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SUMMARY
A flow cytometric procedure was used to follow the effect of
bicarbonate, a key inducer of sperm capacitation in vitro, on
the transbilayer behavior of C6NBD-phospholipids in
the plasma membrane of living acrosome-intact boar
spermatozoa under physiological conditions. In the absence
of bicarbonate, 97% of C6NBD-phosphatidylserine and
78% of C6NBD-phosphatidylethanolamine was rapidly
translocated from the outer leaflet to the inner, whereas
relatively little C6NBD-phosphatidylcholine and C6NBDsphingomyelin was translocated (15% and 5%, respectively).
Inclusion of 15 mM bicarbonate/5%CO2 markedly slowed
down the rates of translocation of the aminophospholipids
without altering their final distribution, whereas it
increased the proportions of C6NBD-phosphatidylcholine
and C6NBD-sphingomyelin translocated (30% and 20%,

respectively). Bicarbonate activated very markedly the
outward translocation of all four phospholipid classes.
The changes in C6NBD-phospholipid behavior were
accompanied by increased membrane lipid disorder as
detected by merocyanine 540, and also by increased potential
for phospholipase catabolism of the C6NBD-phospholipid
probes. All three changes were mediated via a cAMPdependent protein phosphorylation pathway. We suspect
that the changes result from an activation of the nonspecific bidirectional translocase (‘scramblase’). They have
important implications with respect to sperm fertilizing
function.

INTRODUCTION

changes in the architecture of the sperm plasma membrane
and/or cell surface. This is hardly surprising, given the
importance of membrane fusion events in fertilization, viz. the
sperm’ exocytotic acrosome reaction and actual fusion between
the sperm and the egg. It seems clear that capacitation is a
process that somehow renders the sperm plasma membrane
less stable, i.e. more fusible (see Harrison, 1996).
Changes in plasma membrane architecture and function are
generally considered to concern principally the protein and
glycoprotein membrane components. However, recently,
increasing attention has been paid to the lipid components. In
all mammalian cell types studied, including spermatozoa
(Müller et al., 1994; Nolan et al., 1995; Gadella et al., 1999),
the two leaflets of the plasma membrane bilayer differ
in phospholipid composition. The aminophospholipids
phosphatidylserine (PS) and phosphatidylethanolamine (PE)
are concentrated in the inner leaflet and the choline
phospholipids sphingomyelin (SM) and phosphatidylcholine
(PC) in the outer leaflet. In somatic cell types, it appears that

To carry out its fertilizing role, the mammalian spermatozoon
must express several key functions amongst which is the
exocytosis of its acrosome (the so-called ‘acrosome reaction’)
as a response to contact with the extracellular egg coat (the
zona pellucida). As ejaculated, the mature spermatozoon is
incapable of this response, and indeed of the expression of
other fertilizing functions: a priming process is first required,
termed ‘capacitation’. In vivo, capacitation takes place in the
female reproductive tract, but it can be induced in vitro by
incubation of the spermatozoon in special media that have been
developed empirically to support in vitro fertilization. The
component of these media particularly responsible for inducing
capacitation appears to be bicarbonate/CO2. (For recent
reviews, see Yanagimachi, 1994; Harrison, 1996.)
Studies over the years have identified a range of changes in
sperm that take place during incubation under capacitating
conditions. The large majority appear to constitute or reflect
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this asymmetry is established and maintained by the action of
several translocating enzymes with differing phospholipid
specificities (for review, see Bevers et al., 1998).
Aminophospholipid translocase (also known as ‘flippase), is
responsible for transfer of PS and PE from the outer to the inner
lipid leaflet; a second enzyme transfers phospholipids from
inner to outer leaflet (‘floppase’); a third acts as a bi-directional
carrier with little specificity (‘scramblase’), simply moving all
four phospholipid species in both directions (inward and
outward) across the membrane lipid bilayer and thereby
reducing phospholipid asymmetry. Such reduction in
phospholipid asymmetry (‘scrambling’) is believed to play a
role both in cell adhesion (Schlegel et al., 1985; Verhoven et
al., 1992) and in membrane fusion processes (Lucy, 1993;
Bailey and Cullis, 1994), including exocytosis (Bogdanov et
al., 1993, Müller et al., 1996). Given the increasing importance
being accorded generally to phospholipid distribution within
the plasma membrane as a factor in membrane function,
investigation of such distribution in the spermatozoon during
capacitation is of obvious interest.
In a previous study (Gadella et al., 1999), we established a
reliable protocol for assessing by flow cytometry the
transmembrane distribution and behavior of C6NBD-labeled
phospholipid analogues in living sperm cells. Particular
attention is paid to ensure (i) that incorporation of the
phospholipids analogs from carrier vesicles into the sperm is
via monomeric transfer rather than by fusion implying that
initial incorporation only takes place into the outer lipid leaflet
of the plasma membrane; (ii) that catabolism of C6NBDphospholipids by endogenous phospholipases present in sperm
cells is blocked, so that only the behavior of the parent
phospholipid is being detected; (iii) that deteriorated cells are
distinguishable as a separate subpopulation, so that they can be
eliminated from the analyses.
Using this protocol as the basis of our approach, we
have now analyzed the asymmetric behavior of C6NBDphospholipids in boar spermatozoa during incubation under in
vitro capacitating conditions, focussing particularly on the
effect of bicarbonate. Because capacitated sperm tend to
undergo a spontaneous acrosome reaction a change that would
itself distort C6NBD-phospholipid labeling, we have improved
our methodology so as to monitor in parallel acrosomal
integrity and therefore focus our analyses on the acrosomeintact live sperm. Having noted the ability of bicarbonate to
induce changes in phospholipid asymmetry, we have
investigated the signal transduction mechanisms linking
bicarbonate with such changes. Finally, we have assessed the
relationship between phospholipid asymmetric behavior and
membrane lipid disorder (as detected by merocyanine
stainability), since Harrison et al. (1996) have demonstrated
that bicarbonate induces a rapid increase in plasma membrane
lipid disorder in boar sperm.

MATERIALS AND METHODS
Materials
R-phycoerythrin peanut agglutinin (PNA-RPE) conjugate was
prepared from peanut agglutinin (Sigma Chemie, Zwijndrecht,
Netherlands) and R-phycoerythrin pyridylsulfide (Molecular Probes
Europe, Leiden, Netherlands), according to the specific instructions

accompanying the Molecular Probes R-PE protein conjugation kit.
C6NBD-phospholipids were obtained from Avanti Polar Lipids
(Alabaster, AL, USA); propidium iodide and headgroup-labeled
phosphatidylethanolamines were obtained from Molecular Probes.
Sources of other reagents were as given by Gadella et al. (1999).
Sperm cell preparation
Sperm-rich fractions of semen were collected from Large White boars
(presumed fertile) kept at the Babraham Institute, Cambridge (United
Kingdom) or from highly fertile Dutch Landrace boars kept at the
Collaborative Artificial Insemination Center Bunnik (Netherlands).
After collection, the semen samples were diluted and stored in Beltsville
Thawing Solution as described previously (Gadella et al., 1999).
To prepare spermatozoa for experimentation, an aliquot of about
5×108 cells was isolated by centrifugation through a two-step
discontinuous gradient of 35% and 70 % isotonic Percoll® (Harrison
et al., 1993; Gadella et al., 1999). The washed spermatozoa were
diluted to a suitable concentration (5-50×106 cells/ml, depending on
experimental requirements) in a Hepes-buffered Tyrode’s medium
(HBT: see below).
Incubation media
The investigations centered on sperm behavior during incubation in
one of two media. (i) The ‘control’ medium HBT (120 mM NaCl, 3.1
mM KCl, 0.4 mM MgSO4, 0.3 mM NaH2PO4, 5 mM glucose, 21.7
mM lactate, 1 mM pyruvate, 20 mM Hepes, and 100 µg kanamycin;
300 mOsm/kg, pH 7.4) and (ii) the ‘capacitating’ medium HBT-Bic,
i.e. HBT containing 15 mM NaHCO3 in equilibrium with 5% CO2 in
humidified atmosphere (the bicarbonate replaced a molar equivalent
of NaCl so that osmolality was maintained). HBT, though relatively
physiological, does not induce capacitative changes whereas HBT-Bic
induces capacitative changes (Harrison et al., 1993, 1996; Suzuki et
al., 1994; Harkema et al., 1998). Effectors and inhibitors were
included in these media as described in the relevant Results sections.
Although BSA is required for full capacitation (e.g. Andrews and
Bavister, 1989), this protein was not included in any of the incubation
systems in which C6NBD-phospholipid labeling was performed
(BSA, with its high affinity for C6NBD-phospholipids, interferes with
the labeling process: see Gadella et al., 1999).
Unless otherwise stipulated, all media were routinely supplemented
with 5 mM PMSF to block phospholipase catabolism of C6NBDphospholipids (see Gadella et al., 1999). Moreover, 10 minutes prior
to labeling with C6NBD-phospholipids (see below), 2.5 µg/ml
propidium iodide (PI) and 10 µg/ml PNA-RPE were added to the
incubating sperm suspensions; PI enabled subsequent distinction of
live (unstained) from deteriorated (stained) cells (Harrison et al.,
1993; Gadella et al., 1999) while PNA-RPE enabled distinction of
acrosome-intact (unstained) from acrosome-reacted (stained cells)
(see Gadella et al., 1999). (In experiments in which merocyanine was
used to examine lipid disorder, 25 nM Yo-Pro 1 was substituted for
PI and 10 µg/ml PNA-F was substituted for PNA-RPE; both were
added to the media at the start of incubation.)
Labeling with C6NBD-phospholipids
Spermatozoa were labeled with C6NBD-phospholipids by means of
incubation with small unilamellar donor vesicles, prepared and
quality-tested as described previously (Gadella et al., 1999). Labeling
was initiated by adding 10 µl of a suspension of donor vesicles
containing the desired C6NBD-phospholipid to 2.99 ml aliquants of
the incubated sperm suspensions (5×106 sperm cells/ml) at 38°C.
Final concentration of C6NBD-phospholipid label was 0.3 µM,
approx. 3% of endogenous sperm phospholipid. Sperm suspensions
in media containing bicarbonate were maintained in equilibrium with
5% CO2.
Analysis of inward translocation
Spermatozoa were incubated in the experimental media for 2 hours at
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38°C after which they were mixed with suitable C6NBD-phospholipid
vesicle preparations as described above. At predetermined intervals,
100 µl samples of the sperm/vesicle suspensions were subjected to
flow cytometric analysis using a FACScalibur flow cytometer
equipped with a 100 mW argon laser (Becton Dickinson, San Mateo,
CA).
The cells were maintained at or close to 38°C as they passed
through the instrument; the sheath fluid (HBT) was kept at 38°C and
passed continuously through the flow-cell both during and between
measurements, with the result that the temperature of liquid exiting
from the flow-cell assembly was approx. 36.5°C (the instrument was
pre-equilibrated for 1 hour before analyses were begun). During the
analysis, non-sperm events (i.e. donor C6NBD-phospholipid vesicles
and indeterminate debris) were gated out on the basis of their forward
and sideways scatter profiles (see Gadella et al., 1999). Excited at 488
nm, NBD fluorescence was detected using a 530/30 nm band-pass
filter (FL-1) while PI and RPE fluorescence were detected together
using a 620 nm long-pass filter (FL-3); all fluorescence detectors were
in log mode, and data were collected for 10,000 ‘events’.
Two analyses were carried out in rapid succession. The first,
performed directly as above, analyzed total NBD fluorescence.
Immediately afterwards, a further aliquot of 100 µl from the same
sperm/vesicle suspension was mixed with 1 µl of 1 M sodium
dithionite (freshly dissolved in 1 M Tris, pH 10), and data from a
further 10,000 events collected. The concept of this procedure was
that dithionite treatment instantly destroyed the NBD fluorescence in
the plasma membrane outer leaflet of intact cells whereas the
internalized NBD fluorescence remained protected. Comparison of
the two analyses enabled estimation of the proportion of total
C6NBD-phospholipid that had been translocated across the plasma
membrane lipid bilayer (Gadella et al., 1999). By prestaining the
sperm suspensions with PI and PNA-RPE, the plasma membrane
bilayer distributions of NBD could be quantified on the live acrosomeintact (i.e. propidium iodide and PNA-RPE negative) subpopulation
only.
The quantitative estimations were carried out according to Gadella
et al. (1999). Briefly, from two-dimensional dot-plots of the
fluorescence data, computer-generated boundaries were set so as to
include the FL1 fluorescence limits of the live acrosome-intact
spermatozoa (see Fig. 2); calculations were based on the statistics of
the sperm populations detected within these boundaries. The mean
initial FL1 value (i.e. prior to dithionite addition) represented the total
amount of NBD fluorescence incorporated into the sperm cells (i.e.
100%). The dithionite-resistant NBD fluorescence was expressed as
a proportion of the initial FL1 value and represented the percentage
of label that had been translocated to the interior of the cells. The
mean FL1 value of cells that had been treated with dithionite in the
presence of 1% (w/v) Triton X-100 (i.e. where all NBD-fluorescence
was destroyed) represented the base line (0%).
Analysis of outward translocation
Sperm cells were incubated in HBT or HBT-Bic for 2 hours at 38°C
after which they were labeled for 10 minutes with C6NBDphospholipids; in this case, 29.9 ml of sperm suspension (5×106 cells
per ml) were mixed with 100 µl of vesicle suspension. Dithionite was
then added (10 µl per 3 ml of sperm/vesicle suspension) in order to
destroy the outer leaflet NBD fluorescence. The sperm cells were
immediately sedimented through a Percoll® gradient as above (to
remove the non-incorporated C6NBD-phospholipids as well as
dithionite), and were then resuspended in either HBT or HBT-Bic as
appropriate, both supplemented with 5 mg/ml delipidated BSA
(preparation according to Gadella et al., 1999). Incubation was
continued at 38°C (the cells in HBT-Bic were maintained in
equilibrium with 5% CO2), and at intervals samples were subjected
to flow cytometric analysis as described above. At each time point, a
single analysis of total sperm-associated NBD fluorescence in the live
acrosome-intact subpopulation was made, in order to estimate the

relative amount of C6NBD-phospholipid label that remained resistant
to BSA back-extraction
The concept of this procedure was that C6NBD-phospholipids that
resisted dithionite reduction were within the sperm, most likely in the
inner leaflet of the plasma membrane bilayer. If these phospholipids
were subsequently translocated to the outer leaflet, they would be
extracted from the sperm by the BSA, and would no longer be
detectable in the flow cytometer, whence the total sperm-associated
NBD fluorescence would be seen to have decreased.
Analysis of C6NBD-phospholipid catabolism
Sperm suspensions (50×106 cells/ml) were suspended in HBT at 38°C
either in the presence or the absence of 5 mM PMSF (Gadella et al.,
1999). Donor C6NBD-phospholipid-bearing vesicles were then added
(30 µl per ml, final concentration 3 µM C6NBD-phospholipid) and
labeling continued for 10 minutes at 38°C. The sperm were
immediately washed through a Percoll® gradient as described above
to remove the donor vesicles, resuspended to their original
concentration in various experimental medium, and incubated at 38°C
for 1 hour. The suspensions were then treated with chloroform and
methanol to extract total lipids. After separation on HPTLC, the
C6NBD-conjugated lipids were detected by UV illumination, scraped
off and quantified by fluorimetry; details of the procedure are
described by Gadella et al. (1999).
Determination of membrane lipid disorder
Spermatozoa were subjected to incubation under various conditions
(media were supplemented with 25 nM Yo-Pro and 10 µg/ml PNA-F
to enable detection of the live acrosome-intact cells). At
predetermined times, aliquots of the suspensions were stained briefly
with 2.7 µM merocyanine 540 according to Harrison et al. (1996) and
subjected to flow cytometric analysis. Settings were as described
above, save that FL1 in combination with a 530/30 nm band-pass filter
was used to detect both Yo-Pro and PNA-F fluorescence while FL-3
in combination with a 620 nm long-pass filter was used to detect
merocyanine fluorescence. Analysis of the data was carried out
essentially according to Harrison et al. (1996).

RESULTS
Exclusion of acrosome-reacted cells from analyses
Acrosome-reacted cells are able to incorporate C6NBDphospholipids into the exposed acrosomal membranes;
moreover, C6NBD-phospholipids in the outer leaflet of such
membranes are susceptible to dithionite reduction. We
therefore stained our suspensions routinely with PI and PNARPE to detect simultaneously both overall plasma membrane
integrity (cells unstained by PI) and acrosomal integrity (cells
unstained by PNA: as applied to spermatozoa, PNA
specifically binds only to exposed acrosomal components – see
Gadella et al., 1999). When viewed by fluorescence
microscopy, completely intact cells were labeled
homogeneously with C6NBD-phospholipids after incubations
in HBT-Bic (Fig. 1A). This pattern was the same as that seen
in cells incubated in HBT (Gadella et al., 1999). Sperm cells
that were live (plasma membrane-intact) but acrosome-reacted
showed a higher intensity of C6NBD-phospholipid labeling in
the apical region of the head but did not show higher labeling
intensity in the mid-piece (Fig. 1B). Plasma membrane
damaged cells showed more intense labeling in the mid-piece
region due to C6NBD-PC incorporation into the mitochondrial
membranes (Fig. 1C). When the acrosomal cap was still
present, the apical region of the head (anterior acrosomal
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Fig. 1. Fluorescent labeling patterns of C6NBD-phospholipids in
boar spermatozoa: differences between acrosome-intact, acrosomereacted and deteriorated cells. After incubation for 2 hours in HBTBic, spermatozoa were labeled for 10 minutes with C6NBD-PC and
then washed through Percoll® to remove the donor C6NBD-PCbearing vesicles. The epifluorescence images were obtained using
excitation via a 470/30 nm BP filter; emission was detected via a 510
nm dichroic mirror, using a 530/30 nm BP filter for NBD and a 620
LP filter for PI and PNA-RPE. To minimize bleaching of NBD,
preparations were illuminated with a reduced level of excitation
light. (A) C6NBD fluorescence: fully intact sperm cell (unstained by
both PNA-RPE and PI – these latter were added to the sperm
preparation 10 minutes before labeling with C6NBD-PC). Note
homogeneous fluorescence over the entire sperm surface.
(B) C6NBD fluorescence: live acrosome-reacted sperm cell (i.e.
negative for PI but positive for PNA-RPE). Note enhanced acrosomal
labeling due to the incorporation of C6NBD-PC into the acrosomal
membranes; no enhancement of labeling of mid-piece. (C) C6NBD
fluorescence: deteriorated acrosome-less sperm cell (PNA-RPE
staining pattern similar to that in E). Note enhanced labeling by
C6NBD-PC of both mid-piece and posterior region of head.
(D) PNA-RPE fluorescence: live acrosome-reacted sperm cell
(unstained by PI). Note homogeneous staining over the anterior
acrosomal region (C6NBD-PC labeling was similar to that shown in
B). (E) PNA-RPE fluorescence: deteriorated (i.e. PI-positive) sperm
cell that had lost its acrosomal cap. Note homogeneous intense
staining of equatorial acrosomal region (C6NBD-PC labeling was
similar to that shown in C). Overall red head color is due to PI
staining; the punctate spots of red fluorescence seen over the anterior
acrosomal region are due to adhering donor vesicles, which showed a
tendency to stick to the exposed acrosomal surface (the vesicles
contained both C6NBD-PC and NRh-PE, so as to enable routine
testing of their donor efficacy, and their red fluorescence was due to
fluorescence resonance energy transfer – for explanation, see Gadella
et al., 1999). (F) PI-fluorescence: deteriorated sperm cell with graded
staining of head, most intense at posterior end. (For the purposes of
obtaining the illustration, this particular preparation did not receive
PNA-RPE as an acrosomal stain). (G) PI-fluorescence: deteriorated
sperm cell with homogeneous PI staining over entire head.
(Preparation untreated with PNA-RPE.) Note that all PI-positive cells
showed intense labeling of the mid-piece by C6NBD-PC as in C; in
such cells, acrosomal labeling by C6NBD-PC varied between the
pattern extremes shown in B and C.

Fig. 2. Bicarbonate-induced changes in the asymmetric distribution
of C6NBD-PS in boar spermatozoa: two-dimensional flow
cytometric dot-plots. Spermatozoa were incubated for 2 hours in
either HBT or HBT-Bic, after which they were labeled with C6NBDPS for 10 minutes in the presence of PNA-RPE and PI, and then
analyzed by flow cytometry. The left-hand panels show the C6NBDPS labeling of ‘control’ cells incubated in HBT while the right-hand
panels show C6NBD-PS staining of cells incubated in HBT
containing 15 mM bicarbonate (HBT-Bic). The upper pair of panels
shows total C6NBD-PS fluorescence, whereas the lower pair of
panels show dithionite-resistant C6NBD-PS fluorescence. The
horizontal line in each panel indicates the ‘cut-off’ value of FL3
above which cells were considered ‘positive’ for PNA-RPE and/or PI
fluorescence and were therefore acrosome-reacted and/or
deteriorated (c.f. patterns B-G of Fig. 1); these cells were excluded
from further analyses. The asymmetric distribution of C6NBD-PS
was determined for all cells that were ‘negative’ with respect to FL3
(i.e. the live acrosome-intact subpopulation, indicated with I, c.f.
pattern A of Fig. 1), by comparing the C6NBD fluorescence before
and after dithionite treatment (Gadella et al., 1999). The vertical line
is used as a reference in the four dot-plots to show the loss of
C6NBD-PS fluorescence in the ‘I’ subpopulation caused by
dithionite and the increase in this loss that resulted from incubation
in HBT-Bic as compared with incubation in HBT.

region) was also more intensely labeled (similarly to Fig. 1B),
whereas when the acrosomal cap had been lost intense labeling
was seen instead in the equatorial segment of the head (see
Fig. 1C). Acrosome-reacted sperm cells were labeled in the
acrosomal region with PNA-RPE. Reacted cells that were live
(i.e. PI-negative) generally showed more-or-less uniform
intense labeling over the anterior region of the acrosome (Fig.
1D) whereas deteriorated (PI-positive) cells tended to show
intense labeling over the equatorial region of the acrosome
(Fig. 1E). Sperm cells with damaged plasma membranes
stained with PI as depicted in Fig. 1F and G.
Only the subpopulation of cells unstained by both PNA-RPE
and PI, therefore both acrosome-intact and plasma membraneintact was used for analyzing C6NBD-phospholipid
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translocation and asymmetry; this subpopulation (illustrated
in Fig. 1A) is indicated as I (‘intact’) in Figs 2 and 3.

Fig. 3. Bicarbonate-induced changes in the asymmetric distribution of
C6NBD-PC in boar spermatozoa: two-dimensional flow cytometric
dot-plots. See Fig. 2 for a full explanation of the figure. Following 2
hours incubation in either HBT or HBT-Bic, spermatozoa were labeled
with C6NBD-PC for 60 minutes. Note that incubation in HBT-Bic
caused a reduction in the loss of C6NBD-PC fluorescence after
dithionite treatment.

Effect of bicarbonate on transbilayer movement of
C6NBD-phospholipids
As compared with incubation in HBT, incubation in HBT
containing 15 mM bicarbonate (HBT-Bic) altered
considerably the inward movements of C6NBDphospholipids (Figs 2-4). Inward translocation of C6NBDPS was strongly inhibited by HBT-Bic, although after 60
minutes labeling steady-state distributions of C6NBD-PS had
reached values comparable to those in control HBT
incubations (Fig. 4A). Inward translocation of C6NBD-PE
was also inhibited in HBT-Bic (Fig. 4B): only 50% of
incorporated C6NBD-PE had translocated across the plasma
membrane after 60 minutes in HBT-Bic as compared to 78%
in HBT. In contrast, HBT-Bic stimulated the inward
translocation of C6NBD-PC (Fig. 4C) and C6NBD-SM (Fig.
4D): in HBT-Bic, 30% C6NBD-PC and 20% C6NBD-SM
had been translocated across the plasma membrane after 1
hour labeling whereas in HBT the respective values were
only 15% and 5%.
The effect of bicarbonate on the outward movement of
C6NBD-phospholipids was also monitored. As the
experimental approach depended on the ability of BSA to
extract C6NBD-lipids from the outer leaflet of the plasma
membrane, inclusion of PMSF in the media to block
metabolism of C6NBD-phospholipids (Gadella et al., 1999)
was of particular importance so as to ensure that BSA
extraction of NBD fluorescence represented only removal of
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resuspended, and incubated with 5 mg/ml
BSA in HBT or HBT-Bic as appropriate. To
follow outward movements of the internalized
phospholipid, at intervals samples of the
sperm suspension were analyzed by flow
cytometry in order to estimate the fraction of
NBD fluorescence in the living acrosomeintact sperm subpopulation (as defined in
Figs. 1-3) that resisted BSA back-extraction.
For details, see Materials and Methods.
(A) C6NBD-PS, (B) C6NBD-PE, (C)
C6NBD-PC, (D) C6NBD-SM. Data,
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intact C6NBD-phospholipids. (Preliminary experiments
indicated that PMSF blocked C6NBD-phospholipid
catabolism in HBT-Bic-treated cells in the same way as in
control cells incubated in HBT.) Fig. 5 shows that during
incubation in HBT (control conditions) very little outward
movement of any of the C6NBD-phospholipids was detectable
whereas, during incubation in HBT-Bic, considerable outward
movement of all four C6NBD-phospholipid classes was
observed.
Effect of bicarbonate concentration
To test the effect of bicarbonate concentration on transbilayer
movement of C6NBD-phospholipids, spermatozoa were
incubated in HBT, which had been supplemented with different
dilutions of 0.3 M NaHCO3 saturated with 100% CO2. This
stock bicarbonate solution contained the same proportion of
CO2 in relation to bicarbonate as our standard additive of 15
mM bicarbonate/5% CO2, thus all such dilutions resulted in the
same pH of 7.4 at 38°C (Harrison et al., 1996). During
incubation, the CO2 concentration in the gas phase was
maintained at the correct level relative to the bicarbonate
concentation, and pH values were routinely checked.
Bicarbonate-induced changes of inward translocation rates
were found to be concentration-dependent (Fig. 6); little or no
effect was seen below 2 mM while responses were beginning
to maximize at 16 mM (the highest practical bicarbonate
concentration that could be tested in this way).
Effect of calcium
Millimolar levels of external Ca2+ enhance greatly the lateral
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migration of a plasma membrane glycolipid component during
in vitro capacitation (Gadella et al., 1994, 1995). However,
addition of 2 mM CaCl2 to HBS-Bic did not modify the inward
translocation and distribution of C6NBD-phospholipids (data
not presented). Forward- and side-scatter data from the flow
cytometric analyses indicated that Ca2+ supplementation
enhanced the sperm’s tendency to agglutinate in HBT-Bic
(see Harrison et al., 1996); moreover, in back-exchange
experiments (i.e. in the presence of BSA as well as
bicarbonate), added Ca2+ caused significant cell deterioration.
Role of cAMP-dependent protein phosphorylation in
the control of asymmetric distribution of C6NBDphospholipids
In spermatozoa of boar and other species, bicarbonate
stimulates adenylyl cyclase to raise intracellular levels of
cAMP; this latter acts as an important second messenger to
enhance sperm fertilizing functions (Okamura et al., 1985;
Tajima et al., 1987; Visconti et al., 1995b). Cyclic AMP’s
second messenger role is generally exerted through its
activation of protein kinase A (PKA) to phosphorylate specific
cellular proteins and thereby alter their molecular function.
Accordingly, we investigated the effect of various modulators
of cAMP-dependent phosphorylation on C6NBD-phospholipid
translocation and distribution (Table 1). Incubation of sperm
cells in HBT with cyclic-nucleotide phosphodiesterase (PDE)
inhibitors (caffeine, theophylline, IBMX or papaverine)
resulted in changes in C6NBD-phospholipid behavior similar
to those observed for HBT-Bic treated cells. The
concentrations of PDE inhibitors used (500 µM for caffeine,
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Table 1. Modulation of transbilayer distribution of C6NBD-phospholipids and merocyanine staining in boar spermatozoa
by signalling effectors
Treatment
HBT
+Caffeine
Theophylline
IBMX
Papaverine
Bt2-cAMP
8Br-cAMP
cpt-cAMP
8Br-cGMP
Forskolin¶
Forskolin¶
Okadaic acid¶
Calyculin¶
HBT-Bic
+H89
Rp-cAMPS

Final concn
(µM)

C6NBD-PS*

C6NBD-PE*

C6NBD-PC‡

C6NBD-SM‡

MC540§

500
500
500
100
100
100
100
100
10
100
0.1
0.1

78.8±2.5
49.3±7.2
45.6±6.9
40.8±5.4
37.2±3.8
47.3±7.9
46.7±8.2
49.5±8.6
79.9±2.8
77.9±2.4
67.3±4.6
47.5±5.8
45.2±7.2

40.2±1.9
21.7±4.3
18.0±4.1
16.9±3.8
14.8±2.9
18.8±4.6
16.4±5.2
21.3±5.0
42.0±2.1
41.3±1.9
34.6±5.0
19.7±4.9
17.6±4.1

12.7±1.5
29.4±9.6
32.6±7.3
37.5±4.6
38.1±4.1
33.5±5.0
30.7±5.4
36.4±5.3
14.8±1.7
17.6±2.6
18.9±3.4
32.8±5.3
28.7±5.2

5.5±0.7
15.4±4.9
16.3±3.6
21.7±3.1
22.6±2.0
18.3±4.3
15.6±3.9
20.0±4.0
5.3±0.5
7.2±0.8
8.0±0.9
27.1±4.6
20.1±5.3

3.4±1.4
25.4±5.4
21.6±3.2
35.2±6.8
49.0±8.5
32.7±5.3
38.7±3.9
29.8±4.1
5.3±2.0
5.5±1.9
14.1±3.8
45.5±9.1
38.2±7.4

41.3±5.8
80.1±3.4
81.2±4.3

18.7±4.1
43.1±4.6
40.9±3.8

32.0±5.7
12.7±2.3
13.2±2.0

20.5±4.5
5.0±1.1
4.7±0.6

35.2±7.2
5.4±1.7
4.9±1.2

50
1000

Spermatozoa were incubated at 38°C for 2 h in either HBT or HBT-Bic containing the effectors indicated, after which C6NBD-phospholipid labelling was
initiated. Inward translocation of the phospholipids was determined in the live acrosome-intact sub-population as indicated in Materials and Methods and Fig. 4.
In parallel, spermatozoa were incubated in the same media for 30 minutes before merocyanine staining was estimated in the live acrosome-intact subpopulation
(see Fig. 8). Values are means ± s.d. from 8 independent experiments.
*Percent of total C6NBD-PS and C6NBD-PE label internalized after 10 minutes labelling.
‡Percent of total C6NBD-PC and C6NBD-SM label internalized after 60 minutes labelling.
§Percent highly merocyanine-staining cells.
¶In combination with 50 µM IBMX. This concentration of IBMX in HBT had no effect on its own (data not presented).

theophylline and IBMX and 100 µM for papaverine) caused
cellular cAMP levels to rise from 7.3±2.1 to 20.1±4.7
pmol/100 million cells (n=8), increases comparable to those
resulting from bicarbonate stimulation (Harrison, 1997;
Harrison and Miller, 2000). Changes in C6NBD-phospholipid
behavior were likewise seen when HBT was supplemented
with Bt2-cAMP, 8Br-cAMP or cpt-cAMP. The latter was
100
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particularly potent (as might be expected from its higher
membrane permeability and resistance to PDE destruction: see
Sandberg et al., 1992). Effects appeared specific for cAMP
analogs because 8Br-cGMP did not induce changes.
Incubation of sperm in the presence of forskolin, an
established activator of somatic cell adenylyl cyclase (Seamon
et al., 1981), resulted in only relatively minor changes in
transbilayer behavior of the C6NBD-phospholipids (see Table
1), even in the presence of low levels of the PDE inhibitor
IBMX (50 µM). However, this result was not unexpected since
numerous studies have indicated that forskolin has only a
minor ability to activate sperm adenylyl cyclase (see Harrison
and Miller, 2000, and refs therein).
Mechanisms enhanced by protein phosphorylation are
controled simultaneously by protein dephosphorylation as a
means of maintaining a balanced level of the active
phosphorylated form of the protein target. We were able to
induce changes in C6NBD-phospholipid behavior similar to
those induced by bicarbonate when we included in the HBT

16

Bicarbonate concentration (mM)

Fig. 6. Concentration dependency of bicarbonate-induced alterations
in inward transbilayer movements of C6NBD-phospholipids.
Spermatozoa were incubated for 2 hours in HBT supplemented with
various concentrations of bicarbonate/CO2 (achieved by adding
suitable quantities of 0.3 M NaHCO3 that had been saturated with
100% CO2: see Results section). C6NBD-phospholipid-bearing
donor vesicles were then added, and the inward movement of
C6NBD-phospholipids was followed by flow cytometric analysis of
the live acrosome-intact subpopulation (c.f. Figs 2-4). During all
incubations, CO2 concentration in the gas phase was maintained
proportionate to the final bicarbonate concentration. (A) Amounts of
translocated C6NBD-PS and C6NBD-PE were determined after 10
minutes labeling. (B) Amounts of translocated C6NBD-PC and
C6NBD-SM were determined after 60 minutes labeling. Values are
means ± s.d. from 4 independent experiments.
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Table 2. Enhancement of C6NBD-phospholipid catabolism in boar spermatozoa by signalling effectors
Treatment
HBT
+Caffeine
IBMX
Bt2-cAMP
cpt-cAMP
8Br-cGMP
Forskolin*
Forskolin*
Okadaic acid*
Calyculin*
HBT-Bic
+H89
Rp-cAMPS

Final concn
(µM)
500
500
100
100
100
10
100
0.1
0.1
50
1000

C6NBDmetabolite:

C6NBD-PS

C6NBD-PE

C6NBD-PC

FA

DAG

FA

DAG

FA

DAG

C6NBD-SM
Cer

(1.0)
1.2
1.8
1.3
1.7
0.9
1.1
1.1
2.0
2.1

(1.0)
1.9
2.7
2.1
2.0
1.2
1.1
1.2
3.1
2.6

(1.0)
1.1
1.5
1.2
1.4
1.0
1.0
1.0
1.9
1.8

(1.0)
1.6
2.1
1.7
1.6
1.1
1.1
1.3
2.7
2.4

(1.0)
1.4
2.1
1.8
1.9
1.0
1.1
1.2
2.5
2.2

(1.0)
2.7
4.2
2.8
2.7
1.1
1.2
1.4
4.0
3.6

(1.0)
3.8
6.3
4.5
4.9
1.2
1.4
1.7
9.7
7.1

1.6
0.9
0.9

2.4
1.0
1.2

1.4
1.0
1.0

1.9
1.0
1.1

2.0
1.0
1.0

3.3
1.0
1.0

5.3
1.0
1.2

Spermatozoa were labelled with the indicated C6NBD-phospholipid for 10 minutes, after which they were washed through Percoll® to remove unincorporated
label. The cells were then further incubated in either HBT or HBT-Bic containing 2 mM CaCl2 as well as the effectors indicated; PMSF was absent. After 1 hour,
lipid extracts were prepared and subjected to HPTLC. The individual fluorescent spots of the C6NBD-metabolites (C6NBD-FA, C6NBD-DAG and C6NBD-Cer)
as well as the parent phospholipids (see Fig. 7) were scraped off and the amounts of C6NBD fluorescence quantified. Data are expressed as the amount of
specified metabolites relative to the control values (i.e. after similar incubation in HBT alone), and are means from three independent experiments.
*In combination with 50 µM IBMX. This concentration of IBMX in HBT had no effect on its own (data not presented).

incubating medium either of the protein phosphatase inhibitors
okadaic acid or calyculin, provided a low level (50 µM) of
IBMX was also included (Table 1). (This latter concentration
of IBMX was unable on its own to exert any effect on C6NBDphospholipid behavior: data not presented.)
The above results suggested that bicarbonate was exerting its
effect on C6NBD-phospholipid behavior by increasing
intracellular levels of cAMP and thereby stimulating PKA to
raise protein phosphorylation states. To test this hypothesis
further, we incubated sperm in HBT-Bic in the presence of PKA
inhibitors H89 (Chijiwa et al., 1990) or
Rp-cAMPS (De Wit et al., 1984); both
compounds indeed blocked the effect
of bicarbonate (Table 1).
Bicarbonate enhancement of
C6NBD-phospholipid
catabolism
In the experiments described above,
PMSF was included in all media
to prevent digestion of C6NBDphospholipids
by
endogenous
phospholipases, and thus ensure that
changes in NBD location were true
reflections of changes in the location of
the intact phospholipids (Gadella et al.,
1999). When PMSF was omitted from
the incubation media, however, it was
possible to observe the effect of
bicarbonate and other signaling
modulators on the catabolism
of
sperm-incorporated
C6NBDphospholipids. Sperm were labeled
with individual C6NBD-phospholipids
for 10 minutes and then incubated for
1 hour in various modifications of
PMSF-free HBT and HBT-Bic (Fig. 7;
Table 2). Catabolism of all 4 classes of
C6NBD-phospholipid was increased

in the presence of bicarbonate (Fig. 7). Formation of C6NBDFA and C6NBD-DAG probably reflected the activities of
phospholipases A2 and C respectively, whereas formation of
C6NBD-Cer was likely due to sphingomyelinase activity.
Bicarbonate treatment resulted in mild stimulations (1.4- to 3.3fold) of phospholipase A2 and C (most pronounced effects were
found for C6NBD-PC: see Table 2), whereas stimulation of
sphingomyelinase was markedly higher (5.5-fold: see Table 2).
Cyclic AMP analogs, PDE inhibitors, and protein phosphatase
inhibitors stimulated C6NBD-phospholipid catabolism similarly

Fig. 7. Effect of bicarbonate on C6NBD-phospholipid catabolism in boar spermatozoa.
Spermatozoa in HBT in the absence of PMSF were labeled with different C6NBDphospholipids for 10 minutes (without any preincubation), after which time the non-incorporated
label was removed by sedimenting the spermatozoa through Percoll®. The labeled cells were
then incubated in either HBT (lanes 1, 3, 5 and 7) or in HBT-Bic (lanes 2, 4, 6 and 8); both
media were supplemented with 2 mM CaCl2 but neither contained PMSF. After 1 hour, the
sperm lipids were extracted and separated by HPTLC. Sperm labeled with: C6NBD-SM, lanes 1
and 2; C6NBD-PC, lanes 3 and 4; C6NBD-PE, lanes 5 and 6; C6NBD-PS lanes 7 and 8. Arrows
indicate the running position of reference lipids C6NBD-FA (FA), C6NBD-Cer (Cer) and
C6NBD-DAG (DAG). The figure associated with each spot indicates its absolute molar content
of C6NBD; 10 nmole of C6NBD-lipid were applied to each lane.
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Fig. 8. Bicarbonate-induced changes in merocyanine
fluorescence intensity of boar spermatozoa. Spermatozoa
were incubated for 30 minutes in HBT (A) or HBT-Bic (B) in
the presence of Yo-Pro 1 and PNA-F. Samples were then
mixed briefly with merocyanine before being analyzed by
flow cytometry (details of methodology given in Materials
and Methods). The horizontal line in each panel indicates the
‘cut-off’ value of FL1 above which cells were considered
‘positive’ for PNA-F and/or Yo-Pro fluorescence and were
therefore acrosome-reacted and/or deteriorated (c.f. patterns
B-G of Fig. 1); these cells were excluded from further
analyses. The merocyanine fluorescence (FL3) was
determined for all spermatozoa that were ‘negative’ with
respect to FL1 (i.e. the live acrosome-intact subpopulation).
The subpopulation of cells with low merocyanine
fluorescence is indicated with L while the subpopulation of
sperm cells with high merocyanine fluorescence is indicated
with H.

Relationship between changes in transbilayer
movement of C6NBD-phospholipids and
merocyanine-detectable changes in membrane lipid
disordering
The lipophilic fluorescent dye merocyanine 540 is able to
Fig. 9. Effect of bicarbonate, Ca2+ and albumin on merocyanine
fluorescence intensity of live acrosome-intact boar spermatozoa.
Spermatozoa were added to variants of HBT at 38°C; all media
contained PNA-F and Yo-Pro 1 to discriminate between live
acrosome-intact cells and deteriorated and/or acrosome-reacted cells.
At intervals, samples from the suspensions were mixed briefly with
merocyanine and subjected to flow cytometric analysis to estimate
the proportion of high merocyanine-staining cells in the live
acrosome-intact subpopulation (see Fig. 8 for definition). (A) Data
from spermatozoa incubated in media without BSA; (B) data from
sperm incubated in media containing 3 mg/ml BSA. Control, HBT
alone; Ca, HBT supplemented with 2 mM CaCl2; Bic, HBT
containing 15 mM bicarbonate/5% CO2; Bic/Ca, HBT containing 15
mM bicarbonate/5% CO2 and supplemented with 2 mM CaCl2.
Values are means ± s.d. from 5 independent experiments.

detect plasma membrane changes that have been interpreted as
increases in lipid disorder (e.g. McEvoy et al., 1988; Aussel et
al., 1993; Mower et al., 1994). Recent studies (Harrison et al.,
1996; Harrison and Miller, 2000) have shown that both
bicarbonate and signaling modulators related to PKA-driven
protein phosphorylation enhance markedly the merocyanine
fluorescence intensity of boar spermatozoa. We therefore tested
whether the bicarbonate-induced changes in transbilayer
behavior of C6NBD-phospholipids corresponded with changes
in merocyanine fluorescence intensity. Bicarbonate induced an
increase in the live acrosome-intact subpopulation showing
high merocyanine staining (Fig. 8); the change was essentially
dependent on bicarbonate but not on BSA or calcium (Fig. 9),
60
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to bicarbonate (Table 2). Their catabolic effects correlated
approximately with their effects on C6NBD-phospholipid
distribution; notably forskolin and the cGMP analog had little or
no effect. On the contrary, PKA inhibitors that blocked HBT-Bic
effects on C6NBD-phospholipid asymmetry behavior (Table 1)
also blocked the stimulatory effect of HBT-Bic on
phospholipases (Table 2). In the presence of PMSF, HBT-Bic
incubation resulted in the production of only trace amounts of
C6NBD-labeled catabolites (<5% of the amounts detected in the
absence of PMSF: data not presented). It should be noted that
all the observations on C6NBD-phospholipid metabolism were
done on complete sperm suspensions. One could argue that the
observed changes were due to altered metabolism in
deteriorating cells or acrosome-reacting cells (intracellular
labeling in presence of non-surface phospholipases). However,
instead of increased phospholipase activities dramatic decreases
of C6NBD-phospholipid breakdown was observed in Triton X100 permeabilized cell samples (data not shown). This indicates
that we observed activation of phospholipases in capacitating
cells rather than the activity of intracellular phospholipases in
deteriorating cells.

30

Ca

20

Bic/Ca

10

0

0

10

20

30

40

50

60

60

B

50

BSA

40
BSA/Bic

30

BSA/Ca

20

BSA/Bic/Ca

10

0

0

10

20

30

Time (min)

40

50

60

2416 B. M. Gadella and R. A. P. Harrison
although some additive effects of BSA and/or calcium could
be detected. These results, closely comparable to the findings
of Harrison et al. (1996), demonstrated that merocyaninedetectable changes took place in live acrosome-intact cells in
the absence of BSA. (Most of the studies of Harrison and
colleagues were performed in the presence of BSA, whereas
BSA was necessarily omitted from the present experiments
because of its ability to bind C6NBD-phospholipids and thus
interfere with our investigations.)
The effects of modulators of the cAMP/PKA signaling
system on the merocyanine fluorescence intensity of sperm
cells were then compared with their effects on C6NBDphospholipid behavior (Table 1). In essence, changes in
transbilayer behavior of C6NBD-phospholipids were mirrored
closely by increases in merocyanine fluorescence intensity.
Activators of the adenylyl cyclase/cAMP/PKA pathway
induced the generation of a subpopulation of highly stained
cells, whereas treatments designed to block PKA activity also
blocked induction of high merocyanine fluorescence intensity
(Table 1). While confirming more extensive investigations of
the involvement of PKA in the control of merocyanine
fluorescence intensity (Harrison and Miller, 2000), these
findings, crucially, linked the parameter closely with changes
in phospholipid transbilayer behavior.
DISCUSSION
Bicarbonate plays a major role in the induction of sperm
capacitation in vitro (Boatman and Robbins 1991; Suzuki et
al., 1994; Shi and Roldan, 1995; Visconti et al., 1995a,b). In
the pig, bicarbonate brings about modifications in sperm
surface coating (Ashworth et al., 1995), an increase in plasma
membrane lipid disorder (Harrison et al., 1996), and an
increase in the ability of live acrosome-intact cells to bind zona
pellucida components (Harkema et al., 1998). Of particular
interest has been the bicarbonate-inducible increase in lipid
disorder (detected as an increase in merocyanine staining). In
other cell types, an increase in merocyanine stainability has
been interpreted as indicating a change in the transbilayer
distribution of the plasma membrane phospholipids (Verhoven
et al., 1995; Williamson and Schlegel, 1994). Our present
results show clearly that bicarbonate does indeed induce in
boar spermatozoa important changes in membrane
phospholipid distribution.
Although the use of C6NBD-labeled phospholipid probes in
combination with flow cytometry is an excellent way to study
transbilayer phospholipid behavior in living cells, it also
presents a number of potential pitfalls that could invalidate
conclusions. In an earlier publication, we presented protocols
specifically designed to obviate these pitfalls (Gadella et al.,
1999). In the present study, we have added further refinements
to our procedure in order to take account of subsidiary
capacitation-induced changes in sperm that would interfere
with assessment of C6NBD-phospholipid distribution. It is
well documented that in vitro capacitation of sperm cells not
only leads to their activation but also causes increased
occurrence of ‘spontaneous’ acrosome reactions, as well as
increased cell death (see Harrison et al., 1993; Yanagimachi,
1994). Spontaneous exocytosis of the acrosome would expose
to the external milieu relatively large areas of previously

sequestered membrane and thereby allow increased labeling
with C6NBD-labeled lipids; these lipids would also be
accessible to dithionite NBD-reducing action. Such resultant
increased labeling and relative dithionite sensitivity would lead
to overestimation of ‘outer leaflet’ phospholipid distribution.
Thus we added fluorochrome-conjugated PNA to the sperm
suspensions prior to flow cytometry in order to detect sperm
with discharged or disrupted acrosomes and eliminate them
from the data set (see Figs 1-3). PNA is a very sensitive probe
of acrosomal integrity. It has affinity only for glycosidic
residues on the luminal face of the outer acrosomal membrane
(Flesch et al., 1998) and in unfixed sperm suspensions only
labels sperm sites if the luminal face of the acrosomal
membrane has become exposed to the exterior (e.g. Ashworth
et al., 1995). Such exposure will begin as soon as fusion pores
form between the plasma membrane and the outer acrosomal
membrane. Therefore, in fact this assay is detecting the earliest
signs of the initiation of acrosome reaction (or deterioration).
We noted during preliminary multiple labeling experiments
that, if capacitating sperm suspensions were cooled down from
38°C even to about 30°C, they suffered a significant increase
in cell deterioration and spontaneous acrosome reactions. All
analyses were therefore carried out in a flow cytometer that had
been thoroughly equilibrated to 38°C. As a result of these extra
precautions, we believe our data to be truly representative of
the behavior of C6NBD-phospholipids in living acrosomeintact spermatozoa.
Compared with a control (bicarbonate-free) environment,
bicarbonate/CO2 affected the four classes of phospholipids in
differing ways. While not appearing to alter greatly the
eventual steady-state distribution of the aminophospholipids
C6NBD-PE and C6NBD-PS, incubation in the presence of
bicarbonate markedly slowed down their inward movements
(Fig. 4) and speeded up their outward movements (Fig. 5).
Almost complete translocation of C6ND-PS to the inner leaflet
of the sperm plasma membrane was achieved within 20
minutes in the absence of bicarbonate, whereas in its presence
at least 60 minutes was required. The steady-state distribution
of C6NBD-PE, largely located in the inner membrane leaflet,
was achieved after some 60 minutes labeling in the absence of
bicarbonate whereas in the presence of bicarbonate steadystate distribution was far from complete at this time (Fig. 4).
By contrast, prolonged incubation of sperm cells in the
presence of bicarbonate led to an increase of the proportions
of C6NBD-PC and C6NBD-SM in the inner plasma membrane
leaflet (30% versus 15% for C6NBD-PC and 20% versus 5%
for C6NBD-SM: Fig. 4). At the same time, bicarbonate
accelerated the outward translocation kinetics of all four
phospholipid classes (Fig. 5). Thus slow-down of net inward
movement of aminophospholipids but speed-up of their
outward movement was associated with increased inward and
outward translocation of the choline phospholipids. The
simplest interpretation of our findings (but not the only one)
is that bicarbonate in some way activates a non-specific
bidirectional phospholipid translocase (i.e. the so-called
‘scramblase’). Others have reported that scramblase activation
is Ca2+-dependent (see Bevers et al., 1998). In our experiments
addition of extracellular Ca2+ did not affect the NBDphospholipid transbilayer movements; however, media such as
HBT contain 10-50 µM residual Ca2+ (Yanagimachi, 1982;
Fraser, 1987) even without Ca2+ supplement, levels that are
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more than 200-fold higher than reported resting intracellular
levels (Florman et al., 1999).
Several studies have deduced that bicarbonate appears to act
on sperm principally through its ability to stimulate directly a
sperm-specific adenylyl cyclase (Okamura et al., 1985; Garty
and Salomon, 1987), whence the resultant increased
intracellular cAMP activates PKA to initiate protein
phosphorylation events in one or more as yet undefined
signaling cascades (Visconti and Kopf, 1998). Recent
investigations in one of our laboratories have shown that
bicarbonate induces a merocyanine-detectable change in boar
sperm plasma membrane lipid architecture via a cAMPdependent protein phosphorylation pathway (Harrison, 1997;
Harrison and Miller, 2000). The experiments of the present
paper (Table 1) indicated that a similar pathway is involved in
bicarbonate’s induction of changes in C6NBD-phospholipids
transbilayer behavior. (i) Either cAMP analogues or PDE
inhibitors could replace bicarbonate in causing the changes
(PDE inhibitors block on-going catabolism of endogenous
nucleotides whence endogenous cAMP levels rise); the cyclic
nucleotide requirement appeared specific for cAMP because
8Br-cAMP was a competent inducer of the transbilayer reorganization whereas 8Br-cGMP had no effect. (ii)
Bicarbonate induction was abolished by inclusion of the PKA
inhibitors H89 (Chijiwa et al., 1990) or Rp-cAMPS (De Wit et
al., 1984). (iii) Changes in transbilayer phospholipid behavior
could be induced by the protein phosphatase inhibitors okadaic
acid or calyculin, in accord with the hypothesis that decreasing
on-going protein dephosphorylation processes would enhance
net levels of a putative active phosphorylated protein form.
It is well established that increased merocyanine stainability
is positively related to membrane lipid packing disorder
(Williamson et al., 1983; Langner and Hui, 1993). However,
although increases in merocyanine staining of living cells have
been shown to accompany changes in the cells’ plasma
membrane phospholipid distribution (see Williamson and
Schlegel, 1994), a causative link has not been satisfactorily
explained. In the present experiments, we assessed in parallel
C6NBD-phospholipid
asymmetry
and
merocyanine
stainability in boar sperm suspensions incubated with a variety
of effectors (Table 1). We detected increases in merocyanine
stainability in all conditions leading to alterations in C6NBDphospholipid distribution, while staining changes were not
observed in situations in which changes in phospholipid
distribution were not significant. As reported by Harrison and
Miller (2000), merocyanine stainability was apparently
controled by a cAMP-dependent protein phosphorylation
signaling system, which in the present experiments was
essentially indistinguishable from that controling phospholipid
asymmetry. However, the merocyanine stainability changes
show two features not seen in the changes in phospholipid
asymmetry. Firstly, merocyanine always detects two clearly
different populations of live cells, those that are stained weakly
and those that are stained strongly; bicarbonate induces a
change from a weakly staining state to a strongly staining state,
and the concentration-dependent response essentially involves
a shift in population from one state to the other: few cells of
intermediate classification are observed (Fig. 8; see also
Harrison et al., 1996). Flow cytometric assessments of
C6NBD-phospholipid behavior, on the contrary, never revealed
similar separable subpopulations of live cells. Secondly, the

speed with which bicarbonate induces the changes differs
between the two assays. Changes in merocyanine-binding
ability were essentially complete in less than 15 minutes (Fig.
9; see also Harrison et al., 1996), whereas changes in
phospholipid distribution clearly took much longer (Figs 4, 5).
The following offers a possible explanation of these differences
and relating of the two parameters. The molecular fluorescence
intensity shown by merocyanine is dependent on its
environment; translocation from a hydrophilic to a
hydrophobic environment results in dramatically increased
intensity. If the fatty acyl chains of a lipid leaflet are closely
packed, the dye is prevented from intercalating into the leaflet’s
hydrophobic core; a decrease in the packing order, however,
will allow such intercalation. Thus merocyanine staining of a
cell whose plasma membrane outer leaflet lipid is highly
ordered will be low, whereas staining of a cell with less-ordered
outer leaflet lipid will be high (Smith et al., 1984; Allan et al.,
1989; Verkman, 1987; Lagerberg et al., 1995). Because of
merocyanine’s intrinsic properties, a small decrease in
membrane lipid packing sufficient to allow entry of the
merocyanine molecule into the hydrophobic leaflet core will
result in a large change in fluorescence. Thus merocyanine
staining of cell suspensions will tend to reveal two populations,
cells whose membrane lipid packing is too high for significant
intercalation, and cells whose lipid packing has fallen below a
‘threshold’ at which intercalation becomes energetically
favorable. The C6NBD-phospholipid asymmetry assay, on the
contrary, will indicate changes in phospholipid distribution
within a ‘linear’ continuum. If bicarbonate activates the
scramblase as our results appear to indicate, the physical
increase in phospholipid interchange between the two leaflets
may of itself cause packing disorder and thus allow
merocyanine intercalation; the change in scramblase activity
(and putative concomitant increase in merocyanine staining)
would necessarily precede detectable net changes in
phospholipid distribution.
In a previous paper, we demonstrated the distorting effects of
catabolism of C6NBD-phospholipids on the asymmetry assay
(Gadella et al., 1999). Briefly, endogenous sperm
phospholipases break down C6NBD-phospholipids to products
that are still fluorescent but do not share the membrane
transbilayer behavior of their parent C6NBD-phospholipids. In
our previous study, we showed that inclusion of PMSF in the
incubation systems was sufficient to inhibit the catabolic
phospholipases. In the present study, while we were able to
show that PMSF remained an effective phospholipase inhibitor
in the presence of bicarbonate, we observed that, in the absence
of PMSF, bicarbonate induced increased phospholipase
catabolism of the C6NBD-phospholipids (Fig. 7; Table 2).
Activation of phospholipase A2 (production of C6NBD-FA)
was relatively mild, activation of phospholipase C (production
of C6NBD-DAG) was greater (especially in C6NBD-PC
labeled cells), while activation of sphingomyelinase (production
of C6NBD-Cer) was considerable (some five-fold). Not only do
these findings demonstrate the importance of preventing
endogenous phospholipid catabolism in studies of phospholipid
behavior in spermatozoa, they are also of considerable
physiological significance. Roldan and colleagues (Roldan and
Murase, 1994; Roldan and Vazquez, 1996) have already
emphasized the importance of phospholipid metabolites in the
induction of the acrosome reaction and have detected
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bicarbonate activation of phospholipase A2 in boar sperm;
moreover, Ruiz-Arguello et al. (1998) have reported that
sphingomyelinase and phospholipase C, when acting in concert,
induce fusion in artificial vesicles of mixed SM, PC, PE and
cholesterol composition. Our evidence for a broad enhancement
of phospholipase activity by bicarbonate is therefore fully in
line with current concepts of capacitative processes. It suggests
that increased provision of fusogenic phospholipid catabolites
in the sperm plasma membrane render the sperm more
responsive to physiological inducers of acrosomal exocytosis.
The reason for the increase in phospholipase activity is unclear.
Recent studies in other cell types have shown that cellular
phospholipases activities can be modulated by direct
phosphorylation of the enzyme molecules (Palmier et al., 1996;
Gijon et al., 1999; Houle and Bourgoin, 1999). However, all
types of phospholipase activity responded to signaling
activators and inhibitors essentially in parallel with each other
as well as with the changes in phospholipid distribution
(compare Tables 1 and 2). This close parallelism is not easy to
reconcile with individual phosphorylation control of each of the
phospholipases types. It seems more likely that the observed
general increases in phospholipase activity are due to increased
accessibility of the enzymes to their substrates brought about
by scramblase activation: continual redistribution and
presentation of the various phospholipid species (e.g. increased
levels of SM and PC in inner leaflet), also perhaps by the
increase in lipid packing disorder (to allow attack of bonds
previously protected by close physical packing of the lipid
molecules). Scrambling of phospholipids (Bevers et al., 1998)
and ceramide formation (Tepper et al., 1999) are general
characteristics of the apoptotic execution phase. Moreover,
C6NBD-Cer formation in apoptotic Jurkat cells was shown to
be the result of C6NBD-SM scrambling to the inner leaflet
during CD95-induced apoptosis where it becomes accessible
for a neutral sphingomyelinase (A. D. Tepper, personal
communication). Therefore, the observed changes in sperm
cells seem to parallel surface phenomena in apoptotic cells.
The bicarbonate-induced alterations in transbilayer behavior
of C6NBD-phospholipids, increases in lipid packing disorder
and increases in phospholipase catabolism appear to us highly
relevant to sperm capacitation. (i) Partial loss of phospholipid
asymmetry, already associated with exocytotic events in
secretory cells (Müller et al., 1996), may of itself increase the
fusibility of the sperm plasma membrane in readiness for the
two major fusion events in which the spermatozoon
participates at fertilization (i.e. exocytosis of the acrosome and
fusion with the egg itself). (ii) A decline in phospholipid
asymmetry is also associated with increased cell-cell adhesion
(Schlegel et al., 1985), and may therefore assist sperm binding
to epithelial cells of the oviduct or to the zona pellucida prior
to the onset of the acrosome reaction (Harkema et al., 1998).
(iii) Increased phospholipase activity may provide fusogenic
lipids to enhance exocytotic response to physiological inducers
of the acrosome reaction (see Roldan and Murase, 1994;
Roldan and Vazquez, 1996). In addition to bicarbonate, BSA
and Ca2+ are also implicated in in vitro capacitation
(Yanagimachi, 1994). Although the bicarbonate-induced
changes described in the present paper are not dependent on
these latter components, the overall capacitation process is
lengthy and undoubtedly comprises a sequence of events. The
alterations in phospholipid behavior take place relatively

rapidly after commencement of incubation under capacitating
conditions. They can therefore be viewed as representing early
steps in the capacitation process, whereas both BSA and Ca2+
appear to be involved largely in later events (Neill and OldsClarke, 1987; Andrews and Bavister, 1989; Fraser, 1993). We
believe that the changes in phospholipid behavior and the
increase in lipid packing disorder are permissive processes. For
example, several studies have indicated that cholesterol
removal from the plasma membrane is an important factor in
capacitation: one role of BSA may thus be to act as an in vitro
acceptor of cholesterol (Cross, 1998). From these observations,
one may speculate that the bicarbonate-induced changes
described in this paper provide a lipid environment in the
plasma membrane bilayer that is permissive for albuminmediated cholesterol efflux. In its turn, the cholesterol efflux
may allow further modifications of the membrane surface such
as lateral redistributions of glycolipids (Gadella et al., 1994,
1995) and integral membrane proteins (Aguas and Pinto da
Silva, 1989, Suzuki and Yanagimachi, 1989), and the
unmasking of surface lectin-binding epitopes (Ashworth et al.,
1995).
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