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Hyperactivation is sufficient 
to release porcine sperm 
from immobilized oviduct glycans
Momal Sharif1,8, Vincent Hickl2, Gabriel Juarez3, Xingjian Di2, Karl Kerns4,5, Peter Sutovsky5,6, 
Nicolai Bovin7 & David J. Miller1*

Fertilizing sperm are retained by adhesion to specific glycans on the epithelium of the oviduct forming 
a reservoir before sperm are released from the reservoir so fertilization can ensue. Capacitated 
sperm lose affinity for the oviduct epithelium but the components of capacitation that are important 
for sperm release are uncertain. One important correlate of capacitation is the development of 
hyperactivated motility. Hyperactivation is characterized by asymmetrical flagellar beating with high 
beat amplitude. We tested whether the development of full-type asymmetrical motility was sufficient 
to release sperm from immobilized oviduct glycans. Sperm hyperactivation was induced by four 
different compounds, a cell-permeable cAMP analog (cBiMPS), CatSper activators (4-aminopyridine 
and procaine), and an endogenous steroid (progesterone). Using standard analysis (CASA) and direct 
visualization with high-speed video microscopy, we first confirmed that all four compounds induced 
hyperactivation. Subsequently, sperm were allowed to bind to immobilized oviduct glycans, and 
compounds or vehicle controls were added. All compounds caused sperm release from immobilized 
glycans, demonstrating that hyperactivation was sufficient to release sperm from oviduct cells 
and immobilized glycans. Pharmacological inhibition of the non-genomic progesterone receptor 
and CatSper diminished sperm release from oviduct glycans. Inhibition of the proteolytic activities 
of the ubiquitin–proteasome system (UPS), implicated in the regulation of sperm capacitation, 
diminished sperm release in response to all hyperactivation inducers. In summary, induction of sperm 
hyperactivation was sufficient to induce sperm release from immobilized oviduct glycans and release 
was dependent on CatSper and the UPS.

In many animals, sperm are stored after semen deposition for a period of time before fertilization 1 Sperm stor-
age time ranges from a day to years, depending on the species 2. In mammals, the lower oviduct, known as the 
isthmus, is the major site of sperm storage before fertilization 1. Species-dependent glycans on the surface of the 
oviduct epithelium bind and retain sperm in the isthmus 3. Recent studies using porcine cells have demonstrated 
that sperm bind specifically to glycans containing either of two specific motifs, 3-O-sulfated Lewis X trisaccharide 
 (suLeX) or a branched oligosaccharide with 6-sialylated lactosamine termini (bi-SiaLN), which are abundant 
on the isthmic epithelium 4–7. Binding to these glycans suppresses the normal increase in intracellular  Ca2+ in 
sperm and extends the lifespan of sperm in vitro 8,9.

Sperm stored in the isthmus must be released from the epithelium to move to the ampulla (upper oviduct) to 
fertilize oocytes. There are many reports that, once sperm have completed the final maturation process to give 
them fertilizing ability, known as capacitation, they are no longer able to bind to the oviduct epithelium and are 
thereby found in the lumen of the oviduct 5,6,10–12. This led to the hypothesis that capacitation is the activator of 
sperm release from the isthmus. But capacitation includes a variety of processes such as changes in the sperm 
membrane including lipid alterations, protein migration, or degradation, including possible degradation of glycan 
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receptors during capacitation 9,13. Finally, as sperm capacitate, they develop an altered tail beat pattern known 
as hyperactivation 14–17. Although the specific patterns of hyperactivated motility differ some between species, 
hyperactivated sperm have two distinct types of movements, described recently in porcine sperm 15,18,19. Initially, 
“asymmetrical” motility develops that is characterized by bending of the middle and principal pieces of sperm 
more towards one side than the other in aqueous media and more progressive movement in viscous media. In 
sperm with greater hyperactivation, an “extremely asymmetrical” pattern is characterized by further exagger-
ated bending of the middle and principal pieces and by figure eight-like movement or twisting movement in an 
aqueous medium. This movement has also been termed full-type hyperactivation 15,18,19. Hyperactivation may 
provide the force to pull sperm away from their oviduct epithelial attachment sites 20.

Development of hyperactivated motility requires the function of the major  Ca2+ channels in sperm, known as 
CatSper channels 21–26. Although CatSper has not been well-studied in porcine sperm, mouse or human sperm 
that lack CatSper subunits are infertile 25,27 and sperm deficient in CatSper are unable to hyperactivate or pass 
through the utero-tubal junction (UTJ) to enter the oviduct 1,25,27–32. CatSper channels are only found in sperm 
and are activated by changes in internal pH or by progesterone in mouse or human sperm, respectively 21,33–38. 
Progesterone stimulates human sperm hyperactivation by binding to a non-genomic receptor on the plasma 
membrane, abhydrolase domain-containing protein 2 (ABHD2), modulating the endocannabinoid system, and 
opening CatSper channels 39. The importance of CatSper emphasizes the central role that  Ca2+ plays in sperm 
hyperactivation 40. Other signaling systems are also engaged to stimulate sperm hyperactivation including those 
activated by the second messenger cAMP 41–44.

Because capacitation and hyperactivation are usually coupled, it is not clear whether the release is due to 
capacitation and its associated membrane modifications 45,46 or specifically to hyperactivation 20,47,48. To dis-
tinguish if hyperactivation and not the other capacitation-associated changes can trigger sperm release, one 
can add pharmacological agents to uncapacitated sperm that affect intracellular signaling systems and engage 
hyperactivated motility before the normal time required for sperm to complete capacitation. There are several 
agents reported to trigger sperm hyperactivation. For example,  procaine49, 4-aminopyridine (which both activate 
CatSper indirectly)49, and the cell-permeable cAMP analog Sp-5,6-dichloro-1-b-D-ribofuranosyl-benzimidazole-
30,50-monophosphorothioate induce full-type hyperactivation of porcine sperm 18,50, which otherwise seldom 
undergo significant full-type hyperactivation in a capacitating medium, unlike mouse epididymal  sperm19,50,51. 
Following the addition of these pharmacological agents, porcine sperm display a relatively high percentage of 
full-type hyperactivated motility before the time that sperm have completed  capacitation18,50. This approach 
allows the separation of hyperactivation from other events in capacitation, which require 5–6 h 52.

The purpose of this study was to determine if sperm hyperactivation was sufficient to promote sperm release 
from oviduct cells and immobilized glycans. Additionally, we investigated the role of sperm protein degrada-
tion by the ubiquitin proteasomal system (UPS) during sperm hyperactivation. We have recently described how 
progesterone-induced sperm release from the oviduct reservoir requires both active CatSper channels and the 
function of the ubiquitin proteasomal system 13. Earlier studies provided compelling evidence of UPS being a 
regulating element of sperm capacitation and fertilization 53–55 but the possible interaction between hyperactiva-
tion and the UPS has not been explored. The UPS functions broadly in protein degradation including degradation 
of sperm proteins such as  AKAP356 and the release of decapacitating factors such as spermadhesins that bind 
spermatozoa to oviductal  epithelia13,54. Herein we also examine whether the UPS is necessary for sperm release 
when uncapacitated sperm are stimulated to hyperactivate.

Materials and methods
Collection and processing of sperm. For each replicate, semen was sourced from Prairie State Semen 
Supply, Champaign, IL or PIC, Hendersonville, TN, collected from at least 3 mature boars by ejaculation induced 
by manual pressure on the glans penis. Semen was extended in Preserve XLT extender (Continental Plastics, WI) 
to 3 billion cells per 80 ml dose, cooled to 17 °C, transported to the laboratory, and processed within 24 h, as 
described before 8,9,13.The extended semen was pooled and 3 mL were washed through a Percoll cushion con-
taining a mixture of 4 mL of dmTALP (2.1 mM  CaCl2, 3.1 mM KCl, 1.5 mM  MgCl2, 100 mM NaCl, 0.29 mM 
 KH2PO4, 0.36% lactic acid, 26 mM  NaHCO3, 0.6% BSA, 1 mM pyruvic acid, 20 mM HEPES pH 7.3, sterile 
filtered), 0.6 mL of 10X HBS (1.3 M NaCl, 40 mM KCL, 10 mM  CaCl2, 5 mM  MgCl2, 140 mM fructose, 5% BSA, 
sterile filtered), and 5.4 mL of Percoll for 10 min at 800 × g. The supernatant was discarded, and the resulting pel-
let was re-suspended in 14 mL of dmTALP and centrifuged for 3 min at 600 × g. Once again, the supernatant was 
discarded, and the resulting pellet was re-suspended in 1 mL of dmTALP. Sperm concentration was estimated by 
hemocytometer and only samples with greater than 75–80% motile sperm were used for experiments.

Effects of hyperactivation-inducing compounds on sperm motility. The sperm were incubated 
with cBiMPS (50 and 100 μM; from stock of 4.771 mM), 4-aminopyridine (4-AP; 2 and 4 mM; from stock of 
500 mM), procaine (2.5 and 5 mM; from stock of 100 mM), progesterone (80 nM; from stock of 1 μM), or vehicle 
control. All pharmacological compounds were dissolved in 10% (v/v) dimethyl sulfoxide (DMSO) to generate 
stock solutions that were then further diluted in dmTALP depending on treatment/compound concentration. 
The same volume of 10% DMSO was diluted in dmTALP and added to equalize the concentration of solvent for 
the vehicle control. The motility was assessed using a Hamilton Thorne Semen Analysis CASA System (Hamil-
ton Thorne, Beverly, MA, USA). The initial concentrations of these compounds were selected based on previous 
reports (Supplementary Table S1) 18,19. Sperm were incubated with each compound at 39 °C in dmTALP for 
30 min. For each experimental condition, 5 random fields were evaluated for a minimum total of 100 cells (in 
each field) in 5 replicates.
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Direct visualization with high-speed video microscopy was used to evaluate sperm motility on the treatments 
showing significant changes in CASA evaluation, cBiMPS (100 μM), 4-aminopyridine (4-AP, 4 mM), procaine 
(5 mM), progesterone (80 nM), and vehicle control. After 30 min of incubation as described, 20 μl of sperm sus-
pension was placed on a slide and a coverslip was added. The volume of sperm suspension was purposely limited 
to immobilize sperm and assess the motility pattern. Imaging was done using a motorized inverted microscope 
(Nikon Eclipse Ti). All images were taken using phase-contrast microscopy at 200X magnification. High-speed 
videos of 10 s each were recorded at 100 fps with a 10 ms exposure time.

Every tenth image (100 ms apart) was collected to create a minimum-intensity projection image (MinIP) using 
Nikon’s NIS-Elements software. The algorithm uses all the data in a video to generate a single 2-dimensional 
image. Each sperm in the image had localized pixels (darker values) in 100 images over 10 s. The resulting images 
were quantified in two ways. First, sperm were categorized as either static or motile. Motile sperm were placed in 
one of three groups (progressive, asymmetrical, and symmetrical). Second, the asymmetry of motility was esti-
mated in sperm in which the heads were attached to the slide. Attached sperm with asymmetric tail beat patterns 
pivoted at the point where the head was attached. More asymmetrical patterns rotated further around the pivot 
point, as much as 360°. Sperm with less asymmetrical beat patterns rotated the head to a lesser degree. Sperm 
were assigned into one of six groups based on the degree of rotation around the head (0°), (1–90°), (91–180°), 
(181–359°), (360°) or not applicable (N/A). The N/A category included highly clumped (self-agglutinated) sperm 
with an indistinguishable degree of rotation.

Assay of sperm release from glycan-coupled beads. Glycan-coated streptavidin-Sepharose High-
Performance Beads (GE Healthcare Bio-Sciences, Pittsburgh, PA) with an average diameter of 34 µm were used 
to test the ability of porcine sperm binding to glycans (bi-SiaLN and  suLeX), as described previously 13. To conju-
gate glycans to beads, approximately 60 µg of  suLeX and 60 µg of bi-SiaLN 57 were covalently attached to a bioti-
nylated polyacrylamide core were, together, incubated with 20 µL of streptavidin-Sepharose beads for 90 min 
at room temperature . Each 20-kDa molecule of polyacrylamide had 20% glycan and 5% biotin, by molarity. 
Beads incubated with glycans were washed twice in dmTALP and re-suspended in 100 µL of dmTALP. Once the 
glycan-coupled beads were ready for use, a 50 µL-droplet containing 1.5 ×  106 sperm/mL was prepared to receive 
1 µL of glycan-coated beads (Supplementary Figure S1). Sperm and beads were co-incubated at 45 min at 39 °C. 
After that, either cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), progesterone (80 nM), or vehicle control 
were added. After incubation for 30 min at 39 °C, for each treatment, 25 beads were randomly selected, and the 
total number of bound sperm was enumerated in three replicates droplets using a Zeiss Axioskop at 200X mag-
nification. Sperm that were self-agglutinated were not included in the counts. At least three biological replicates 
each with three triplicate droplets were done for each treatment. The experiments were documented using an 
Axiocam and AxioVision or ZEN software (Zeiss, Thornwood, NY).

Effect of proteasomal degradation, CatSper and progesterone receptor inhibitors on sperm 
release. To test the role of CatSper and progesterone, sperm were allowed to bind to glycan-coated beads 
as stated earlier. A proteasomal inhibitor cocktail including MG132, clasto-lactacystin μ-lactone (CLBL), and 
epoxomicin (10 μM of each inhibitor from the stock of 1 mM), referred to as MCE (Supplementary Table S1), 13 
was added to the sperm bound to glycan coated beads 15 min before addition of the hyperactivation compounds 
cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), progesterone (80 nM) or vehicle control. Alternately 2 µM 
of a T channel blocker (NNC 055–0396 from a 10 mM stock) or 2 µM of a blocker of the non-genomic proges-
terone receptor, methoxy arachidonyl fluorophosphonate (MAFP from a 10 mM stock), as described in 9, was 
added to the sperm bound to glycan coated beads 15 min before addition of hyperactivation compounds. Sperm 
were incubated with the hyperactivation compounds for 30 min before imaging. For each treatment, 25 beads 
were randomly selected, and the total number of bound sperm was enumerated in three replicate droplets. At 
least three biological replicates that included three droplets were performed for each treatment. The experiment 
was documented using a Zeiss Axioskop at 200X magnification (Zeiss, Thornwood, NY).

Statistical analysis. Each sperm binding experiment was performed at least 3 times using triplicate drop-
lets. Differences among means were determined using a one-way analysis of variance in SAS (v. 9.1 SAS Insti-
tute, Inc, Cary, NC). A droplet containing sperm bound to beads was considered an experimental unit. Per-
cent inhibition of sperm release was calculated by dividing the difference between “before treatment” and “after 
pharmacological inhibitor is added” by the control treatment without any inhibitor. The results are shown as 
means ± SEM and the means were considered to belong to distinct populations if P < 0.05 using Tukey’s test for 
multiple comparisons.

Results
Effects of hyperactivity inducers on sperm motility. First, we confirmed the ability of progesterone 
and other activators of CatSper as well as a cell-permeable analog of cAMP to induce hyperactivated motility. 
Sperm were incubated for 30 min with cBiMPS (50 and 100 μM), 4-aminopyridine (4-AP, 2 and 4 mM), procaine 
(2.5 and 5 mM), progesterone (80 nM), or vehicle control. Motility was first evaluated by CASA, which assesses 
tail motion indirectly by measuring the movement of the sperm head. There were significant differences in 
sperm motility characteristics within 30 min. Only the results from higher concentrations are shown (Table 1).

The most potent of the four tested compounds was 4-AP, but all compounds induced an increase in the 
amplitude of lateral head displacement (ALH). That is, with each tail beat stroke, the sperm head deviated to a 
greater degree from a line representing the net movement of the head. Each compound also induced an increase 
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in tail beat frequency (BCF). Again, 4-AP induced the greatest increase. These changes are consistent with the 
induction of asymmetrical full-type hyperactivated motility by porcine sperm.

The motility patterns of sperm exposed to cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), progesterone 
(80 nM), and vehicle control were also assessed using high-speed video microscopy as described in Material 
and Methods. From each video, a single minimum-intensity projection image (MinIP) was generated which 
was used to evaluate tail motion. First, sperm were categorized as either static or motile. Then motile sperm 
were described, based on evaluation of the image generated from the movie, as having motility that was either 
progressive, asymmetrical, or symmetrical. An example of each is shown (Fig. 1a). The groups were not mutu-
ally exclusive; that is, the same sperm could be placed into more than one group. For example, a single sperm 
could be motile, and its motility could be symmetrical. Sperm motility percentage in each treatment was not 
significantly different in any treatment compared to the control (Fig. 1b). All hyperactivity inducers increased 
the percentage of sperm with asymmetrical motility (Fig. 1c). There were significant differences in sperm motility 
patterns in all treatments compared to the vehicle control (Fig. 1c). The greatest percentage of sperm showing 
asymmetric motility was seen in 4-AP treated cells and the vehicle control (VC) yielded the highest percentage 
of sperm with symmetrical motility.

The heads of many sperm adhered to the microscope slide and if their tail was beating asymmetrically, the 
sperm would rotate around the adherent head. This was observed easily in MinIP (Fig. 2a). The sperm rotation 
was categorized in 90° increments. Procaine and 4-AP yielded the highest full-type hyperactivation because 
samples with these compounds had the highest number of cells showing 360° and 180–360° angles (Fig. 2b). 
Thus, by both assessment of sperm head motion using CASA and independent assessment of tail motion using 
high-speed video microscopy, the compounds tested induced hyperactivation of porcine sperm.

Hyperactivation is sufficient for sperm release from immobilized oviduct glycans. We used an 
in vitro assay to test the ability of hyperactivating compounds to release porcine sperm from oviduct glycans 
attached to beads. Both  suLeX and bi-SiaLN together were attached to the same beads because both bind sperm 
and are found on oviduct epithelial cells 5,58. The ability of cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), 
and progesterone (80 nM) to release sperm from oviduct glycan-coated beads was determined. All four com-
pounds induced sperm release from immobilized oviduct glycans. The number of sperm bound to immobilized 
glycans was reduced by the four hyperactivation inducers compared to the number of bound sperm before their 
addition or following the addition of vehicle control (Fig. 3). Each released a number of sperm that was similar 
to the number released by progesterone. Therefore, hyperactivity inducers cBiMPS, 4-AP and procaine were 
individually sufficient for sperm release from immobilized oviduct glycans.

Inhibitors of the non-genomic progesterone receptor and CatSper block sperm release due to 
hyperactivation. In human sperm, progesterone binds to a membrane receptor, abhydrolase domain-con-
taining protein 2 (ABHD2), a serine  hydrolase39,59. ABHD2 in human sperm is inhibited by methoxy arachido-
nyl fluorophosphonate (MAFP), a serine hydrolase  inhibitor39,59. To determine if progesterone acted on porcine 
sperm by binding ABHD2, MAFP was added to sperm bound to beads before the addition of progesterone. 
MAFP completely blocked sperm release induced by progesterone (Fig. 4a). Next, we investigated if blocking 
ABHD2 inhibited sperm release from compounds that activated signaling that was downstream of ABHD2. 
MAFP did not affect sperm release stimulated by 4-AP and had only a minimal effect on sperm release induced 
by cBiMPS and procaine (Fig. 4b). Therefore, in porcine sperm, progesterone stimulated sperm hyperactivation 
through ABHD2 but 4-AP, cBiMPS, and procaine mostly bypassed ABHD2 to stimulate hyperactivation.

Table 1.  Effects of hyperactivity-inducing compounds on sperm motility measured by CASA. Motility 
parameters of sperm incubated with cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), progesterone 
(80 nM), and vehicle control 30 min after addition. Results are means and standard deviations. VAP = average 
path velocity; VSL = straight-line velocity; VCL = curvilinear velocity; ALH = amplitude of lateral head 
displacement; BCF = beat cross frequency. Asterisks represent significant differences from vehicle control for 
ALH and BCF. n = 5 replicates.

Treatments P4 4-AP cBIMPS Procaine VC

Progressive % 35.0 ± 2.2 40.8 ± 4.0 40.6 ± 4.5 39.4 ± 5.8 26.6 ± 2.7

Motility % 61.6 ± 3.6 70.2 ± 4.8 69.6 ± 3.7 71.8 ± 3.7 67.8 ± 2.3

Rapid % 36.2 ± 8.1 55.2 ± 3.8 51.0 ± 5.0 63.0 ± 6.4 28.4 ± 2.0

VAP μm/sec 70.22 ± 8.9 80.26 ± 6.1 82.3 ± 8.2 98.78 ± 14.8 49.2 ± 6.0

VSL μm/sec 46.6 ± 7.0 26.6 ± 6.1 50.26 ± 3.8 43.04 ± 5.3 30.66 ± 2.2

VCL μm/sec 151.44 ± 9.8 180.84 ± 28.8 156.26 ± 33.8 228.76 ± 43.6 110.28 ± 13.3

ALH μm 8.58 ± 0.9* 11.28 ± 0.9* 8.32 ± 1.6* 9.76 ± 0.8* 7.44 ± 1.6

BCF Hz 39.24 ± 1.7* 48.62 ± 6.3* 39.48 ± 6.7* 40.34 ± 4.1* 37.98 ± 2.0

Straightness % 60.4 ± 5.7 41.0 ± 19.1 59.8 ± 4.7 43.8 ± 3.2 62.0 ± 9.7

Linearity % 29.4 ± 5.0 20.4 ± 4.6 36.0 ± 3.8 19.6 ± 3.6 29.4 ± 4.6

Elongation % 38.4 ± 2.0 44.4 ± 5.7 42.6 ± 4.8 46.4 ± 5.9 39.6 ± 4.7

Area μm2 18.38 ± 2.6 9.44 ± 1.9 14.56 ± 2.1 13.74 ± 4.6 10.14 ± 2.3
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Figure 1.  Effects of hyperactivity inducers on sperm motility patterns (a) Examples of sperm that displayed 
specific motility patterns observed when single images compiled from high-speed video microscopy were used 
to categorize sperm into five groups (static, motile, progressive, asymmetrical, and symmetrical). The white 
arrows label the sperm heads. Immotile sperm were placed in the “static” category and all sperm showing 
movement were placed in the “motile” category. The motile sperm were placed into one of either “progressive”, 
“asymmetrical”, or “symmetrical” categories. The scale bar indicates 50 μm in length (b) Graph of the percentage 
of the motile sperm in P4, progesterone; 4-AP, 4-aminopyridine; cBIMPS; Procaine; VC, vehicle control. n = 4 
replicates, with 350–500 sperm per replicate (c) Graph of the percentage of the total sperm within each motility 
group. The same sperm could be placed into more than one group (i.e., progressive, and asymmetrical or 
symmetrical). Thus, the totals do not equal 100. P4, progesterone; 4-AP, 4-aminopyridine; cBIMPS; Procaine; 
VC, vehicle control. n = 4 replicates, with 350–600 sperm per replicate. All treatments were significantly different 
from each other and vehicle controls.
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Figure 2.  Effects of hyperactivation inducers on sperm asymmetry (a) Representative images of sperm obtained 
from high-speed video used to assign into six groups of geometric angles representing rotations of sperm (0°), 
(1–90°), (91–180°), (181–359°), (360°), and not applicable (N/A) (b) Percentage of total sperm observed that 
were within each range of rotation. White arrows point towards the sperm head. n = 4 replicates with 350–500 
sperm per replicate. All treatments were significantly different from each other and vehicle controls.
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In human sperm, once progesterone binds to ABHD2, ABHD2 cleaves membrane 2 arachidonoylglyc-
erol, releasing its tonic inhibition of CatSper, allowing  Ca2+ influx into sperm 39. The T channel inhibitor NNC 
055–0396 at a concentration that abolishes CatSper currents in human sperm but does not have untoward effects 
(2 µM) 36,60, was examined to determine if it would diminish the induced sperm release. The NNC compound 
blocked release induced by progesterone (Fig. 5a). Interestingly, blocking CatSper partially blocked sperm release 
induced by the activator of the cAMP pathway, cBIMPS as well as the CatSper activators 4-AP and procaine 
(Fig. 5b).

Inhibitors of the 20S proteasomal core activities block sperm release due to hyperactiva-
tion. Because of the potential role of the ubiquitin-proteasomal system in sperm release induced by pro-
gesterone 13,54,61,62, we investigated the possibility that protein degradation by the UPS was involved broadly 
in induced sperm release. We preincubated sperm bound to immobilized glycans in a cocktail of 3 proteaso-
mal inhibitors (MCE), MG132, clasto-lactacystin β-lactone (CLBL), and epoxomicin. We added either 4-AP, 
cBIMPS, or procaine as well as progesterone as a positive control. The proteasomal inhibitor cocktail, which 
specifically inhibits proteolytic activities within the 20S proteasomal core without affecting conventional cellular 
proteases, nearly eliminated sperm release induced by progesterone (Fig. 6a). It also diminished the release of 
most sperm following exposure to all three pharmacological hyperactivity inducers (Fig. 6b). These results sug-
gest that the UPS is necessary for sperm release and that the signaling pathways that provoke hyperactivation 
also promote proteasomal degradation of sperm proteins involved in binding to the oviduct.

Discussion
The sperm reservoir in the isthmus of mammals supplies sperm to the ampulla where they can fertilize oocytes. 
Porcine sperm are retained in the isthmus by adherence to glycans on the epithelium that contain either of two 
specific structural motifs. Although sperm must be released from the reservoir for fertilization, an understand-
ing of how sperm are released has been elusive. It is clear that capacitated sperm have lost their affinity for the 
oviduct epithelium 5,6,63 but the component/s of the complex process of capacitation that are responsible for the 
release of sperm are indefinite. One of many notable changes that sperm undergo during capacitation is the 
development of a hyperactivated form of motility, characterized by high-amplitude asymmetrical flagellar bend-
ing 51. Hyperactivated motility has been proposed to enable sperm to escape from the oviduct isthmic reservoir 
because CatSper -/- sperm that do not hyperactivate cannot ascend beyond the isthmus to fertilize oocytes 27,64. 
Whether the function of hyperactivation is for sperm release from epithelial glycans, for sperm movement in 
the viscous fluid of the oviduct lumen, or something else is an important subject to clarify. As hyperactivation is 
linked to sperm capacitation, it has been challenging to distinguish which processes of capacitation are impor-
tant for sperm release. The discovery that several pharmacological agents could induce sperm hyperactivation 

Figure 3.  Hyperactivation is sufficient for sperm release from oviductal glycans. The number of sperm bound 
per glycan-coated bead coated in capacitating medium, before and following a 30 min incubation with cBiMPS 
(100 μM), 4-AP (4 mM), procaine (5 mM) or progesterone (80 nM). All hyperactivity inducers promoted sperm 
release from immobilized oviduct glycans when compared with controls. Groups that are significantly different 
are labeled with different letters (P < 0.05), n = 3 replicates.
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Figure 4.  Inhibition of ABHD2 modulates sperm release in response to progesterone (a) The number of sperm 
bound per oviduct glycan-coated bead  (suLeX and bi-SiaLN combined on beads) before and after addition 
of hyperactivation inducing compounds, with and without the non-genomic progesterone receptor inhibitor 
methoxy arachidonyl fluorophosphonate (MAFP). To induce sperm release from immobilized oviduct glycans, 
cBiMPS (100 μM), 4-AP (4 mM), procaine (5 mM), progesterone (80 nM), or vehicle control (VC) were 
tested. Groups that are significantly different are labeled with different letters (P < 0.05), n = 3 replicates.; n = 3 
replicates (b) The percentage of sperm release was inhibited by MAFP. Progesterone-induced sperm release 
was completely blocked by MAFP. Sperm release in response to cBiMPS, 4-AP, and procaine was only partially 
inhibited or unaffected by MAFP.
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Figure 5.  Inhibition of CatSper by NNC 055–0396 (NNC) affected sperm release in response to hyperactivation 
inducers (a) The number of sperm bound per oviduct glycan-coated bead before and after addition of 
hyperactivation-inducing compounds with and without NNC. cBiMPS (100 μM), 4-AP (4 mM), procaine 
(5 mM), progesterone (80 nM), or vehicle control (VC) were used to induce sperm release from immobilized 
oviduct glycans (b) The percentage of sperm release that was inhibited by NNC. Sperm release induced by 
progesterone was almost completely blocked by NNC. NNC had less inhibition of sperm release in response to 
cBiMPS, 4-AP, and procaine. Groups that are significantly different are labeled with different letters (P < 0.05), 
n = 3 replicates.; n = 3 replicates for each panel.
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in uncapacitated sperm allowed the evaluation of the effects of hyperactivation separately from other events 
that happen during sperm capacitation, such as membrane modifications 18,50,51. Herein, we used compounds 

Figure 6.  Proteasomal inhibitors affected sperm release in response to hyperactivation inducers (a) The 
number of sperm bound per oviduct glycan-coated bead before and after addition of hyperactivation inducing 
compounds with and without proteasomal inhibitor cocktail MCE (10 μM). cBiMPS (100 μM), 4-AP (4 mM), 
procaine (5 mM), progesterone (80 nM), or vehicle control (VC) were used to induce sperm release from 
immobilized oviduct glycans (b) The percentage of sperm release that was inhibited by the proteasomal inhibitor 
cocktail (MCE). The proteasomal inhibitors diminished sperm release induced by progesterone, cBIMPS, 4-AP, 
and procaine. Groups that are significantly different are labeled with different letters (P < 0.05), n = 3 replicates.; 
n = 3 replicates for each panel.
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that can induce hyperactivation in sperm that are not capacitated, thus allowing the dissociation of capacitation 
and hyperactivation 51.

In the present study, we characterized the ability of four compounds, an endogenous steroid (progesterone) 
and three different types of pharmacological agents (cBiMPS, 4-AP, and procaine), that act on different signaling 
steps that converge to open CatSper channels and stimulate full-type hyperactivated motility to release sperm 
from two immobilized oviduct glycans. These glycans act as sperm receptors on the apical surface of the oviductal 
epithelium. Results showed that the tested compounds induced hyperactivated sperm motility before the time 
capacitation would be completed. Of the four inducers, at the concentrations tested, 4-AP and procaine were the 
most potent inducers of hyperactivated motility. All four compounds also induced sperm release from oviduct 
glycans within 30 min. The fact that these compounds induce hyperactivation by activating different intracellular 
signaling pathways, CatSper/Ca2+, and cAMP, but still induce sperm release, suggests that the mechanism by 
which they induce release specifically promotes hyperactivated motility rather than by some other phenomenon 
or off-target effect.

Inhibitors of the non-genomic progesterone receptor ABHD2 (MAFP), identified in human sperm, of CatSper 
(NNC 055-0396) and of the UPS (MG132, clasto-lactacystin β-lactone, and epoxomicin) were tested for their 
effects on sperm release. As expected, MAFP, the ABHD2 inhibitor 39,59 blocked release by progesterone but 
had little effect on release in response to any of the hyperactivity inducers. This was expected because the other 
compounds that induce hyperactivation act downstream of ABHD2.

Because CatSper is necessary for hyperactivation, we tested whether an inhibitor of CatSper, NNC 055–0396, 
affected sperm release. The NNC compound minimally reduced sperm release due to activation of the cAMP 
pathway, suggesting that CatSper is not downstream of cAMP/Protein Kinase A activation. This is consistent 
with a recent report 65 but in contrast to previous studies that concluded CatSper was activated by the cAMP/
Protein Kinase A pathway 24,66. Furthermore, blocking CatSper partially inhibited sperm release activated by 
4-AP and procaine. Although 4-AP is said to be an activator of CatSper 40 indirectly by activating Kv channels 
67, the complete actions of 4-AP on sperm are uncertain. It is known that millimolar concentrations of 4-AP 
induce hyperactivation in sperm deficient in  CatSper68 and can activate other  Ca2+ channels directly 69. Procaine 
appears to activate CatSper indirectly 29. There is evidence that procaine promotes partial hyperactivation of 
mouse sperm deficient in CatSper 25. This indicates that there are targets of both 4-AP and procaine in sperm 
in addition to CatSper that can affect hyperactivation. This may explain why NNC only partially inhibits sperm 
release in response to 4-AP and procaine.

Previous studies have shown that the UPS was necessary for sperm release 13. The activation of the UPS may be 
through cAMP/PKA-induced phosphorylation of a proteasomal subunit that is also induced during capacitation 
70. Our results that inhibition of protein degradation by proteasomes diminished sperm release triggered by each 
hyperactivation inducer further support this hypothesis. Interestingly, porcine sperm candidates for oviduct gly-
can receptors, adsorbed onto sperm surface from seminal plasma, were co-precipitated with proteasomal subunits 
71, suggesting that their degradation or degradation of cofactors that hold them on the sperm surface might be 
involved with sperm release. This indicates that the signaling systems that induce sperm hyperactivation appear 
to also evoke proteolysis of some membrane proteins including an unknown number that may be important 
for sperm adhesion to the oviduct. An alternative target of proteasomes may be tail proteins, such as AKAP3, 
which may affect tail protein phosphorylation and suppress sperm hyperactivated motility 56,72. Regardless, our 
data indicate that the UPS is necessary for sperm release induced by progesterone, cBiMPS, 4-AP, and procaine.

The in vivo trigger of sperm hyperactivation is uncertain. Although it does not activate CatSper in mouse 
sperm 21, progesterone is a strong candidate to activate sperm release in humans and some other species because it 
binds to a sperm membrane receptor, increases  Ca2+ influx, and affects sperm motility 33,34,36,37,59,73–75. The source 
of progesterone could be follicular fluid from the ovulated oocyte, secretion from the ovulated oocyte-cumulus 
complex, or production from peri-ovulatory follicles and transport through counter-current mechanism 76,77. 
There is some doubt though that agents produced by the oocyte or cumulus cells could reach the isthmus at 
concentrations adequate to affect spermatozoa within sperm reservoir 32.

Assessment of hyperactivated motility has most often been performed on video recordings of motility by 
manual analysis of patterns of individual  sperm78 or by CASA. Manual analysis of sperm trajectories is relatively 
subjective. Automated methods of measurement such as CASA, although more objective, suffer from the problem 
that hyperactivation cannot be defined as a “one size fits all” 79 due to species-specific differences in the sperm 
flagellum morphology and motility patterns 80. Thus, CASA of porcine sperm, when used to determine the per-
centage of hyperactivated sperm, can sometimes yield unclear results 81. In these experiments, hyperactivation 
was directly visualized using the minimum intensity projection of high-speed video microscopy data, which 
allowed the observation of tail motion in a single image. The sperm head was frequently immobilized when tail 
beat patterns were assessed. In that situation, asymmetrical tail beating resulted in the sperm pivoting around 
the head. The amount of rotation could be estimated objectively, and the rotation was an indication of beat 
asymmetry and “full-type” hyperactivation. This approach proved very useful as a more objective measurement 
of sperm hyperactivation.

In summary, our results indicate that complete porcine sperm hyperactivation can be induced independently 
of capacitation by activation of the cAMP and CatSper/Ca2+ systems. Further, complete hyperactivation is suf-
ficient to induce sperm release from oviduct glycans. Sperm release is dependent on CatSper and the function of 
the UPS, suggesting that both the additional force generated by sperm hyperactivation 49,82 and sperm membrane 
protein degradation have important roles in sperm release.
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