region of

the head, could have been the result of exposure of acro-

somal material through the occurrence of spontaneous ac-

rosome reactions. In particular, (pro)acrosin has been shown
to bind zona proteins [33, 34]. Thus, in a set of four ejac-
ulates, the acrosomal status was assessed by staining with
TRITC-PNA after 3 h of incubation at 39°C in medium

TB. It was found that, on average, only 9 ± 2% of the total

sperm population showed TRITC-PNA binding, whereas
after 20-min incubation at 390C in the presence of 0.3 iuM

ionophore A23187 (to induce acrosome reactions in part of

FIG. 5. Spermatozoa stained with FITC-sZP after different periods of in-
cubation under IVF conditions. Washed spermatozoa were incubated at
39°C in medium TB (i.e., in the presence of 4.5 mM Ca2+ and 15 mM
bicarbonate/CO2). PI was included in the medium as a viability stain. After
incubation, cells were mixed briefly with FITC-sZP and immobilized with
a low concentration (0.8 mM) of formaldehyde [26]; samples were then
observed on a 38°C warm-stage by fluorescence microscopy. Preliminary
tests showed that formaldehyde did not interfere with FITC-sZP binding.
a) PI-negative spermatozoon after 5 min of incubation and b) after 120
min of incubation.

the sperm population), 39 5% of sperm from the same

four ejaculates showed PNA binding.
If sperm samples were stained with both TRITC-PNA

and FITC-sZP, 81% (75-86%) of the live subpopulation
(Hoechst-negative) that showed enhanced sZP binding

could be classified as unstained by PNA, whereas, in sam-

ples treated with ionophore to induce acrosome reactions,

essentially none of the live high-sZP-binding population re-

mained unstained (Fig. 6).
Microscopical investigations (fluorescence in combina-

tion with phase contrast) showed that PNA-negative cells

were acrosome-intact (results not shown). Spermatozoa that

bound PNA were at different stages of acrosomal reaction
but still in the possession of a perceptible acrosomal cap

or remnants thereof. Rarely, cells were seen that had lost

their acrosomal cap completely, and these cells were dead.

All these results indicated that enhanced binding of
FITC-sZP was not linked to spontaneous acrosome reac-

tions.

Assessment of Acrosin Involvement in FITC-sZP Binding

To further eliminate the possibility that enhanced zona
protein binding might be due to exposure of acrosin, sperm

were incubated for 3 h at 39°C in medium TB and then
treated with 5 jxg/ml of a FITC-labeled rabbit anti-porcine
acrosin antibody. This antibody, generously provided by Dr.
Larry Johnson (U.S. Department of Agriculture, Beltsville,
MD), reacts specifically with acrosin and proacrosin on

Western blots of sperm extracts (unpublished results). In
tests on 2 independent ejaculates, flow cytometric analysis
of the antibody-treated sample showed that only an average

of 6% of the total sperm population (9% of the live cells)
showed binding of the antibody. However, after treatment
of parallel samples with 1% Nonidet P-40 (to permeabilize
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ZONA BINDING SITES AT THE SPERM SURFACE

IVF conditions

i2 . I

FITC-sZP fluorescence

B

TRITC-PNA fluorescence

FIG. 6. Simultaneous assessment of z¢
sure of acrosomal contents after incubat
conditions: comparison with ionophore
were incubated at 39°C in Tyrode's med

lonophore treatment hibited, and the two subpopulations of live sperm (i.e., low-
sZP-binding and high-sZP-binding) were still detected.

Other Control Experiments

During incubation at 39C in BTS, a storage extender
for boar semen (containing bicarbonate, but also the cal-
cium chelator EDTA), no subpopulation with enhanced
FITC-sZP binding was formed (tested on two different
ejaculates; data not shown). Binding of FITC-sZP was not
itself blocked by components of BTS: when cells were in-

FlTC-sZPfluorescence -- .. - U v .. u vuLIl
enhanced binding had developed, the capacity of the sperm
in this suboorulation to bind FITC-sZP was not diminished

E after 10-fold dilution of the cell suspension in BTS.
Development of enhanced binding of FITC-sZP to sper-

matozoa did not occur at 200 C in any medium under any
circumstance tested.

In order to check the specificity of FITC-sZP binding,
subsamples of sperm suspensions were incubated with 75
tp.g/ml unlabeled sZP for 4 min, just before the addition of
FITC-sZP Binding of FITC-sZP to the spermatozoa was
blocked with the unlabeled sZP (tested in a set of 2 ejac-
ulates).

The fluorescent signal of the FITC-labeled robes was
exclusively caused by the labeled probes themselves and
not by "free" FITC. Spermatozoa did not show any binding
of fluorescent material after they had been exposed to the
filtrates that were collected after ultrafiltration of FITC-sZP
(see Materials and Methods).

Control experiments were also performed in which, par-
allel to incubation with FITC-sZP, spermatozoa were in-
cubated and analyzed with FITC-labeled BSA, FITC-la-
beled ovalbumin, or FITC-labeled transferrin (these pro-
teins were labeled using the same procedure as for sZP).
TP -ntnntv Of _111-A -P-rrnr ague ql,,
11, I;IIIL~y UI ~,l,1-UVUlIU 11UIr;cccn lLtr auultlO n I

TRITC-PNA fluorescence the FITC-labeled "control" proteins to incubated sperma-

ona binding capability and expo- tozoa (tested on a subset of three ejaculates) was at least
ion in Tyrode's medium under IVF 4.5 times lower than the FITC-sZP fluorescence. No sub-
treatment. Washed spermatozoa population with enhanced binding of the control proteins

lium TB (Table 1) for 3 h; Hoechst was detected after incubation at 39°C.
3jz2t was included in te medium in place ot PI to monitor cell viability.
A sample of the suspension was mixed first with TRITC-PNA, shortly af-
terwards FITC-sZP was added, and then the sample was subjected to
three-color flow cytometric analysis (see Materials and Methods for full
experimental details). As a comparison, spermatozoa were incubated at
39°C for 20 min in medium TB in the presence of ionophore A23187 (0.3
I.M final concentration), then stained as above withTRITC-PNA and FITC-
sZP, and analyzed by flow cytometry. A-C relate to spermatozoa incu-
bated in Tyrode's medium alone; D-F relate to spermatozoa incubated
with ionophore. In A and D, fluorescence data relating FITC-sZP binding
to Hoechst staining are presented; computerized windows were set (em-
pirically) on the data in A to select separately live sperm displaying low
sZP binding (R1) and live sperm showing high sZP binding (R2); D shows
the sperm events selected by the same window settings. Histograms B
and E display the TRITC-PNA binding levels in the R1 populations (live
sperm showing low binding of FITC-sZP). C and F show TRITC-PNA bind-
ing levels in the R2 populations (live sperm showing high binding of FITC-
sZP). Note that the sperm in F (high sZP-binding after ionophore treat-
ment) show uniformly high PNA binding (interpreted as due to exposure
of acrosomal contents after the induction of acrosome reactions). How-
ever, only low PNA binding is seen in the high-sZP-binding sperm pop-
ulation in C (incubated under IVF conditions).

acrosomes and expose acrosin), 79% of the spermatozoa
were found to bind the FITC-labeled anti-acrosin. When
incubated spermatozoa were treated with unlabeled anti-
acrosin (50 g/ml final concentration) for 10 min before
staining with FITC-sZP, binding of the latter was not in-

DISCUSSION

In this paper we demonstrate that incubation of boar
spermatozoa under IVF conditions results in a subpopula-
tion of live cells that show increased capacity to bind FITC-
sZP on the plasma membrane surface. Cellular fluorescence
resulting from addition of FITC-sZP was not due to label-
ing by any contaminating free FITC; moreover, fluores-
cence increases were inhibited by preincubation of the
sperm with unlabeled sZP. The binding of zona proteins by
the sperm was specific: incubation of sperm with a number
of FITC-labeled control proteins, i.e., BSA, ovalbumin, and
transferrin, resulted in only negligible fluorescence of the
sperm, and the binding capacity for these proteins did not
increase during incubation of the sperm under IVF condi-
tions. Furthermore, the amount of bound FITC-sZP on the
sperm was not diminished by dilution of the labeled cells
in medium without FITC-sZP.

It has been shown that the acrosomal proteinase acrosin
binds zona proteins [33, 34], and thus the increase in FITC-
sZP binding during incubation might have resulted from
the occurrence of spontaneous acrosome reactions and the
consequent exposure of acrosin at the sperm surface. How-
ever, the large majority of the sperm in the high-sZP-bind-
ing live subpopulation were acrosome-intact, acrosin could
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HARKEMA ET AL.

not be detected on their surface, and binding of FITC-sZP
was not inhibited by antibodies against acrosin. Thus in-
creased sZP binding was not due to preoccurring acrosome
reactions. Binding might have resulted from acrosome re-
actions induced by the addition of the FITC-sZP at the time
of the analysis (since zona proteins can induce the acro-
some reaction-see Introduction), but pilot experiments
(results not shown) indicated that although the sZP prepa-
ration could induce acrosome reactions rapidly when re-
constituted as a solid matrix, in soluble form it could induce
acrosome reactions only at concentrations above 75 pxg/ml
during lengthy (1 h) incubations. The final concentration of
FITC-sZP during our staining protocol was only 2 g/ml,
and the sperm were exposed to this for only 4 min before
flow cytometric analysis.

Thus our flow cytometric approach, which uses mini-
mally low concentrations of zona material, which obviates
the need for pretreatment or washing of the cells (thereby
minimizing cell damage), and which enables analysis of
some 10 000 cells in less than 15 sec, would seem to pro-
vide a sensitive and quantitative evaluation of binding of
zona pellucida components to the surface of intact sper-
matozoa. By including the viability probe PI in our media,
we were able to distinguish between live and dead sperm
in our suspensions, and thereby, crucially, to focus on the
live cells; only the latter could be expected to participate
in the fertilization process. Enhanced sperm death during
incubation in bicarbonate-containing Tyrode's based media
(i.e., under fertilizing conditions) has been reported previ-
ously [17, 21]. Indeed, it has been proposed that capacita-
tion (necessarily induced by IVF conditions) is an ongoing
destabilization process that inevitably and eventually leads
to cell death [7]. At present, the most likely explanation for
the two levels of zona binding that developed in the dead
cell population (upper right quadrant in Fig. 2b) is that
these represented terminally degenerated cells derived from
each of the two live subpopulations.

We believe that the increase in sZP binding ability that
takes place within the live spermatozoa is physiologically
significant. We envisage that such increases in zona binding
ability relate to optimal attachment of the sperm to the zona
pellucida, thus improving chances for fertilization. The in-
creased zona binding ability may also reflect sensitization
of the sperm to induction of the acrosome reaction by zona
components. Although noncapacitated spermatozoa can
bind to the zona pellucida [3, 4], incubation under IVF con-
ditions has been shown to develop or increase the ability
of sperm to undergo the zona-induced acrosome reaction
[1, 10-12] and to fertilize in vitro [9]. The development of
these latter abilities seems to depend on the same presence
of Ca2+ (c.f. [18]) and bicarbonate that we found in the
present study to be prerequisites for the increase of the
capacity to bind zona proteins. Moreover, the time needed
for the increase of the capacity to bind zona proteins is of
the same order as the time needed for acquisition of the
ability to penetrate the zona pellucida during pig IVF (e.g.,
[6]). Thus, the observed increase in the binding of zona
proteins could well reflect changes that are necessary for
effective sperm-zona interaction. It is noteworthy that the
conditions optimal for pig IVF (i.e, incubation in the caf-
feine-supplemented bicarbonate-containing Tyrode's medi-
um TBC; see [9]) were also those that led to the most rapid
development of enhanced zona binding ability as found in
this study.

The nature of the sperm surface receptors that mediate
the binding of sZP is unknown. Tpfer-Petersen and Cal-

vete [35] have proposed that the class of small proteins
known as "spermadhesins" may play an important role in
zona binding of boar sperm; these proteins, which interact
strongly with zona components, are produced by the male
reproductive tract and bind to the sperm head surface, in
particular to the acrosomal region, at ejaculation. However,
it has been found that most of the spermadhesin activity
dissociates from the sperm during capacitation [36], a char-
acteristic that does not accord with the zona binding
changes we have observed. On the other hand, the individ-
ual members of the spermadhesin family are not released
uniformly, and it may be that those with greatest affinity
for the zona may be retained or even unmasked. Several
other putative zona receptors have been described in dif-
ferent sperm species [35, 37]. The boar sperm membrane
protein AP identified by Peterson and Hunt [38] is appar-
ently distributed over the whole sperm surface [39], and its
involvement in the changes we have described thus seems
doubtful. Hardy and Garbers [40] have isolated a boar
sperm membrane protein that confers specific binding abil-
ity with respect to the pig zona pellucida; this protein is
expressed primarily in haploid spermatids and contains a
region that may be involved in oligomerization, as well as
mucin-binding regions [41], but its distribution on the
sperm cell has not yet been defined.

The mature spermatozoon is not considered to have any
significant capacity for de novo expression of internally lo-
calized membrane components. Thus the increased capacity
for binding sZP and the extension of the surface area over
which binding occurred would seem to be due to exposure,
activation, or increased affinity of already existing struc-
tures in the sperm membrane. These alterations could result
respectively from unmasking, from oligomerization, or
from changes of the physical microenvironment during dy-
namic reorganization of the plasma membrane architecture.
Ashworth et al. [17] have described alterations in specific
lectin-binding sites on boar sperm that develop during in-
cubation under conditions of incubation essentially similar
to those used in the present study; the lectin-binding
changes seemed to be related to loss of seminal plasma-
derived coating proteins and to concomitant unmasking of
underlying components. However, IVF conditions also in-
duce dynamic reorganization of the plasma membrane lipid
bilayer [16], and changes in the lipid architecture could
affect the ability of membrane components to migrate to
new locations within the bilayer, with resultant altered bind-
ing characteristics. Gadella and colleagues [42] have dem-
onstrated a migration of glycolipids within the boar sperm
plasma membrane, from the apical ridge towards the equa-
torial subdomain, which parallels closely our own obser-
vations of the extension of the surface on which sZP bind-
ing occurred. The glycolipid migration was also dependent
on Ca 2+ and took place during incubation under IVF con-
ditions with a time course similar to the sZP binding change
we have described.

The mechanism of bicarbonate's action in increasing
zona binding capability remains to be elucidated. The rel-
atively slow time course of the binding change suggests
that it results from a multistep process. Given the acceler-
ating effects of caffeine or IBMX in the presence of bicar-
bonate, it could be that bicarbonate acts through direct stim-
ulation of adenylyl cyclase ([43]; see also [7]), but how the
putative rise in cAMP might bring about the bicarbonate-
dependent changes in membrane lipid organization [15, 16]
or dissociation of surface components [17] is at present
quite unknown. Similarly, the site of action of Ca2 + is un-
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ZONA BINDING SITES AT THE SPERM SURFACE

certain. Sperm that had been incubated for 2 h in the stan-
dard Tyrode's medium were able to bind FITC-sZP binding
even after dilution in BTS (which contains EDTA); thus
FITC-sZP binding itself is not dependent on calcium. Cal-
cium's role must therefore be in the development of the
binding ability. Since this development appears to parallel
changes in the sperm's surface coating, calcium may well
act externally. However, development of the binding sites
could also involve an intracellular process dependent on
calcium that is brought into play after a membrane reor-
ganization that enhances a calcium influx. EGTA would
prohibit such an influx, or could even lead to a decrease in
cytoplasmatic calcium levels [44].

Our flow cytometry analysis of the changes in sZP bind-
ing ability of individual cells within the live sperm popu-
lation has revealed considerable heterogeneity between
cells in their speed of response to IVF conditions. One sub-
group of sperm underwent the changes relatively rapidly,
within the first 60 min of incubation, whereas the rest of
the population underwent the changes at disparate and
much slower rates (or not at all, within the time-frame of
our experiments). At all time points, two live subpopula-
tions could be distinguished clearly; thus the change in
zona binding ability within any given individual sperm
could be deduced to be rapid. The heterogeneity in rate of
various sperm responses to IVF conditions and the either/or
characteristic of this response has been noted in previous
studies (see [7]), as has been the increase in sperm death
brought about by IVF conditions [7, 21]. While zona bind-
ing ability is not directly associated with membrane insta-
bility (compare effects of EGTA on these respective char-
acteristics), the parallel enhancing effects of bicarbonate on
both suggest that they may depend on a common core
mechanism. It has been proposed that capacitation is nec-
essarily a destabilizing process, and that the capacitated
state represents a "window" degree of instability [7]. Al-
though there was no evidence to suggest that increased zona
binding in itself resulted in enhanced instability, the con-
comitance of the zona binding changes and of cell death in
response to IVF conditions was in accord with the general
concept of capacitation as a destabilizing process.

As well as noting the heterogeneity of response within
a sperm population, we also noted considerable variation
between ejaculates. A particular point of interest is that
sperm in the ejaculates described above, taken from boars
in the Babraham Institute colony, showed attenuated but
perceptible increases in sZP binding during incubation in
the absence of bicarbonate. However, in later experiments
on ejaculates from boars at a Dutch AI station, the per-
centage of live sperm with increased zona binding capacity
barely rose at all during incubation in the absence of bi-
carbonate, remaining on average below 10% (46 ejaculates
of 18 boars, manuscript in preparation). Given the biphasic
nature of the overall response, the question arises as to
whether the cells that undergo rapid changes represent the
competent population or whether a slow population re-
sponse is more desirable (better survival in vivo?). Regard-
less of the answer, such variations in development of what
we consider to be a physiologically relevant characteristic
suggest that acquisition of zona binding ability under IVF
conditions might be a useful parameter for assessing the
fertilizing ability of boar semen samples.

ACKNOWLEDGMENTS

The authors thank John Doggett for numerous collections of boar se-
men, Jos6 van Rossum for expert technical assistance, Bas Engel for the

statistical analysis of data, and Ben Colenbrander and Bart Gadella for

helpful discussions. We thank Dr. Larry Johnson for providing antibodies

against acrosin.

REFERENCES

1. Kopf GS, Gerton GL. The mammalian sperm acrosome and the ac-
rosome reaction. In: Wassarman PM (ed.), Elements of Mammalian
Fertilization. Boca Raton, FL: CRC Press; 1991: 153-203.

2. Yanagimachi R. Mammalian fertilization. In: Knobil E, Neill JD
(eds.), The Physiology of Reproduction, 2nd ed. New York: Raven
Press Ltd.; 1994: 189-317.

3. Hartmann JE Mammalian fertilization: gamete surface interactions in

vitro. In: Hartmann JF (ed.), Mechanism and Control of Animal Fer-
tilization. New York: Academic Press; 1983: 325-364.

4. Peterson RN, Russell LD, Hunt WP Evidence for specific binding of

uncapacitated boar spermatozoa to porcine zonae pellucidae in vitro.
J Exp Zool 1984; 231:137-147.

5. Berger T, Turner KO, Meizel S, Hedrick JL. Zona pellucida-induced
acrosome reaction in boar sperm. Biol Reprod 1989; 40:525-530.

6. Yoshida M, Cran DG, Pursel VG. Confocal and fluorescence micro-

scopic study using lectins of the distribution of cortical granules dur-
ing the maturation and fertilization of pig oocytes. Mol Reprod Dev

1993; 36:462-468.
7. Harrison RAP Capacitation mechanisms, and the role of capacitation

as seen in eutherian mammals. Reprod Fertil Dev 1996; 8:581-594.

8. Cohen-Dayag A, Eisenbach M. Potential assays for sperm capacitation
in mammals. Am J Physiol 1994; 267:C1167-C1176.

9. Suzuki K, Ebihara M, Nagai T, Clarke NGE, Harrison RAP. Impor-
tance of Bicarbonate/CO 2 for fertilization of pig oocytes "in vitro,"

and synergism with caffeine. Reprod Fertil Dev 1994; 6:221-227.

10. Boatman DE, Robbins RS. Bicarbonate: carbon-dioxide regulation of

sperm capacitation, hyperactivated motility, and acrosome reactions.
Biol Reprod 1991; 44:806-813.

11. Lee MA, Storey BT. Bicarbonate is essential for fertilization of mouse
eggs: mouse sperm require it to undergo the acrosome reaction. Biol
Reprod 1986; 34:349-356.

12. Shi QX, Roldan ERS. Bicarbonate/CO 2 is not required for zona pel-
lucida- or progesterone-induced acrosomal exocytosis of mouse sper-
matozoa but is essential for capacitation. Biol Reprod 1995; 52:540-
546.

13. Neill JM, Olds-Clarke P. A computer-assisted assay for mouse sperm
hyperactivation demonstrates that bicarbonate but not bovine serum
albumin is required. Gamete Res 1987; 18:121-140.

14. Stauss CR, Votta TJ, Suarez SS. Sperm motility hyperactivation fa-
cilitates penetration of the hamster zona pellucida. Biol Reprod 1995;
53:1280-1285.

15. Harrison RAP, Ashworth PJC, Miller NGA. Bicarbonate/CO2, an ef-
fector of capacitation, induces a rapid and reversible change in the
lipid architecture of boar sperm plasma membranes. Mol Reprod Dev

1996; 45:378-391.
16. Harrison RAP, Gadella BM. Membrane changes during capacitation

with special reference to lipid architecture. In: F6nichel P, Parinaud J

(eds.), Human Sperm Acrosome Reaction. Paris & Montrouge,

France: Colloque INSERM/John Libbey Eurotext Ltd.; 1995: 45-65.
17. Ashworth PJC, Harrison RAP, Miller NGA, Plummer JM, Watson PE

Flow cytometric detection of bicarbonate-induced changes in lectin

binding in boar and ram sperm populations. Mol Reprod Dev 1995;
40:164-176.

18. Fraser LR. Minimum and maximum extracellular Ca
2 +

requirements
during mouse sperm capacitation and fertilization in vitro. J Reprod
Fertil 1987; 81:77-89.

19. Parrish JJ, Susko-Parrish J, Winer MA, First NL. Capacitation of bo-

vine spermatozoa by heparin. Biol Reprod 1988; 38:1171-1180.
20. Johnson LA, Aalbers JG, Grooten HJG. Artificial insemination of

swine:fecundity of boar semen stored in beltsville TS (BTS), modified
modena (MM), or MR-A and inseminated on one, three and four days

after collection. Zuchthygiene (Berl) 1988; 23:49-55.
21. Harrison RAP, Mairet B, Miller NGA. Flow cytometric studies of

bicarbonate-mediated Ca
2 +

influx in boar sperm populations. Mol Re-
prod Dev 1993; 35:197-208.

22. Dunbar BS, Wardrip NJ, Hedrick JL. Isolation, physicochemical prop-
erties, and macromolecular composition of zona pellucida from por-
cine oocytes. Biochemistry 1980; 19:356-365.

23. Topper EK, Kruijt L, Calvete J, Mann K, T6pfer-Petersen E, Woelders
H. Identification of bovine zona pellucida glycoproteins. Mol Reprod

Dev 1997; 46:344-350.

429

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/5
8
/2

/4
2
1
/2

7
6
1
1
9
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



HARKEMA ET AL.

24. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Prov-

enzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC. Mea-

surement of protein using bicinchoninic acid. Anal Biochem 1985;

150:76-85.

25. Mortimer D, Curtis EE Miller RG. Specific labelling by peanut ag-

glutinin of the outer acrosomal membrane of the human spermatozo-

on. J Reprod Fertil 1987; 81:127-135.

26. Harrison RAP, Vickers SE. Use of fluorescent probes to assess mem-

brane integrity in mammalian spermatozoa. J Reprod Fertil 1990; 88:

343-352.

27. Pursel VG, Johnson LA, Rampacek GB. Acrosome morphology of

boar spermatozoa incubated before cold shock. J Anim Sci 1972; 34:

278-283.

28. Engel B, Keen A. A simple approach for the analysis of generalized

linear mixed models. Statistica Neerlandica 1994; 48:1-22.

29. Engel B, Buist W. Analysis of a generalized linear mixed model: a

case study and simulation results. Biometrical J 1996; 38:61-80.

30. Genstat 5 Committee. Genstat 5 Release 3 Reference Manual. Oxford:

Clarendon Press; 1993.

31. Koyama K, Hasegawa A, Isojima S. Further characterization of the

porcine zona pellucida antigen corresponding to monoclonal antibody

(3A4-2G1) exclusively cross-reactive with porcine and human zonae

pellucidae. J Reprod Immunol 1991; 19:131-148.

32. Yanagimachi R. Requirement of extracellular calcium ions for various

stages of fertilization and fertilization-related phenomena in the ham-

ster. Gamete Res 1982; 5:323-344.

33. Jones R, Brown CR. Identifications of a zona binding protein from

boar spermatozoa as proacrosin. Exp Cell Res 1987; 171:505-508.

34. T6pfer-Petersen E, Henschen A. Acrosin shows zona and fucose bind-

ing, novel properties for a serine proteinase. FEBS Lett 1987; 226:

38-42.

35. T6pfer-Petersen E, Calvete JJ. Sperm-associated protein candidates for

primary zona pellucida-binding molecules: structure-function corre-

lations of boar spermadhesins. J Reprod Fertil Suppl 1996; 50:55-61.

36. Dostalova Z, Calvete JJ, Sanz L, Topfer-Petersen E. Quantification of

boar spermadhesins in accessory sex gland fluids and on the surface

of epididymal, ejaculated and capacitated spermatozoa. Biochim Bio-

phys Acta 1994; 1200:48-54.

37. Snell WJ, White JM. The molecules of mammalian fertilization. Cell

1996; 85:629-637.

38. Peterson RN, Hunt WP. Identification, isolation and properties of a

plasma membrane protein involved in the adhesion of boar sperm to

the porcine zona pellucida. Gamete Res 1989; 23:103-118.

39. Peterson RN, Campbell P, Hunt WP, Bozzola JJ. Two-dimensional

polyacrylamide gel electrophoresis characterization of APz, a sperm

protein involved in zona binding in the pig and evidence for its bind-

ing to specific zona glycoproteins. Mol Reprod Dev 1991; 28:260-

271.

40. Hardy DM, Garbers DL. Species-specific binding of sperm proteins

to the extracellular matrix (zona pellucida) of the egg. J Biol Chem

1994; 269:19000-19004.

41. Hardy DM, Garbers DL. A sperm membrane protein that binds in a

species-specific manner to the egg extracellular matrix is homologous

to von Willebrand factor. J Biol Chem 1995; 270:26025-26028.

42. Gadella BM, Gadella TWJ, Colenbrander B, van Golde LMG, Lopes-

Cardozo M. Visualization and quantification of glycolipid polarity dy-

namics in the plasma membrane of the mammalian spermatozoon. J

Cell Sci 1994; 107:2151-2163.
43. Okamura N, Tajima Y, Soejima A, Masuda H, Sugita Y. Sodium bi-

carbonate in seminal plasma stimulates the motility of mammalian

spermatozoa through direct activation of adenylate cyclase. J Biol

Chem 1985; 260:9699-9705.
44. Rigoni E Dell'Antone P, Deana R. Evidence for a ApH-driven Ca

2+

uptake in EGTA-treated bovine spermatozoa. Eur J Biochem 1987;

169:417-422.

430

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/5
8
/2

/4
2
1
/2

7
6
1
1
9
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


