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Abstract  

 

In all mammalian species studied so far, sperm capacitation correlates with an increase in protein 

tyrosine (Tyr) phosphorylation mediated by a bicarbonate-dependent cAMP/PKA pathway. 

Recent studies in mice revealed however that a Src Family Kinase (SFK) induced inactivation of 

serine/threonine (Ser/Thr) phosphatases is also involved in the signaling pathways leading to Tyr 

phosphorylation. In view of these observations and with the aim of getting a better understanding 

of the signaling pathways involved in human sperm capacitation, in the present work we 

investigated the involvement of both the cAMP/PKA and SFK/phosphatase pathways in relation 

to the capacitation state of the cells. For this purpose, different signaling events and sperm 

functional parameters were analyzed as a function of capacitation time. Results revealed a very 

early bicarbonate-dependent activation of PKA indicated by the rapid (1 min) increase in both 

phospho-PKA substrates and cAMP levels (p<0.05). However, a complete pattern of Tyr 

phosphorylation was detected only after 6 h-incubation at which time sperm exhibited the ability 

to undergo the acrosome reaction (AR) and to penetrate zona-free hamster oocytes. Sperm 

capacitated in the presence of the SFK inhibitor SKI606 showed a decrease in both PKA substrate 

and Tyr phosphorylation levels which was overcome by exposure of sperm to the Ser/Thr 

phosphatase inhibitor okadaic acid (OA). However, OA was unable to induce phosphorylation 

when sperm were incubated under PKA-inhibitory conditions (i.e. in the absence of bicarbonate 

or presence of PKA inhibitor). Moreover, the increase in PKA activity by exposure to a cAMP 

analogue and a phosphodiesterase inhibitor did not overcome the inhibition produced by SKI606. 

Whereas the presence of SKI606 during capacitation produced a negative effect (p<0.05) on 

sperm motility, progesterone-induced AR and fertilizing ability, none of these inhibitions were 

observed when sperm were exposed to SKI606 and OA. Interestingly, different concentrations of 

inhibitors were required to modulate human and mouse capacitation revealing the species-

specificity of the molecular mechanisms underlying this process. In conclusion, our results 
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describe for the first time the involvement of both PKA activation and Ser/Thr phosphatase down-

regulation in functional human sperm capacitation and provide convincing evidence that early 

PKA-dependent phosphorylation is the convergent regulatory point between these two signaling 

pathways. 

 

Keywords: capacitation, human sperm, phosphatase, PKA, signaling pathway 
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Introduction 

 

Reversible phosphorylation of proteins has a crucial role for proper cellular functioning in 

eukaryotic organisms, providing an efficient and rapid system to initiate or cease a biological 

response. This mechanism also operates in sperm cells which lack the transcription and 

translation machineries and thus, mainly rely on post-translational modifications such as protein 

phosphorylation to control maturational processes. 

 

During the last years, the phosphorylation of proteins in tyrosine (Tyr) residues has emerged as a 

key mechanism involved in the mandatory process by which mammalian sperm become 

competent to fertilize the oocyte. This process known as capacitation (Chang, 1951; Austin, 1952) 

involves a series of changes in both the head and tail of sperm while they transit through the 

female reproductive tract, and prepares the cells to undergo the acrosome reaction (AR), express 

hyperactivated motility and fertilize an oocyte. Although an increase in Tyr phosphorylation of 

proteins during sperm capacitation has been described in all the mammalian species studied so far 

(Leclerc et al., 1996; Visconti et al., 1995a; Galantino-Homer et al., 1997; Visconti et al., 1999; 

Osheroff et al., 1999; Da Ros et al., 2004), the molecular mechanisms controlling this time-

precise process are still under investigation. Research in the field sheds light on sperm minimal 

requirements to support in vitro capacitation with molecules such as bicarbonate, calcium and 

albumin being crucial for this process. Sperm entering the female reproductive tract are exposed 

to high concentrations of bicarbonate which directly stimulate a testis-specific soluble adenylyl 

cyclase (Adcyc10, also known as sAC) (Chen et al., 2000), shown to be essential for sperm 

motility and male fertility (Esposito et al., 2004; Hess et al., 2005; Xie et al., 2006). It is well 

accepted that cAMP, produced as a consequence of a counterbalance between sAC and 

phosphodiesterases (PDE), stimulates protein kinase A (PKA) which phosphorylates proteins in 

serine/threonine (Ser/Thr) residues. Ablation of the PKA catalytic subunit (PKA-Cα2) produces 
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mouse sterility with a broader phenotype than sAC null animals, suggesting the involvement of 

PKA in additional stages of sperm production and maturation (Nolan et al., 2004). As a 

consequence of the activation of this bicarbonate-dependent cAMP/PKA signaling pathway, a set 

of proteins is phosphorylated in Tyr residues (Visconti et al., 1995b). In this regard, non-receptor 

Tyr kinases belonging to different families such as ABL, CSK, SRC or TEC have been identified 

in mouse (Baker et al., 2006; Kierszenbaum et al., 2009; Baker et al., 2009), bull (Lalancette et 

al., 2006) and human (Naz, 1998; Mitchell et al., 2008) sperm. Specifically, c-SRC, a member of 

the Src Family Kinase (SFK) has been postulated as one of the intermediate tyrosine kinases 

promoting capacitation associated-Tyr phosphorylation in human sperm (Lawson et al., 2008; 

Mitchell et al., 2008; Varano et al., 2008). However, a recent study in mouse demonstrated that 

SFK members are not directly involved in the observed capacitation-associated increase in Tyr 

phosphorylation but rather participate upstream of this process by regulating the activity of 

Ser/Thr phosphatases (Krapf et al., 2010). The Ser/Thr phosphatases described so far in sperm are 

those belonging to the families PP1γ (Smith et al., 1996), PP2A (Vijayaraghavan et al., 1996) and 

the Ca2+/calmodulin-dependent PP2B (Tash et al., 1988). Whereas the roles of PP2A and PP2B in 

sperm physiology are still under investigation, PP1 is essential for mouse fertility as PP1 null 

males exhibit impaired spermatogenesis (Varmuza et al., 1999). 

 

Based on these observations, in the present work we investigated the signaling pathways involved 

in human sperm capacitation. We present evidence showing that both the cAMP/PKA and 

SFK/phosphatase pathways are required for functional human sperm capacitation and that PKA-

induced Ser/Thr phosphorylation is the convergent regulatory point between these two signaling 

pathways. In addition, the analysis of the temporal correlation between these signaling events and 

sperm function parameters revealed that in spite of a very early PKA activation, human sperm 

need to undergo other late signaling events in order to reach a functional capacitation state. 
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Materials and Methods 

 

Culture media 

The media used in this study contains 25mM NaHCO3 (Sigma-Aldrich Co., St. Louis, MO, USA), 

1.7 mM Cl2Ca (Sigma), 10 mM HEPES (Sigma) and 2.6% p/v BSA (Sigma), and was described 

by Biggers, Whitten and Whittingham (BWW) (Biggers et al., 1971). For some experiments, 

BWW medium was prepared without the addition of bicarbonate or with 3.5% p/v HSA (Sigma) 

instead of BSA. In all the cases,  pH was adjusted to 7.2-7.4.  

 

Chemical compounds 

A cAMP analog (dbcAMP: N6, 2'-O-dibutyryladenosine 3':5' -cyclic monophosphate; Sigma) and 

an inhibitor of PDE (IBMX: 3-isobutyl-1-methylxanthine; Sigma) were used for PKA activation. 

The following compounds were used to inhibit specific enzymatic activity: KH7 (Cayman 

Chemical Co., Ann Arbor, MI, USA) for sAC, H89 (Calbiochem, EMD Biosciences Inc., La 

Jolla, CA, USA) for PKA, SKI606 (Bosutinib; Selleck Chemical, Houston, TX, USA) for SFKs, 

and okadaic acid (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for Ser/Thr phosphatases.  

 

Ethical approval 

The study protocol was approved by the Bioethics Committee of the Institute of Biology and 

Experimental Medicine (IByME) from the National Research Council (CONICET, Buenos Aires, 

Argentina), and by the Institutional Review Board of Amherst Faculty from the University of 

Massachusetts. Human donors were provided with written information about the study prior to 

giving informed consent. Experiments involving animals were conducted in accordance with the 

Guide for Care and Use of Laboratory Animals published by the NIH. 
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Human sperm capacitation 

Experiments involved the use of 60 semen samples obtained from 20 healthy donors (aged 20-35) 

with no known fertility problems. Semen samples were obtained by masturbation into a sterile 

plastic container after 2–3 days of sexual abstinence and analyzed following WHO 

recommendations (WHO, 2010). The semen parameters (total fluid volume, sperm concentration, 

motility and morphology) of all samples fell within WHO normality criteria. After complete 

liquefaction, semen samples were processed as previously described (Cohen et al., 2001). Briefly, 

sperm ejaculates were allowed to swim-up in a bicarbonate-free BWW medium and motile 

spermatozoa were then incubated in either bicarbonate-free or bicarbonate-containing BWW 

media at 37ºC for different time periods. Sperm suspensions incubated in media with bicarbonate 

were maintained in 5% CO2 in air whereas those incubated without the anion were placed in air 

tight vials to avoid production of bicarbonate from the CO2 of the air. 

To evaluate the relevance of kinases or phosphatases for capacitation, motile sperm were pre-

incubated for 10 min with different enzyme inhibitors in bicarbonate-free media and then 

incubated in capacitating media containing the same inhibitors. The effect of the inhibitors on 

sperm viability was assessed by dye exclusion using 0.5% (v/v) Eosin Y (Sigma) and the 

percentage of viable sperm was calculated as the number of sperm that did not incorporate the dye 

over the total number of sperm counted under the light microscope (400X). 

At the end of each incubation, sperm were recovered and analyzed for either PKA substrate 

phosphorylation, cAMP content, Tyr phosphorylation, motility, acrosomal status or their ability to 

penetrate zona-free hamster oocytes. 

 

Protein extracts and Western blotting analysis 

Total proteins from 1x106 spermatozoa were solubilized in Laemmli sample buffer (Laemmli, 

1970) and the phosphorylated proteins were assessed by SDS-PAGE and Western blot as 

previously described (Da Ros et al., 2004). The monoclonal primary antibodies used were anti-
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phospho-PKA substrate (anti-pPKAs; 1:1000; clone 100G7E, Cell Signaling, Danvers, MA, 

USA) or anti-phospho-Tyr (anti-pTyr; 1:3000; clone 4G10, Millipore Corporation, Temecula, 

CA, USA) and the corresponding secondary antibodies were coupled to peroxidase (1:4000; 

Vector Laboratories, Burlingame, CA, USA). In all the cases the reactive bands were detected by 

enhanced chemiluminescence (GE Healthcare, Piscataway, NJ, USA) and the blotted membranes 

were stripped (100 mM β-mercaptoethanol, 2% SDS, 62.5% Tris pH 6.7, 15-30 min at 50ºC) and 

subjected to Western Blot using a different primary antibody. Loading control was confirmed by 

β-tubulin immunoblot using the specific anti-β-tubulin antibody (1:5000; clone D66, Sigma). 

 

Indirect immunofluorescence (IIF) 

Human sperm were fixed in 2% (w/v) paraformaldehyde in PBS for 10 min at room temperature, 

thoroughly washed with PBS, and then incubated with FACS permeabilizing solution (BD 

Biosciences, San Jose, CA, USA) for 10 min. Sperm were then exposed to anti-pPKAs antibody 

(1:40 in PBS) or purified rabbit IgG (control) for 1h at 4°C, washed three times in PBS, and 

incubated with fluorescein isothiocyanate (FITC)-conjugated goat-anti-rabbit IgG (1:100 in PBS; 

Sigma) for 30 min at room temperature. Finally, sperm were air-dried on poly-L-lysine (0.01 

mg/ml; Sigma)-coated slides, mounted in 90% (v/v) glycerol in PBS and examined under a Nikon 

Optiphot microscope (Nikon, Tokyo, Japan) equipped with epifluorescence optics (1250X). A 

minimum of 400 cells were analyzed in each sample. 

 

Determination of cAMP content 

Intracellular sperm cAMP concentrations were determined using a PKA radioactivity assay. 

Sperm samples were lysed with Triton X-100 buffer (40 mM Hepes pH 7.4, 0.1 mM IBMX, 

EDTA-free protease inhibitor cocktail, 1% Triton X-100), boiled for 10 min to inactivate sperm 

enzymes, centrifuged for 5 min at 8,000 X g and the supernatants used for determination of 

cAMP. PKA activity was measured as previously described (Visconti et al., 1997). Briefly, the 
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amount of 32P incorporated into the Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly, Sigma)-specific 

substrate was quantified and cAMP concentrations calculated based on standard curves (dbcAMP 

concentration vs PKA activity) made for each independent experiment. 

 

Computer-Assisted Sperm Analysis (CASA) 

Sperm suspensions were loaded on chamber slides with a depth of 20 µm (Leja Slide, Spectrum 

Technologies, Healdsburg, CA, USA) pre-warmed at 37°C. Sperm movements were examined at 

37ºC using the CEROS computer-assisted semen analysis (CASA) system (Hamilton Thorne Inc., 

Beverly, MA, USA) (Mortimer et al., 1998). At least 20 microscopy fields corresponding to a 

minimum of 200 sperm were analyzed (30 frames acquired at 60 Hz for each measurement) per 

sample. The following parameters were measured: average path velocity (VAP, µm/s), curvilinear 

velocity (VCL, µm/s), straight line velocity (VSL, µm/s), linearity (LIN, %), amplitude of lateral 

head displacement (ALH, µm) and straightness (STR, %). 

 

Acrosome reaction assays 

Human sperm were exposed to different concentrations of progesterone (Sigma) 30 min before 

the end of incubation for assessment of acrosomal status as previously described (Cohen et al., 

2001). Briefly, sperm were fixed in 1% (w/v) paraformaldehyde in PBS, methanol-permeabilized, 

stained with FITC-labeled Pisum Sativum agglutinin (PSA, Sigma), and observed under a Nikon 

Optiphot microscope equipped with epifluorescence optics (1250X). Sperm were scored as 

acrosome intact when a bright staining was observed in the acrosome, or as acrosome reacted 

when either fluorescent staining was restricted to the equatorial segment or no labeling was 

observed. 
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Zona-free Hamster Oocyte Penetration Test (HOPT) 

HOPT was performed as previously described (Cohen et al., 2001). Briefly, cumulus-oocyte 

complexes were collected from superovulated immature hamster (Mesocrycetus aureatus) 

females maintained with food and water ad libitum in a temperature controlled room with 14:10 

light:dark cycle. The collected cumulus were treated with hyaluronidase and trypsin (Sigma) to 

remove cumulus cells and the zona pellucida, respectively, and zona-free oocytes thoroughly 

washed in capacitation medium and finally distributed among treatment groups. 

Drops containing 15-20 zona-free hamster oocytes were inseminated with 3x105 motile sperm and 

gametes co-incubated for 2.5 h at 37°C in an atmosphere of 5% CO2. The oocytes were then 

thoroughly washed, fixed in 2.5% glutaraldehyde, mounted on slides, stained with 1% aceto-

carmine solution and observed under the microscope (400X). The number of oocytes presenting 

either decondensing sperm heads or pronuclei and sperm tails in the ooplasm were recorded. 

 

Calculations and statistical analysis 

The percentages of sperm viability, acrosome-reacted sperm and penetrated oocytes were 

analyzed by the chi-square test. The time-dependent AR levels were analyzed by one-way 

analysis of variance (ANOVA). Cyclic AMP levels and motility values were analyzed by the t-

Student test. Calculations were performed using Prism 3.0 software (GraphPad Software, La 

Jolla, CA, USA). “n” refers to the number of independent experiments carried out using different 

donors in each case. Results were considered to be significantly different at p<0.05. 
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Results 

 

Temporal correlation between PKA-dependent signaling events and the sperm functional state 

 

As a first approach to investigate the signaling pathways involved in human sperm capacitation, 

we performed a series of studies aimed to further characterize the cAMP/PKA pathway leading to 

Tyr phosphorylation. These studies were conducted using a wide range of incubation times (1 min 

to 18 h) in order to investigate the temporal correlation between signaling events and the 

functional capacitation state of human cells. 

 

PKA activation was studied through the analysis of specific substrate phosphorylation by Western 

blot using an anti-pPKAs antibody that recognizes the consensus PKA-phosphorylated motif 

(Arg-Arg-X-pSer/pThr). Whereas sperm incubated in the absence of bicarbonate did not show 

phosphorylation of PKA substrates at any time assayed (Fig. 1A, left panel), those incubated in a 

bicarbonate-containing medium exhibited numerous reactive bands (with molecular weight lower 

than 100 kDa), as early as 1 min-incubation (Fig. 1A, right panel). This phosphorylation was 

specific for PKA as judged by the facts that exposure of sperm to both dbcAMP and IBMX 

induced phosphorylation in the absence of bicarbonate, and inhibition of PKA activity by H89 

prevented the bicarbonate-induced phosphorylation (Fig. 1B). 

 

Indirect immunofluorescence (IIF) assays carried out in cells fixed at different incubation times (1 

min, 1 h or 18 h) and then exposed to the anti-pPKAs antibody revealed that most (82%) sperm 

incubated under capacitating conditions for 1 min already exhibited a clear fluorescent labeling in 

the flagellum (Fig. 1C, a, b) which did not differ from that observed in sperm incubated for longer 

periods (data not shown). By contrast, a faint labeling was observed in most (81%) sperm 

incubated under non-capacitating conditions (c, d), and no fluorescence was detected in control 
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capacitated sperm incubated with only purified IgG as first antibody (e, f). In agreement with 

Western blotting observations, sperm incubated in the absence of bicarbonate but exposed to 

dbcAMP and IBMX exhibited fluorescent labeling in the tail (g, h) whereas those incubated under 

capacitating conditions in the presence of H89 were unlabelled (i, j). 

 

As another approach to study PKA activation, the kinetics of cAMP steady-state levels was 

evaluated by using a PKA radioactivity assay. As expected, whereas sperm incubated under non-

capacitating conditions contained undetectable levels of cAMP at all the time points assayed (Fig. 

1D), those incubated in a bicarbonate-containing medium showed high levels of cAMP at only 1 

min of incubation (Fig. 1D). Interestingly, under these conditions, cAMP levels markedly 

declined within the first hour and remained at this level for the rest of the capacitation period (Fig. 

1D). The early (1 min) cAMP increase seems to be due to sAC activation as indicated by the fact 

that exposure of sperm to sAC inhibitor KH7 led to both undetectable cAMP levels (data not 

shown) and lack of PKA-induced phosphorylation (Fig. 1E). 

 

To study the downstream Tyr phosphorylation event, the same protein extracts prepared for PKA 

studies were subjected to Western blot using an anti-phospho-Tyr (anti-pTyr) antibody. As shown 

in Fig. 2A, whereas the absence of bicarbonate in the media prevented Tyr phosphorylation at all 

the time points assayed (left panel), sperm incubated under capacitating conditions began to show 

Tyr phosphorylation signals at 1 h which increased as a function of time reaching maximum 

levels at 6 h-incubation (right panel). In agreement with previous reports, Tyr phosphorylation 

was exacerbated by exposure of sperm to dbcAMP and IBMX and it was clearly inhibited when 

H89 was present in the media (Fig. 2B). A significant decrease in Tyr phosphorylation was also 

observed when sperm were exposed to KH7, indicating the contribution of sAC to protein Tyr 

phosphorylation during capacitation (Fig. 2C). 
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To study the temporal correlation between the described cAMP/PKA signaling events and the 

functional capacitation state of human sperm, the ability of the cells to undergo the spontaneous 

and the progesterone-induced AR as well as to fertilize the oocyte was examined as a function of 

the capacitation time. As different progesterone concentrations have been reported to induce 

human AR under different capacitating conditions (Bedu-Addo et al., 2005; Varano et al., 2008; 

Sagare-Patil et al., 2012), we first evaluated the percentage of AR as a function of progesterone 

concentration under our experimental conditions. Results revealed that 25 µM was the minimal 

concentration of hormone required for inducing a significant increase in the percentage of 

acrosome-reacted cells (Fig. 3A). At this concentration, the kinetics of progesterone-induced AR 

significantly increased at 6 h and continued increasing during overnight incubation (Fig. 3B). 

Although with significantly lower values, a similar kinetics of response was observed for the 

spontaneous AR which also reached levels significantly higher than the controls at 6 h-incubation 

(Fig. 3B). As expected, in the absence of bicarbonate in the medium, baseline levels for both 

spontaneous and progesterone-induced AR were observed throughout incubation (Fig. 3A, B). 

 

To test the development of human sperm fertilizing ability during capacitation, sperm incubated 

under capacitating conditions for different periods of times (1, 6 or 18 h) were co-incubated with 

zona-free hamster oocytes for additional 2.5 h, and the percentage of fertilized oocytes was 

determined. Results showed that whereas sperm incubated for 1 h were capable of penetrating a 

low percentage of oocytes comparable to that observed for non-capacitated cells, those incubated 

for 6 h already exhibited high fertilization rates (60%) which further increased (90%) for 

overnight incubated cells (Fig. 3C). 

 

Together, comparison of the kinetics of cAMP steady-state levels, PKA-dependent 

phosphorylation, Tyr phosphorylation, induction of the AR and sperm fertilizing ability indicates 

that in spite of the early onset (1 min) of cAMP and PKA-mediated phosphorylation, human 
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sperm may require at least 6 h of incubation under capacitating conditions to reach a functional 

capacitation state. 

 

Involvement of SFK/phosphatase signaling pathway during human sperm capacitation 

 

To further investigate the signaling events leading to human sperm capacitation, the involvement 

of SFK members during this process was investigated by analyzing the phosphorylation of both 

PKA substrates and Tyr residues in the presence or absence of SKI606, a specific SFK inhibitor 

(Bantscheff et al., 2007). Protein extracts were obtained from sperm incubated overnight under 

capacitating conditions to ensure that a high proportion of the cells had already attained a 

functional capacitation state. Western blotting results showed that both PKA-dependent and Tyr 

phosphorylations negatively correlated with increasing concentrations of SKI606 (Fig. 4A) 

without affecting sperm viability (control: 84.6% ± 3.5; 30M SKI606: 79.4% ± 4.9, NS, n=4). 

Interestingly, the IC50 for this inhibitor (~10 µM) was five times lower than the one observed for 

mouse sperm (Krapf et al., 2010). 

 

To investigate whether the participation of SFKs in human sperm capacitation was mediated by 

the inactivation of Ser/Thr phosphatases as previously observed for murine sperm (Krapf et al., 

2010), both PKA substrate and Tyr phosphorylations were analyzed by capacitating sperm in the 

presence of 30 M SKI606 and increasing concentrations of okadaic acid (OA), a well known 

specific inhibitor of Ser/Thr phosphatases (Ishihara et al., 1989). Differently to the very low (0.1 

nM) OA concentration needed to prevent the SKI606 inhibitory effects in mice, exposure of 

human sperm to 100 nM OA was required to overcome the decrease in both PKA substrate and 

Tyr phosphorylations produced by SKI606 (Fig. 4B).  
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Overall, data suggest that although the signaling pathways controlling mouse and human sperm 

capacitation are conserved, the identity of the SFK members and Ser/Thr phosphatases involved 

are likely to be different in both species. 

 

Cross-talk between cAMP/PKA and SFK/phosphatase signaling pathways 

 

In order to identify the potential convergent regulatory point between the cAMP/PKA and 

SFK/phosphatase signaling pathways, sperm were incubated under capacitating conditions in 

which one of the two pathways were down-regulated, and then both PKA substrate and Tyr 

phosphorylations were analyzed. Results revealed that inhibition of the cAMP/PKA pathway by 

incubating sperm in either the absence of bicarbonate (Fig. 5A) or the presence of H89 (Fig. 5B) 

in the medium, abrogated both PKA substrate and Tyr phosphorylations regardless of the 

activation of the SFK/phosphatase pathway by OA-mediated down-regulation of Ser/Thr 

phosphatases. Similarly, inactivation of the SFK/phosphatase pathway by SKI606 prevented both 

PKA-dependent and Tyr phosphorylations even when the cAMP/PKA pathway was activated by 

addition of dbcAMP and IBMX (Fig. 5B). These data indicate that activation of both cAMP/PKA 

and SFK/phosphatase signaling pathways are necessary for human sperm capacitation-associated 

Tyr phosphorylation and that the crossroads between both pathways is located at the PKA-

induced phosphorylation level. 

 

Relevance of the SFK/phosphatase pathway for sperm function 

 

To evaluate the relevance of the SFK/phosphatase pathway for human sperm function, sperm 

were capacitated for 18 h in the presence of SKI606 and/or OA, and different functional 

parameters such as sperm motility and sperm ability to undergo the AR and penetrate zona-free 

hamster oocytes were analyzed. Motility assessment by CASA (Table I) revealed that sperm 
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capacitated in the presence of SKI606 exhibited a clear decrease in all the motility parameters 

evaluated (i.e. VAP, VCL, VSL, ALH, LIN and STR), reaching the levels observed for non-

capacitated sperm. Exposure of the cells to both SKI606 and OA prevented the decrease in all the 

motility parameters assayed. 

 

Whereas no significant differences among treatments were observed for the spontaneous AR rates 

(Fig. 6A), sperm exposed to SKI606 did not exhibit the ability to acrosome react in response to 

progesterone induction as observed for control sperm or sperm incubated with both SKI606 and 

OA (Fig. 6A). The ability of human sperm to penetrate zona-free hamster oocytes was also 

significantly reduced by the presence of SKI606 during capacitation and showed levels not 

different from the controls when sperm were incubated in a medium containing both SKI606 and 

OA (Fig. 6B). Normal oocyte penetration levels were observed when these compounds were 

added only during the gamete co-incubation period (2.5 h), indicating that the effects produced by 

the inhibitors were exerted at the capacitation stage (Fig. 6B). Altogether, these observations 

support the functional relevance of the SFK/phosphatase pathway for human sperm capacitation. 
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Discussion 

 

Sperm capacitation is characterized by a series of biochemical and physiological changes 

requiring transmembrane and intracellular signal transduction. With the aim of getting a better 

understanding of the molecular mechanisms involved in this key reproductive process, in the 

present work we investigated the signaling pathways operating during human sperm capacitation 

and their temporal correlation with the functional state of the cells. 

 

As described for all the mammalian species studies so far (Visconti et al., 2011), human 

capacitation also involves a cAMP/PKA-dependent induction of protein Tyr phosphorylation 

(Leclerc et al., 1996; Osheroff et al., 1999). However, due to the high heterogeneity of incubation 

media and times employed to achieve human sperm capacitation (O'Flaherty et al., 2004; Brenker 

et al., 2012; Orta et al., 2012; Itach et al., 2012; Li et al., 2013), there is no clear information on 

the temporal occurrence of the described signaling events. Thus, as a first approach to this 

question, we examined the kinetics of PKA activation by analyzing PKA substrate 

phosphorylation during a wide range of incubation times (1 min to 18 h) and using a medium 

known to support capacitation and the development of sperm fertilizing ability ((Cohen et al., 

2001) and present work). Results from both Western Blot and IIF assays revealed an immediate 

(1 min) bicarbonate-dependent increase in PKA-induced phosphorylation that remained constant 

throughout incubation. The detected phosphorylated bands and tail fluorescent labeling 

corresponded to specific PKA targets as judged by their increase or reduction in response to PKA 

modulators. Interestingly, the flagella localization of PKA-phosphorylated proteins is consistent 

with the tail localization of PKA regulatory subunit (Pariset and Weinman, 1994), sAC (Hess et 

al., 2005) and phospho-Tyr proteins (Carrera et al., 1996; Ficarro et al., 2003). 
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In agreement with PKA-induced phosphorylation studies, evaluation of the kinetics of cAMP 

steady-state levels demonstrated an absolute requirement of bicarbonate for the increase in this 

second messenger levels which reached a maximum at 1 min. Moreover, the rapid rise in cAMP 

and PKA-dependent phosphorylation observed in our study appeared to be sAC-dependent as 

judged by the fact that KH7 inhibited both events. Interestingly, the early increase in cAMP 

concentration was followed by a rapid decrease to control levels at 1 h-incubation. Similar results 

were reported by Brenker et al. (Brenker et al., 2012) using IBMX during incubation and thus 

detecting accumulated rather than physiological cAMP steady-state levels. Different mechanisms 

could explain the decrease in cAMP concentration observed in our study such as the release of the 

messenger from sperm during incubation as observed in human leukemia cells (Copsel et al., 

2011), a possible negative feedback of active PKA on sAC activity (Nolan et al., 2004; Burton 

and McKnight, 2007), or the activation of sperm PDE. However, Brenker´s observations obtained 

using a PDE inhibitor during capacitation (Brenker et al., 2012) excludes this last possibility. 

 

Of note, the discrepancy between the decrease in cAMP and the sustained PKA-induced 

phosphorylation levels throughout capacitation indicates that the intracellular cAMP 

concentration remaining in capacitated cells could be sufficient to sustain PKA activation. In 

addition, PKA substrate phosphorylation levels could be maintained by a yet non-described 

mechanism such as phosphatase inactivation. 

 

As observed for PKA substrate phosphorylation, protein Tyr phosphorylation was completely 

dependent on the presence of bicarbonate in the medium and induced by dbcAMP and IBMX. 

Moreover, Tyr phosphorylation was also inhibited by KH7 supporting the proposed involvement 

of sAC in the occurrence of this event. However, differently from the very rapid detection of both 

PKA substrate phosphorylation and cAMP production, Tyr phosphorylation increased gradually 

as a function of time, reaching maximum levels only at 6 h-incubation.  
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Similarly to Tyr phosphorylation, the percentage of cells capable of undergoing either the 

spontaneous or progesterone-induced AR increased gradually during capacitation reaching levels 

significantly different from controls at 6 h which did not increase with further incubation. These 

studies were carried out using 25 µM concentration of progesterone as this was the minimum 

hormone concentration required to significantly induce the AR. This concentration is much higher 

than that reported to induce the calcium channel Catsper (0.5 µM) in human sperm (Lishko et al., 

2011; Strunker et al., 2011), suggesting that progesterone might have different targets in sperm in 

addition to Catsper. The kinetics of AR is consistent with the HOPT results showing that sperm 

require at least 6 h-incubation under capacitating conditions to be able to penetrate most zona-free 

hamster oocytes. Together, these observations indicate that in spite of the occurrence of very early 

events such as cAMP production and PKA-dependent phosphorylation, sperm need to undergo 

activation of other slower signaling pathways in order to reach a functional capacitation state. 

 

Although the link between PKA-dependent Ser/Thr phosphorylation and the subsequent Tyr 

phosphorylation is still unknown, evidence supports that a phospho-PKA substrate is involved. In 

human sperm, SRC, a member of the SFK, has been postulated as this key intermediate by 

analyzing the effects of its inhibition on Tyr phosphorylation, hyperactivation and progesterone-

induced AR (Lawson et al., 2008; Mitchell et al., 2008; Varano et al., 2008). However, our 

results, showing that SKI606 produced a dose-dependent inhibition of both PKA-dependent and 

Tyr phosphorylations revealed the involvement of SFK upstream PKA-mediated phosphorylation. 

Interestingly, the SKI606 concentration needed to block PKA substrate and Tyr phosphorylations 

was at least 5 times lower than the one required for blocking this pathway in mouse sperm (Krapf 

et al., 2010), suggesting that different SFK members would be involved in mouse and human 

sperm capacitation. Moreover, the finding that SKI606 inhibition occurred at IC50 of ~10 M 

points towards the participation of SRC and/or ABL kinases in this pathway as these enzymes are 
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more sensitive to SKI606 than other kinases (Bantscheff et al., 2007). In this regard, it is worthy 

to note that both SRC and ABL have already been described in human sperm (Naz 1998; Lawson 

et al., 2008; Mitchell et al., 2008; Varano et al., 2008). 

 

Our results showing that exposure of sperm to OA prevented the effects of SKI606 on PKA-

dependent and Tyr phosphorylations support the role of SFK in human sperm capacitation 

through the inactivation of Ser/Thr phosphastases (i.e. PP1γ and/or PP2A). These results are in 

agreement with those previously reported in mice (Krapf et al., 2010) as well as with recent 

results obtained by our group in rats (unpublished data). However, human gametes require a much 

higher concentration of OA than rodent sperm (100 nM and 0.1 nM, respectively) to overcome 

the SKI606 inhibitory effect suggesting the involvement of different OA-sensitive phosphatases 

in each species. In this regard, whereas PP2A has been proposed to mediate mouse capacitation 

(Krapf et al., 2010), the fact that PP1γ is 100-fold less sensitive to OA than PP2A (Ishihara et 

al., 1989) supports the participation of PP1γ in the human SFK/phosphatase pathway. More 

specifically, evidence supports a role for PP1γ2 in human capacitation as this sperm predominant 

spliced variant (Smith et al., 1996) exhibits predicted Tyr phosphorylation sites and it is essential 

for mouse fertility (Sinha et al., 2012). Nevertheless, as high OA concentrations can affect PP2A, 

and this enzyme was shown to be inactivated by SFK-phosphorylation in other experimental 

models (i.e. (Hu et al., 2009)), a possible role of PP2A in conjunction with PP1γ2 in human sperm 

capacitation cannot be excluded. In addition to this, other phosphatases reported to be present in 

the testes (i.e. PP4, PP5, PP6 or PP7) (Fardilha et al., 2011a) but not yet described in sperm, 

might also be involved in human capacitation. The identification of sperm specific phosphatases 

involved in human capacitation might provide important information for the future development 

of male contraceptives. 
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Our results argue against the possible participation of SFKs and OA-sensitive phosphatases 

upstream of PKA activation as addition of cAMP agonists and IBMX did not overcome the 

inhibitory effects of SKI606 on both PKA substrate and Tyr phosphorylations. Accordingly, the 

inactivation of phosphatases was not sufficient to induce phosphorylation when the cAMP/PKA 

pathway was not stimulated. Altogether, these results support that the crossroads between the 

cAMP/PKA and SFK/phosphatase pathways is located at the PKA substrate phosphorylation step. 

According to this, the steady-state levels of PKA-substrate phosphorylation would result from a 

fine-tuned balance between the activation of PKA and the inactivation of Ser/Thr phosphatases by 

SFK activity. Supporting this notion, PKA substrates (present work) and PP1γ2 (Fardilha et al., 

2011b) are both localized in the sperm flagella. 

 

Our studies aimed to investigate the relevance of the SFK/phosphatase pathway for human 

capacitation showed that modulation of the phosphatase activity by SKI606 and OA had a 

significant impact on different functional capacitation-dependent events. Whereas previous 

reports showed that human sperm motility parameters were not modified by SFK inhibition 

(Mitchell et al., 2008; Varano et al., 2008), our results revealed a significant decrease in several 

CASA motility parameters in those sperm exposed to SKI606 as previously described in mouse 

(Krapf et al., 2010). This discrepancy might be due to the different SFK inhibitors (SU6656 vs 

SKI606) and the different incubations periods (0.5-3 h vs 18 h) employed. Our data also indicate 

that exposure of human sperm to SKI606 throughout incubation prevented the progesterone-

induced AR, suggesting a role for SFK during capacitation and/or AR as previously described 

(Varano et al., 2008). In this regard, it is important to note that our motility and AR studies using 

not only SKI606 but also OA revealed the novel involvement of SFK in human capacitation 

through the Ser/Thr phosphatase inactivation. Considering that the development of sperm 

fertilizing ability reflects the occurrence of a functional capacitation process, our results showing 

that SKI606 inhibits the sperm ability to penetrate zona-free hamster oocytes and that addition of 
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OA overcomes this negative effect, further support the functional relevance of the 

SFK/phosphatase pathway for human sperm capacitation.  

 

In conclusion, our results strongly indicate the need of both PKA activation and Ser/Thr 

phosphatase down-regulation for achieving a functional human sperm capacitation state and 

provide convincing evidence that both signaling pathways converge at the early PKA substrate 

phophorylation level (Fig. 7). Interestingly, whereas these results support the idea that the main 

signaling pathways involved in sperm capacitation are evolutionarily conserved, the SFK 

members and Ser/Thr phosphatases involved in human sperm capacitation appear to be different 

to those required for mouse sperm capacitation revealing the species-specificity of the molecular 

mechanisms underlying this key reproductive process. 

 

Finally, considering the variable capacitating conditions used to study human sperm capacitation, 

our results analyzing the temporal correlation between the two signaling pathways and the 

functional state of human sperm (Fig. 7) will contribute to a better understanding of the 

mechanisms leading to the acquisition of human sperm fertilizing ability as well as to human 

infertility. 
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Figure Legends 

Figure 1. Evaluation of PKA activity during human sperm capacitation. (A) Sperm were 

incubated in media with (right panel) or without (left panel) HCO3
- for different time periods (1 

min to 18 h). Aliquots were removed at different intervals and sperm proteins were analyzed for 

PKA substrate phosphorylation by Western blotting using α-pPKAs as first antibody. β-tubulin 

was used as control of loading (n = 8). (B) Sperm were incubated for 18 h in media with or 

without HCO3
- and containing either H89 (30 µM) or dbcAMP/IBMX (5 mM/0.2 mM). Protein 

extracts were analyzed for PKA substrate phosphorylation by Western blotting (n = 5). (C) Phase-

contrast (upper) and fluorescent (bottom) images of sperm incubated for 1 min in media with (a, 

b, e, f) or without (c, d) HCO3
-, in media without HCO3

- but containing dbcAMP and IBMX (g, 

h), or in complete media with H89 (i, j). The IIF was performed using α-pPKAs (a-d, g-j) or 

purified IgG as first antibodies (e, f) (n = 4). The scale bar is 5 m. The same images were 

observed for  sperm incubated for 1h or 18 h. (D) Cell extracts from sperm incubated in media 

with (solid line) or without (dotted line) HCO3
- for different times (1 min-18 h) were analyzed for 

total cAMP intracellular levels. Values represent the mean ± SEM of 4 independent experiments. 

*p<0.05. (E) Sperm were incubated in media with or without HCO3
- in the absence or presence of 

KH7 (75 µM), and aliquots were removed at 1 min-incubation and analyzed for PKA substrate 

phosphorylation by Western blotting (n = 3). 

 

Figure 2. Analysis of Tyr phosphorylation during human sperm capacitation. (A) Sperm 

were incubated in media with (right panel) or without (left panel) HCO3
- for different time 

periods (1 min to 18 h). Aliquots were removed at different intervals and sperm proteins were 

analyzed for Tyr phosphorylation by Western blotting using α-pY as first antibody. β-tubulin was 

used as control of loading (n = 8). (B) Sperm were incubated for 18 h in media with or without 

HCO3
- and containing either H89 (30 µM) or dbcAMP/IBMX (5 mM/0.2 mM). Protein extracts 

were analyzed for Tyr phosphorylation by Western blotting (n = 6). (C) Sperm were incubated for 
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18 h in media with or without HCO3
- in the absence or presence of KH7 (75 µM), and aliquots 

were removed at  the end of incubation and analyzed for Tyr phosphorylation by Western blotting 

(n = 3). 

 

Figure 3. Evaluation of the sperm functional state during capacitation. (A) Sperm were 

incubated for 18 h in media with (solid lines) or without (dotted lines) HCO3
-, exposed to 

different concentrations of progesterone (1-100 µM) during the last 30 min of incubation, and 

evaluated for the occurrence of the AR by staining sperm with FITC-PSA. Results represent the 

mean value ± SEM of 3 independent experiments. *p<0.01 vs all concentrations assessed. (B) 

Sperm were incubated for different times (1-18 h) in media with (solid lines) or without (dotted 

lines) HCO3
-, exposed to progesterone (25 µM) (full circle) or vehicle (0.05 % v/v DMSO) (open 

circle) during the last 30 min of incubation, and evaluated for the occurrence of AR by staining 

sperm with FITC-PSA. Results represent the mean ± SEM of 3 independent experiments. a, b, d 

vs all time assessed, p<0.05; c vs all times assessed except 2 h, p<0.05. (C) Sperm were incubated 

in media with or without HCO3
- for different time periods (1, 6 or 18 h), co-incubated with zona-

free hamster oocytes in capacitating media for 2.5 h, and the percentage of penetrated oocytes 

determined. Results represent the mean ± SEM of 3 independent experiments. Bars with different 

letters are significantly different, p<0.05. 

Figure 4. Effect of SFK and Ser/Thr phosphatase inhibitors on both PKA substrate and Tyr 

phosphorylations. Sperm were incubated for 18 h under capacitating conditions in the presence 

of either different concentrations of SKI606 (1-100 µM) (n = 7) (A) or both SKI606 (30 µM) and 

different concentrations (0.1-1000 nM) of OA (n = 5). (B). In all the cases, sperm protein extracts 

were analyzed for phosphorylation by Western blotting using α-pPKAs or α-pY as first antibodies  

 

Figure 5. Crosstalk between the cAMP/PKA and the SFK/phosphatase signaling pathways. 

(A) Sperm were incubated for 18 h in media with or without HCO3
- in the absence or presence of 
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OA (100 nM) and sperm extracts were analyzed by Western blotting using α-pPKAs or α-pY as 

first antibodies (n = 4). (B) Sperm were incubated for 18 h in media with or without HCO3
- in the 

presence or absence of SKI606 (30 µM), OA (100 nM), dbcAMP/IBMX (5 mM/0.2 mM) or H89 

(30 µM). At the end of incubation, sperm extracts were analyzed by Western blotting using α-

pPKAs or α-pY as first antibodies (n = 4). 

 

Figure 6. Functional relevance of the SFK/phosphatase pathway. Sperm were capacitated for 

18 h in control media (C) or in media containing either OA (100 nM), SKI606 (30 µM), or both 

inhibitors together (SKI-OA). (A) Spontaneous and progesterone (25 µM)-induced AR were 

evaluated by staining sperm with FITC-PSA. Results represent the mean ± SEM of 4 independent 

experiments. No significant differences among groups were observed in spontaneous AR levels. 

*p<0.05. (B) Sperm were incubated under capacitating conditions in control media (C) or in 

media containing either SKI606 (30 µM), OA (100 nM), or both inhibitors (SKI-OA) for 18 h, 

then co-incubated with zona-free hamster oocytes in fresh capacitating media for 2.5 h, and 

finally the percentage of penetrated oocytes determined. As a control, sperm were capacitated in 

control media and then co-incubated with zona-free oocytes in the presence of the inhibitors for 

2.5 h (SKI-OA/2.5 h). Results represent the mean ± SEM of 3 independent experiments. *p<0.05. 

 

Figure 7. Signaling pathways involved in human sperm capacitation. Two pathways are 

required to promote the functional human sperm capacitation. One corresponds to the HCO3
--

dependent activation of PKA by sAC/cAMP, and the other involves the down-regulation of 

Ser/Thr phosphatases (i.e PP12 and/or PP2A) by SFK. The crossroads between both signaling 

pathways is located at the PKA-Ser/Thr phosphorylation step. In spite of the early onset (1 min) 

of cAMP and PKA-dependent phosphorylation, human sperm require at least 6 h incubation 

under capacitating conditions to reach a functional capacitation state (i.e. acrosome reaction and 

sperm fertilizing ability).  
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Table I. Relevance of SFK/phosphatase pathway for sperm motility  
 
 
 VAP VCL VSL ALH LIN STR 

NC 28.5 ± 5.0* 57.0 ± 6.9* 19.0 ± 5.0* 3.6 ± 0.5 21.3 ± 4.4* 61.5 ± 5.7* 

C 55.0 ± 1.8 83.0 ± 3.7 48.3 ± 1.4 4.5 ± 0.1 54.3 ± 1.3 85.0 ± 1.7 

OA 40.2 ± 6.0 66.3 ± 5.7 34.1 ± 5.7 4.7 ± 0.8 46.5 ± 4.9 77.8 ± 3.1 

SKI 23.7 ± 2.2* 50.0 ± 2.6* 14.5 ± 2.1* 3.8 ± 0.1* 28.5 ± 2.9* 59.3 ± 2.4* 

SKI- 
OA 

40.1 ± 4.7 65.9 ± 5.2 34.2 ± 5.0 3.9 ± 0.3 47.8 ± 4.3 78.3 ± 3.3 

 
CASA analysis was performed on sperm incubated under non-capacitating (NC) or capacitating 
conditions in the absence (C) or presence of 30 M SKI606 and/or 100 nM OA (SKI, OA or SKI-OA) for 
18 h. VAP: average path velocity, VCL: curvilinear velocity, VSL: straight line velocity, ALH: amplitude 
of lateral head displacement, LIN: linearity, STR: straightness. Values represent the mean ± SEM of 4 
independent experiments. * vs C,  p<0.05. 
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