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Abstract

Ram spermatozoa are difficult to capacitate in vitro. Here we describe a further complication, the unreported phenomenon of head-

to-head agglutination of ram spermatozoa following dilution in the capacitation medium Tyrodes plus albumin, lactate and pyruvate

(TALP). Sperm agglutination is immediate, specific and persistent and is not associated with a loss of motility. Agglutination impedes

in vitro sperm handling and analysis. So the objectives of this study were to investigate the cause of sperm agglutination and potential

agents which may reduce agglutination. The percentage of non-agglutinated, motile spermatozoa increased when bicarbonate was

omitted from complete TALP suggesting that bicarbonate ions stimulate the agglutination process. D-penicillamine (PEN), a nucleophilic

thiol, was highly effective at reducing agglutination. The inclusion of 250 mM PEN in TALP reduced the incidence of motile, agglutinated

spermatozoa from 76.7G2.7% to 2.8G1.4%. It was then assessed if PEN (1 mM) could be included in existing ram sperm capacitation

protocols (TALP C1 mM dibutyryl cAMP, caffeine and theophylline) to produce spermatozoa that were simultaneously capacitated and

non-agglutinated. This protocol resulted in a sperm population which displayed high levels of tyrosine phosphorylated proteins and lipid

disordered membranes (merocyanine-540) while remaining motile, viable, acrosome-intact and non-agglutinated. In summary,

PEN (1 mM) can be included in ram sperm capacitation protocols to reduce sperm agglutination and allow for the in vitro assessment

of ram sperm capacitation.
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Introduction

Capacitation is the final maturation event that sperma-
tozoa must undergo to develop the molecular, physio-
logical and morphological attributes required for
penetration of the oocyte (Chang 1984). Under this
broad definition capacitation is not a concrete event, but
a window in time which culminates in either fertilisation
or death. The regulation of capacitation is principally
thought to rely on extracellular factors, and in vitro
capacitation media have been designed that mimic the
oviductal environment where this process is induced
(Leahy & Gadella 2011). In addition to general
electrolytes (e.g. KCl, MgCl2 and NaCl) and energy
sources (e.g. pyruvate, lactate and glucose), capacitating
media typically contain three key ingredients: bicarbo-
nate (15–25 mM), calcium (1–3 mM) and fatty acid free
serum albumin (1–10 mg/ml). Bicarbonate activates a
soluble adenylate cyclase (sAC) which produces cAMP
that then initiates a complex signal transduction cascade
through the mediation of protein kinase A (PKA). The
latter, in turn, stimulates a global increase in protein
tyrosine phosphorylation that drives the process of
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capacitation (Aitken et al. 1998, Visconti et al. 1998).
Bicarbonate also underlies the scrambling and lateral
redistribution of sperm membrane lipids. For example, it
is required for a partial scrambling of the phospholipids,
phosphatidyl ethanolamine (PE) and phosphatidylserine
(PS), which results in higher fluidity of the plasma
membrane (which can be detected with the fluorescent
stain merocyanine 540) and increased fusogenicity
(Harrison & Gadella 2005). There is also a lateral
translocation of sperm membrane sterols from the
equatorial region of the sperm head to the apical ridge
(Flesch et al. 2001) where it is exported to cholesterol
acceptors in the extracellular fluid. Under in vitro
conditions, fatty acid free albumin is included in
capacitating media to fulfil this function. The final
ingredient, calcium, is required for a variety of cellular
functions including hyperactivation (Correia et al. 2015)
and induction of the acrosome reaction following
binding of the spermatozoon to the zona pellucida
(Jin et al. 2011, Yanagimachi 2011).

IVF success is well documented in some species, such
as the mouse and human (Whittingham 1968, Mukherjee
& Cohen 1970) but this has not been the case for others
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(e.g. the stallion; (Bromfield et al. 2014)). There are
considerable differences in sperm morphology and
physiology across mammalian species, so it is not
surprising that distinct species-specific capacitation
phenomena also occur. Capacitation protocols can be
tailored to specific species through the inclusion of
additional factors which support capacitation. Ram
spermatozoa have proven to be difficult to capacitate
in vitro and require supplementation with both dibu-
tyryl-cAMP (db-cAMP) and phosphodiesterase (PDE)
inhibitors to stimulate the cAMP pathway and achieve
maximal tyrosine phosphorylation of sperm proteins
(Colas et al. 2008). Ram spermatozoa also show a
unique requirement for sheep serum to be present in the
fertilising medium for IVF success (Huneau et al. 1994,
Li et al. 2006) as TALP alone does not stimulate
cholesterol efflux in this species (Huneau et al. 1994,
Colas et al. 2008, Leahy & Gadella 2015). Another
example is the addition of the highly negatively charged
glycosaminoglycan heparin to bovine IVF protocols
(Parrish et al. 1988). Heparin is thought to enhance
fertilisation by facilitating the stripping of extracellular
glycoproteins from the sperm surface, possibly mimick-
ing the surface effects elicited by glycosaminoglycans
present in oviductal fluids (Parrish et al. 1989, Coy et al.
2008, Killian 2011).

Many of the factors that have been shown to stimulate
capacitation can also cause head-to-head agglutination
of spermatozoa. For example, heparin, sheep serum or
follicular fluid has been reported to cause head-to-head
agglutination of spermatozoa under in vitro conditions in
numerous species (monkey (Boatman & Bavister 1984),
bull (Ehrenwald et al. 1990, Lefebvre & Suarez 1996), pig
(Funahashi & Day 1993)). These findings were extended
in utero by Brown & Senger (1982) who placed rabbit
spermatozoa into the uterine lumen and noted significant
agglutination of motile spermatozoa. Similar effects have
been reported in the stallion with the use of BSA under
capacitating conditions, so it is commonly substituted
with polyvinyl alcohol (PVA; Bromfield et al. 2014).

Sperm head-to-head association has also been
reported in media containing bicarbonate and divalent
cations such as calcium (boar (Harayama et al. 1998,
Harayama & Kato 2002), bull (Lindahl & Sjöblom 1981),
monkey (Boatman & Bavister 1984)). The agglutination
response was increased by db-cAMP or selective
inhibitors of cAMP-specific PDEs indicating this form of
agglutination is mediated by a cAMP signalling cascade.

It is uncertain if this agglutination phenomena is
physiologically relevant or an artefact created by the
in vitro culture conditions in current usage. Aggluti-
nation is problematic in vitro because it interferes with
sperm handling and analysis. For example technologies
that require the analysis of single cells, such as flow
cytometers or computer assisted motility analysis,
cannot be used. A better understanding of the underlying
mechanisms for sperm agglutination would lead to the
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development of novel anti-agglutination agents to allow
the in vitro analysis of agglutinated spermatozoa and
may shed light on the physiological relevance of
autologous and heterologous cell binding to fertilisation.
Thus, the objectives of the current study were to
investigate the cause of sperm agglutination, the
underlying biochemical mechanisms, as well as
potential agents which may reduce sperm agglutination.
Materials and methods

Chemicals

Unless otherwise stated, products were sourced from Sigma–
Aldrich and were of the highest reagent grade available.
The base medium used for Experiments 1 and 2 was modified
Tyrodes medium supplemented with albumin, lactate and
pyruvate (TALP) (Parrish et al. 1988) which consisted of 2 mM
CaCl2, 3.1 mM KCl, 0.4 mM MgCl2, 95 mM NaCl, 0.3 mM
NaH2PO4, 10 mM HEPES, 21.6 mM Na lactate, 5 mM glucose,
1 mM Na pyruvate, 25 mM NaHCO3, 0.03 mM phenol red and
3 mg/ml BSA.

In Experiment 3 the fertilising medium synthetic oviductal
fluid (SOF) (Tervit et al. 1972) was used and consisted of 1.7 mM
CaCl2, 7.2 mM KCl, 0.5 mM MgCl2, 107.7 mM NaCl, 1.2 mM
KH2PO4, 3.3 mM Na lactate, 1.5 mM glucose, 0.3 mM Na
pyruvate, 25.1 mM NaHCO3, 0.03 mM phenol red and 3 mg/ml
BSA. For Experiment 4 the TALP medium was modified by
lowering the bicarbonate concentration from 25 mM to 15 mM
and increasing the HEPES concentration from 10 mM to 40 mM.
This modification was included to prevent sudden changes in
pH when analysing small aliquots of spermatozoa in TALP.
Sperm preparation

Ram semen was collected from two Merino rams and one
Merino Cross ram (nZ3) using an artificial vagina with project
approval from the University of Sydney’s Animal Ethics
Committee (Project No: 2013/5854). Two ejaculates were
collected from each ram, three times a week. Only ejaculates
which had a wave motion score of 4 (out of 5) or higher were
used in the study. The rams were kept on a chaff-based ration
(oaten:Lucerne chaff, 1:1) supplemented with lupin grain in an
animal house at the Faculty of Veterinary Science, University of
Sydney, Camperdown, NSW, Australia. Experiments 1, 2 and 4
were carried out from January to June (breeding season) and
Experiment 3 was carried out in October (non-breeding season).

In Experiments 1–3 neat semen was diluted to 50!106

spermatozoa/ml and held for 3 h at 38.5 8C in a 5% CO2

incubator. In Experiment 4 neat semen was extended tenfold
in TALP and centrifuged at 600 g for 10 min to remove
seminal plasma prior to dilution. Samples were then
extended to 50!106 sperm/ml and held for 3 h at 38.5 8C
in a 5% CO2 incubator. Substitutions or additions to the base
TALP or SOF medium were made as outlined in ‘Experi-
mental design’. Where necessary, the pH was adjusted with
NaOH and osmolarity adjusted with NaCl so the final pH
and osmolarity of the various diluents was between 7.3–7.4
and 300–320 mOsm/l respectively.
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Experimental design

Each experiment was replicated six times using two separate
ejaculates from three Merino rams. Samples were assessed
immediately after dilution and after 3 h of incubation.

Experiment 1

Experiment 1 was designed to assess the effect of specific TALP
components on the agglutination of ram spermatozoa.
Complete TALP was compared to TALP medium devoid of
either calcium chloride (3 mM), sodium bicarbonate (25 mM)
or BSA (3 mg/ml). Osmolarity was balanced across the
treatments by substitution with an equimolar concentration of
NaCl, pH was balanced with NaOH and BSA was replaced
with 1% PVA.

Experiment 2

Experiment 2 was designed to assess the ability of PEN to
prevent or revert the agglutination of ram spermatozoa in TALP.
In Experiment 2a, spermatozoa were extended in TALP
supplemented with PEN to a final concentration of 0, 0.025,
0.25, 0.5 or 1 mM. In Experiment 2b, spermatozoa were
extended in TALP alone or in TALP which was supplemented
with 1 mM PEN either before or after sperm dilution.

Experiment 3

The aim of Experiment 3 was to test the effect of PEN in media
designed for the IVF of ram spermatozoa (Morton et al. 2005a).
Spermatozoa were diluted in SOF alone or SOF C1 mM PEN
supplemented with 0, 2.5% or 10% heat inactivated (56 8C,
30 min) sheep serum (Sigma–Aldrich).

Experiment 4

The aim of Experiment 4 was to test the effect of the presence
or absence of 1 mM PEN on the in vitro capacitation of
spermatozoa incubated for 0 (TALP 0 h; Control) or 3 h in TALP
(TALP 3 h) or TALP supplemented with 1 mM of the following:
db-cAMP, caffeine and theophylline (TALP 3 hC CAP STIM).
The detection of tyrosine phosphorylation of sperm proteins by
western blot analysis was used as a marker of the capacitation
process as this test could be performed on agglutinated
spermatozoa. The methods are described below in ‘Extraction
of ram sperm proteins’ and ‘SDS–PAGE and western blot
protocol’. Supplementing the samples with 1 mM PEN pre-
vented agglutination and allowed a wider range of functional
markers that rely on single cell analysis to be utilised. These are
described below in ‘Sperm motility and kinematics’ and ‘Flow
cytometric evaluation of sperm function’. Samples which were
not supplemented with PEN could not be assessed using these
techniques due to their agglutinated state.
Sperm auto-agglutination assay

Spermatozoa (15 ml) were placed on a glass slide (Livingstone
International, Sydney, Australia) under a 22!50 mm cover-
slip (Livingstone) and observed on a warm stage (37 8C)
under light microscopy using phase contrast optics
www.reproduction-online.org
(400! magnification) with an Olympus (Macquarie Park,
NSW, Australia) BX51 microscope equipped with an
Olympus DP73 digital camera. Four fields of view were
recorded over 1 min. Samples were randomised and coded
so the assessor was blind to sample treatment. The videos
were watched frame by frame using the Olympus cellSens
imaging software. Spermatozoa (200 cells counted per
sample) were assigned one of four categories: motile and
non-agglutinated, motile and agglutinated, non-motile and
non-agglutinated or non-motile and agglutinated.
Sperm motility and kinematics

Sperm motility and kinematics were objectively evaluated by
computer-assisted sperm analysis (HT CASA IVOS II (Animal
Breeder) Version 1.4; Hamilton-Thorne, Beverly, MA, USA)
using factory CASA ram settings. Semen samples (5.5 ml) were
placed on prewarmed slides 37 8C (Cell Vu; Millenium
Sciences, Mulgrave, Vic., Australia) and enclosed using a
22!22 mm coverslip before immediate transfer to the CASA.
A minimum of 300 spermatozoa were observed from at least
five randomly selected fields. Recorded parameters were: total
motile spermatozoa (%), progressively motile spermatozoa (%),
straight-line velocity (VSL, mm/s), curvilinear velocity (VCL,
mm/s), average-path velocity (VAP, mm/s), amplitude of lateral
head displacement (ALH, mm), beat-cross frequency (BCF, Hz),
linearity (LIN, %) and straightness (STR, %).
Flow cytometric evaluation of sperm function

An Accuri cytometer with a standard argon ion laser (488 nm;
Accuri C6; BD Accuri Cytometers, Ann Arbor, MI, USA) and
BD ACCURI software was used for analysis. A total of 10 000
spermatozoa were assessed per sample. Viability and acrosome
integrity were determined by dual fluorescence staining for
10 min at 37 8C with 6 mM propidium iodide (PI; Invitrogen)
and 0.4 mg/ml fluorescein isothiocyanate-peanut agglutinin
(FITC-PNA). Membrane lipid order and viability were assessed
through dual fluorescent staining for 10 min at 37 8C with
0.83 mM merocyanine 540 (M540) and 25 nm Yo-Pro
(Molecular Probes, Eugene, OR, USA).
Extraction of ram sperm proteins

Aliquots of 10!106 spermatozoa were washed twice (600 g,
10 min) in BSA-free TALP to reduce the concentration of BSA in
the medium. The sperm pellet was then resuspended in 30 ml of
lysis buffer (62.6 mM Tris, 1 mM orthovanadate, 2% w/v SDS,
complete ultra mini EDTA-free protease inhibitor tablet (Roche
Diagnostics)) and kept at room temperature for 1 h with
frequent vortexing. The samples were then centrifuged (7500 g,
15 min) and the supernatant retained. Protein concentration
was estimated using a bicinchoninic acid assay (BCA; Pierce,
Chester, UK) and standardised with Milli-Q water before
dilution with loading buffer to a 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 8C and stored at K80 8C until
required.
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Figure 1 A representative image of agglutinated ram spermatozoa in
TALP. Viewed under 400! magnification at 0 h of incubation.
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SDS–PAGE and western blot

Unless otherwise specified, all reagents and equipment used for
SDS–PAGE and western blot analysis were purchased from
Bio-Rad. Precision plus Kaleidoscope standards, MagicMark XP
Western Protein Standards (Life Technologies) and sperm
protein extracts (30 mg) were loaded onto 10% Mini-PROTEAN
TGX stain free gels and electrophoresis was carried out at 200 V.
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 to an
Immuno-Blot PVDF membrane at 100 V for 1 h in Towbins
transfer buffer (25 mM Tris, 192 mM glycine, 15% methanol
(v/v)). Ponceau S concentrate (Sigma–Aldrich) was used to check
transfer. Non-specific sites on the membrane were blocked for
1 h in Tris buffered saline (20 mM Tris, 150 mM NaCl, pH 7.6)
supplemented with 0.1% Tween 20 (TBS-T) containing 5% (w/v)
BSA (Sigma–Aldrich). Blots were incubated with a MAB HRP-
conjugated anti-phosphotyrosine (monoclonal Ab; clone 4G10,
Upstate, Santa Cruz, CA, USA, Cat. no. 16–105), diluted 1:2000
in TBS-TC0.1%BSA (w/v)) with agitation, for 1 h at room
temperature. After washing (3! 15 min with TBS-T), proteins
were visualised on a Chemi-doc system using enhanced
chemiluminescence (Clarity) as per manufacturer’s instructions.
Each treatment was replicated six times (three biological
replicates (rams)!two technical replicates).
Statistical analysis

Statistical analysis was performed using linear mixed models
regression in GENSTAT (version 16; VSN International, Hemel
Hempstead, UK). Interactions between treatment effects and
time were assessed with ejaculate and ram incorporated into
the blocking structure. Data are presented as the model-derived
meanGS.E.M. Results are expressed as significant (*P!0.05)
and highly significant (**P!0.001) compared to control
samples.
Results

TALP causes a specific and persistent agglutination of
ram spermatozoa

Dilution of fresh ram semen in TALP causes a rapid
association of sperm membranes in the region overlying
the acrosome. Sperm agglutination does not impair
motility. In fact more than 95% of motile spermatozoa
were agglutinated whereas the majority of non-motile
Table 1 Representative motility and agglutination patterns when ram
sperm are diluted in TALP.

Hour

Non-
agglutinated,

motile %

Non-
agglutinated,
non-motile %

Agglutinated,
motile %

Agglutinated,
non-motile %

0 3.5G1.5 17.8G3.0 76.3G3.8 2.4G0.8
3 1.5G0.5 18.6G4.0 77.2G4.1 2.7G0.4

Data correspond to model derived meanGS.E.M. for six independent
samples from TALP only treatment in Experiment 2a.

Reproduction (2016) 151 167–177
spermatozoa existed as single cells (Table 1). At 0 h of
analysis, aggregates usually consisted of 2–20 spermato-
zoa which were aligned in parallel due to their motile
status and moved rapidly across the field of vision (Fig. 1
and Supplementary Video 1, see section on supple-
mentary data given at the end of this article) to show the
vigorous motility of agglutinated samples). Agglutination
was persistent over the 3-h incubation period (Table 1),
after which time much larger circular clusters of
spermatozoa had formed that limited progressive
motility but the spermatozoa still displayed vigorous
movement of their flagella. The phenomenon was highly
consistent across replicates but did show some variation
between rams in the extent of agglutination (speed at
which agglutination formed, number of spermatozoa per
cluster), although agglutination occurred with all rams
tested. To rule out the chance of contamination through
the use of in-house chemicals or water supply (Milli-Q)
during TALP preparation, we compared it to fully
prepared Tyrodes, purchased from Sigma–Aldrich
(Cat no: T2397). This diluent also caused ram sperm
agglutination (data not shown).
Bicarbonate enhances ram sperm agglutination in TALP

To investigate the causative agent of the agglutination of
ram spermatozoa in TALP, single components of the
medium were omitted. The three main capacitating
components within TALP (bicarbonate ions, calcium
ions and albumin) were chosen for testing. The omission
of bicarbonate resulted in an increase in the percentage
of non-agglutinated, motile spermatozoa, compared
with spermatozoa in complete TALP (Fig. 2), and a
corresponding decrease in the percentage of aggluti-
nated, motile spermatozoa. The omission of calcium or
albumin had no effect on the percentage of non-
agglutinated spermatozoa (Fig. 2).
www.reproduction-online.org
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Figure 2 Bicarbonate enhances ram sperm agglutination in TALP.
The omission of sodium bicarbonate (NaHCO3

K, 25 mM, dark grey
bar) from complete TALP (black bar) increased the percentage of
motile, non-agglutinated spermatozoa whereas the omission of
calcium chloride (CaCl2, 2 mM, open bar) or BSA (3 mg/ml, light grey
bar) had no effect. Data corresponds to model derived meanGS.E.M. of
six independent samples. **indicates P!0.001 significantly different
compared to control sample (complete TALP; black column).
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Figure 3 Penicillamine (PEN) prevents sperm agglutination in TALP.
The inclusion of PEN in the TALP medium showed a strong dose
response on ram sperm agglutination. PEN increased the percentage of
motile, non-agglutinated spermatozoa (black bars) and decreased the
percentage of motile, agglutinated spermatozoa (open bars). Data
correspond to model derived meanGS.E.M. for six independent
samples. *Indicates P!0.05 and **indicates P!0.001 significantly
different compared to control sample (0 mM) within sperm category.
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Penicillamine can dissociate bound spermatozoa and
prevent sperm association in TALP

BSA or PVA are commonly added to andrology media to
prevent sperm sticking in a non-specific fashion to glass
or plasticware but neither of these compounds (Fig. 2)
prevented the specific head-to-head agglutination seen
when ram spermatozoa were diluted in TALP.

There were anecdotal reports that the thiol,
D-penicillamine (PEN), reduced agglutination of bull
spermatozoa conferred by heparin or bovine serum
(Pavlok 2000, Pavlok et al. 2001) so this compound was
included in TALP to assess its anti-agglutination proper-
ties. The PEN doses utilised ranged from a low level
(0.025 mM) previously used in culture medium for
bovine IVF (Gordon 2003) to a mid-range dose
(0.5 mM), previously used in hamster capacitation
(Andrews & Bavister 1989), to higher levels (1 mM)
used to protect stallion spermatozoa from oxidative
stress in ambient storage media (Aitken et al. 2012). PEN
was a highly effective anti-agglutination agent (Fig. 3)
which increased the proportion of non-agglutinated,
motile spermatozoa and decreased the proportion of
agglutinated, motile spermatozoa. A dose of 0.25 mM
was sufficient to reduce the agglutinated population by
96% and this effect was sustained across the 3-h test
period.

After it was shown that PEN could prevent the
agglutination of ram spermatozoa when included in
TALP, we assessed if PEN could reverse TALP-induced
sperm agglutination. The positive control for this
experiment involved ram spermatozoa diluted in TALP,
which were highly agglutinated (Fig. 4a; Supplementary
www.reproduction-online.org
Video 1), while the negative control comprised semen
extended with TALP in which sperm agglutination had
been prevented by the inclusion of 1 mM PEN (Fig. 4b;
Supplementary Video 2) to show the vigorous motility of
agglutinated samples). In the experimental group, the
spermatozoa were allowed to agglutinate and then PEN
was added to a final concentration of 1 mM, followed by
a reassessment 3 min later (Fig. 4c; Supplementary
Video 3). The addition of PEN (1 mM) to agglutinated
spermatozoa induced rapid dissociation, increasing the
percentage of non-agglutinated motile spermatozoa
from 3.2G1.7% to 59.0G8.0% and reducing the
number of agglutinated spermatozoa per aggregate
(Fig. 4c; Supplementary Video 3). This was however
lower than the percentage of non-agglutinated, motile
spermatozoa in samples which had been initially diluted
in TALP containing PEN (79.8G2.2%; Fig. 4b). This
weaker response may have been caused by the short
time frame in which PEN had to act on spermatozoa as
they were only co-incubated for 3 min prior to analysis.
Penicillamine can prevent sperm agglutination in SOF
and agglutination caused by low doses of sheep serum

The agglutination of ram spermatozoa during IVF is a
common occurrence and is thought to be caused by the
inclusion of sheep serum (w2–20%) in fertilising media
such as SOF. We tested if PEN could also prevent
agglutination under routine ovine IVF conditions. The
dilution of fresh ram semen in SOF caused a rapid
association of sperm membranes in the region overlying
the acrosome that was very similar to the response seen
in TALP (Fig. 5). The inclusion of PEN in SOF was also
Reproduction (2016) 151 167–177
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(a) (b) (c)

Figure 4 Penicillamine (PEN) can dissociate bound spermatozoa and
prevent sperm association in TALP. Representative frames taken from
the analysed video files which show (a) ram sperm agglutination in
TALP, (b) free swimming spermatozoa extended in TALP C1 mM PEN
and (c) disassociation of agglutinated spermatozoa 3 min after the
introduction of 1 mM PEN. The three frames are from the same ram
at 0 h viewed under 400! magnification. The associated video
files are included in supplementary information (Supplementary
Videos 1, 2 and 3.
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able to prevent SOF-induced ram sperm agglutination.
Minimal (1.2%) agglutination of motile spermatozoa
was also observed when 2.5% sheep serum was
included in SOF C1 mM PEN but the higher dose of
10% sheep serum increased (PO0.05) the percentage of
motile, agglutinated sperm (26.3%).
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Figure 5 Penicillamine (PEN) prevents sperm agglutination in SOF and
agglutination caused by low doses of sheep serum. Dilution in the
fertilising medium synthetic oviductal fluid (SOF) caused rapid
agglutination of motile ram spermatozoa (open bars). PEN (1 mM)
significantly increased the percentage of motile, non-agglutinated
spermatozoa (black bars) and decreased the percentage of motile,
agglutinated spermatozoa. Minimal agglutination of motile spermato-
zoa was observed with 2.5% sheep serum but the higher dose of 10%
sheep serum increased the percentage of motile, agglutinated sperm.
Data correspond to model derived meanGS.E.M. for six independent
samples. **indicates P!0.001 significantly different compared to
control sample (no PEN, no serum) within treatment.
PEN can be successfully included in ram sperm
capacitation protocols

Agglutination is undesirable in vitro because it makes
sperm handling difficult and is not compatible with
sperm assays that rely on the analysis of single cells (e.g.
CASA, flow cytometry). Here we tested if PEN could be
included in ram sperm capacitation protocols to allow
the in vitro analysis of capacitation markers. As
discussed earlier, ram spermatozoa are not capacitated
by standard capacitating media such as TALPand require
additional factors that upregulate cAMP (Colas et al.
2008). We compared TALP at 0 h (control; TALP 0 h) to
TALP at 3 h incubated in the absence (TALP 3 h) or
presence of 1 mM db-cAMP, caffeine and theophylline
(TALP 3 hC CAP STIM). In the previous experiment a
dose of 0.25 mM PEN was sufficient to abolish
agglutination in TALP. Interestingly, when 1 mM
db-cAMP, caffeine and theophylline were supplemented
to TALP, a higher dose of 1 mM PEN was required to
prevent sperm agglutination (data not shown). This
suggests that agglutination is stimulated by the cAMP
pathway and supports our earlier findings that aggluti-
nation is enhanced by bicarbonate.

Western blot analysis in the presence or absence of
PEN (1 mM) demonstrated that the addition of PEN had
no significant effect on sperm protein tyrosine phos-
phorylation under any of the assayed conditions (Fig. 6a
and b). The total band intensity in the presence
(554 861G48 618) or absence (555 619G47 870) of
PEN was very similar. PEN showed no statistical
difference in band intensity across all treatments with
the exception of a 220C kDa band (indicated by an
Reproduction (2016) 151 167–177
arrow in Fig. 6) in the TALP 3 hC CAP STIM treatment
which showed greater (P!0.05) phosphorylation in the
presence (515 140G84 717) of PEN than in its absence
(331 639G55 258). These results suggest that PEN
(1 mM) does not interfere in the capacitation process
and can be included in ram sperm capacitation
protocols.

Three notable phosphorylation patterns were evident
across the treatments (volume intensity of bands shown
in Supplementary Table 1, see section on supplementary
data given at the end of this article). A low molecular
weight protein band (22 kDa) was phosphorylated in
TALP after 3 h in the presence or absence of the
stimulating agents (db-cAMP, PDE inhibitors) but not at
0 h. Mid-range molecular weight proteins (41, 47 kDa)
were constitutively phosphorylated across all treatments
but phosphorylation of higher molecular weight proteins
(56C kDa) only occurred in the presence of cAMP
stimulating agents (db-cAMP, PDE inhibitors). These
confirm earlier findings that db-cAMPand PDE inhibitors
should be used to achieve maximal phosphorylation of
higher molecular weight proteins in ram spermatozoa
(Colas et al. 2008).

The inclusion of PEN in the capacitating medium
prevented sperm agglutination and allowed a wider
array of functional assays that analyse single cells (e.g.
CASA and flow cytometry) to be employed. M540 was
used as an indicator of membrane order and spermato-
zoa were counter-stained with Yo-Pro to detect viability.
The present study showed that the lipid order of ram
spermatozoa was not effected by a 3-h incubation in
TALP but a high proportion of viable, lipid disordered
www.reproduction-online.org
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Figure 6 Penicillamine (PEN) does not inhibit capacitation-related protein tyrosine phosphorylation but maximal phosphorylation of higher
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incubated (38.5 8C, 5% CO2) with or without 1 mM PEN for 0 h in TALP (TALP 0 h; control) or for 3 h in TALP (TALP 3 h) or TALP supplemented with
1 mM db-cAMP, theophylline and caffeine (TALP 3 hCCAP STIM). Proteins were extracted, analysed by SDS–PAGE and western blotting of
phosphotyrosine residues performed (4G10 monoclonal Ab). The experiment was performed six times and a representative membrane (a) and a
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spermatozoa were evident upon the upregulation of
cAMP through the inclusion of 1 mM db-cAMP, caffeine
and theophylline (Fig. 7a). Incubation for 3 h with these
agents also increased the amount of lipid disordered,
non-viable spermatozoa compared to TALP alone
(Fig. 7a).

Viability and acrosome status was assessed using dual
staining with PI and FITC-PNA (Fig. 7b). The percentage
of viable and acrosome intact spermatozoa did not vary
between 0 and 3 h in TALP. The addition of 1 mM
db-cAMP, caffeine and theophylline increased the
percentage of non-viable, acrosome reacted cells but
over half of the sperm population (50.8G5.7%) were still
viable and acrosome intact after 3 h of incubation.

Total and progressive motility remained high over the
3 h incubation period in all treatments (Table 2). Despite
showing other markers of capacitation, TALP 3 hC CAP
STIM (Table 2) did not display signs of hyperactivation,
such as decreased linearity from asymmetrical flagellar
beating, high-amplitude head movements (ALH) or
increased curvilinear velocity (Kay & Robertson 1998).
This correlates with earlier studies in the ram (Colas et al.
2010) and bull (Marquez & Suarez 2004) which suggest
that hyperactivation is not linked to the cAMP pathway
or tyrosine phosphorylation.
Discussion

Many species-specific capacitation phenomena have
been described. Here we report that ram sperm
agglutinate when diluted in the commonly used
capacitating media TALP and SOF. To our knowledge
this is the first report of this phenomenon, which is
curious considering the common use of these diluents for
the dilution of ram semen. The association is rapid and
persistent and occurs in a head-to-head fashion in the
www.reproduction-online.org
area overlying the acrosome (Figs 1, 4, 5 and
Supplementary Video 1). The high occurrence of
agglutination in the sperm population suggests a strong
reactivity of the ram sperm membrane to components of
the TALP medium. Spermatozoa, like other biocolloids,
exhibit a tendency to flocculate (agglutinate) in response
to a variety of physico-chemical stimuli. Many of these,
including high dilution or washing, cold shock, extreme
pH or osmotic conditions result in the loss of sperm
function (Mann 1964). TALP-induced sperm aggluti-
nation does not. In fact, motile spermatozoa were far
more likely to be agglutinated than non-motile sperma-
tozoa (Table 1). This may be caused by the greater
chance of cell–cell collision within the motile popu-
lation but is more likely to be due to the requirement of
an intact functional plasma membrane for binding, as
previously reported in bull spermatozoa when exposed
to serum in vitro (Aalseth et al. 1978) or in vivo (Brown &
Senger 1982). Serum-induced agglutination of bull
spermatozoa has even been thought to preserve sperm
function as the acrosome integrity of agglutinated
spermatozoa declined less rapidly over the 9-h test
period compared to that of non-agglutinated spermato-
zoa (Senger & Saacke 1976).

Sheep serum (2–20%) is routinely included in the
fertilising medium for ovine IVF as standard capacitating
media (e.g. TALP, SOF) do not stimulate protein tyrosine
phosphorylation and cholesterol efflux of ram spermato-
zoa (Huneau et al. 1994, Li et al. 2006, Colas et al.
2008, Leahy & Gadella 2015). Since sheep serum has
been previously reported to cause sperm agglutination
(Senger & Saacke 1976, Lindahl & Sjöblom 1981, Senger
et al. 1981), and SOF supplemented with serum (2–20%)
is the most commonly used sheep IVF fertilising
medium, we tested if PEN could prevent agglutination
in SOF medium containing 2.5% or 10% sheep serum.
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Figure 7 Upregulation of cAMP increases lipid disorder and the
acrosome reaction. Penicillamine (PEN, 1 mM) was supplemented to
TALP and spermatozoa were assessed at 0 (control; black bars) and 3 h
(open bars) and this was compared to sperm incubated for 3 h in TALP
supplemented with 1 mM PEN, db-cAMP, caffeine and theophylline
(grey bars). Lipid order (merocyanine 540 (M540)) and viability (Yo-Pro)
were assessed via dual staining and flow cytometry (a) to ascertain three
populations: lipid ordered, viable (M540K, Yo-ProK); lipid disordered,
viable (M540C, Yo-ProK); and non-viable (M540C, Yo-ProC).
Acrosome status (fluorescein isothiocyanate-peanut agglutinin
(FITC-PNA)) and viability (propidium iodide (PI)) were assessed via dual
staining and flow cytometry (b) to ascertain three populations: acrosome
intact, viable (FITC-PNAK, PIK; acrosome intact); acrosome reacted,
non-viable (FITC-PNAC, PIC; acrosome reacted); acrosome intact,
non-viable (FITC-PNAK, PIC; non-viable). Data correspond to model
derived meanGS.E.M. for six independent samples. **P!0.001 indicate
differences compared to control (TALP 0 h; black bars).

Table 2 Motility characteristics assessed using computer-assisted sperm
analysis (CASA).

Motility
characteristic TALP 0 h TALP 3 h

TALP 3 hC
CAP STIM

Total motility (%) 70.8G4.3 84.2G2.1* 70.6G3.5
Progressive

motility (%)
64.9G3.9 78.4G2.5* 60.6G5.0

Amplitude of lateral
head (ALH) (mm)

5.2G0.3 4.7G0.4 3.8G0.5*

Beat-cross frequency
(BCF) (Hz)

41.0G1.0 41.5G0. 24.9G0.7**

Linearity (LIN) (%) 82.0G1.3 82.0G1.7 91.0G2.8**
Curvilinear velocity

(VCL) (mm/s)
219.0G12.4 182.8G9.9* 161.0G12.4**

Straight-line velocity
(VSL) (mm/s)

177.6G10.2 148.7G9.0* 145.1G8.9*

Data correspond to model derived meanGS.E.M. for six independent
samples. *P!0.05, **P!0.001 indicate difference compared to
TALP 0 h.
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SOF alone resulted in ram sperm agglutination which is
not surprising considering its composition is highly
similar to that of TALP. PEN (1 mM) was able to prevent
SOF-induced ram sperm agglutination and agglutination
caused by low doses (2.5%) of sheep serum. However,
PEN was unable to maintain low levels of agglutination
at the higher dose of 10% sheep serum. Since 2% sheep
serum in SOF is commonly used for ram sperm IVF
(Morton et al. 2005b, Casao et al. 2010) it would be
interesting to assess if the agglutination status of ram
spermatozoa in the fertilising medium influences the
outcome of ovine IVF.
Reproduction (2016) 151 167–177
Sperm head-to-head association has also been pre-
viously reported to be stimulated by cAMP in the
presence of divalent cations such as calcium (Lindahl
& Sjöblom 1981, Boatman & Bavister 1984, Harayama
et al. 1998, Harayama & Kato 2002). In our experiments,
evidence for a similar effect in the ram was shown by the
increase in non-agglutinated, motile spermatozoa when
bicarbonate was omitted from medium (Fig. 2). Further
indirect evidence included the stronger association of
spermatozoa, which required higher doses of PEN
(1 mM compared to 0.25 mM) to reverse agglutination,
when db-cAMP and PDE inhibitors were included in the
TALP medium. However, unlike the previous studies
(Lindahl & Sjöblom 1981, Harayama et al. 1998,
Harayama & Kato 2002, Yang et al. 2012), agglutination
did not rely on the presence of calcium as the omission
of calcium from the TALP medium had no effect on
sperm agglutination (Fig. 2). Although other divalent
cations in TALP which were not examined in the present
study may have contributed to theagglutination effect
(e.g. MgCl2).

PEN was shown to be a highly effective agent to either
prevent or reverse TALP-induced agglutination of ram
spermatozoa. A dose of 0.25 mM prevented aggluti-
nation in 96% of the sperm population (Fig. 3) and
higher doses (1 mM) caused disassociation of aggluti-
nated spermatozoa in under 3 min (Fig. 4). The effect of
PEN persisted throughout the 3-h test period and had no
effect on total motility, only causing a shift in the motile
population from an agglutinated state to a non-
agglutinated state. PEN (1 mM) also prevented aggluti-
nation in TALP supplemented with db-cAMP and PDE
inhibitors and in SOF supplemented with or without
2.5% sheep serum. These characteristics make this
compound well suited for in vitro use in sperm handling
protocols. In fact, PEN has been previously reported to
improve sperm function and fertility. Studies assessing
the inclusion of low doses (20 mM) of PEN for bovine IVF
www.reproduction-online.org
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protocols (Gordon 2003) or higher doses (1–2 mM) for
ambient storage of stallion spermatozoa (Aitken et al.
2012) reported a significant protective effect of PEN on
the sperm fertile lifespan. Human studies also showed
PEN increased the percentage of progressively motile
human spermatozoa as well as increasing the linearity
and straight line velocity of the population (Wroblewski
et al. 2003).

Agents that reduce autologous sperm agglutination are
not well described and the mechanism by which PEN
prevent or reverts sperm association is not understood.
PEN contains three functional groups; an amine, a
carboxyl group and a sulfhydryl. Of these, the sulfhydryl
group is of greatest biological significance as it can
combine with a multitude of compounds and participate
in redox reactions (Netter et al. 1987). PEN is a well-
known heavy metal chelator and has been thera-
peutically utilised for heavy metal toxicities since the
1950s (Walshe 1956). PEN has been shown to chelate
zinc from spermatozoa (Andrews et al. 1994) and such
effects were postulated to improve sperm motility
(Wroblewski et al. 2003). PEN is also an excellent
chelator of copper and the resulting chelate is highly
stable (Aitken et al. 2012). Ram spermatozoa are highly
sensitive to copper toxicity and display head-to-head
agglutination in the presence of this heavy metal (White
1955). It is possible that copper which is bound to sperm
proteins or present in the semen diluents at trace levels is
causing sperm agglutination and that the binding of
copper by PEN is the mechanism by which this molecule
prevents agglutination. This may explain why sheep
serum, which contains appreciable levels of copper
(average of 14 mM, 7–22 range) (Laven & Smith 2008)
also provokes an agglutination response.

An alternate explanation for the mechanism of action
of PEN is provided by its ability to donate an electron to
other molecules and participate as a reductant in redox
reactions. PEN, and other thiols (compounds with a
sulfhydryl group), have been shown to initiate sperm
release through the reduction of sperm surface disulfides
to sulfhydryls (Talevi et al. 2007, Gualtieri et al. 2009,
2010). It is probable that PEN may prevent or revert
sperm association by the reduction of disulphide bonds
of a sperm protein, which are required for sperm
binding, to free sulfhydryls.

Agglutination is undesirable in vitro because it makes
sperm handling difficult and is not compatible with
sperm assays that rely on the analysis of single cells (e.g.
CASA, flow cytometry). As agglutination occurs when
trying to capacitate ram spermatozoa in TALP, it was
important to assess if the inclusion of PEN in this medium
would interfere in the capacitation process. It would
seem unlikely as low doses of PEN (20 mM), in
conjunction with hypotaurine and epinephrine (PHE),
have been included in multiple bovine IVF protocols to
improve oocyte penetration and embryo quality (Miller
et al. 1994, Goncalves et al. 2014, Kang et al. 2015).
www.reproduction-online.org
PEN has also been used in protein-free media to promote
capacitation (Andrews & Bavister 1989, Keskintepe &
Brackett 1996). Its mode of action was thought to mimic
albumin depletion of zinc from the acrosome region of
the sperm head, which has been associated with
capacitation (Andrews et al. 1994). Other studies
found that PEN had no effect on fertilisation capacity
in TALP medium supplemented with or without
capacitation stimulating substances (e.g. heparin,
caffeine, serum) (Pavlok 2000, Pavlok et al. 2001). Our
findings are in agreement with these latter studies as PEN
had no global effect on tyrosine phosphorylation under
any of the assayed conditions with the exception of one
220-kDa band in the TALP 3 hC CAP STIM treatment
which showed a greater volume intensity in the presence
of PEN compared to its absence (Fig. 6). This strongly
indicates that PEN does not inhibit tyrosine phosphory-
lation of sperm proteins under capacitating conditions
and suggests PEN can be supplemented to capacitating
media. As tyrosine phosphorylation of high molecular
weight proteins (56C kDa) only occurred in the
presence of cAMP elevating agents (cAMP, PDE
inhibitors) it is recommended that these are also
included in ram sperm capacitating media (Fig. 6,
Supplementary Table 1).

The inclusion of PEN in the ram sperm capacitation
medium allowed a wider array of functional assays to be
performed that analyse single cells (e.g. CASA and flow
cytometry). Flow cytometric analysis of membrane lipid
disorder (M540) showed similar results to the western
blot data. Namely, that capacitation associated lipid
membrane disorder of viable spermatozoa required the
presence of cAMP elevating agents (Fig. 7a). At 3 h, the
CAP-STIM capacitation protocol also displayed ade-
quate levels of viable and acrosome intact spermatozoa
(50.8G5.7%; Fig. 7b) and motile spermatozoa (70.6G
3.5; Table 2) indicating that this protocol was optimal for
the in vitro capacitation and assessment of ram
spermatozoa. Taken together, these results suggest that
1 mM PEN can be added to existing ram sperm
capacitation protocols (TALPC1 mM db-cAMP, caffeine
and theophylline) to achieve a sperm population which
displays high levels of tyrosine phosphorylated proteins
(Fig. 5), a high percentage of fluid plasma membranes
(Fig. 7) while remaining motile (Table 2), viable (Fig. 7),
acrosome-intact (Fig. 7) and non-agglutinated.

In summary, the dilution of ram spermatozoa in TALP
can result in autologous sperm binding in a highly
specific and persistent manner. Agglutination can be
ameliorated by the thiol, penicillamine, possibly through
the reduction or chelation of agents involved in the
agglutination process (e.g. copper). Penicillamine does
not affect protein tyrosine phosphorylation under
capacitating conditions and can be included in capacita-
tion protocols to allow the in vitro assessment of ram
sperm capacitation.
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