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Abstract

Compared to other mammalian species, ram spermatozoa are difficult to capacitate in vitro. Dibutyryl cAMP (db-cAMP) and the
phosphodiesterase (PDE) inhibitors, caffeine and theophylline (CAMP up-regulators), must be added to traditional capacitation media
(containing bicarbonate, calcium and BSA) to elicit a capacitation response. In this exploratory study, we assessed whether
bicarbonate was still required for ram spermatozoa if cCAMP is up-regulated by the addition of db-cAMP and PDE inhibitors and what
role BSA plays in cholesterol efflux under these conditions. In this study, the validated BODIPY-cholesterol assay was used for the first
time in ram spermatozoa to quantify cholesterol efflux by tracking the loss of BODIPY-cholesterol from the sperm plasma membrane
using flow cytometry. The results show that under cAMP up-regulated conditions, an increase in membrane fluidity and tyrosine
phosphorylation of sperm proteins remain as bicarbonate-dependent processes. In fact, the supplementation of bicarbonate under
these conditions was necessary to further enhance cAMP production in ram spermatozoa, which correlated with the presence of
these capacitation-related processes. When BSA was supplemented with cAMP up-regulators (as well as bicarbonate), there was a
loss of approximately 20-23% of BODIPY-cholesterol (79.5 + 30.5% to 76.9 + 12.3% remaining from 10 min), indicating that BSA is

essential for mediating cholesterol efflux in ram spermatozoa as measured by the BODIPY-cholesterol assay. The current study
identifies the functional relationship between bicarbonate, BSA and cAMP up-regulators that is required to support capacitation-

related processes in ram spermatozoa, specifically cholesterol efflux.
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Introduction

Despite the extensive maturation that spermatozoa
have already undergone in the epididymis at the time
of ejaculation (Dacheux & Dacheux 2014), these
cells still lack the capacity to fertilise. It is only when
spermatozoa are exposed to the cocktail of fluids in
the oviduct that they are functionally and structurally
transformed for fertilisation during a process known as
capacitation (Austin 1951, Chang 1951). Capacitation
involves a series of intensely regulated events that
render spermatozoa competent for hyperactivation,
interaction with the cumulus cell layer and the zona
pellucida surrounding the oocyte as well as preparing
cells to acrosome react for effective penetration of these
layers to reach the oolemma (Yanagimachi 1994, 2011).
The ability to successfully capacitate spermatozoa in
vitro using a defined medium is not only a requirement
for effective in vitro fertilisation (IVF), but it also helps to
delineate the precursors required for fertilisation in vivo.

While the exact composition of capacitation media
may vary across mammals to suit species-specific
capacitation requirements, there are three key additives
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that are universally fundamental for supporting this
process, bicarbonate, serum albumin and calcium (for
reviews see Bailey 2010, Aitken & Nixon 2013, Leemans
et al. 2019). Bicarbonate is imperative for the initiation
of capacitation via the activation of soluble adenylyl
cyclase (sAC) and subsequent stimulation of the cAMP-
protein kinase A (PKA) pathway (Harrison et al. 1996,
Harrison & Miller 2000). Many capacitation-related
processes rely on this pathway, including the increase
of membrane fluidity, which is a very early step during
in vitro sperm capacitation (Harrison & Miller 2000).
This modification in the plasma membrane becomes a
preparatory step for enabling cholesterol efflux mediated
by serum albumin. The most common serum albumin
used for in vitro capacitation, fatty acid free BSA, acts as
a cholesterol acceptor in the extracellular environment.
The removal of cholesterol enables the migration of
lipid rafts to the anterior sperm head, permits zona
binding and the acrosome reaction (Shadan et al. 2004,
van Gestel et al. 2005, Gadella et al. 2008, Leahy &
Gadella 2015). Finally, calcium is also required for a
number of capacitation-related processes, specifically
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hyperactivation and the acrosome reaction (Suarez et al.
1993, Suarez & Dai 1995, Parrish et al. 1999).

Traditional capacitation media (e.g. Tyrode’s albumin
lactate and pyruvate or TALP) with bicarbonate and
BSA is frequently used to successfully capacitate
a range of species in vitro, yet the ram appears to be
an exception as additional stimulation is required to
support this process. Previous research has indicated
that increasing concentrations of bicarbonate (up
to 25 mM) have a minimal or variable effect on the
proportion of capacitated ram spermatozoa (based on
chlorotetracyclin (CTC) staining and the assessment of
protein tyrosine phosphorylation (Pérez-Pé et al. 2002,
Grasa et al. 2006, Colas et al. 2008)). This is in striking
contrast to the mouse, hamster, boar and human whereby
the exposure to bicarbonate is necessary to trigger and/or
support in vitro capacitation (Visconti et al. 1995a, 1999,
Harrison et al. 1996, Harrison & Miller 2000, Flesch
et al. 2001, de Vries et al. 2003, Battistone et al. 2013,
Soriano-Ubeda et al. 2019). It is only upon the addition
of the cAMP up-regulators, dibutyryl cAMP (db-cAMP,
a membrane permeable and metabolic inert cAMP
analog) caffeine and theophylline (phosphodiesterase
(PDE) inhibitors), that there is evidence of successful
capacitation in ram spermatozoa, including an increase
in membrane fluidity (as assessed by merocyanine 540
staining) and tyrosine phosphorylation (Colas et al. 2008,
Leahy et al. 2016, Pini et al. 2018). The capacitation
response only under cAMP upregulation suggests that
ram spermatozoa require an extreme elevation of CAMP
production, perhaps at an even higher rate relative to
other species, and one that may not be stimulated by
bicarbonate alone. While the exposure of spermatozoa
to bicarbonate may seem redundant when under the
influence of cAMP up-regulators, the exact role of
bicarbonate under high cAMP conditions has not been
investigated in the ram.

Following the initial stimulatory response to
bicarbonate in other mammalian spermatozoa, this
typically ensues with cholesterol efflux to serum
albumin, yet it is unclear whether such a response can
be evoked in ram spermatozoa. Previous studies that
have examined cholesterol efflux in ram spermatozoa
suggest that this process is not supported when in the
presence of BSA or methyl-B-cyclodextrin in traditional
capacitation media (Grasa et al. 2006, Colas et al. 2008),
but there is currently a lack of quantifiable evidence
to confirm this. This is due, in part, to the absence of
a simple and reliable means by which cholesterol
efflux can be quantified. Currently used methods to
quantify this process, such as lipid analysis with mass
spectrometry (Flesch et al. 2001, Bernecic et al. 2019)
or the assessment of filipin labelling (Gadella & Harrison
2002, Shadan et al. 2004, Takeo et al. 2008, Bromfield
et al. 2014), can require the use of specialised reagents
and equipment that may not be readily accessible in an
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andrology laboratory or is a suboptimal method that can
produce subjective results.

For this reason, we developed a flow cytometric
assay that utilises the fluorescent cholesterol analogue,
BODIPY-cholesterol, to quantify cholesterol efflux from
spermatozoa during in vitro capacitation (Bernecic et al.
2019). The BODIPY-cholesterol assay was validated in
boar spermatozoa and was able to measure cholesterol
efflux from spermatozoa akin to endogenous cholesterol
loss quantified with mass spectrometry. Furthermore, it
was a superior method of measuring cholesterol efflux
when compared to filipin labelling. Like described in
somatic cells, BODIPY-cholesterol causes minimal
disruption to sperm membranes, it can be used to
label live, unfixed cells and it mimics the characteristic
properties of native cholesterol (HoIttd-Vuori et al. 2008,
Sankaranarayanan et al. 2011, Bernecic et al. 2019).

In order to resolve the uncertainty regarding the
functional role of commonly supplemented media
components on ram sperm capacitation, the objective
of this study was to examine the effects of bicarbonate
and BSA with cAMP up-regulators to elucidate their
importance for capacitation-related processes in ram
spermatozoa, specifically whether these components
are necessary to support cholesterol efflux.

Materials and methods
Chemicals

Unless otherwise stated, products were sourced from Sigma-
Aldrich and were of the highest reagent grade available.
Fatty acid free BSA fraction V (catalogue no. 10775835001)
and complete ultra mini EDTA-free protease inhibitor tablets
(catalogue no. 05892791001) were sourced from Roche.
BODIPY-cholesterol (TopFluor Cholesterol) was purchased from
Avanti Polar Lipids, Inc. (catalogue no. 810255; Ablaster, AL,
USA). Propidium iodide (PI; catalogue no. P3566), fluorescein
isothiocyanate-peanut agglutinin (FITC-PNA; catalogue no.
L21409) and MagicMark XP Western Blot Standards (catalogue
no. LC5602) were sourced from Invitrogen and merocyanine
540 (M540; catalogue no. M24571) and Yo-Pro-1 (catalogue
no. Y3603) from Molecular Probes. For density gradients,
BoviPure and BoviDilute (catalogue no. BP-100 and BD-100)
were purchased from NidaCon (Gothenberg, Sweden) and
Parameter cAMP Assay Kit (catalogue no. KGE002B) from In
Vitro Technologies (Victoria, Australia).

Incubation media

The basal medium used for Experiment 1 and 2 was modified
Tyrode’s medium supplemented with BSA, lactate and pyruvate
(TALP) (Parrish et al. 1988). TALP consisted of 2 mM CaCl,,
3 mM KCl, 0.4 mM MgCl,, 90 mM NaCl, 0.3 mM NaH,PO,,
10 mM HEPES, 21.6 mM Sodium lactate, 5 mM D-glucose,
2 mM Sodium pyruvate, 25 mM NaHCO, and 3 mg/mL fatty
acid free BSA. Where necessary, the pH of media was adjusted
to 7.3 with NaOH and the osmolarity was measured as
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300+10 mOsm by freezing point depression using an
osmometer (Fiske 210 Micro Osmometer; Advanced
Instruments).

For Experiment 1, the TALP medium was modified by omitting
25 mM bicarbonate and adjusting NaCl concentration from 90
mM to 115 mM to ensure the osmolarity of the media was
maintained. In Experiment 2, TALP medium was also modified
by omitting BSA and replacing it with 10 mg/mL polyvinyl
alcohol (PVA). To all TALP media, 1.5 mM D-penicillamine
(PEN) was supplemented to eliminate agglutination of ram
spermatozoa during in vitro capacitation (Leahy et al. 2016).

Sperm preparation

For all in vitro capacitation measurements in Experiment 1
and 2, ram semen was collected from a total of four Merino
and two Poll Dorset rams using an artificial vagina (minimum
of two ejaculates) with project approval from the University
of Sydney’s animal ethics committee (Project No: AEC No:
2016/1106). Only ejaculates that had a wave motion score of
4 (out of 5) or higher were used in the study (Evans 1987)
and none of the ejaculates presented indicators of a possible
subclinical infection (i.e. elevated levels of white blood
cells). Rams were housed at the animal house at the Faculty
of Science, The University of Sydney, Camperdown, NSW,
Australia. For both experiments (excluding the BODIPY-
cholesterol assay), seminal plasma-free spermatozoa were
obtained by a modified swim-up procedure by layering 200
pL of raw semen below a 2 mL layer of medium followed by
an incubation for 60 min at 37°C. For Experiment 1, a swim
up with TALP and TALP devoid of bicarbonate was prepared
in order to obtain a bicarbonate-free sperm population and
the same was performed for Experiment 2, except BSA was
omitted from TALP. Following incubation, the top 1 mL of the
medium containing the washed spermatozoa was carefully
removed and the concentration was determined using a
Neubauer Improved haemocytometer (Marienfield Superior).

For the BODIPY-cholesterol assay, raw semen was diluted
in TALP modified without BSA and bicarbonate to 250x 10°
sperm/mL prior to labelling. Subjective motility was evaluated
by light microscopy following dilution and only those samples
with 70% total motility and higher were used for the BODIPY-
cholesterol assay.

Experimental design

Experiment 1: Bicarbonate dependency for initiating
capacitation and cholesterol efflux from ram
spermatozoa exposed to cAMP upregulated conditions

Experiment 1 was designed to assess the necessity of
bicarbonate for in vitro capacitation of ram spermatozoa
under upregulated cAMP conditions. Following the swim up,
washed spermatozoa were diluted to a final concentration of
50% 10° sperm/mL in either TALP with or without bicarbonate
and T mM of db-cAMP, caffeine and theophylline (cAMP
up-regulators). All conditions were still in presence of the
cholesterol acceptor, BSA. Total motility was objectively
monitored  throughout the incubation period using
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computer-assisted sperm analysis (CASA) (Supplementary
Table 1, see section on supplementary materials given at the
end of this article). Experiment 1 was replicated ten times and
the BODIPY-cholesterol assay for this experiment replicated
eight times. Samples were assessed immediately after exposure
to various capacitating and non-capacitating conditions (10
min) and after 180 min of incubation (3 h) at 37°C.

Experiment 2: BSA dependency for cholesterol efflux
from ram spermatozoa exposed to cAMP upregulated
conditions

Experiment 2 was designed to assess the effect of BSA as a
cholesterol acceptor under upregulated cAMP conditions
during in vitro capacitation. In likeness with Experiment 1,
washed spermatozoa were diluted to 50x10° sperm/mL
in either TALP with or without BSA and 1T mM of all three
CAMP up-regulators. All conditions were still in the presence
of bicarbonate. Total motility was objectively monitored
throughout the incubation period using computer-assisted
sperm analysis (CASA) (Supplementary Table 2). Experiment
2 was replicated seven times and the BODIPY-cholesterol
assay for this experiment replicated eight times. Samples were
assessed immediately after exposure to various capacitating
and non-capacitating conditions (10 min) and after 180 min of
incubation (3 h) at 37°C.

Flow cytometric evaluation of sperm function

For analysis of sperm function during in vitro capacitation,
an Accuri flow cytometer with a standard argon ion laser was
used (488 nm; Accuri C6; BD Accuri Cytometers, Ann Arbor,
MI, USA). A sperm cell specific population was gated based
on forward light scatter and sideward light scatter profiles.
Changes in membrane fluidity and integrity were assessed
through dual fluorescent staining with 0.83 uM merocyanine
540 (M540) and 25 nm Yo-Pro-1 for 10 min at 37°C. M540
fluorescence was detected on FL-2 (585/40 nm band-pass
filter) and Yo-Pro-1 fluorescence detected on FL-1 (533/30 nm
band-pass filter). When analysing this data, only spermatozoa
with an intact plasma membrane (Yo-Pro-1-) and either low
or high M540 fluorescence (corresponding to low and high
membrane fluidity, respectively) were assessed. Acrosome
and membrane integrity were examined by dual fluorescence
staining with 0.4 pg/mL PNA-FITC and 6 yM PI for 10 min at
37°C. PNA-FITC detects acrosome reactivity by binding to the
sugar moieties present on both the OAM and IAM (outer and
inner acrosomal membrane, respectively) of ram spermatozoa.
Though Pl is traditionally used to assess membrane integrity,
otherwise quoted as viability, capacitating spermatozoa have
been shown to uptake Pl (when compared to non-capacitating
spermatozoa) but at a lower rate compared to those cells
deemed as having a damaged plasma membrane (Kerns et al.
2018). This distinction was crucial for this study to ensure that
spermatozoa with an intact plasma membrane (PI-), regardless
of capacitation status, were identified and gated appropriately
for analysis. For flow cytometric assessment, FITC-PNA
fluorescence was detected on FL-1 (533/30 nm band-pass
filter) and PI fluorescence was detected on FL-3 (670 nm
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long-pass filter). These two parameters were measured to
monitor sperm quality over the course of the incubation period
(see Supplementary Figs 1 and 2 for Experiment 1 and 2,
respectively). For each sample, 10,000 events were recorded
and BD ACCURI software was used for further analysis.

BODIPY-cholesterol assay

For the BODIPY-cholesterol assay, ram spermatozoa were
labelled with BODIPY-cholesterol and prepared for in vitro
capacitation as previously described (Bernecic et al. 2019).
Briefly, following dilution to 250x10° sperm/mL with TALP
devoid of BSA and bicarbonate, spermatozoa were labelled
with 1 pM BODIPY-cholesterol (1 mM stock solution dissolved
in DMSO) for 10 min at 37°C. Excess BODIPY-cholesterol
was removed via centrifugation (300g, 20 min, 25°C) through
a two-way step discontinuous gradient of 40% and 80%
isotonic Bovipure diluted with Bovidilute. A gradient for
each ram was performed in duplicate and the sperm pellets
for a single ram were pooled then washed of density gradient
medium with TALP devoid of BSA and bicarbonate via
centrifugation (300g, 10 min, 25°C). For this assay, an initial
swim up was not necessary as spermatozoa were processed
with a density gradient during the removal of excess BODIPY-
cholesterol. The concentration of the resulting sperm pellet
was determined using a haemocytometer and was diluted to
a final concentration of 20x 10° sperm/mL with the respective
media conditions outlined for up to 180 min at 37°C.

For the reliable assessment of cholesterol efflux with the
BODIPY-cholesterol assay, only spermatozoa with an intact
plasma membrane (Pl-) were analysed in order to avoid the
detection of potential intracellular labelling in membrane
damaged cells (Pl+; Bernecic et al. 2019). To do this, BODIPY-
cholesterol labelled spermatozoa were counterstained with 6
pM Pl for 10 min prior to analysis on an Accuri flow cytometer.
A sperm cell specific population was gated based on forward
light scatter and sideward light scatter profiles. BODIPY-
cholesterol fluorescence was detected on FL-1 (533/30 nm
band-pass filter) and PI fluorescence on FL-3 (670 nm long-
pass filter). For each sample, 10,000 events were recorded
for further analysis in the BD ACCURI software. To determine
cholesterol efflux induced by the various media conditions,
the percent change in BODIPY-cholesterol fluorescence from
10 min to 180 min (3 h) was calculated for the PI- population.

Extraction of ram sperm proteins

To extract proteins for analysis of tyrosine phosphorylation
in the whole sperm population, aliquots of 10x10° sperm
were washed (600g, 10 min) in PBS to remove media derived
BSA. The sperm pellet was suspended 1:1 in lysis buffer (62.6
mM Tris, T mM sodium orthovanadate (added to specifically
inhibit tyrosine phosphatases), 2% w/v SDS, complete ultra
mini EDTA-free protease inhibitor tablet) and kept at room
temperature for 1 h. Following this lysis period, samples were
then centrifuged (75008, 15 min) and the lysate was retained.
The protein concentration of lysates was estimated using a
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bicinchoninic acid assay (BCA; catalogue no. 23225; Pierce)
and standardised to T mg/mL with Milli-Q water before further
dilution with loading buffer (final concentration of 62.5 mM
Tris, pH 6.8; 5% (v/v) 2-mercaptoethanol; 2% (v/v) SDS; 10%
glycerol (v/v); 0.2% (w/v) bromophenol blue). Samples were
then incubated for 5 min at 95°C and then stored at —80°C
until required.

SDS-PAGE and tyrosine phosphorylation western blot

All reagents and equipment used for SDS-PAGE and Western
blot analysis were purchased from Bio-Rad unless otherwise
specified. Precision Plus Kaleidoscope standard (catalogue no.
1610375), MagicMark XP Western Blot Standards (Invitrogen)
and processed sperm protein lysates (30 pg) were loaded
into 10% Mini-PROTEAN TGX stain-free gels (catalogue no.
4568033) and electrophoresis was carried out initially at 75
V for 10 min then increased to 200V for a further 20-30 min.
To validate gel loading, quantification of protein bands was
achieved using a stain-free analysis protocol on a Chemi-
Doc MP Imaging System. Proteins were then transferred
overnight to an Immuno-Blot PVDF membrane (catalogue
no. 1620177) at 30 V in Towbin’s transfer buffer (25 mM Tris,
192 mM glycine, 15% methanol (v/v)). Non-specific sites
on the membrane were blocked for 1 h in TBS (20 mM Tris,
150 mM NaCl, pH 7.6) supplemented with 0.1% Tween 20
(TBS-T) containing 5% (w/v) BSA. Blots were incubated with
MAB HRP-conjugated anti-phosphotyrosine (monoclonal AB;
clone 4G10, Upstate, catalogue no. 16-105) diluted 1:2000
in TBS-T+0.1% BSA (w/v) with agitation, for 1 h at room
temperature. After washing three times in TBS-T for 15 min,
tyrosine phosphorylated proteins were visualised on a Chemi-
Doc system using enhanced chemiluminescence (Clarity;
catalogue no. 1705061) as per manufacturer’s instructions.

Measurement of cAMP production

To further elucidate the role of bicarbonate under cAMP
up-regulated conditions, sperm cAMP production was
quantified only following exposure to media with or without
bicarbonate and supplemented with cAMP up-regulators (BSA
included in all conditions). Spermatozoa exposed to TALP
alone were also included as a control, as was a media sample
containing a known concentration of db-cAMP to check
whether the presence of this analogue alone could influence
the assay results. The production of cAMP under these
conditions was quantified using a Parameter cCAMP Assay Kit.
In brief, aliquots of T0x10° sperm were washed three times
with cold PBS (900g; 10 min; 4°C) and resulting sperm pellets
were lysed with the provided Cell Lysis Buffer 5 before storage
at —80°C until required. Lysates were assayed for cAMP as per
the manufacturer’s instructions and the results were analysed
using the online data analysis tool, MyAssays (MyAssays Ltd.
2018). The cAMP assay was replicated six times for all samples
and intra and inter-assay variation were calculated from the
results. In addition, parallelism and spike/recovery were
performed as quality controls.
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Determining the individual and additive effect
of db-cAMP, caffeine and theophylline on ram
spermatozoa

In an attempt to further understand the individual effects of
db-cAMP and PDEs with bicarbonate on the early stages of
capacitation, semen was collected from three Merino rams
twice (n=6) and either diluted in TALP alone or supplemented
with either T mM db-cAMP or 1 mM caffeine and theophylline.
To determine the additive effects of cAMP up-regulators,
semen (n=6) was diluted with TALP alone or supplemented
with the additive combination of T mM db-cAMP, caffeine and
theophylline. Spermatozoa in all conditions were incubated at
37°C for up to 180 min (3 h). To observe the effects of these
conditions on ram sperm capacitation, changes in membrane
fluidity and integrity were quantified as described in ‘Flow
cytometric evaluation of sperm function’ section.

Statistical analysis

All experiments and the respective functional tests and assays
were analysed using linear mixed model regression (REML; R
version 3.4.1). For all in vitro capacitation measures including
cAMP production, the media condition and incubation time
were set as fixed effects in the model, replicate and ram were
included as nested random effects. The same was applied for
the BODIPY-cholesterol assay results excluding the individual
effect of time. Interactions between the fixed effects were
assessed where appropriate. Pairwise comparisons between
fixed effects were determined by Ismeans with a Tukey
adjustment. Normality and homoscedasticity of the residuals
was assessed for all models and manipulation of the model
to reduce heteroscedasticity of the residuals was performed if
necessary. In some cases, this required the application of a log
transformation and, if so, the results were back-transformed
and presented as the geometric mean+95% Cls. Otherwise,
data are presented as the mean+s.n. and results that are
P <0.05 are considered significant.

Results

The presence of cAMP up-regulators does not omit the
need for bicarbonate to support capacitation-related
processes in ram spermatozoa

When both bicarbonate and cAMP up-regulators were
present in media, there was a significant increase in the
percentage of spermatozoa with high membrane fluidity
compared to media without these additional stimulants
(Fig. 1A; bicarbonate +up-regulators: 30.9+27.9%;
bicarbonate alone: 1.3 +0.8%; P<0.01). Contrastingly,
the supplementation of cCAMP up-regulators in absence
of bicarbonate (including BSA) was insufficient to support
an equivalent percentage of cells with high membrane
fluidity as compared to when bicarbonate was also
present (Fig. 1A; up-regulators alone: 12.0+12.4%;
P<0.05).

For the first application of the BODIPY-cholesterol assay
in a species other than the boar (Bernecic et al. 2019),
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it was interesting to observe that cholesterol efflux
corresponded strongly to changes in membrane
fluidity (as measured with M540) but only when ram
spermatozoa were exposed to specific conditions
(Fig. 2). Following incubation in TALP with bicarbonate
and cAMP up-regulators (including BSA), spermatozoa
lost approximately 20% of BODIPY-cholesterol
when compared to BSA containing media with
bicarbonate alone (Fig. 2A; bicarbonate + up-regulators:
79.5+30.5% remaining from 10 min; bicarbonate
alone: 103.7 +£13.0% remaining from 10 min; P<0.05).
In contrast, exposure to BSA containing medium with
only cAMP up-regulators was unable to cause an
equivalent response in ram spermatozoa with respect to
cholesterol efflux (up-regulators alone: 101.6+52.0%
remaining from 10 min).

A 80+

20+
0-
High fluidity Low fluidity
Bicarbonate (25mM) + o+ - - + + - -
BSA (3mg/mL) + o+ o+ o+ + O+ o+ o+
cAMP up-regulators (1mM) P -+ - 4
B 80+
- 60' e Fkk
°\° * %
g 40- * k%
7]
> *
20+ ’l‘
01 —sim . .
High fluidity Low fluidity
Bicarbonate (25mM) + + o+ o+ + + o+ o+
BSA (3mg/mL) + o+ - - + o+ - -
cAMP up-regulators (1mM) -+ -+ -+ -+

Figure 1 The percentage of Yo-Pro-1- ram spermatozoa with high or
low membrane fluidity following exposure to media with or without
bicarbonate and db-cAMP, caffeine and theophylline (CAMP
up-regulators; A) or BSA and cAMP up-regulators (B) for up to 180
min. Changes in membrane fluidity over the incubation period were
detected with merocyanine 540 using flow cytometry. The inclusion
of bicarbonate, BSA and cAMP up-regulators was essential to
stimulate high fluidity in the plasma membrane of a significant
population of ram spermatozoa (A and B; black hatched bar). Data
corresponds to mean response over time xs.p. for ten or seven
independent samples for (A) and (B), respectively. Results presented
at each time point are included as Supplementary information
(Supplementary Figs 3 and 4). *P<0.05, **P<0.01 and ***P<0.001
indicate the difference from TALP (bicarbonate and BSA).
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In this study, tyrosine phosphorylation of proteins
(from the whole sperm population) between the
sizes of 38 and 44 kDa appeared to be constitutively
phosphorylated as they were present across all media
conditions and at both 10 min and 180 min (Fig. 3A
and B for bicarbonate and BSA, respectively). This
consistent finding indicates that these proteins were
potentially already phosphorylated prior to in vitro
capacitation (Pérez-Pé et al. 2002, Grasa et al. 2004),
which could be due to previous exposure to bicarbonate
in seminal plasma (Okamura et al. 1985). However,
tyrosine phosphorylation of high molecular weight
sperm proteins (50-250 kDa) only occurred following
the exposure of spermatozoa to BSA containing media
supplemented bicarbonate and cAMP up-regulators
for 180 min (Fig. 3A). The omission of bicarbonate
and replacement with cAMP up-regulators in BSA
containing media did not induce high molecular weight
protein tyrosine phosphorylation but instead resulted in
a protein phosphorylation banding pattern analogous to
non-capacitated sperm (Fig. 3A).
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difference from TALP (bicarbonate and BSA).

The functional relationship between bicarbonate and
CAMP up-regulators in presence of BSA

Since bicarbonate was identified as an important
addition along with the cAMP up-regulators (db-cAMP,
caffeine and theophylline) in order to support in vitro
capacitation, it was of interest to further explore
the action of bicarbonate in ram spermatozoa. To
do this, the production of cAMP was quantified in
ram spermatozoa exposed to TALP with or without
bicarbonate and cAMP up-regulators (including BSA).
In order to significantly maximise cAMP production, it
appeared that the presence of cAMP up-regulators was
the critical factor, as without these stimulants, cAMP
remained low throughout the incubation period (Fig. 4).
It is therefore not unexpected why TALP alone is unable
to initiate ram sperm capacitation in vitro as this medium
fails to sufficiently stimulate an increased production of
cAMP. Though the presence of bicarbonate with cAMP
up-regulators was responsible for increasing the cAMP
concentration by up to 22% relative to up-regulators
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Figure 3 Capacitation-associated tyrosine phosphorylation of sperm
proteins following exposure to media with or without bicarbonate
and db-cAMP, caffeine and theophylline (cCAMP up-regulators; A) or
BSA and cAMP up-regulators (B). Samples of the whole sperm
population were taken for assessment immediately following
exposure to media (10 min) and 180 min of incubation. Maximal
phosphorylation of high molecular weight proteins (50-250 kDa) was
evident when ram spermatozoa were exposed to cCAMP up-regulators
with bicarbonate and BSA for 180 min (A and B, respectively;
indicated with a star (*)). Western blot analysis of each experiment
was repeated three times and a representative blot is shown.

alone at 10 min, this difference was insignificant (Fig. 4;
P>0.05). For the measurement of cCAMP, the intra-assay
CV was 9.7 and 11.2% for plate 1 and 2, respectively,
inter-assay CV was 1.7% and the average recovery of the
low, mid and high spiked samples was 142.1%, 89.2%
and 78.6%, respectively. For the db-cAMP control,
the average recovery was 26.1%, meaning that, while
the assay does show some capability of detecting this
analogue, any influence this may have on the results
will be the same for all the conditions tested (with the
exception of TALP alone).

With evidence that bicarbonate was able to enhance
cAMP production in ram spermatozoa, the next step
was to examine whether activation of the cAMP-
PKA pathway (as indirectly measured by changes in
membrane fluidity) was due to the combination of
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Figure 4 Cyclic AMP (cAMP) production in spermatozoa exposed to
TALP with or without bicarbonate and db-cAMP, caffeine and
theophylline (cCAMP up-regulators). Samples were taken for
assessment of cAMP production immediately following exposure to
treated conditions (10 min) and at 180 min of incubation.
Endogenous cAMP was significantly elevated when compared to
TALP for the duration of the in vitro capacitation period in both TALP
with cAMP up-regulators and TALP devoid of bicarbonate with cAMP
up-regulators. Data corresponds to geometric mean+95% Cls

for six independent samples. ***P<0.001 indicates the difference
from TALP.

bicarbonate with db-cAMP, PDE inhibitors (caffeine
and theophylline) or both. Interestingly, the presence
of db-cAMP or PDE inhibitors with bicarbonate was
only able to induce a marginal but significant increase
in membrane fluidity over time when compared to
spermatozoa exposed to TALP alone (Fig. 5A and B).
Under these conditions the percentage of cells with
high membrane fluidity remained below 12% and
was considerably variable. Once these components
were added sequentially to media, the percentage of
cells with high membrane fluidity doubled following
exposure to caffeine in combination with db-cAMP and
bicarbonate when compared to TALP alone at both 10
and 180 min (Fig. 5C; P<0.001). The supplementation
of theophylline further supported an increase in cells
with high membrane fluidity to triple the percentage of
that present in TALP alone (P<0.001).

In a cAMP upregulated environment, BSA is required
to mediate cholesterol efflux and support capacitation

Much like bicarbonate, the presence of cAMP
up-regulators with BSA was essential to stimulate an
increase in the percentage of cells with high membrane
fluidity (Fig. 1B; BSA+up-regulators: 38.2+16.3%),
induce a subsequent 23% loss of BODIPY-cholesterol
over the incubation period (Fig. 2B; BSA +up-regulators:
76.9+12.3% remaining from 10 min) and enhance
tyrosine phosphorylation in high molecular weight
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Figure 5 The percentage of Yo-Pro-1- ram spermatozoa with high
membrane fluidity following incubation in TALP supplemented either
with or without db-cAMP (A), phosphodiesterase (PDE) inhibitors,
caffeine and theophylline (B) or the additive combination of all cAMP
up-regulators (C). Samples were assessed for changes in membrane
fluidity as an early indicator for capacitation immediately following
exposure to treated conditions (10 min) and at 180 min of
incubation. Data corresponds to geometric mean+95% Cls for six or
five independent samples for (A and C) and (B), respectively.
*P<0.05 and ***P<0.0001 indicate the difference from TALP.

proteins (Fig. 3B). Only upon the incubation of
spermatozoa in TALP devoid of BSA supplemented
with cAMP up-regulators (including bicarbonate) is
the importance of BSA as a cholesterol acceptor truly
observed, since cholesterol efflux was not supported
from spermatozoa exposed to this condition (Fig.
2B; up-regulators alone: 106.6+25.6% remaining
from 10 min). The removal of BSA under cAMP-
upregulated conditions did not have the same drastic
effect on membrane fluidity (Fig. 1B; up-regulators
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alone: 23.4+21.0%) or tyrosine phosphorylation
(Fig. 3B; visible attenuation of band intensity in cAMP
up-regulators alone) as it did on cholesterol efflux, so it
is more likely that BSA is enhancing these processes as
opposed to regulating them.

Discussion

The exposure to increased levels of bicarbonate present
in either the female reproductive tract or formulated
media is an absolute requirement for capacitation to
occur in a multitude of species. This ion is known to
promote alkalinisation of the cytoplasm and membrane
hyperpolarisation (Demarco et al. 2003), both of
which are linked to the regulation of Ca** channel
activity during capacitation (Arnoult et al. 1999). In
addition, bicarbonate is responsible for the activation of
soluble adenylyl cyclase (sAC) (Chen et al. 2000), an
enzyme whose main function is to produce cAMP that
subsequently stimulates protein kinase A (PKA) activity
(Harrison & Gadella 2005). Initiation of the cAMP-PKA
pathway is the crux of capacitation as many processes
rely on it to proceed. In the current study, we found in
likeness to previous research in the ram that bicarbonate
alone was unable to trigger a capacitation response. Only
when spermatozoa were exposed to an environment
where cAMP was maintained at high levels, which was
achieved through the exogenous supplementation of a
cAMP analogue (db-cAMP) and multiple PDE inhibitors
(caffeine and theophylline), did this initiate and support
the capacitation-related processes, high membrane
fluidity and tyrosine phosphorylation of high molecular
weight proteins (Colas et al. 2008, Leahy et al. 2016,
Pini et al. 2018). In fact, the response following
exposure to an up-regulated cAMP environment could
be observed almost immediately. This was demonstrated
by the elevation in cAMP production and increase in
membrane fluidity, which is known to be induced
rapidly by bicarbonate and/or cAMP up-regulators
(Harrison et al. 1996, Harrison & Miller 2000). It is
important to note here that there are other ways in
which endogenous cAMP production can be regulated,
such as that via multi-drug resistance associated protein
4 (MRP4) transporter activity (Osycka-Salut et al.
2014). This transporter has been localised in bovine
spermatozoa and is responsible for extruding cAMP into
the extracellular environment, which can then go onto
activating various signalling pathways including the
cAMP-PKA pathway (Osycka-Salut et al. 2014, Alonso
et al. 2017). Although, further research is necessary
to better understand the role of this transporter in ram
spermatozoa during capacitation, specifically under
up-regulated cAMP conditions.

It has been previously reported that exposure of
spermatozoa to cAMP up-regulators are able to support
capacitation in various species and that these stimulants
can in fact replace the action of bicarbonate. In boar,
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human and mouse spermatozoa, the omission of
bicarbonate prevents changes in membrane fluidity
and the presence of tyrosine phosphorylation, but these
processes can be readily recovered following the addition
of various cAMP analogues and PDE inhibitors (Visconti
et al. 1995b, Harrison et al. 1996, Gadella & Harrison
2000, de Vries et al. 2003). Interestingly, this was not
observed in ram spermatozoa, since the exposure to
cAMP up-regulators alone was unable to stimulate high
membrane fluidity and there was no evidence of tyrosine
phosphorylation, indicating that these are bicarbonate-
dependent processes. Based on these findings alone, it
would seem that the activation of sAC by bicarbonate
is still a critical part of the cAMP-PKA pathway for ram
spermatozoa, even if this ion alone is insufficient to
support capacitation. The enzyme sAC is known to be a
key element for sperm function, with studies in knock-out
mice for sAC revealing that spermatozoa are unable to
undergo capacitation in suitable in vitro conditions and
that overall intracellular cAMP is decreased (Hess et al.
2005, Xie et al. 2006). Following a deeper investigation
into the role of bicarbonate, it was found in this study
that it contributed up to a 22% increase (at 10 min) in
overall cAMP produced by ram spermatozoa exposed
to cAMP up-regulators alone. While this increase
in cAMP did not reach statistical significance, it did
correlate with an enhanced capacitation response in this
species, specifically the presence of maximal tyrosine
phosphorylation by 180 min of incubation. Though
there is extensive evidence in literature that one of the
downstream events of increased cAMP production is
the activation of signalling pathways leading to tyrosine
phosphorylation, the current study would benefit from
measuring PKA activity to solidify this connection
(Visconti et al. 1995b, Leclerc et al. 1996, Galantino-
Homer et al. 1997, Buffone et al. 2014). Nevertheless,
this finding continues to highlight the importance
of bicarbonate during in vitro capacitation of ram
spermatozoa and how cAMP up-regulators are unable
to completely bypass its function.

The requirement of bicarbonate and multiple
stimulants with the capability of upregulating cAMP
production is atypical for the majority of species,
particularly since these components are known to act on
the same pathway. What then makes ram spermatozoa
so different that they need such extreme cAMP
stimulation to provoke a capacitation response? One
possibility is that ram spermatozoa may have unusually
high phosphodiesterase activity in relation to other
species (Colas et al. 2008). Phosphodiesterases (PDEs)
are a family of enzymes with 11 known types that play a
dominant role in the degradation of cAMP and/or cyclic
GMP (cGMP) (Dimitriadis et al. 2008). Several of these
PDEs have been identified in mature spermatozoa of
humans, mice and bovine and their function confirmed
by the use of specific PDE inhibitors (Fisch et al. 1998,
Richter et al. 1999, Lefievre et al. 2000, Baxendale &
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Fraser 2005, Bajpai et al. 2006, Bergeron et al. 2016).
During capacitation of mouse and bovine spermatozoa,
PDE activity is either lowered or maintained during
capacitation (Monks & Fraser 1987, Galantino-Homer
etal. 2004), thus enabling increases in cAMP production
upon stimulation of sAC. For ram spermatozoa,
even before exposure to capacitating conditions, the
hydrolysis of cAMP by PDEs is ~100 times greater than
its synthesis by sAC (Tash 1976). Although what appears
to contradict this conclusion in the current study was
that bicarbonate with PDE inhibitors alone could only
elicit a minor increase in cells with high membrane
fluidity, which was considerably lower than what
was observed for spermatozoa exposed to full cAMP
stimulation. When bicarbonate and cAMP up-regulators
were added sequentially to media, an extreme response
in membrane fluidity was noted following the addition
of caffeine and theophylline when cells were already
exposed to bicarbonate and db-cAMP. So, while these
components cannot induce strong responses alone, it
is likely that bicarbonate, db-cAMP and PDE inhibitors
are required to concurrently activate sAC, boost cAMP
availability and inhibit excessive phosphodiesterase
activity in order to overcome the difficulty in driving the
cAMP-PKA pathway in ram spermatozoa.

The primary role of serum albumin in traditional
capacitation media is to act as a cholesterol acceptor in
the extracellular environment and mediate cholesterol
efflux from the sperm plasma membrane (Osheroff
et al. 1999, Visconti et al. 1999, Flesch et al. 2001). In
ram spermatozoa, attempting to stimulate cholesterol
efflux with BSA has been unsuccessful without
cAMP upregulation, even the use of the cholesterol-
sequestering agent, methyl-B-cyclodextrin, was unable
to induce maximal cholesterol efflux as it does in other
species (Grasa et al. 2006, Colas et al. 2008). Based on
the results of this study, we were able to show that the
BODIPY-cholesterol assay quantified up to 23% loss of
BODIPY-cholesterol from ram spermatozoa exposed to
BSA under cAMP upregulated conditions. The ability for
BSA to act as a cholesterol acceptor is further confirmed
by the absence of cholesterol efflux from spermatozoa
exposed to media only with cAMP up-regulators. This
strongly demonstrates that BSA mediates cholesterol
efflux from the plasma membrane of ram spermatozoa
under these specific upregulated conditions.

Previous research in the ram suggested that the reason
for the lack of cholesterol efflux from spermatozoa could
be due to the lower ratio of cholesterol to phospholipids
in the plasma membrane when compared with other
species (sheep: 0.38 vs humans: 0.99; (Darin-Bennett
& White 1977)), and as a result, a further reduction in
cholesterol may be detrimental to the cell (Grasa et al.
2006, Colas et al. 2008). While this is a valid point, it
is noteworthy that the presence of cAMP up-regulators
(and bicarbonate) with BSA was all that was required to
stimulate cholesterol efflux in this species. In addition to
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evidence of cholesterol efflux in these media conditions,
approximately 38% of spermatozoa also exhibited high
membrane fluidity, which was significantly greater than
spermatozoa exposed to BSA (and bicarbonate) alone.
Therefore, these findings suggest that the inability for ram
spermatozoa to efflux cholesterol following incubation
in TALP alone was simply due to the fact that the cells
were inadequately prepared for this process, but it can
be readily supported by the presence of bicarbonate and
cAMP up-regulators along with a cholesterol acceptor
like BSA.

In conclusion, the findings of this study have
confirmed the importance of bicarbonate and BSA
for in vitro capacitation of ram spermatozoa within a
CAMP up-regulated environment. Bicarbonate was
responsible for further elevating cAMP production
in ram spermatozoa exposed to cAMP up-regulators
(db-cAMP, caffeine and theophylline) to subsequently
drive the cAMP-PKA pathway. In addition, the exposure
to bicarbonate was crucial to enhance membrane fluidity
and permit tyrosine phosphorylation. The cholesterol
acceptor, BSA, was able to successfully mediate
cholesterol efflux from ram spermatozoa, as measured
by the BODIPY-cholesterol assay, but only when the
plasma membrane was adequately prepared under
cAMP upregulated conditions. The irreplaceable nature
of bicarbonate and BSA, even with cAMP upregulation,
illustrates the significance of the synergism between
these components to facilitate many capacitation-
related processes that are essential for the preparation of
ram spermatozoa for fertilisation.
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