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Calmodulin inhibitors increase the affinity of Merocyanine 540 for boar
sperm membrane under non-capacitating conditions

Lauro GONZALE}Z-FERNANDEZ”"‘, Beatriz MACIAS-GARCIA?", Violeta CALLE-GUISADOV,
Luis Jestis GARCIA-MARINY and Maria Julia BRAGADOV

VResearch Group of Intracellular Signalling and Technology of Reproduction (SINTREP), Institute of Biotechnology in
Agriculture and Livestock (INBIO G+C), University of Extremadura, 10003 Cdceres, Spain

2Jesds Uson Minimally Invasive Surgery Centre (CCMIJU), Assisted Reproduction Unit, 10071 Caceres, Spain

Abstract. We aimed to test whether the calmodulin (CaM) inhibitors, calmidazolium (CZ) and N-(6-aminohexyl)-5-chloro-
1-naphthalenesulfonamide (W-7), can be used to assess lipid disorder by flow cytometry using Merocyanine 540 (M540).
Boar spermatozoa were incubated in non-capacitating conditions for 10 min at room temperature with 1 pM CZ, 200 uM W-7,
or 1 mM 8-bromoadenosine 3’,5'-cyclic monophosphate (8-Br-cAMP). Then, sperm were 1) directly evaluated, 2) centrifuged
and washed prior to evaluation, or 3) diluted with PBS prior to evaluation. Direct evaluation showed an increase in high M540
fluorescence in spermatozoa treated with the inhibitors (4.7 + 1.8 [control] vs. 70.4 + 4.0 [CZ] and 71.4 + 4.2 [W-7], mean %
+ SD, P <0.001); washing decreased the percentage of sperm showing high M540 fluorescence for W-7 (4.8 £ 2.2, mean %
+ SD) but not for CZ (69.4 + 3.9, mean % + SD, P < 0.001), and dilution showed an increase in high M540 fluorescence for
both CZ and W-7; 8-Br-cAMP did not induce a rise in sperm showing high M540 fluorescence. Therefore, special care must

be taken when M540 is used in spermatozoa with CaM inhibitors.
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°ver the last few years, the use of flow cytometry in the field of
spermatology has increased, and it is now commonly used to
study various aspects of sperm functionality, including acrosome and
membrane integrity, mitochondrial status, reactive oxygen species
(ROS) production, and intracellular calcium levels, among others [1,
2]. Specifically, flow cytometry is used to assess the fertilizing ability
or capacitation in spermatozoa [3, 4], as it is one of the most important
fertilization-related events. Capacitation takes place in the female
reproductive tract and is known to increase intracellular bicarbonate
and calcium levels, which induces cholesterol efflux from the sperm
plasmalemma and promotes phospholipid scrambling, thus enhancing
its fluidity [S]. These early events trigger the activation of adenylyl
cyclase, which stimulates cyclic adenosine monophosphate (cAMP)
production in turn inducing the activation of protein kinase A (PKA)
and resulting in an increase in overall protein tyrosine phosphorylation
(PY) [6, 7]. This complex process involves the activation of many
intermediate proteins, among which, calmodulin (CaM) has been
shown to play a central role due to its calcium-sensing function in
ram [8], stallion [9, 10], boar [11], mouse [12], and human sperm
[13]. In previous studies, capacitation was assessed by different
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assays, including the chlortetracycline (CTC) fluorescent assay,
acrosome reaction (AR) induction by flow cytometry, and PY by
western blotting or immunocytochemistry.

Another way to assess sperm capacitation is with Merocyanine 540
(M540), a lipophilic fluorescent dye. This probe gets incorporated
into the phospholipids of the outer leaflet of the membrane [14, 15]
and has been shown to be very sensitive for evaluating phospholipid
packing of unilamellar and multilamellar lipid vesicles [16, 17]. In
a previous study, Harrison et al. [18] described for the first time the
use of M540 to assess membrane lipid disorder in spermatozoa. They
associated enhanced M540 binding to the plasma membrane with
increased lipid disorder, correlating this raise with the induction of
capacitation. Since then, M540 has been used by many different
laboratories around the world to study the capacitation status of
spermatozoa from different species [19-22].

It should be mentioned that M540 does not only exhibit affinity
for phospholipids but also binds to charged membranes [23]. As CaM
inhibitors such as calmidazolium (CZ) and N-(6-Aminohexyl)-5-
chloro-1-naphthalenesulfonamide (W-7) induce electrostatic changes
in the cell membrane [24], it is reasonable to hypothesize that these
inhibitors could alter the binding of M540 to the sperm membrane
in the absence of phospholipid disorder. Thus, the objective of the
present study was to explore whether the presence of these inhibitors
under non-capacitating conditions affects the binding of M540 to
boar sperm plasmalemma.

To determine the individual effects of CZ and W-7 on boar sperm
membrane lipid disorder, spermatozoa were incubated in Tyrode’s
basal medium (TBM) in the presence of CZ or W-7 for 10 min at
room temperature. Various concentrations of these CaM inhibitors
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have been previously used in different species, ranging from 5 uM to
200 uM for CZ and 1 uM to 1 mM for W-7 [8, 10—13]. Specifically,
in boar spermatozoa, W-7 has been used at 100 uM [11] and 200 uM
[25], and CZ has been used at 4 uM [26]. When boar sperm were
incubated in the presence of CaM inhibitors (1 uM CZ or 200 uM
W-7), the percentage of viable spermatozoa presenting high M540
fluorescence increased significantly (4.7 + 1.8 [control] vs. 70.4 +
4.0 [CZ] and 71.4 + 4.2 [W-7], mean % + SD, P < 0.001; Fig. 1).
The same effect was observed when spermatozoa were diluted in
PBS before evaluation (5.9 + 3.1 [control] vs. 70.0 + 2.2 [CZ] and
69.0 + 3.6 [W-7], mean % + SD, P < 0.001; Fig. 1). However, when
the inhibitors were removed from the medium by centrifugation
and washing, the percentage of viable spermatozoa showing high
M540 fluorescence was maintained for CZ-treated spermatozoa
but not for W-7-treated spermatozoa (3.1 + 1.0 [control] vs. 69.4
+3.9 [CZ] and 4.8 + 2.2 [W-7], mean % + SD, P < 0.001; Fig. 1).
Interestingly, the addition of 1 mM 8-Br-cAMP did not change the
percentage of viable spermatozoa showing high M540 fluorescence
in any protocol used (Fig. 1; P> 0.05). Additional concentrations of
W-7 (100 uM) and CZ (2 and 5 uM) were also tested, and similar
results were obtained (data not shown).

These results indicate that, under our assay conditions (10 min at
room temperature in TBM), the presence of W-7 or CZ in the medium
per se increases the percentage of live spermatozoa showing high
M540 fluorescence (Figs. 1 and 2). However, this increase was not
related to the increase in membrane lipid disorder that is associated
with sperm capacitation, as the addition of the cAMP analogue 8-Br-
cAMP did not induce a further increase in high M540 fluorescence
(Figs. 1 and 2) as expected when capacitation is properly induced
[28]. This assumption is made based on our western blotting results
(Fig. 3) in which the tyrosine phosphorylation levels of the p32 protein
[27], a well-recognized marker of capacitation in boar spermatozoa,
did not increase in the presence of CZ (an inhibitor that increased
the percentage of spermatozoa showing high M540 fluorescence in
the three protocols used). Thus, another membrane change is likely
the cause of the raise in high M540 fluorescence observed in boar
spermatozoa. It has been shown that CZ and W-7 are amphipathic
weak bases that bind to the inner leaflet of the plasma membrane,
reducing its net negative charge [24]. This decrease in the overall
negative charge of the membrane induced by the inhibitors could
be responsible for the increased binding of M540 to boar sperm
membrane, as it has been reported that negative charges on the
plasmalemma strongly decrease the presence of M540 monomers in
a lipid bilayer [23]. The differences observed between CZ and W-7
on the spermatozoa showing high M540 fluorescence after removal
of the inhibitors by centrifugation (Fig. 1) could be explained by the
affinity of the inhibitors for the plasma membrane; the affinity of
CZ is > 100-fold stronger than that of W-7 [24], thus the effect of
CZ on the plasma membrane is unaffected disregarding the protocol
used. Furthermore, W-7 is a reversible CaM inhibitor, as stated by
the manufacturer, which explains the lack of an effect on high M540
fluorescence after removal by centrifugation and washing. Thus, 200
uM W-7 could be used to study the lipid organization of boar sperm
plasma membrane using M540 by flow cytometry if this inhibitor is
removed from the medium prior to flow cytometric evaluation, unlike
1 uM CZ, which causes an increase in high M540 fluorescence that is
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Fig. 1.  Effect of calmidazolium (CZ) and N-(6-aminohexyl)-5-chloro-

1-naphthalenesulfonamide (W-7) on high M540 fluorescence.
Spermatozoa were incubated in the absence or presence of
the inhibitors (1 uM CZ or 200 uM W-7) or with | mM 8-Br-
cAMP in TBM for 10 min at room temperature and analyzed by
flow cytometry directly (Control), after washing to remove the
inhibitors (Washing), or after dilution in PBS (Diluted). Results
are expressed as the percentage of viable spermatozoa (Yopro-1
negative) showing high M540 fluorescence (mean + SD), n = 7,
*P<0.001.

not likely associated with capacitation. In addition, the use of these
inhibitors (CZ and W-7), at least at the concentrations tested in the
present report, is incompatible with an accurate evaluation of the
organization status of the lipids in the sperm membrane in boar using
M540 when the samples are diluted prior to flow cytometry analysis.

Our results should be carefully considered when these CaM
inhibitors or other types of inhibitors that could potentially alter
the sperm membrane charge are used to evaluate sperm membrane
lipid disorder using M540.

Methods

Medium

Tyrode’s basal medium (TBM; 96 mM NaCl, 4.7 mM KCI, 0.4 mM
MgSO,, 0.3 mM NaH,PO,, 5.5 mM glucose, 1 mM sodium pyruvate,
21.6 mM sodium lactate, 20 mM HEPES, and 5 mM EGTA) was
used as the non-capacitating medium. A variant of TBM was made
omitting EGTA and adding 1 mM CacCl,, 15 mM NaHCOj; and 3 mg/
ml BSA; this medium is referred to as Tyrode’s complete medium
(TCM). All media were prepared on the day of use and adjusted
to pH 7.45. All reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise stated.

Semen collection and processing

Ejaculates were purchased from a commercial boar station
(Tecnogenext, S.L., Mérida, Spain). Duroc boars were maintained
according to institutional and European regulations. To avoid indi-
vidual variability between boars in each experiment, semen from
three different males was pooled, centrifuged at 2100 x g for 2 min
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Representative dot plots for the different spermatozoa treatments using the dilution protocol (A: control; B: 1 uM CZ; C: 200 pM W-7; and

D: 1 mM 8-Br-cAMP). R5: live spermatozoa (YoPro-1 negative) showing low M540 fluorescence; R6: live spermatozoa (YoPro-1 negative)
showing high M540 fluorescence; R7: dead spermatozoa (YoPro-1 positive).

at room temperature (RT; 22-25°C), washed with phosphate-buffered
saline (PBS), and diluted in TBM or TCM to a final concentration
of 30-50 x 10%ml. After sperm dilution, 0.25-ml aliquots of the
sample were placed in 1.5-ml Eppendorf tubes in the presence of
1 uM CZ (Calbiochem, Darmstadt, Germany), 200 uM W-7, or 1
mM 8-bromoadenosine 3',5'-cyclic monophosphate (8-Br-cAMP), a
cAMP analogue that was used as positive control to increase sperm
membrane lipid disorder [28]. Spermatozoa were incubated in TCM
for 4 hours at 38.5°C in air to induce capacitation; this protocol was
chosen based on previous studies showing tyrosine phosphorylation
of the p32 protein by western blotting and chlortetracycline staining
compatible with capacitation in boar sperm [27]. Control samples
were incubated with 0.2% DMSO, the concentration in which the
inhibitors were dissolved. Sperm samples incubated in TBM were

processed after 10 min at room temperature and handled as follows:
1) directly evaluated by flow cytometry; 2) centrifuged and washed
with PBS to remove the inhibitors before flow cytometry analysis, or
c) diluted (100 pul of semen in 400 pl of PBS) before flow cytometry,
a common protocol used in many laboratories.

Flow cytometry

Samples were analyzed using an ACEA NovoCyte™ flow
cytometer (ACEA Biosciences, San Diego, CA, USA) equipped
with a blue/red laser (488/640 nm). Flow cytometer performance
was ensured by using fluorescent validation particles (NovoCyte™
Quality Control [QC] Particles; ACEA Biosciences) to check the mean
fluorescence intensity (MFI) and the coefficient of variance (CV) of
FSC, FITC (BL-1 channel), and PE (BL-2 channel). Flow cytometry
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Fig. 3. Effect of calmidazolium (CZ) on tyrosine phosphorylation of

boar sperm proteins. Spermatozoa were incubated in the absence
or presence of 1 pM CZ or 1 mM 8-Br-cAMP in TBM for 10 min
at room temperature or 4 h in TCM at 38.5°C (to induce sperm
capacitation). After incubation, spermatozoa were centrifuged,
lysed, and the sperm proteins were analyzed by western blotting.
The immunoblot shown (upper panel) is a representative of five
replicates (n = 5); the p32 protein (arrow) is phosphorylated after
incubation in TCM (positive control). As a loading control, an
antibody against a-tubulin was included (lower panel).

experiments and data analysis were performed using ACEA Novo
Express™ software (ACEA Biosciences). Forward scatter (FSC)
and side scatter (SSC) were used to gate the sperm population and
exclude debris. Spermatozoa were analyzed at a rate of 400-800
cells/sec, and data were collected for 10,000 cells in each treatment.

Evaluation of plasma membrane lipid organization by flow
cytometry

Sperm plasma membrane lipid organization and viability were
simultaneously assessed by staining with M540 and YoPro-1
(Molecular Probes, Leiden, the Netherlands), respectively, using a
488-nm laser. Samples were incubated with YoPro-1 (75 nM) and
M540 (6 uM) at 38.5°C for 15 min. M540 exhibits high affinity for
membranes with increased lipid disorder, showing high fluorescence
that is detected with a 572 + 28 nm band pass filter. Sperm viability
was evaluated with YoPro-1, a non-permeable viability stain that
penetrates spermatozoa with damaged membranes, showing green
fluorescence that is detected with a 530 + 30 nm band-pass filter.
Results are expressed as the percentage of viable cells (YoPro-1
negative) with high M540 fluorescence.

Western blotting

After incubation, spermatozoa were processed as described previ-
ously by Gonzalez-Fernandez et al. [10]. Briefly, spermatozoa were
lysed, and their protein content was determined with the Bio-Rad DC
Protein Assay (Bio-Rad, Hercules, CA, USA). Then, protein samples
(15 pg) were loaded and electrophoresed in 10% SDS-polyacrylamide
gels and transferred to PVDF membranes (Millipore, Billerica, MA,
USA). To detect tyrosine-phosphorylated proteins, the membrane
was incubated with an anti-phosphotyrosine monoclonal antibody
(clone 4G10) from Millipore (diluted 1:5000, v/v, in Tris-buffered
saline-Tween 20 solution [TBS-T] containing 3% BSA) overnight
at 4°C. As a loading control, a-tubulin levels were detected using
an anti a-tubulin antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA,; diluted 1:500, v/v, in TBS-T with 3% BSA) overnight at
4°C. After incubation with the primary antibodies, the membranes
were incubated for 45 min at room temperature with a secondary
anti-mouse antibody conjugated to horseradish peroxidase (Santa Cruz
Biotechnology; diluted 1:5000, v/v, in TBS-T containing 3% BSA).

Statistical analysis

A Kruskal-Wallis ANOVA on ranks followed by the Dunnett’s
post-hoc test was used to compare different treatments. Values are
expressed as the mean percentage + standard deviation (SD). The
level of significance was set at p < 0.05. Analyses were performed
using SigmaPlot software (ver. 12.0) for Windows (Systat Software,
Chicago, IL, USA).
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