
IDENTIFICATION AND DEVELOPMENT OF ENZYMES ASSOCIATED 

WITH THE SPERM INNER ACROSOMAL MEMBRANE AND THEIR 

FUNCTION DURING FERTILIZATION 

 

 

by 

 

Marvin Joseph S Ferrer 

 

 

 

 

 

A thesis submitted to the Department of Biomedical and Molecular Sciences 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

July, 2015 

 

Copyright ©Marvin Joseph S Ferrer, 2015 



ii 

 

Abstract 

In order for mammalian fertilization to transpire, spermatozoa must transit through the female 

reproductive tract and penetrate the outer investments of the oocyte: the cumulus oophorus and the zona 

pellucida.  In order to penetrate the oocyte, spermatozoa must undergo the acrosome reaction.  The 

acrosome reaction results in the exposure of the inner acrosomal membrane (IAM) and proteins that coat 

it to the extracellular environment.  After the acrosome reaction, the IAM becomes the leading edge of 

spermatozoa undergoing progressive movement.  Thus the enzymes which effect lysis of the oocyte 

investments ought to be located on the IAM.  An objective of this study was to identify and characterize 

enzymatic activity detected on the IAM and provide evidence that they play a role in fertilization.  This 

study also describes procedures for fractionating spermatozoa and isolating the IAM and proteins on its 

intra- and extra-vesicular surfaces, and describes their development during male gametogenesis.  Since 

the IAM is exposed to the extracellular environment and oviductal milieu after the acrosome reaction, this 

study also sought to characterize interactions and relationships between factors in the oviductal 

environment and the enzymes identified on the IAM. 

The data presented provide evidence that MMP2 and acrosin are co-localized on the IAM, 

originate from the Golgi apparatus in gametogenesis, and suggest they cooperate in their function.  Their 

localization and results of in vitro fertilization suggests they have a function in zona pellucida penetration.  

The data also provide evidence that plasminogen, originating from the oviductal epithelium and/or 

cumulus-oocyte complex, is present in the immediate environment of sperm-egg initial contact and 

penetration.  Additionally, plasminogen interacts with MMP2 and enhances its enzymatic action on the 

IAM.  The data also provide evidence that MMP2 has an important function in penetration of the cumulus 

oophorus.  Holistically, this thesis provides evidence that enzymes on the IAM, originating from the 

Golgi apparatus in development, have an important function in penetration of the outer investments of the 

oocyte, and are aided in penetration by plasminogen in the female reproductive tract. 
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Chapter 1 

General Introduction and Literature Review 

 

1.1 The Sperm Head Structure 

The main function of mammalian spermatozoa is to deliver paternal genetic material to 

the oocyte cytoplasm.  Spermatozoa have developed to become highly polarized and contain 

specialized structures in order to achieve fertilization.  Sperm can be divided into a head and tail, 

with the direction of the extended sperm head and tail tip often termed “apically” and “caudally,” 

respectively.  The shape and size of sperm heads vary across species but general contents are 

similar.  Most mammals have a spatulate (spoon-shaped) head while rodents have a falciform 

(hook-shaped) head (Fawcett, Anderson, & Phillips, 1971).  The three main components of the 

sperm head are the nucleus, the acrosome, and the perinuclear theca.  Each of these are separated 

from each other and the extracellular environment by membranes: the plasmalemma, the outer 

acrosomal membrane (OAM) continuous with the inner acrosomal membrane (IAM), and the 

nuclear membrane.  The sperm head is connected to the flagellum, which propels the sperm and 

provides forward motility, by the connecting piece (CP).  A schematic of the head is illustrated in 

Figure 1. 

 

Most of the sperm head is occupied by the nucleus which contains condensed chromatin.  

Sperm DNA is stabilized by protamines which form disulfide bonds with paternal DNA, 

imparting stability and compaction (Cho et al., 2003).  The nucleus is surrounded by the bilayered 

nuclear membrane. 
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1.1.1 The Acrosome 

The acrosome is a secretory vesicle located in the apical tip of the sperm head.  It lies 

between the plasmalemma and perinuclear theca.  The acrosome is divided into three parts: the 

apical segment, principal segment, and equatorial segment most caudally (Gerton, 2002).  The 

apical segment extends beyond the anterior border of the nucleus, while the principal segment 

overlies the nucleus.  In the equatorial segment, the acrosome is not very thick and the IAM and 

OAM are close together.  It is enclosed by the continuous IAM and OAM.  The IAM is flush 

against the nucleus and subacrosomal layer of the perinuclear theca.  The OAM is flush against 

the plasmalemma in the apical and principal segments, and against the outer periacrosomal layer 

of the perinuclear theca in the equatorial segment.  The contents of the acrosome are composed of 

granular and particulate as well as soluble components, the proportion of which differs across 

species; in some species such as the rabbit and guinea pig the acrosome is very large and the 

acrosomal matrix can be identified as containing distinct regions of granular material that appear 

as areas of differing electron density or differential immunoelectron microscopic localization 

(Gerton, 2002; Hardy, Oda, Friend, & Huang, 1991; Olson & Winfrey, 1994; Westbrook-Case, 

Winfrey, & Olson, 1995). 

 

The acrosome reaction is the process by which the contents in the acrosomal matrix are 

released and the IAM is exposed to the extracellular environment (Brucker & Lipford, 1995; 

Gerton, 2002; Tulsiani, Abou-Haila, Loeser, & Pereira, 1998).  At the initiation of the acrosome 

reaction, the plasmalemma overlying the OAM is disturbed.  In the equatorial segment, the 

plasmalemma and OAM remain intact and continue to overlie the acrosomal matrix.  Multiple 

fusions between the OAM over the apical and principal segments and the plasmalemma form 

small vesicles, where the intravesicular side of the OAM faces extracellularly, allowing the 

contents of the acrosome to disperse.  As such, the intravesicular face of the IAM (facing inward 
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into the acrosomal matrix) can also be called the extracellular side, and the extravesicular face 

(facing outward at the perinuclear theca) can also be called the intracellular side.  The acrosome 

contains many hydrolytic proteins such as hyaluronidase and acrosin (Fawcett, 1975; Huneau, 

Harrison, & Fléchon, 1984; Johnson, Garner, Truitt-Gilbert, & Lessley, 1983; Ohmura et al., 

1999).  Dispersal is critical and results in the exposure of the IAM and proteins bound to it.  Due 

to the forward progressive movement of spermatozoa driven by the flagellum, the IAM and the 

proteins coating it thus become the leading edge of the sperm after the acrosome reaction (Huang 

& Yanagimachi, 1985).   

 

1.1.2 Perinuclear Theca 

The perinuclear theca (PT) is condensed cytoplasm underlying the acrosome and 

overlying the nucleus, except at the caudal end where the connecting piece joins the head and tail.  

It plays both a structural role as well as a function during fertilization.  It can be divided into two 

parts which are continuous with each other sub-acrosomal layer (SAL) and the post-acrosomal 

sheath (PAS).  The two parts of the PT have different developmental origins and functions (Aul 

& Oko, 2002; Mountjoy, Xu, McLeod, Hyndman, & Oko, 2008; Oko & Sutovsky, 2009; Tovich, 

Sutovsky, & Oko, 2004).  Most of the subacrosomal layer overlies the nucleus and underlies the 

acrosome, between the IAM and nuclear membrane.  Additionally, in the equatorial segment of 

the acrosome, the SAL also intervenes between the OAM and plasmalemma by continuing 

around the caudal end of the acrosome.  The part of the SAL between the OAM and 

plasmalemma in the equatorial segment is called the outer periacrosomal layer (OPL).  The PAS 

is one of the first parts of the sperm that disperses into the ooplasm after fusion of the sperm and 

oocyte cell membranes during fertilization.  The PAS is thought to contain the sperm-borne 

oocyte activating factor (SOAF) responsible for initiating calcium oscillations that trigger meiotic 
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resumption from metaphase II arrest in the oocyte (Kimura et al., 1998; R. Oko & Sutovsky, 

2009; Sutovsky, Manandhar, Wu, & Oko, 2003).   

 

1.2 The Sperm Tail Structure 

Sperm possess a single flagellum, also called a tail.  The main function of the tail is to 

provide motility for transit through the female reproductive tract and penetrate the outer coats of 

the oocyte.  The tail is divided into three regions: the middle piece, the principal piece, and the 

end piece.  Within the tail, the four major structures include a central axoneme, outer dense fibres 

(ODF), the fibrous sheath, and the mitochondrial sheath (Escalier, 2003; Fawcett, 1975).  The 

axoneme resembles the common structure found in cilia and flagella in other cells, consisting of a 

pair of central microtubules surrounded by nine microtubule doublets (I. R. Gibbons, 1995; Tash 

& Means, 1982).  Dynein arms connect microtubule doublets to each other (Fawcett, 1975).  

Adenosine triphosphate (ATP) is used to trigger attachment and detachment of the dynein arms to 

and from the microtubule doublets.  While the axoneme is present throughout the entire tail, the 

three other major structures are not.  The ODF is present only in the middle and principal pieces.  

Each fibre is superficial to an axonemal microtubule doublet, although in the principal piece two 

fibres are replaced by two columns of the fibrous sheath (Fawcett, 1975).  The mitochondrial 

sheath is a helical arrangement of mitochondria that surround the ODF in the middle piece of the 

tail.  At the junction of the middle and principal pieces, an annulus ring separates the 

mitochondrial sheath from the fibrous sheath.  In the principal piece, the fibrous sheath surrounds 

the axoneme and ODF (Eddy, Toshimori, & O'Brien, 2003).  It is an anastomotic cytoskeletal 

structure attached to two longitudinal columns running the length of the principal piece (Eddy et 

al., 2003).  In the end piece, the ODF and fibrous sheath taper and disappear, leaving only the 

axoneme covered by the sperm plasmalemma.  The ODF and fibrous sheath likely play a 

structural role in the sperm tail, and may play a role in anchoring signaling and regulatory 
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proteins in the tail.  For example, cystatin 8, an amyloid-forming protease inhibitor has been 

identified as a component of the ODF (Ferrer, Cornwall, & Oko, 2013). 

 

1.3 Spermatogenesis 

Spermatogenesis is the process by which spermatogonia (precursor sperm stem cells) 

develop into spermatozoa.  Spermatogenesis occurs in the epithelium of highly coiled 

seminiferous tubules within the testes.  The interstitial space between seminiferous tubules 

contains macrophages, blood/lymph vessels, and testosterone-producing Leydig cells.  The 

seminiferous epithelium is composed of spermatogenic cells and the Sertoli cells that sustain 

them.  Cytoplasmic extensions of Sertoli cells support and regulate maturing germ cells.  Tight 

junctions formed by adjacent Sertoli cells’ cytoplasmic extensions form the blood-testis barrier, 

which re-form anew in each cycle of the seminiferous epithelium when germ cells migrate from 

the base of the tubule to the lumen as they mature (Meng, Holdcraft, Shima, Griswold, & Braun, 

2005; Yan, Mruk, Lee, & Cheng, 2008).  Spermatogenesis is a series of mitotic, meiotic, and 

morphological changes that occur in a coordinated and synchronous manner, leading to the 

formation of a highly specialized cell with distinct functional segments from undifferentiated 

stem cells (Clermont, 1972).  Communication between Sertoli cells and the germ cells that they 

sustain restricts cell associations to a series of possible combinations.  Thus, a section through the 

seminiferous tubule can be classified as belonging to one of the twelve possible combinations, 

called “stages” (L. Russell, Ettlin, Hikim, & Clegg, 1990).  Each cell in a stage develops 

synchronously and progress to the next stage at the same time.  In mice, the cycle of the 

seminiferous epithelium occurs in nine days and contains twelve stages (L. Russell et al., 1990) 

(Figure 2).  Since spermatogonia are located at the base of the epithelium, luminal cells are older, 

more numerous, and more developed.  Spermatogenesis, then, is a continuous process, resulting 

in ongoing formation and release of spermatozoa into the lumen of the seminiferous tubule where 
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they flow distally out of the testis (Clermont, 1972).  Spermatogenesis, unlike oogenesis, is an 

ongoing process that does not end until death. 

 

1.3.1 Mitosis and Meiosis 

Spermatogonia can enter into two different pathways.  In the first, they undergo mitotic 

divisions, producing more spermatogonia and replenishing the population loss that occurs when 

spermatogonia enter the second pathway (Clermont & Leblond, 1953).  In the second pathway, 

they enter a series of divisions to give rise to primary spermatocytes (Clermont & Leblond, 

1953).  All cells originating from one spermatogonium are connected by cytoplasmic bridges, 

allowing for the sharing of proteins, ions, and nutrients (Dym & Fawcett, 1971).  The 

synchronous nature of spermatogenesis is due to these bridges.  After migration through the 

blood-testis barrier they undergo the first meiotic division, giving rise to secondary 

spermatocytes.  The second meiotic division occurs soon afterwards to produce small, haploid 

round spermatids (L. Russell et al., 1990). 

 

1.3.2 Spermiogenesis 

Spermiogenesis is biochemical and morphological changes that spermatids undergo to 

become spermatozoa.  Spermatids elongate, undergo nuclear condensation, form the acrosome 

and flagellum, and lose most of their cytoplasmic material.  Spermatids can be classified into 

“steps” beginning after the second meiotic division and ending with luminal release, and in mice 

there are 16 defined steps of spermatids (Oakberg, 1956).  Spermiogenesis is divided into four 

phases: Golgi, cap, elongation, and maturation. 

 

The Golgi phase is characterized by the formation of the acrosomic vesicle.  The Golgi 

apparatus forms small proacrosomic vesicles which are directed towards the nucleus, where they 
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fuse into a single, larger acrosomic vesicle (Thorne-Tjomsland, Clermont, & Hermo, 1988).  The 

vesicle(s) are rich in hydrolytic enzymes and associate closely with the nuclear membrane 

(Thorne-Tjomsland et al., 1988).   

 

The cap phase is characterized by the expansion and spread of the acrosome over the 

surface of the nucleus.  The acrosome eventually covers half of the nucleus (R. Oko & Sutovsky, 

2009).  The Golgi apparatus continues to deliver vesicles to the early acrosome. 

 

During the elongation phase, the spermatid ceases to be round and begins to look more 

overtly polarized.  Nuclear elongation and chromatin condensation occur with continued 

acrosomal flattening over the nuclear membrane (R. J. Oko, Jando, Wagner, Kistler, & Hermo, 

1996).  Condensation precludes any further RNA synthesis from occurring, thus RNA transcripts 

required for later protein expression must be synthesized before elongation begins.  Cytoplasm is 

directed towards the lumen of the seminiferous tubule, which in the spermatid begins to be 

termed “caudally.”  The Golgi ceases supplying vesicles to the acrosome as it is also displaced 

caudally.  Thus no further contributions are made to acrosomal contents or to components on its 

membrane.  Formation of the sperm flagellum begins during the elongation phase, including 

assembly of the outer dense fibres as well as enzyme regulators associated with it, such as 

cystatin-related epididymal spermatogenic protein (Clermont, Oko, & Hermo, 1990; Ferrer et al., 

2013; Irons & Clermont, 1982; R. Oko & Clermont, 1991). 

 

During the maturation phase, the acrosome settles into its final shape overlying the 

anterior nucleus of the spermatid.  Excess organelles including mitochondria not arranged around 

the midpiece of the flagellum, as well as the Golgi apparatus and endoplasmic reticulum, are 

discarded into a residual body, which is resorbed by the Sertoli cell (Breucker, Schafer, & 
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Holstein, 1985).  A small remnant of cytoplasm may remain on the spermatid as a cytoplasmic 

droplet (R. Oko, Hermo, Chan, Fazel, & Bergeron, 1993).  The release of spermatids into the 

lumen of the seminiferous tubule is termed spermiation, and at this point the spermatozoa are 

fully formed.  However, spermiated spermatozoa are not yet fully mature, are still immotile and 

lack the capacity to fertilize the oocyte. 

 

1.4 Cumulus-Oocyte Complex 

The cumulus-oocyte complex is composed of the oocyte surrounded by the zona 

pellucida and the cumulus oophorus, which is a halo of extracellular matrix and cumulus cells.  

The zona pellucida is a dense extracellular matrix that overlies the oocyte (Yanagimachi, 1994).  

The cumulus cells are derived from follicular cells in ovarian follicles, and are ovulated with the 

oocyte during ovulation.  After follicular rupture and ovulation, the cumulus oophorus undergoes 

expansion.  Small extensions of cytoplasm extend from the oocyte through the zona pellucida and 

into the cumulus oophorus. 

 

1.4.1 Oocyte and Folliculogenesis 

The oocyte is the female gamete.  When mature and competent for fertilization, oocytes 

are found in the ampulla of the oviduct arrested in the second metaphase of meiosis II.  During 

fetal development in humans or shortly after birth in mice, diploid primordial germ cells give rise 

to oogonia from which oocytes develop.  Haploid primary oocytes are formed after oogonia enter 

into meiosis, where they arrest at prophase I by birth or shortly afterwards, cradled in primordial 

follicles, where they are surrounded by a single layer of pre-granulosa cells (Edson, Nagaraja, & 

Matzuk, 2009).   
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After the onset of puberty, groups of follicles begin to grow with each estrous cycle 

(McGee & Hsueh, 2000).  The transition from primordial to primary follicles occurs when the 

follicular cells become cuboidal rather than squamous in appearance (Edson et al., 2009).  

Follicular cells surrounding the oocyte proliferate, becoming stratified in many layers, and as the 

follicle matures further, follicular cells begin to secrete antral fluid, creating a fluid filled space in 

the follicle called the antral cavity.  By the time that the oocyte is surrounded by two or more 

layers of follicular cells and an additional layer of theca cells, the follicle is a secondary follicle.  

Theca cells form superficial to the basement membrane and supply androgens to the developing 

follicle as well as play a key role during ovulation (Magoffin, 2005).  Communication between 

the oocyte and its somatic cell companions in the follicle is critical to maturation of the follicle.  

The oocyte regulates the speed of follicular development, while follicular cells support oocyte 

growth and development through paracrine secretions and direct communication via gap 

junctions (Eppig, Wigglesworth, & Pendola, 2002; Gershon et al., 2008; D. L. Russell & Robker, 

2007).  Specific connexins, core proteins central to gap junctions, are found in follicular-follicular 

and follicular-oocyte gap junctions, and deficiencies in these connections lead to defects in 

follicular growth and development (Juneja et al., 1999; Simon, Goodenough, Li, & Paul, 1997).   

 

As antral fluid accumulates, small fluid-filled spaces merge to form an antral cavity.  

Thus two populations of follicular cells emerge, with mural granulosa cells along the follicular 

wall playing a role in production of estrogens and cumulus granulosa cells important for oocyte 

development (Edson et al., 2009).  The formation of the antral cavity marks a transition where 

follicular growth becomes more regulated by pituitary hormones rather than intraovarian factors 

(Chun et al., 1996; Richards, 1994).  Furthermore, antral formation renders the oocyte competent 

to resume meiosis, but meiotic inhibition is mediated by follicular fluid maintaining a high level 
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of cAMP and protein kinase A activity in the ooplasm (Mehlmann, 2005; Pirino, Wescott, & 

Donovan, 2009).   

 

The LH-surge triggers the oocyte to leave prophase I, decreasing cAMP levels 

intracellularly through cAMP hydrolysis by phosphodiesterase and decreased cAMP contribution 

to the oocyte from the surrounding cumulus cells (Masciarelli et al., 2004; Norris et al., 2008; 

Sela-Abramovich et al., 2006; Su et al., 2002).  The oocyte also triggers cumulus expansion after 

the LH surge (Buccione et al., 1990; Salustri, Yanagishita, & Hascall, 1990).  The oocyte 

extrudes the first polar body, and enters meiosis II nearly immediately.  However, meiosis is 

again arrested just before ovulation occurs due to the cytostatic action of a serine-threonine kinase 

as well as endogenous meiotic inhibitor (Colledge, Carlton, Udy, & Evans, 1994; Hashimoto et 

al., 1994; Shoji et al., 2006).  Arrested at metaphase II, the oocyte and first polar body, 

encapsulated by the ZP and surrounded by the cumulus matrix with embedded cumulus, are 

ovulated from the ovary and directed towards the oviduct.  Ovulation occurs after the LH surge 

and is mediated by progesterone receptor (Lydon et al., 1995; Robker et al., 2000). 

 

1.4.2 Zona Pellucida 

The zona pellucida is the extracellular coat immediately superficial to the oolemma, 

which after ovulation encloses the oocyte and first polar body.  The space between the oolemma 

and the zona pellucida is called the perivitelline space.  The zona pellucida is composed of three 

major glycosylated proteins: zona protein 1 (ZP1, alternatively ZPB), zona protein 2 (ZP2, 

alternatively ZPA), and zona protein 3 (ZP3, alternatively ZPC), expressed by the oocyte and 

cumulus (Bleil & Wassarman, 1980a; Wassarman, 2008).  In humans there is a fourth major 

glycosylated protein termed zona protein 4 (ZP4) (Lefievre et al., 2004).  The molecular masses 

of ZP proteins vary across species and may be a result of varyiations in glycosylation.  Thickness 
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and protein density also varies across species; in mice the ZP is 7µm thick (Bleil & Wassarman, 

1980b; Familiari, Heyn, Relucenti, & Sathananthan, 2008).  Morphologically, the ZP consists of a 

uniform interconnected network of filaments of dimers of ZP2 and ZP3, crosslinked by 

homodimers of ZP1 (Bleil & Wassarman, 1980b).   

 

The ZP was also classically thought to act as a barrier to cross-species breeding through 

species-specific interactions between ZP3 and receptors on the intact sperm plasmalemma 

(Wassarman, Jovine, & Litscher, 2001; Wassarman, 1999).  If this were the case, it would require 

spermatozoa to be intact, not yet having undergone the acrosome reaction, when first coming into 

contact with the ZP.   

 

1.4.3 Cumulus Oophorus 

The cumulus oophorus surrounds the egg and zona pellucida, and is composed of 

dispersed cumulus cells throughout a polymerized matrix that is composed mainly of hyaluronic 

acid.  The cumulus cells begin as a single layer that proliferates during follicular development to 

form multiple layers that surround the oocyte.   

 

During development, cumulus cells are thought to supply the maturing oocyte with small 

ions and molecules like cyclic adenosine monophosphate (cAMP), pyruvate, and glucose 

(Biggers, Whittingham, & Donahue, 1967; Preis, Seidel, & Gardner, 2005).  Small extensions of 

thin cytoplasmic bridges extend from the cumulus cells through the zona pellucida to the oocyte.  

Oocytes and cumulus cells are connected by gap junctions through which small molecules can 

pass (Gershon, Plaks, & Dekel, 2008).  Cumulus cells are similarly connected to each other 

(Juneja, Barr, Enders, & Kidder, 1999).  Along with the provision of metabolic requirements, 

cumulus cells via gap junctions are thought to convey signals for maintaining meiotic arrest as 
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well as resuming development from meiotic arrest in first meiotic prophase (Sela-Abramovich, 

Edry, Galiani, Nevo, & Dekel, 2006; Su, Wigglesworth, Pendola, O'Brien, & Eppig, 2002).  Gap 

junctions are downregulated in the preovulatory period before meotic resumption, which is 

necessary not only for oocyte maturation and cumulus expansion, and also for physical 

detachment for ovulation.   

 

Cumulus expansion occurs shortly before ovulation, in which the volume of the cumulus 

rapidly increases.  Cumulus expansion is triggered by a surge of luteinizing hormone (LH) as well 

as oocyte-secreted paracrine signaling (Buccione, Vanderhyden, Caron, & Eppig, 1990; Su et al., 

2002).  Volumetric expansion is achieved by growth in the cumulus extracellular matrix rather 

than grow in cumulus cell size or number.  The synthesis of hyaluronan by hyaluronan synthase 2 

(HAS2) increases during the preovulatory period and is required for optimal cumulus expansion.  

Cross-over linking between hyaluronan and matrix proteins, such as pentraxin 3 (PTX3) and 

inter-α-trypsin inhibitor (IαI), catalyzed by tumour necrosis factor α induced protein 6 

(TNFαIP6), stabilize the structure of the cumulus matrix (Fulop et al., 2003; Mukhopadhyay, 

Asari, Rugg, Day, & Fulop, 2004; Scarchilli et al., 2007).  Triggered by the LH surge, epidermal 

growth factor tyrosine kinase receptor-mediated (EGFR) and prostaglandin E receptor 2 subtype 

EP2 (PTGER2)-mediated signaling appear to be critical to upregulating both Has2 and TnfαIP6 

(Ochsner, Russell, Day, Breyer, & Richards, 2003; Park et al., 2004).  Once ovulated, the 

cumulus matrix has been demonstrated to be able to sequester and secrete factors such as 

prostaglandins as well as filter metabolites such as glucose and cholesterol from the extracellular 

environment, creating an environment within the cumulus-oocyte complex distinct from the rest 

of the oviductal fluid (Dunning et al., 2012). 
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The cumulus was previously not considered in the early models of the biochemistry of 

the acrosome reaction and zona binding and penetration by spermatozoa.  Until recently, 

spermatozoa were thought to transit the cumulus intact and only undergo the acrosome reaction 

upon initial contact with the zona pellucida.  More recently, the paradigm of the acrosome 

reaction shifted after it was revealed that spermatozoa undergo the acrosome reaction upon initial 

contact with the cumulus.  Furthermore, spermatozoa who reach the zona in an acrosome-intact 

state are delayed there before penetrating, while those who are acrosome reacted are able to begin 

penetration more quickly (Jin et al., 2011). 

 

1.5 Fertilization 

Fertilization is the process in which haploid male and female gametes meet and combine 

to form a diploid zygote.  There are several essential and sequential steps necessary for 

mammalian fertilization to take place.  Neither epididymal nor ejaculated spermatozoa are 

capable of fertilizing an oocyte.  Firstly, the spermatozoa must travel through the female 

reproductive tract and undergo capacitation.  Secondly, spermatozoa must penetrate the outer 

investments of the egg: the cumulus oophorus and the zona pellucida.  Thirdly, the plasmalemma 

over the equatorial segment must fuse with the oolemma to allow the perinuclear theca and 

nuclear contents to diffuse into the ooplasm. 

 

1.5.1 Oviductal Transit and Oviductal Fluid 

Fertilization takes place in the ampulla of the oviduct.  A very low proportion of 

spermatozoa which are ejaculated are able to reach the ampulla.  Of the millions which are 

ejaculated, an estimated 0.00005% of spermatozoa reach the ampulla, which in humans would 

number approximately 50-150 (Braden & Austin, 1954; Cummins & Yanagimachi, 1982).  The 
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isthmus of the oviduct forms a sperm reservoir where spermatozoa are bound to the oviductal 

epithelium and released in a regulated fashion (Hunter, 2008; Hunter & Gadea, 2014).  Release 

from reservoir may be related to the proper timing of capacitation in spermatozoa transitting 

through the oviduct (Talevi & Gualtieri, 2010).  While studies have been performed in large 

mammals regarding binding of sperm to the oviductal epithelium, it is still unclear how the 

oviduct controls the release of capacitated sperm to ovulated eggs (Hunter & Gadea, 2014).  

Ovulated cumulus-oocyte complexes, meanwhile, are transported to the ampulla by a 

combination of ciliary beating and contraction of oviductal smooth muscle. However, in some 

species (cows, sheep) it appears that the cumulus is not present for more than a few hours around 

ovulated oocytes (Dziuk, 1965; Lorton & First, 1979).   

 

Cumulus expansion results in the ZP becoming more accessible to the oviductal fluid.  As 

a result, the ZP has been shown to undergo structural changes as well as acquire new molecules 

such as oviduct-specific glycoprotein, osteopontin, and prostaglandin D (Funahashi, Ekwall, 

Kikuchi, & Rodriguez-Martinez, 2001; Goncalves, Staros, & Killian, 2008).  Glycoprotein sugar 

modification of ZP proteins also occurs during oviductal transit (Aviles, Jaber, Castells, Ballesta, 

& Kan, 1997; El-Mestrah & Kan, 2001).   

 

The oviductal epithelium is responsible for oviductal fluid production.  Secretions by the 

oviductal epithelium are regulated by estrogens (Lippes, Krasner, Alfonso, Dacalos, & Lucero, 

1981).  The changes in the composition of the oviductal fluid are at least partly induced by the 

presence of the gametes themselves.  A thermal and chemical gradient are theorized to guide 

spermatozoa to the oocyte via thermotaxis and chemotaxis (Bahat, Caplan, & Eisenbach, 2012; 

Sun et al., 2005).  Calcium and progesterone are thought to play roles as chemoattractants for 

spermatozoa.  Furthermore, the presence of the enzyme plasminogen has been quantified in 
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oviductal fluid, along with its inhibitors and activators (Mondéjar, Grullón, García-Vázquez, 

Romar, & Coy, 2012; Roldan-Olarte, Jimenez-Diaz, & Miceli, 2005; Tsantarliotou et al., 2005).  

Oviductal fluid is distinct from blood plasma and uterine fluid, and is a milieu containing 

proteins, amino acids, carbohydrates, ions, lipids, and nutrients such as glucose, lactate, and 

pyruvate (Harris, Gopichandran, Picton, Leese, & Orsi, 2005; Hugentobler et al., 2010).   

 

1.5.2 Capacitation 

Capacitation occurs during sperm transit through the oviduct (Chang, 1951; Austin, 

1952).  Without capacitation, spermatozoa are unable to physiologically undergo the acrosome 

reaction and cannot penetrate the outer investments of the oocyte.  It is a series of molecular and 

biological changes to spermatozoa that are necessary for fertilization which have yet to be fully 

defined and described.  Capacitation is triggered by the removal of sperm surface inhibitory 

proteins called decapacitation factors, such as cysteine-rich secretory proteins (Fraser, 1984; R. 

Gibbons, Adeoya-Osiguwa, & Fraser, 2005; Nixon et al., 2006; Koppers, Reddy, & O'Bryan, 

2011).  The removal of decapacitation factors reveals previously masked surface receptors, which 

are then exposed to the environment of the female reproductive tract.  In mice, the most marked 

changes that occur during capacitation are further remodeling of the sperm plasmalemma and a 

cAMP mediated tyrosine phosphorylation signal transduction cascade (Visconti, Moore et al., 

1995; Visconti, Bailey et al., 1995).  The plasmalemma overlying the sperm head is also 

destabilized by an efflux of cholesterol, leading to a more fluid membrane (Manjunath & Therien, 

2002; Wolf, Hagopian, & Ishijima, 1986).  Low levels of reactive oxygen species also trigger and 

regulate the progression of capacitation, especially phosphorylation events later in capacitation 

(de Lamirande & Gagnon, 1995; O’Flaherty, de Lamirande, & Gagnon, 2006).  Capacitation can 

be induced in vitro by mimicking oviductal fluid using medium containing bicarbonate, calcium, 

energy sources, and serum albumin.  The bicarbonate concentration of oviductal fluid is thought 
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to play a role in cAMP signaling through protein kinase A (Gadella & Harrison, 2000; Roldan & 

Vazquez, 1996).  Increased permeability to calcium ions leads to increased sensitivity to the 

triggering of the acrosome reaction.   

 

Spermatozoa undergo hyperactivation at the end of capacitation, resulting in 

hypermotility and detachment from oviductal epithelium.  Properly motile ejaculated 

spermatozoa are able to swim in a linear fashion with vigorously beating flagella.  Hyperactivated 

spermatozoa, however, undergo periods of non-linear movement, and have asymmetrically 

beating flagella that beat with increased amplitudes (Cummins, 1982; Fraser, 1977; Suarez, Katz, 

Owen, Andrew, & Powell, 1991).  An increase of intracellular calcium and tyrosine 

phosphorylation regulated by cAMP is a trigger of hyperactivated motility, and calcium channels 

have been identified in the principal piece of the flagellum (Baker et al., 2010; Breitbart, 2002; 

Kirichok, Navarro, & Clapham, 2006; Leclerc, de Lamirande, & Gagnon, 1996).   

1.5.3  

 

 

 

 

 

 

1.5.4 Acrosome Reaction 

There has been a recent shift in the paradigm of fertilization once spermatozoa arrive in 

the immediate environment of the COC.  In the classical theory, the acrosome reaction occurs 

after primary binding of spermatozoa to the ZP of the oocyte (Bleil, Greve, & Wassarman, 1988; 

Bleil & Wassarman, 1980a).  More recently, it has been reported that the acrosome reaction 
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occurs during sperm transit through the cumulus (Jin et al., 2011).  Whether or not the acrosome 

reaction occurs before or during initial contact of sperm with the ZP, what is clear is that only 

acrosome reacted spermatozoa are able to penetrate the ZP.  Spermatozoa without acrosomes, 

such as those of mice treated with N-butyldeoxynojirimycin (which also do not have the SAL), 

cannot fertilize oocytes (Suganuma et al., 2005; Walden, Butters, Dwek, Platt, & van der Spoel, 

2006).  Furthermore, globozoospermia, in which spermatozoa lack acrosomes, is related to male 

human infertility (Dam et al., 2007).  Intracytoplasmic sperm injection, where one spermatozoon 

is microinjected directly into the ooplasm, is a treatment option for those with globozoospermia 

(Dam et al., 2007).  Thus the fertilization deficiency of acrosome-malformed mouse spermatozoa 

must be upstream from sperm-egg membrane fusion, and could likely be found during ZP 

penetration.  During the acrosome reaction, the sperm plasmalemma fuses with the outer 

acrosomal membrane, creating small vesicles that disperse and expose acrosomal contents to the 

extracellular environment.   

 

There are three major inducers of the acrosome reaction, which must trigger an increase 

in intracellular calcium concentration in spermatozoa: calcium ionophore, ZP3, progesterone.  

However, whether the calcium source is intracellular or extracellular remains a matter of debate.  

The acrosome itself as well as the area of the connecting piece between the sperm head and tail 

may be a source of intracellular calcium stores (Costello et al., 2009; Herrick et al., 2005).  

Calcium ionphore transports extracellular calcium into spermatozoa and is sufficient to induce the 

acrosome reaction (Yanagimachi & Usui, 1974; Yanagimachi, 1975).  Additionally, ZP3 can 

induce calcium influx into the sperm by triggering the same calcium channels, and activating G-

protein coupled phospholipase C (PLC) (Bleil & Wassarman, 1983; Fukami et al., 2003; O'Toole, 

Arnoult, Darszon, Steinhardt, & Florman, 2000; Ward, Storey, & Kopf, 1994).  Progesterone is 

the third main inducer of the acrosome reaction (Contreras & Llanos, 2001; Therien & 
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Manjunath, 2003; Yin et al., 2009).  It is released by cumulus cells and is a component of 

oviductal fluid (Yin et al., 2009).  Progesterone may act by triggering chloride ion efflux and 

calcium ion influx (Meizel, Turner, & Nuccitelli, 1997).  The accumulation of intracellular 

calcium activates adenylyl cyclase, triggering a cAMP-mediated signal transduction cascade, 

leading to calcium ion efflux from intracellular stores.  The mobilization of intracellular calcium 

may involve PLC, generating inositol triphosphate (IP3) and triggering IP3 sensitive calcium 

channels within the sperm.  OAM fusion with the plasmalemma occurs during calcium ion efflux. 

 

1.5.5 Penetration of Oocyte Investments 

Most research studying sperm-oocyte interactions has until recently been performed in 

vitro using cumulus-free oocytes.  Consequently, cumulus transit has not yet been fully described.  

Hyaluronic acid is a major component of the cumulus matrix and penetration of the cumulus by 

spermatozoa is thought to be achieved by hyaluronidases (Dandekar, Aggeler, & Talbot, 1991).  

One such candidate effector of cumulus penetration and dispersal was SPAM1 (also PH20), 

localized on the sperm plasmalemma .  SPAM1 is a glycosylphosphatidynlinositol (GPI) 

anchored hyaluronidase, and acrosome-reacted spermatozoa retain approximately half of their 

SPAM1 (Baba et. al., 2002).  However, sperm lacking SPAM1 remained able to penetrate the 

cumulus cell mass (Baba, et. al., 2002).  HYAL5 is another hyaluronidase anchored on GPI and 

present on the sperm plasmalemma and both the IAM and OAM (Kim, Baba, Kimura, Yamashita, 

Kashiwabara, & Baba, 2005).  HYAL5, however, appears not to be present after the acrosome 

reaction, and Hyal5-/- mouse sperm are fertile (Kimura et. al., 2009).  Thus other hyaluronidases 

or unrelated enzymes may play an important role in penetrating the cumulus.   

 

After transit through the cumulus, spermatozoa reach the ZP.  There are two general 

trains of thought regarding sperm penetration of the ZP demonstrated in mouse models.  The first 
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is that motility and the mechanical force provided by the sperm flagellum is sufficient to push a 

spermatozoon through the ZP (Bedford, 1998; D. P. Green & Purves, 1984).  However, the 

theoretical force generated by a spermatozoon has not been found to be strong enough to 

penetrate the ZP (D. P. L. Green, 2002).  Furthermore, the addition of trypsin inhibitors to IVF 

medium blocks fertilization but do not affect sperm motility (Yamagata, Murayama, Kohno, 

Kashiwabara, & Baba, 1998).  Thus the second school of thought, in which an acrosomal enzyme 

or enzymes act as a lysin, digesting the ZP in combination with forward motility in order to 

penetrate the ZP, is the focus of this thesis.   

 

In the classical theory of the acrosome reaction, intact capacitated sperm reached the ZP 

intact and interacted with the ZP3 glycoprotein during “primary binding”, which is the trigger for 

the acrosome reaction (Bleil & Wassarman, 1980a).  After the acrosome reaction, the IAM is 

exposed, and zona pellucida binding protein 1 (ZPB1, also IAM38) is able to bind to glycoprotein 

ZP2 in the process referred to as “secondary binding” (Bleil et al., 1988; Yu, Xu, Yi, Sutovsky, & 

Oko, 2006).  While “primary binding” has recently been called into question, the exposure of the 

IAM for ZP penetration remains essential.  The penetration of the ZP is thought to be completed 

by a combination of hyperactivated sperm motility and enzymatic hydrolysis by still-unidentified 

enzymes on the IAM.  Two major candidate zona lysins are acrosin and the proteasome complex.  

Acrosin is a trypsin-like serine protease synthesized as an inactive zymogen termed proacrosin.  

Acrosin is the major serine protease present within the acrosome and it was thought to be the 

effector of ZP penetration (Fraser, 1982).  However, spermatozoa from Acr-/- mice were able to 

penetrate the ZP in vitro, albeit slower than spermatozoa from wild-type mice (Adham, Nayernia, 

& Engel, 1997; Baba, Azuma, Kashiwabara, & Toyoda, 1994; Yamagata et al., 1998).  On the 

other hand, proteasome is a complex of subunits composed of a hollow catalytic core particle 

capped by two regulatory particles, which is each also a complex of many subunits.  The 
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regulatory particle is responsible for recognizing poly-ubiquitin chains, deubiquitination, and 

protein unfolding.  Proteasome subunit components as well as ubiquitin have been identified in 

the acrosome in several mammalian species and on the ZP, respectively (Kong, Diaz, & Morales, 

2009; Pasten, Morales, & Kong, 2005; Sutovsky et al., 2004; Yi, Manandhar, Oko, Breed, & 

Sutovsky, 2007; Zimmerman et al., 2011).   

 

1.5.6 Membrane Fusion and Oocyte Activation 

After ZP penetration, acrosome-reacted spermatozoa reach the space between the ZP and 

the oolemma, termed the perivitelline space.  Sperm must then bind to and fuse with the 

oolemma, with attachment occurring at the equatorial segment of spermatozoa in mammals; the 

anterior part of the sperm head would be devoid of plasmalemma after the acrosome reaction 

(Wassarman, 1999).  The receptor on oocytes for gamete binding has recently been identified as 

the protein Juno (Bianchi, Doe, Goulding, & Wright, 2014).   Juno is a GPI anchored protein 

expressed on the egg surface and was previously termed folate receptor 4 (Bianchi et al., 2014).  

Additionally, CD9-/- female mice have reduced fertility and spermatozoa are found in the 

perivitelline space after mating, suggesting that CD9 also plays a role in gamete fusion (Le 

Naour, Rubinstein, Jasmin, Prenant, & Boucheix, 2000).  CD9 may play a role in organizing and 

stabilizing microvilli on the ooplasm that are critical for fusion with spermatozoa (Runge et al., 

2007).  In spermatozoa, the receptor for gamete fusion has been identified as the protein Izumo.  

Spermatozoa from Izumo-/- mice are able to penetrate the ZP but not fuse with oocytes (Inoue, 

Ikawa, Isotani, & Okabe, 2005). 

 

One fertilizing spermatozoon that successfully fuses with the oocyte triggers a series of 

signaling events termed oocyte activation.  The immediate result is a series of transient 

oscillations of intracellular calcium (Ozil, 1998).  The first part of the spermatozoon to disperse 
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into the oocyte cytoplasm is the PAS of the perinuclear theca (Kimura et al., 1998).  The most 

likely candidate sperm-borne oocyte activator is postacrosomal sheath WW domain-binding 

protein (PAWP).  PAWP is assembled in spermiogenesis as part of the PAS, and injection of 

recombinant PAWP into Xenopus, mouse, and human oocytes triggers calcium oscillations 

similar to those seen in fertilization (Aarabi, Qin, Xu, Mewburn, & Oko, 2010; Aarabi et al., 

2014).  Successful oocyte activation leads to the release of cortical granules from just deep of the 

oolemma.  Ovastacin, a protease found in the cortical granules, is then released and modifies the 

ZP to be more resistant to further penetration by additional spermatozoa and make polyspermy 

less likely (Burkart, Xiong, Baibakov, Jimenez-Movilla, & Dean, 2012).  An additional effect of 

oocyte activation is meiotic resumption from metaphase II arrest and the extrusion of the second 

polar body (Raz & Shalgi, 1998).  Sperm nuclear DNA decondensation, and the formation of 

male and female pronuclei is followed by pronuclear fusion. 

 

1.5.7 In Vitro Fertilization 

The first child born that was conceived by in vitro fertilization (IVF) was born in 1978 

(Kamel, 2013).  Since then, IVF has been used as a standard assisted reproductive technology 

(ART), allowing couples who cannot conceive naturally to have their own genetic children.  It 

has also been a useful tool to study the process by which fertilization occurs.  Firstly, IVF allows 

direct access to and manipulation of the environment of fertilization.  Secondly, embryos formed 

after successful IVF can be transferred to the genetic or a surrogate mother to examine fetal 

development and life after birth.  Experimental IVF is limited in humans due to ethical concerns 

surrounding embryo creation as well as the difficulty of obtaining oocytes from donors.  When 

used for ART, IVF failure is typically followed by intracytoplasmic sperm injection (ICSI), 

where a single spermatozoon is microinjected through the ZP and directly into the ooplasm. 
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The first step of IVF is typically superovulation.  Females are injected with 

gonadotropins to induce multiple follicles to develop.  In mice, the typical procedure involves a 

intraperitoneal injection of pregnant mare serum gonadotropin (PMSG) to induce follicular 

development and maturation, followed 48-60 hours later by human chorionic gonadotropin 

(HCG) to induce ovulation (Vergara, Irwin, Moffatt, & Pinkert, 1997).   The second step is to 

sacrifice male and female mice at varying timepoints (12-20h) post-HCG injection.  Piercing the 

oviduct in culture medium allows cumulus-oocyte complexes to float or be squeezed out of the 

oviduct.  The cumulus is often removed from oocytes by brief digestion with hyaluronidase, and 

denuded oocytes are inseminated in medium containing 5x105 to 1x106 sperm/mL (Vergara et al., 

1997).  Insemination typically occurs overnight, and assessment of successful fertilization occurs 

the following day.  Different criteria exist for assessing fertilization, including if the embryo 

reached the two-cell stage, extrusion of the second polar body, or formation of pronuclei. 

 

1.6 Acrosin and PRSS21 

Acrosin is the major serine protease localized in the acrosome and was an early focus of 

research into proteolytic acrosomal enzymes (Adham et al., 1989; Castellani-Ceresa, Berruti, & 

Colombo, 1983; Fraser, 1982; Johnson et al., 1983).  It is synthesized as a zymogen termed 

proacrosin and activated during the acrosome reaction (Adham et al., 1989; Brown & Harrison, 

1978).  Acrosin was initially thought to be the effector of zona pellucida penetration in mammals.  

However, sperm from mice with a mutation in the Acr gene or are Acr-/- are able to fertilize 

oocytes, albeit in a delayed manner compared to wild-type sperm (Adham et al., 1997; Baba et 

al., 1994).  Acrosin may instead play a role in diffusing and dispersing the components of the 

acrosome.  Acr-/- mouse sperm are delayed in the release of acrosomal proteins compared to wild-

type mouse sperm (Yamagata et al., 1998).  Acrosomic enzymes are stored as zymogens and 

require activation.   It is possible that acrosin may play a role not only in releasing them from 
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granular, particulate acrosomal matrix but also in the cleavage and activation of other acrosomic 

proteases.  Acrosin binding protein (ACRBP) likely plays a role in regulating acrosin activity 

during acrosomal dispersal.  ACRBP is tyrosine phosphorylated during capacitation, which may 

be a preparatory event for acrosin activation (Arcelay, Salicioni, Wertheimer, & Visconti, 2008; 

Dong, Shi, Tian, Cao, & Jin, 2015; Dube, Leclerc, Baba, Reyes-Moreno, & Bailey, 2005). 

 

A double knockout of acrosin and another serine protease, PRSS21 (also TESP5), was 

unable to penetrate the ZP in vitro (Kawano et al., 2010).  However, spermatozoa from Acr-/-

PRSS21-/- mice are able to fertilize oocytes in vivo and the fertilization deficiency can be rescued 

by the use of medium containing fluid from the female reproductive tract in vitro (Kawano et al., 

2010).   

 

1.7 Matrix Metalloproteinase 2 (MMP2) 

MMP2, also called gelatinase 2, is an enzyme that plays a major role in cell migration 

through extracellular matrix.  MMP2 is a member of a class of enzymes called matrix 

metalloproteinases (MMPs), which are zinc (II)-dependent endopeptidases.  MMPs function in 

regulation of extracellular matrix by turnover of its proteins.  MMP2 is synthesized as a 72kDa 

zymogen (Pro-MMP2) (Nagase & Woessner, 1999).  The MMP2 active site is regulated by a 

“cysteine switch” mechanism, requiring exposure of the cysteine residues in its active site, often 

but not always accomplished by cleavage of the pro-segment.  MMP2 binds and cleaves 

denatured collagen (gelatin), collagen, and elastin (Klein & Bischoff, 2011).   

 

Pro-MMP2 in somatic cells is activated by forming a complex with tissue inhibitor of 

MMP 2 (TIMP2) and a membrane bound MMP called membrane type-1 MMP (MT1-MMP, also 

MMP14) (Figure 3) (Kazes, Elalamy, Sraer, Hatmi, & Nguyen, 2000; Sato et al., 1994; Sato & 
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Takino, 2010; Tokuraku et al., 1995).  MT1-MMP is also synthesized as a zymogen but is 

activated intracellularly before being presented extracellularly on the cell membrane.  TIMP2 

binds to MT1-MMP.  The MT1-MMP-TIMP2 complex then binds to pro-MMP2.  Another MT1-

MMP (not bound to TIMP2) removes the pro-segment and yields truncated, active MMP2, which 

can remain on the now MT1-MMP-TIMP2-MMP2 complex or be released (Sato & Takino, 

2010).  An overly high TIMP2 concentration relative to MMP2 will lead to inhibition of 

activation of pro-MMP2, as well as inhibition of MMP2 activity (Bernardo & Fridman, 2003).  

Since TIMP2 binds to MT1-MMP, excess TIMP2 leaves no free MT1-MMP to activate pro-

MMP2 on MT1-MMP-TIMP2-pro-MMP2 complexes (Bernardo & Fridman, 2003).  It is 

important to note that while MMP2 itself may be soluble and free in the extracellular matrix or 

fluid, its action is directed to cell membranes by the MT1-MMP-TIMP2-MMP2 complex.   

 

MMP2 is implicated in both vasculogenesis, the formation of new blood vessels, as well 

as angiogenesis, the growth of blood vessels from existing ones.  MMP2 also plays a role in both 

physiological as well as pathological tissue invasion by directly degrading basement membranes 

and extracellular matrix.  For example, human trophoblast invasion during embryonic 

implantation in the uterine lining is highly dependent on MMP2 activity (Staun-Ram, Goldman, 

Gabarin, & Shalev, 2004).  It is also implicated in tumour cell invasion and metastasis in multiple 

different types of cancer (Klein & Bischoff, 2011).   

 

MMP2 knockout mice appear to exhibit an unexpectedly relatively normal phenotype, 

and no study has reported fertilization deficiencies within these mice (Hayashidani et al., 2003; 

Itoh et al., 1997; Mosig et al., 2007).  Thus MMP2 is likely involved in redundant pathways, with 

its function supported by other enzymes.   
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1.8 Plasmin/ogen 

Plasminogen (PLG) is the zymogen (inactive form) of the active enzyme plasmin (PLA).  

Plasminogen contains seven domains: an N-terminal Pan-apple domain, five kringle domains, and 

the serine protease domain containing the active site at the C-terminal end (Law et al., 2012).  Its 

major role is the dissolution of blood clots by participating in the fibrinolytic by targeting fibrin 

and fibrinogen.  However, it has a wide substrate specificity and also targets complement 

components, victronectin, oseocalcin, factor X, and some collagenases (Barthel, Schindler, & 

Zipfel, 2012; Daci, Udagawa, Martin, Bouillon, & Carmeliet, 1999; Kost, Benner, Stockmann, 

Linder, & Preissner, 1996; Monea, Lehti, Keski-Oja, & Mignatti, 2002).  In the extracellular 

matrix and blood circulation it is found free floating but can be directed to membrane-specific 

action by the plasminogen activation system.   

 

Two types of plasminogen activators, tissue plasminogen activator (tPA) and urokinase 

plasminogen activator (uPA), are able to activate PLG to PLA.  tPA acts mainly in fibrinolysis at 

the site of vascular or tissue injury while uPA acts mainly in a cell surface dependent manner 

(Werb, 1997).  Plasminogen activator inhibitor (PAI) can inhibit the action of PA on PLG.  

Plasminogen activator receptors (PAR) on cell membranes can bind PA-PLA to direct PA activity 

on the cell membrane (Werb, 1997).  The PAR-PA-PLA mechanism is implicated in the 

migration and metastasis of multiple types of cancer (Kwaan & McMahon, 2009).  Plasmin 

released from surfaces is rapidly neutralized, primarily antiplasmin (Wiman & Collen, 1978).   

 

The domain arrangements and glycosylation of plasminogen preclude easy activation by 

tPA and uPA.  There are two glycosylated isoforms of ~93 and 89 kDa, with the latter one 

thought to play a bigger role in cell surface activity as opposed to fibrinolytic activity.  Lysine 

binding to PLG kringle domains is thought to trigger a conformational change that leaves the 
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activation loop open to being acted upon (Law, Abu-Ssaydeh, & Whisstock, 2013).  uPA and tPA 

activation cleaves the serine protease domain off the rest of plasminogen.  The serine protease 

segment forms disulfide bonds with the rest of the enzyme, forming active plasmin (Law et al., 

2013). 

 

Components of the plasminogen activation pathways are present in the reproductive tract 

and gametes.  Plasminogen has been shown to be present in porcine oviductal fluid and, with tPA 

and uPA also on the zona pellucida and oolemma of rat, mouse, hamster, and porcine oocytes 

(Cajander, Hugin, Kristensen, & Hsueh, 1989; Canipari, Epifano, Siracusa, & Salustri, 1995; 

Jimenez-Diaz, Roldan, & Miceli, 2002; Roldán-Olarte, Jiménez-Díaz, & Miceli, 2005; 

Tsantarliotou et al., 2005).  In these oocytes, addition of PLG and PLA reduced the number of 

spermatozoa bound to the zona pellucida.  Plasmin/ogen incubation with bovine or porcine 

oocytes does not appear to macroscopically affect the zona pellucida nor affect the subsequent 

time of digestion of the zona pellucida using pronase.  In the presence of plasminogen, porcine 

oocytes separately generated plasmin.  However, oocytes and spermatozoa interacting together in 

the same medium produced higher levels of plasmin.  Plasminogen activators have been 

demonstrated to be present in the zona and released during the acrosome reaction.   

 

1.9 Objectives and Hypothesis 

Penetration of oocyte investments, the cumulus oophorus and zona pellucida, is a 

required step for the success of mammalian fertilization.  The main objective of this study was to 

examine enzymes on the IAM of spermatozoa that effect penetration of the outer investments of 

the oocyte.   

 

Chapter 2 
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Since the IAM is the leading edge of spermatozoa during penetration of the oocyte ECM, 

I hypothesized that the relevant enzymes involved in oocyte ECM hydrolysis by spermatozoa will 

be localized in this compartment of spermatozoa.  Furthermore, I hypothesized that they will be 

retained after acrosomal exocytosis.  I fractionated spermatozoa to isolate the fraction containing 

the IAM, and identify major enzymatic activity associated with it.  I confirmed this localization in 

mature spermatozoa.  Lastly, I provided evidence that the newly identified enzymes on the IAM 

have a functional role during fertilization in vitro. 

 

Chapter 3 

 The most recent comprehensive review addressing the importance of the IAM was last 

written in 1985.  I aimed to describe the developmental origins of these enzymes during 

acrosomal biogenesis.  This chapter also describes the sperm cell fractionation strategy that 

isolates the IAM, allowing identification of proteins bound to its extracellular/intravesicular side, 

as well as reviewing the proteins identified using this procedure.  Additionally, this chapter 

describes the assembly of proteins synthesized on the intracellular/extravesicular side of the IAM, 

destined to become the SAL of the perinucler theca.  A procedure that isolates SAL proteins is 

also described, and the role of SAL proteins identified with this procedure is reviewed. 

 

Chapter 4 

Lastly, I aimed to describe the mechanisms by which these enzymes are activated and 

how they interact with the extracellular environment during fertilization, as well as demonstrate 

their function in fertilization.  I examined the possible role that plasmin/ogen, a major component 

of the oviductal fluid, plays in fertilization and its interactions with the enzymes of the IAM.  I 

provided evidence that it is present in the immediate environment of fertilization.  I also 
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examined the role of plasmin/ogen and IAM enzymes on cumulus-free and cumulus-intact oocyte 

fertilization in vitro. 
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Figure 1. Schematic of sperm head 

Coronal section of a sperm head.  OAM = outer acrosomal membrane, IAM = inner acrosomal 

membrane, SAL = subacrosomal layer, PAS = postacrosomal sheath.  Diagram is not to scale.  

Comissioned by Marvin Ferrer from Susan Le (Le, 2015) 

  



 

30 

 

 

Figure 2. Schematic of Stages of Seminiferous Epithelium of the Mouse 

Roman numberals indicate the stage of the cycle of the seminiferous epithelium.  Lower-left hand 

letters adjacent to each image of a cell type indicates the type of spermatocyte (Pl=pre-leptotene, 

L=leptotene, P=pachytene, D=diplotene), while numbers indicate the step of the spermatid in 

spermiogenesis.  Figure is taken from Histological and Pathological Evaluation of the Testis and 

is used under fair dealing provisions for research and educational purposes (L. Russell et al., 

1990).  



 

31 

 

 

Figure 3. MT1-MMP-TIMP2-MMP2 activation complex 

MT1-MMP-TIMP2-MMP2 activation complex.  1) Free pro-MMP2 (pink) and TIMP2 (red) 

begin interacting with MT1-MMP (green) on the cell membrane (blue).  2)  TIMP2 binds to 

MT1-MMP.  3) MMP2 binds to the MT1-MMP-TIMP2 complex.  4)  Another MT1-MMP 

cleaves the pro-segment from the pro-MMP2 on the MT1-MMP-TIMP2-MMP2 complex.  5)  

Active MMP2 (pink) is now present on the cell membrane.  6)  In the presence of excess TIMP2, 

no free MT1-MMP is available to activate pro-MMP2 on the MT1-MMP-TIMP2-MMP2 

complex, and MMP2 activity is also inhibited. 
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Chapter 2 

MMP2 and Acrosin are Major Proteinases Associated with the Inner 

Acrosomal Membrane and May Cooperate in Sperm Penetration of the 

Zona Pellucida During Fertilization 

 

2.1 Abstract 

 Sperm-zona pellucida (ZP) penetration during fertilization is a process that most likely 

involves enzymatic digestion of this extracellular coat by spermatozoa. Since the inner acrosomal 

membrane (IAM) is the leading edge of spermatozoa during penetration and proteins required for 

secondary binding of sperm to the zona are present on it, the IAM is the likely location of these 

enzymes. The objectives of this study were to identify and characterize proteinases present on the 

IAM, confirm their localization, and provide evidence for their role in fertilization. Gelatin 

zymography of detergent extracts of the IAM revealed bands of enzymatic activity identified as 

serine and matrix metallo-proteinases (MMPs). Specific inhibitors to MMPs revealed that MMP 

activity was due to MMP2. Immunoblotting determined that the serine protease activity on the 

zymogram was due to acrosin and also confirmed the MMP2 activity.  Immunogold labeling of 

spermatozoa at the electron microscope level showed that acrosin and MMP2 were confined to 

the apical and principal segments of the acrosome in association with the IAM, confirming our 

IAM isolation technique. Immunohistochemical examination of acrosin and MMP2 during 

spermiogenesis showed that both proteins originate in the acrosomic granule during the Golgi 

phase, and later  redistribute to the acrosomal membrane.  Anti-MMP2 antibodies and inhibitors 

incorporated into in vitro fertilization media significantly decreased fertilization rates. This is the 
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first study to demonstrate that MMP2 and acrosin are associated with the IAM and introduces the 

possibility of their cooperation in enzymatic digestion of the ZP during penetration. 

 

2.2 Introduction 

 The acrosome is a secretory vesicle that forms a cap-like structure over the anterior half 

of the nucleus of mammalian sperm (Gerton 2002;Tulsiani et al. 1998). It is bound to the nucleus 

by the perinuclear theca (PT), which intervenes between the nuclear envelope (NE) and the inner 

acrosomal membrane (IAM) (Oko and Sutovsky 2009). The interior of the acrosome is 

compartmentalized morphologically and biochemically and contains a variety of proteins 

including several protease zymogens of which proacrosin/acrosin is best characterized (Ohmura 

et al. 1999;Yu et al. 2009;Gerton 2002;Yamagata et al. 1998a).  

 

Mammalian fertilization requires the penetration of the sperm through the zona pellucida 

(ZP), an extracellular coat of the egg (Yanagimachi 1994;Wassarman 1999). In order for this to 

occur, either passage through the cumulus oophorus, a follicular cell layer surrounding the ZP, or 

primary binding with the ZP induces the sperm to undergo the acrosome reaction (Wassarman et 

al. 2001;Yanagimachi 2011). The acrosome reaction is a form of exocytosis, where multiple 

fusions occur between the outer acrosomal membrane (OAM) and overlying plasma membrane 

allowing for the release of acrosomal contents (Gerton 2002). For many years it was believed that 

the released acrosomal contents, of which acrosin was the major serine protease, would digest a 

path for the sperm through the ZP. However, three main experiments stand in the way of this 

hypothesis. First, the results of an acrosin gene knock-out showed conclusively that mouse sperm 

do not require acrosin for ZP penetration (Baba et al. 1994). Rather, a role for acrosin may be to 

accelerate the dispersal of acrosomal contents during the acrosome reaction (Yamagata et al. 

1998b). Secondly, and more recently, it was observed that most fertilizing mouse spermatozoa 
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already undergo the acrosome reaction and release their acrosomal contents in the cumulus 

oophorus before reaching the ZP (Jin et al. 2011).  Thirdly, and most importantly, documentation 

of a secondary and more adhesive binding step (involving the exposed IAM and the ZP surface), 

occurring after the acrosome reaction and after the dispersal of acrosomal contents, precludes the 

possibility that the released contents predigest a path in the ZP (Mortillo and Wassarman 

1991;Bleil et al. 1988). Although there are those who argue in favour of motility being sufficient 

to enable a sperm to push its way through the ZP (Bedford 1998), the calculated force generated 

by the sperm does not appear strong enough to penetrate the ZP (Green 2002) and trypsin 

inhibitors, which block sperm-zona penetration, do not block motility (Yamagata et al. 1998a). 

Furthermore, studies on the sperm proteasome now offer a plausible candidate enzyme 

functioning as a ZP-lysin during fertilization (Sutovsky 2011).  

 

A prevailing concept is that as a consequence of acrosomal exocytosis and the release of 

the acrosomal contents, the IAM becomes exposed allowing it to directly interact with the ZP2 

protein on the ZP, a compulsory step for subsequent IAM-directed sperm penetration through the 

ZP (Wassarman 1988;Huang, Jr. and Yanagimachi 1985;Yanagimachi 1994). The documentation 

of this secondary binding step by Wassarman and colleagues (Mortillo and Wassarman 

1991;Bleil et al. 1988) stimulated a search for the protein receptor on the IAM that interacts with 

the zona. By devising a cell fractionation method that allowed us to study the protein composition 

of the IAM directly, we were able to identify and characterize such a receptor, termed IAM38, 

and reinforce the above concept (Yu et al. 2006). Since the sperm begins zona penetration only 

after this compulsory 'secondary' binding step, we hypothesized that the exposed IAM surface is 

engaged in lytic activity. Taking advantage of our sperm head fractionation procedure, by which 

detergent extraction can selectively solubilize IAM associated proteins, the major objective of our 

study was to identify and characterize proteinases on the IAM that could be candidates for 
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enzymatic digestion of the ZP during sperm penetration. Unexpectedly, we revealed the presence 

of proacrosin/acrosin and matrix metalloproteinase 2 (MMP2) as IAM-associated enzymes. 

MMP2, also known as gelatinase A, is an MMP which is widely found in somatic tissue and is 

involved in the breakdown of extracellular matrix material (Werb 1997).   

 

2.3 Materials and Methods 

 

2.3.1 Animals and Ethics 

 The use of animals for the studies reported herein was approved by the Queen’s 

University Institutional Animal Care and Use Committee. Ethical approval for research on the 

human samples in this study was obtained from Queen's University Health Sciences Research 

Ethics Board. 

 

2.3.2 Sperm and Sample Collection and Fractionation 

 Testicles and epididymides from six adult Hereford bulls on each of three different 

occasions were obtained at the abattoir in Joyceville (Ontario, Canada) immediately after bull 

slaughter.  Cauda epididymides were submerged in 25mM Tris-buffered saline (TBS), pH 7.5, 

containing phenylmethylsulfonylfluoride (PMSF) and cut by razor several times to allow 

spermatozoa to diffuse into suspension.  Spermatozoa were then separated from epididymal tissue 

by filtration through 80µm nytex netting, followed by slow speed centrifugation at 1000g and 

resuspension in TBS several times for washing.  A portion of spermatozoa, resuspended in TBS 

containing a protease inhibitor cocktail (Complete, Mini, EDTA-free, Roche, Canada), were 

sonicated on ice for 3 x 15 sec bursts with 1 min intervals between pulses utilizing a small probe 

Vibra-Cell sonicator (Sonics and Materials Inc, Danbury, CT) set at an amplitude of 40 kHz.  
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Sonicated spermatozoa were then centrifuged at 4˚C for 10 min at 14,000g, and the supernatant 

was collected.  The pellet, containing separated heads and tails, was washed two times by 

resuspension/centrifugation in TBS, resuspended in 80% sucrose in TBS in a 28mL screw cap 

tube, and centrifuged in a 55Ti angle rotor (55Ti, Beckmann, Mississauga, ON) at 200,000g for 

65 min at 4˚C.  Sperm heads being denser than 80% sucrose migrated to the centrifugal side of 

the tube, while tails and debris migrated to the opposite side. The centrifuge tube was turned over 

and emptied of sucrose before the isolated heads were collected off the side of the tube in a 

minimal amount of TBS followed by slow speed centrifugation and resuspension.  If the purity of 

the isolated head sample was <99% (which was rare) then the heads were processed through the 

80% sucrose gradient a second time.  The sonicated and isolated sperm heads (SSpH) obtained by 

the procedure were devoid of plasma membrane and acrosome except for the IAM which 

remained firmly attached to the intact PT. The same procedure as above was used successfully for 

the collection and isolation of murine sperm heads. Male CD1 mice 1-3 months of age were 

purchased from Charles River, St Constant, Quebec, housed under a 12 hour light/dark cycle, and 

allowed free access to food and water. Human semen was obtained from ejaculate from ten young 

adult male donors. 

 First trimester human trophoblast HTR8/SV neo cell line conditioned media known to 

contain MMP-2 and stimulated with tumour necrosis factor to induce MMP-9 expression served 

as a positive control for these MMPs (Graham, Hawley, Hawley, MacDougall, Kerbel, Khoo, & 

Lala 1993). 

 

2.3.3 Detergent Extractions 

 Detergents used to solubilize and extract IAM associated proteins from SSpH are as 

follows: non-ionic detergent Nonidet P-40 (NP-40), radioimmunoprecipitation assay buffer 

(RIPA) (0.1% sodium dodecyl sulfate (SDS) and 1% NP-40), and 1% SDS.  Bull spermatozoa 
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were incubated with detergent solutions with continuous agitation for 2h at 21˚C or overnight at 

4˚C.  Following incubation, the supernatant was separated from the pellet by centrifugation at 

14,000g for 10 min at 4˚C and the resultant fractions were mixed with either reducing or non-

reducing sample buffer (200mM Tris pH 6.8, 4% SDS, 0.1% bromophenol blue, 40% glycerol, 

with or without 5% β-mercaptoethanol) for analysis by immunoblotting or zymography, 

respectively. 

 

2.3.4 Zymography 

 Bull samples were loaded onto 10% SDS-polyacrylamide gels containing gelatin (5.24mg 

gelatin in 2.3 mL ddH2O, 1.25 mL 40% acrylamide, 1.25 mL 1.5M Tris pH 8.8, 50µL 10% SDS, 

50µL 10% ammonium persulfate (APS), 3µL N, N, N’, N’ – tetramethylethylenediamine 

(TEMED)).  After electrophoresis, enzymes were renatured by rinsing twice for 30 min and once 

for 1h in 2.5% Triton X-100, 5mM CaCl2, 50mM Tris pH 7.5 in ddH2O at room temperature 

followed by overnight incubation at 37˚C in the same solution, but without Triton. Trypsin and 

MMP gelatinase activity were studied by incubating gels with or without the MMP inhibitor 

GM6001 (0.2ng/ml) (Millipore catalogue number CC1010, Billerca, MA), also known as 

Ilomastat, or 5µg/mL soybean trypsin inhibitor. A cyclic disulfide bonded peptide 

(CTTHWGFTLC) (Calbiochem, San Diego, CA, 40µM) that specifically inhibits MMPs 2 and 9, 

but preferentially inhibits MMP2, was also used to perform preferential inhibition of MMP2 

gelatinase activity (Koivunen et al. 1999). The gel was then stained with Coomassie stain and 

destained in 30% methanol, 10% glacial acetic acid, and 60% ddH2O for 2h.  Clear bands in the 

zymogram indicated enzymatic digestion of gelatin. Results shown are typical of at least three 

different experiments. 
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2.3.5 Antibodies 

Two different anti-MMP2 antibodies were purchased from Millipore (Billerica, MA): a 

monoclonal antibody (MAB3308; referred to as anti-mMMP2 in this article) which was raised 

against a synthetic oligopeptide corresponding to amino acid residue 468-483 of human MMP2, 

and a polyclonal antibody (AB19167; referred to as anti-pMMP2) raised against a synthetic 

peptide from the second half of human MMP-2. Both antibodies are reactive with human, rat, 

mouse, and bovine MMP2. Both MMP2 antibodies worked equally as well on Western blots but 

anti-pMMP2 was superior for immunocytochemistry. In-house polyclonal antibody was also 

raised in rabbits against an oligopeptide (aa 422-603: APIYTYTKNF RLSHDDIKGI 

QELYGPSPDA DTDTGTGPTP TLGPVTPEIC KQDIVFDGIA QIREIFFFKD RFIWRTVTPR 

DKPTGPLLVA TFWPELPEKI DAVYEAPQEE KAVFFAGNEY WVYSASTLER 

GYPKPLTSLG LPPDVQQVDA AFNWSKNKKT YIFAGDKFWR YNEVKKKMDP G) 

similar in mouse, human, and bull MMP2 (referred to as anti-tMMP2, 0.88 mg/ml, pre-immune 

IgG 0.14mg/ml) for use in immunoblotting, immunocytochemistry and in vitro fertilization 

studies. In-house polyclonal antibodies were raised in rabbits against a synthetic oligopeptide 

(EVEWGSNKPVKPPLQERYVEK) common to both bull and boar acrosin (referred to as anti-

bull acrosin) and to the C-terminal half of recombinant mouse acrosin (referred to as anti-mouse 

acrosin). The anti-acrosin antibodies were affinity purified on bull and mouse recombinant 

acrosin and concentrated before use (1.5mg/ml). We made our own acrosin antibodies because 

we found commercial sources to be less specific. For example, one popular commercial source 

cross-reacted with trypsin on Western blots and because there are many trypsin-like enzymes in 

the acrosome it was discarded. 

 

2.3.6 Immunoblotting 
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 Bull, human, and mouse sperm and sperm head fractions before and after extractions 

were dissolved in sample buffer containing 2% SDS with and without 5% mercaptoethanol and 

run on 10% SDS-PAGE according to (Laemmli 1970).  Proteins separated by SDS-PAGE were 

transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore, Mississauga, ON) 

according to the Western transfer technique proposed by Towbin et al. (Towbin et al. 1979).  

PVDF membranes were blocked with 10% skim milk in phosphate-buffered saline (PBS) with 

0.05% Tween-20 (PBS-T) for 30 min at room temperature, and then incubated with primary 

antibodies (1.5 µg/mL anti-acrosin and 1µg/mL anti-pMMP2) in 2% skim milk in PBS-T either at 

21 ˚C for 2h or overnight at 4˚C.  The blots were then washed 6 x 5 min under continuous 

agitation and incubated with goat anti-rabbit (1:50,000) or anti-mouse (1:5,000) IgG H+L 

antibodies from Vector Laboratories (Burlingame, California) for 3h at 21 ˚C. They were again 

washed 6 x 5 min in PBS-T, incubated with Pierce SuperSignal peroxide and luminol/enhancer 

solution from Thermo Fisher Scientific Inc (Rockford, Illinois) for 6 min and exposed to X-ray 

film for developing. Results shown are typical of at least three different samples and experiments. 

 

2.3.7 Immunohistochemistry 

 Bull and mouse testicular sections from testes that had been perfusion-fixed in Bouin’s 

fixative and embedded in paraffin were deparaffinized in xylene and hydrated through a graded 

series of ethanol solutions. During hydration, the sections were treated to abolish endogenous 

peroxidase activity, to neutralize residual picric acid, and to block free aldehyde groups (Oko et 

al. 1996). Once hydrated, the sections were subjected to antigen retrieval by microwaving in a 

0.01 M sodium citrate solution, pH 6 (Tovich et al. 2004). Immunolabelling was conducted using 

an avidin-biotin complex (ABC) kit (Vector Labs, Burlingame, CA). Nonspecific sites were 

sequentially blocked with avidin and biotin blocking serum followed by 10% normal goat serum 

(NGS) in TBS for 15 min. Primary antibody incubation followed for 2h at 21˚C or overnight at 
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4˚C with anti-pMMP2 (1:3), anti-tMMP2 (1:50) or anti-bull acrosin (1:5). The anti-

acrosinantibody preincubated with the peptide (2mg/mL) it was raised against was used as a 

control (1:2). Normal rabbit serum or preimmune serum served as a negative control for the anti-

MMP2 antibodies, respectfully.  After washing, 4 x 5 min in TBS containing 0.1% Tween-20, 

sections were incubated with biotinylated goat anti-rabbit IgG secondary antibody followed by 

incubation with ABC, according to instructions from Vector Labs. Sections were then blocked in 

10% NGS in TBS, and incubated with goat anti-rabbit IgG conjugated to peroxidase in TBS for 1 

h. After washing in TBS containing 0.1% Tween-20, peroxidase reactivity of the sections was 

elicited by incubating the sections with 0.03% hydrogen peroxide and 0.05% diaminobenzidene 

tetrahydrochloride in TBS containing 0.1 M imidazole, pH 7.6, for 10 min The sections were then 

washed with distilled H2O, counterstained with 0.1% filtered methylene blue, and immersed in 

tap water for 5 min. Following stain differentiation, the sections were dehydrated, cleared in 

xylene and mounted with coverslips using Permount. Results shown are typical of three different 

animals and experiments. 

 

2.3.8 Immunogold Electron Microscopy 

 Bull sperm and tissue were fixed in 4% paraformaldehyde and 0.8% glutaraldehyde, 

embedded in LR white (Canemco Inc, St Laurens, QC), cut into ultrathin sections and mounted 

on formavar coated nickel grids.  All solvents and solutions were double-filtered before use with 

P8 Fisherbrand filter paper, except for antibodies.  During immunolabelling, grids were floated 

tissue-side down on drops of various solutions.  Sections were blocked with 5% NGS in TBS and 

then incubated with anti-tMMP2 (1:50) or affinity purified anti-bull acrosin (1:1) antibodies 

overnight at 4º C.  The anti-acrosin antibody preincubated with the peptide (2mg/ml) it was raised 

against was used as a control whereas the preimmune serum was used as a control for anti-

tMMP2. They were then washed in TWBS (TBS with 0.1% Tween-20, pH 8) extensively, 
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blocked with 5% NGS for 15 min, incubated in 10 nm gold particle-conjugated goat anti-rabbit 

IgG ( Sigma, Mississauga, ON) for 2h at 21º C, washed with TWBS and deionized water, and 

allowed to dry.  The sections were then counterstained with uranyl acetate and lead citrate, 

washed with deionized water, and then dried.  Photographs were taken using a Hitachi 7000 

transmission electron microscope. Results shown are typical of three different animals and 

experiments. 

 

2.3.9 In vitro Fertilization of Mouse Oocytes 

Spermatozoa from young adult male CD-1 males were squeezed out of freshly isolated 

mouse epididymides in Embryomax M-2 medium (Millipore catalogue number MR-015-D) using 

sterile forceps and allowed to ‘swim out’ for 10 min at 37°C. The spermatozoa obtained were 

then overlaid with 2x volume containing Embryomax human tubal fluid (HTF) medium 

(Millipore catalogue number MR-070-D), with or without antibody added, for 30 min at 37°C, 

5%CO2. The upper 1/3 of the suspension was taken and adjusted to 5 x 105 sperm/ml for 

fertilization. Ten week old CD-1 females were superovulated by intraperitoneal injection of 10 IU 

pregnant mare serum gonadotropin (Sigma catalogue number G4877) followed 48 h later with 10 

IU human chorionic gonadotropin (Sigma catalogue number CG10). Oocytes were collected from 

oviducts into M-2 20 h after hCG injection and cumulus oophorus cells removed by treatment 

with 0.1% hyaluronidase in M-2. The cumulus-free oocytes were washed in M2. Oocytes were 

pre-incubated in HTF with or without anti-pMMP2 (1:50), anti-tMMP2 (1:25), pre-immune anti-

tMMP2 IgG purified antibody (1:10) or 40nM tissue inhibitor of MMP2 (TIMP2, R&D Systems 

971-TM, Minneapolis, MN). Pre-incubation occured for 30 min at 37°C, 5%CO2, and oocytes 

were fertilized with spermatozoa in the same droplet at 37°C, 5%CO2. Fertilization was assessed 

24 h later by counting the number of zygotes as compared to oocytes.  All droplets were overlaid 

with sterile mineral oil.  
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2.3.10 Statistics 

 A chi square test was used to determine statistical significance between each category 

and the control group.  Statistical significance is noted when p<0.05. 

 

2.4 Results 

2.4.1 Gelatin Zymograms Reveal Proteinase Activity Is Associated With the Inner 

Acrosomal Membrane 

 In order to study the protein composition of the IAM we previously devised a cell 

fractionation procedure (Yu et al. 2006) by which the IAM and its extracellular protein coat 

(IAMC) were exposed on the surface of isolated sperm heads (Figure 4).  Detergent extraction of 

this sonicated and sucrose gradient isolated sperm head (SSpH) fraction solubilized the proteins 

of the IAM and its IAMC but left the detergent resistant nucleus and PT intact (Figure 4). The 

detergent soluble proteins were collected in the supernatant after centrifugation and analyzed by 

PAGE and gelatin zymography for protein and enzymatic content (Figure 4).  Gelatin zymograms 

of NP-40 and RIPA extracts of bull SSpH revealed two intense zones of enzymatic activity (clear 

bands) at approximately 35- and 72-kDa levels (Figure 4).  Co-incubation of the extract loaded 

gelatin gel with the MMP inhibitor Ilomastat removed the 72 kDa clear band, confirming that this 

enzymatic activity was due to a matrix metalloproteinase (MMP) while co-incubation of the 

gelatin gel with a trypsin inhibitor removed the clear bands at 35 kDa level, confirming that these 

enzymatic activities were due to serine proteases (Figure 5a). A gelatin zymogram loaded with a 

trophoblast cell conditioned medium, containing both MMP2 and MMP9, was also analyzed as a 

positive control for MMP activity and suggested that the 72 kDa enzymatic activity in the RIPA-

SSpH extract may be due to MMP2 (Figure 5a, lane 4).    
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2.4.2 Specific inhibition of MMP2 activity associated with the IAM 

 Co-incubation of the zymogram loaded with RIPA extracts of bull SSpH with a cyclic 

disulfide bonded peptide (CTTHWGFTLC), a specific inhibitor of MMP2 and MMP9 which 

preferentially inhibits the activity of MMP-2 relative to the activity of MMP-9 (Koivunen et al. 

1999), inhibited the 72 kDa MMP-enzymatic activity confirming the presence of MMP2 at this 

level (Figure 5b).   Trophoblast cell media, containing both MMP2 and MMP9, served as a 

negative control demonstrating the efficacy of the inhibitor. CTTHWGFTLC preferentially 

inhibited MMP2- over MMP9-activity (Figure 5b) indicating that the inhibition was specific. 

 

2.4.3 Acrosin is responsible for the serine protease activity associated with the IAM 

 In order to show that the serine protease activity associated with the detergent extract of 

the SSpH is due to acrosin we raised an antibody against a specific peptide region common to 

both bull and boar acrosin. This anti-bull acrosin antibody appeared specific as it predominantly 

labeled a 43 kDa band in freshly isolated or ejaculated bull sperm (Figure 5c, lane 2), 

corresponding to the expected size of proacrosin. Furthermore, this immuno-reactivity along with 

a more minor immunoreactivity at the 35 kDa level was inhibited when the anti-bull acrosin 

antibody was preincubated with the peptide it was raised against (Figure 5c, lane 1). Sonication of 

fresh bull sperm before immuno-blotting analysis resulted in a shift of the immunoreactivity to 

the 35 kDa level in the supernatant (lane 3) as well as in the SSpH (lane 4), which only retained 

the IAM part of the acrosome. This shift was expected as sonication breaks up the acrosome and 

initiates cleavage of proacrosin to acrosin, just as the acrosome reaction does (Brown and 

Harrison 1978). Importantly, there was almost an equal amount of acrosin immunoreactivity 

retained in the SSpH as in the supernatant after sonication (compare lanes 3 and 4).  This 

indicates that a sizeable portion of proacrosin/acrosin is retained on the IAMC. Extraction of the 
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SSpH with non-ionic detergent, NP-40, was not as efficient in getting acrosin off the IAM as with 

ionic detergent, SDS, (compare lanes 4 and 5).  This suggests that there may be an inter-linkage 

through the IAM between the PT and the IAMC. Nevertheless, comparison of the immunoblot 

(lane 5) and gelatin zymogram (lane 6), both equally loaded with NP-40 extract, showed that the 

acrosin-immunoreactive bands corresponded in molecular mass and intensity to the enzymatic 

digested bands, indicating  that the digestive activity was due to acrosin.    

 

2.4.4 Comparison of MMP2 and Proacrosin/acrosin Immunoreactivity in Sonicated Sperm 

Fractions 

 The presence of MMP2 as a 72 kDa band was confirmed on immunoblots of the 

sonicated supernatant of whole bull sperm, bull SSpH and SDS extracts of bull SSpH by utilizing 

a commercial monoclonal anti-mMMP2 antibody (not shown) as well as a commercial polyclonal 

antibody (anti-pMMP2) raised against a peptide sequence of MMP2 (Figure 5d). Both antibodies 

were found to be monospecific but the latter was chosen for immunocytochemistry as it was 

found to be more antigenic.  Importantly, there was almost an equal amount of MMP2 

immunoreactivity retained in the SSpH as in the supernatant after sonication (compare lanes 2 

and 3) indicating that a sizeable portion of MMP2 is retained on the IAMC. SDS was able to 

completely extract MMP2 from the SSpH (compare lanes 5 and 6). 

 

Since MMP2 (72 kDa), proacrosin (43 kDa), and acrosin (35 kDa) are very different 

sizes, the same blot used to immunoprobe for MMP2 (above) was also used to probe for 

acrosin/proacrosin (Figure 5d). The similar immunoblotting profile between these proteins under 

different cellular fractionation conditions like sonication and detergent extraction reinforces the 

idea that MMP2 and proacrosin/acrosin have similar cellular locations and membrane binding 

properties within the sperm acrosome. Interestingly, the conversion of proacrosin to acrosin did 
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not appear as efficient after sonication of freeze-thaw sperm (Figure 5d) as with fresh sperm 

(Figure 5c). 

 

MMP2 was also immunodetected in human and mouse sperm (Figure 5e). Zymograms of 

sperm fractions in these species confirmed MMP2 activity (not shown).    

 

2.4.5 Immunogold localization of acrosin and MMP2 confirms IAM association 

 In order to confirm our biochemical fractionation data that acrosin and MMP2 were 

associated with the IAM we performed immunogold labeling of bull spermatozoa at the electron 

microscope level utilizing polyclonal antibodies we raised against a peptide sequence in bull 

acrosin (anti-bull acrosin) and against a portion of a sequence in mouse MMP2 (anti-tMMP2). 

Acrosin was mostly confined to the principal and apical segments in association with the IAM 

(Figure 6). The immunogold labeling was eliminated when the antibody was pre-incubated with 

the peptide it was raised against prior to its use (see Supplementary Figure 1). This IAM 

association, within the principal and apical segments of the acrosome, was also found for MMP2 

(Figure 7).   

 

2.4.6 The Acrosomal Membrane Association of Acrosin and MMP2 Begins Early During 

Spermiogenesis  

 In order to get a rudimentary understanding of the origin and assembly of acrosin and 

MMP2 during spermatogenesis, immunoperoxidase staining utilizing anti-bull acrosin and anti-

anti-tMMP2 was first performed on bull testicular tissue fixed in Bouin’s  and embedded in 

paraffin. Early in spermiogenesis at the beginning of the cap stage, anti-acrosin staining was 

already seen associated with the acrosomal membranes, appearing more intensely associated with 

the IAM than the OAM (Figure 8), There was little immunostaining evident between these 
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membranes, except within the acrosomal granule (Figure 8). Anti-MMP2 staining followed a 

similar pattern. During the Golgi phase of spermiogenesis, it was more intense over the acrosomic 

granule of the proacrosomic and acrosomic vesicles  than over the acrosomal membrane (Figure 

9). Later, in the cap phase, staining became more intense over the acrosomal membrane, 

especially over the IAM as shown in the mouse (Figure 10). Mouse testis immunostained with 

anti-pMMP2 had a similar MMP2-staining profile to that observed in bull testis. During the Golgi 

phase,  MMP2 immunostaining  was associated with the proacrosomic and acrosomic vesicles. 

As shown at higher magnification and resolution (Figure 10, right inset) it was most intense over 

the acrosomal granule. In the cap phase, the MMP2 immunostaining shifted from the acrosomic 

granule to the acrosomal membrane (Figure 10,left inset). Immunogold labeling confirmed that 

MMP2 was associated with the IAM by the end of the cap phase (see Figure 7b).  

 

2.4.7 Inhibition of MMP2 During IVF Significantly Decreases Fertilization 

 Since the IAM is the leading edge of the sperm during zona pellucida penetration we 

hypothesized that MMP2 may be involved in zona-digestion as this enzyme resides on the IAM. 

To test this hypothesis we attempted to block mouse fertilization in vitro by applying MMP2 

inhibitors and anti-MMP2 antibodies (anti-pMMP2 and anti-tMMP2) to the IVF medium. 

Spermatozoa exhibited a significant reduction in the ability to fertilize the oocyte when either of 

the antibodies was added to the fertilization media. Control IVF medium contained no antibody 

added or the addition of only preimmune anti-serum for anti-tMMP2 antibody (Figure 11). To 

further verify the fertilization blocking specificity of the anti-pMMP2 antibodies, they were 

replaced by an antibody against an unrelated, but IAM associated protein, SPACA1, that was 

found to be ineffectual (Figure 11). Finally, a specific tissue inhibitor of matrix 

metalloproteinases, TIMP2, which has a preference for MMP2, was also found to significantly 

inhibit fertilization when added to the IVF medium.  
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2.5 Discussion 

 The controversy whether proteinases such as acrosin are associated with the IAM has 

been debated for many years (Huang, Jr. and Yanagimachi 1985). By utilizing a sperm 

fractionation methodology to obtain direct information on the protein composition of the IAM, 

we were able to show conclusively that the IAM harbours not only ZP receptor, IAM38 (Yu et al. 

2006), but also two unrelated proteinases (this study): a serine protease, acrosin/proacrosin, and a 

matrix-metalloproteinase, MMP2. The validity of this fractionation technique for identifying 

IAM-associated proteins was confirmed by EM immunogold localization of IAM38 (Yu et al. 

2009) and of acrosin and MMP2 (this study) to the IAM of elongated spermatids and 

spermatozoa.  

 

Our study is first to identify MMP2 as an IAM associated protein. An earlier study 

identified MMP2 and MMP9 activities in human spermatozoa and by immunofluorescence 

localized MMP2 mainly to the acrosomal region of the sperm head and MMP9 mainly to the mid-

piece of the sperm tail (Buchman-Shaked et al. 2002). Matrix metalloproteinases (MMPs) are 

zinc-dependent endopeptidases that contribute to physiological tissue invasion by cleaving 

extracellular matrix constituents (i.e., collagens, laminin, fibronectin, and proteoglycans) at the 

leading edge of the invading cells (Hrabec et al. 2007). For example, early in the first trimester of 

pregnancy, human embryo implantation of the uterine wall is dependent on MMP-2 as the main 

gelatinase and enzyme in trophoblast invasion of the uterine stroma (Staun-Ram et al. 2004). 

Later in the first trimester both MMP-2 and -9 participate in trophoblast invasion. MMP2 is also 

implicated in non-physiological tissue invasion, allowing tumour cell invasion and metastasis in 

breast (Jezierska and Motyl 2009), lymph (Tokuraku et al. 1995), ovarian (Kenny et al. 2008), 

and colorectal (Murnane et al. 2009) cancers, as well as in others. Thus the idea that MMP2, a 
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type IV collagenase, could play a role in lytic digestion of the ZP by the sperm is not surprising 

considering its wide range of cleavage site motifs and substrates (Dean and Overall 2007)  and 

that normally, like all MMPs, it is secreted at the cell surface where it is activated to aid in 

invasion and regulation of the extracellular matrix (Hulboy et al. 1997;Nagase and Woessner, Jr. 

1999).  In fact an alternative to the trypsin digest method of preparing ZP-free oocytes is by pre-

incubation of oocytes in clostridiopeptidase A, a type I collagenase (Yamatoya, Ito, Araki, 

Furuse, & Toshimori, 2011). 

 

 Our immunolocalization of acrosin at the electron microscope level is distinct from 

previous studies (Tesarik et al. 1988;Castellani-Ceresa et al. 1983;Johnson et al. 1983;Huneau et 

al. 1984) in that our labeling is confined to the apical and principal segments of the bull acrosome 

in association with the IAM. It is not scattered through the acrosomal matrix of the apical and 

principal segments, associated with the outer acrosomal membrane, nor found in the equatorial 

segment. The differences in the localization of acrosin found between our study and others may 

have arisen from different states of sperm preservation or manipulation prior to fixation and/or to 

the use of non-specific antibodies to acrosin. Most previous evaluations were done on sperm 

undergoing spontaneous or chemically induced acrosome reactions, while in our analysis the 

spermatozoa were fixed in situ in the cauda epididymis or fixed immediately after ejaculation. 

Nevertheless, most of the EM studies above showed that at least a portion of acrosin/proacrosin is 

associated with the IAM. In our sperm fractionation studies we found that sonication was able to 

disrupt approximately half of the amount of acrosin within the acrosome while the other half was 

retained on the IAMC. Interestingly, even though a sizeable portion of acrosin/proacrosin is 

sonication resistant, most of it, as probed by immunofluorescence using our anti-bull acrosin 

antibody, appeared to have dissipated away with the acrosomal shroud on the surface of the ZP 

during IVF-induced acrosome exocytosis (Sutovsky and Oko, unpublished observation), agreeing 
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with the observations of Tesarik et al. (Tesarik et al. 1988). Therefore, the question remains: is 

there enough acrosin retained on the IAM after the acrosomal reaction in vivo to be involved in 

lytic digestion of the ZP during sperm-penetration; alternatively, in accelerating the dispersal of 

acrosomal contents during the acrosome reaction (Yamagata et al. 1998b), is acrosin involved in 

the activation of other proteinases found on the IAM that are involved in lysis of the ZP? 

 

Our finding that matrix metalloproteinase 2 and acrosin are found together on the IAM 

and that inhibition of MMP2 enzymatic activity significantly blocks fertilization, raises the 

possibility that acrosin may activate MMP2. MMP2, like all MMPs, is synthesized as an inactive 

zymogen (pro-MMP2), which requires cleavage for activation to its active form (Nagase and 

Woessner, Jr. 1999). MMP2 contains three domains, with the first being absent from the active 

form as it is the pre-domain. Normally, in its somatic environment, pro-MMP2 is cleaved by  

membrane-type MMP1 (MT1-MMP) (Tokuraku et al. 1995;Kazes et al. 2000), an integral 

membrane protein (Sato et al. 1994), in complex with tissue inhibitor of MMP2 (TIMP2) (Kazes 

et al. 2000;Sato and Takino 2010), as well as a variety of other MMPs (Jezierska and Motyl 

2009). Interestingly, trypsin also possesses the catalytic and regulatory ability to activate pro-

MMP2 (Lindstad et al. 2005). For MMP2 to be functionally relevant in the acrosome its 

activators must be present and, like proacrosin, it must be activated during or after the acrosome 

reaction. Since acrosin has trypsin like activity and various trypsin inhibitors block in vitro 

fertilization (Fraser 1982;Miyamoto and Chang 1973;Saling 1981) the possibility arises that the 

delay in sperm penetration of the ZP seen in acrosin-null mice during IVF (Baba et al. 

1994;Adham et al. 1997) is not due to acrosin’s failure to lyse the ZP.  It may rather be due to its 

failure to cleave IAM-associated pro-MMP2 into it active form, which would affect the efficiency 

of its conversion and hence ZP-lysis. However we are unable to conclusively determine at this 

point if the deficiency seen in IVF upon MMP2 inhibition is due to its effects on a mechanism 
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other than ZP-lysis, such as acrosomal dispersal.  Even though acrosin may be in the most 

favourable position on the IAM to activate MMP2, there are several other trypsin-like enzymes, 

such as the TESP family members (Honda et al. 2002;Kohno et al. 1998) as well as other serine 

proteases present within the acrosome that could potentially compensate for a loss in acrosin 

activity. Because some proprotein convertases have MMP activation ability (Yana and Weiss 

2000), a promising candidate could be proprotein convertase subtilisin/kexin-like 4 (PCSK4, also 

known as serine protease prohormone convertase 4, or PC4), whose inactivation causes severe 

male subfertility (Gyamera-Acheampong et al. 2006). Although localized to the acrosome region 

its exact location and function have not yet been resolved. Another serine protease, 

plasmin/plasminogen, can activate pro-MMP2 in somatic cells in a membrane-dependent manner 

(Monea et al. 2002) and is present in the ZP of hamster oocytes (Jimenez-Diaz et al. 2002). 

Plasminogen activators were identified in the acrosome of bull and human spermatozoa 

(Smokovitis et al. 1992) and are released during the acrosome reaction (Taitzoglou et al. 1996) 

while  plasminogen activator receptor, SAMP14, was localized to the acrosome and  retained on 

the IAM  after the acrosome reaction (Shetty et al. 2003),  suggesting that plasmin could also be a 

candidate MMP activator in sperm.  Indeed, the addition of plasmin to IVF medium significantly  

decreased zona pellucida solubilization time and improved IVF success rates at certain doses (Sa 

et al. 2006). 

 

Unlike the sonication-induced conversion of pro-acrosin to acrosin, the MMP2 retained 

on the IAM of SSpH remained mostly in its pro form. In this state it still is able to digest gelatin 

in zymograms. This indicates that pro-MMP2 may require a longer incubation period with its 

activators than sonication provides.  Alternatively, its activation may be dependent on activators 

present in the external milieu of the female reproductive tract, outside the confines of the 

acrosome. The two reasons given may not be mutually exclusive because in double-knockout 
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mice lacking two major acrosomal serine proteases, acrosin and PRSS21(TESP5), the female 

reproductive tract was able to compensate for the loss of the sperm function (Kawano et al. 2010). 

In other words, the acrosin- and PRSS21-deficient sperm were unable to fertilize in vitro unless 

uterine fluid was added to the IVF media.  It would not be unreasonable to assume that the uterine 

fluid contains factors which contribute to MMP activation such as plasminogen and that this 

‘reproductive tract’ compensation could therefore be dependent on conversion of pro-MMP2 on 

the exposed inner surface of the sperm to its active form. This could be easily tested for by adding 

plasminogen or plasmin to the IVF medium to see if it would compensate for the IVF inefficiency 

of acrosin- and PRSS21-deficient sperm. If this scenario proved true then one could assume that 

under normal IVF conditions sperm-borne trypsin-like serine proteases, such as acrosin and 

PRSS21, would compensate for the lack of uterine fluid and activate MMP2. 

 

Although not a high resolution microscopic developmental study, our immunoperoxidase 

evaluation of MMP2 and acrosin on testicular sections shows that these enzymes are first 

incorporated as part of the acrosomal granule during the Golgi phase of spermiogenesis, followed 

by a gradual shift from the acrosomal granule to the acrosomal membrane during the cap and 

elongating phases. The similarities in the developmental aspects of MMP2, acrosin and IAM38 

(Yu et al. 2009) support the hypothesis that peripherally attached acrosomal membrane proteins 

like acrosin and MMP2, as distinct from integral membrane proteins such as SPACA1 (Ferrer, 

Xu, & Oko, 2012; Hao et al., 2002), follow a similar pattern of acrosomal-incorporation. 

Certainly by the time of spermatid maturation and production of spermatozoa our EM 

immunolocalization studies indicate that all three peripheral membrane proteins (i.e., MMP2, 

acrosin and IAM38) end up associated with the IAM. Interestingly, although IAM38 is associated 

with the IAM in the apical and principal segments of the acrosome, as are MMP2 and acrosin, it 

differs from the latter two enzymes in that it extends into the equatorial segment associating with 
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both the IAM and OAM in this region (Yu et al. 2006;Yu et al. 2009). Since IAM38/ZPBP2 is 

involved in acrosomal compaction during spermiogenesis (Lin et al. 2007) it is quite possible that 

this positioning of IAM38 allows for the narrowing of the equatorial segment which occurs 

during the maturation phase of spermiogenesis (Yu et al. 2009).  

 

On consideration of the strategic developmental positioning of MMP2 and acrosin on the 

IAM, it is probable that the exposure of these two enzymes, along with IAM38, on the surface of 

the sperm after acrosomal exocytosis, may be to aid the sperm in binding and penetrating the ZP 

of the oocyte.   Their co-localization suggests that they may cooperate in sperm-zona penetration. 
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Figure 4 Design for extraction of IAM and IAMC 

Design for detergent extraction of the inner acrosomal membrane (IAM, designated by a line) and 

its extracellular protein coat (IAMC, designated by beads) from sonicated and isolated sperm 

heads (SSpH). The detergent extract is separated from the SSpH by centrifugation and analyzed 

for protein and enzyme content by conventional and gelatin zymogram polyacrylamide gel 

electrophoresis (PAGE). Distinctive enzymatic activity is found at both the 72- and -35 kDa 

levels. Gel lanes were loaded with non-ionic (NP-40) and ionic (RIPA) detergent extracts, giving 

essentially the same results. PM, plasma membrane; OAM, outer acrosomal membrane; ES, 

equatorial segement; SL, subacrosomal layer (red); PS, postacrosomal sheath (yellow). Isolation 

of the IAM and IAMC was based on protocol previously published by Yu et al. (Yu et al, 2006)     
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Figure 5 Zymograms and immunoblots of sperm extracts 

a) Gelatin zymograms of detergent extracts (RIPA) of SSpH reveal MMP and serine proteinases 

as components of the IAM. Blockage of the 72 kDa-enzymatic activity with GM6001 (Ilomastat) 

(lane 2) indicates a metalloprotease and blockage of the 35 kDa-enzymatic activities by trypsin 

inhibitor (lane 3) indicates serine proteases. Lane 4, a positive control, is loaded with a 

trophoblast cell medium containing both MMP2 (72 kDa) and MMP9 (92 kDa). b) MMP2 

inhibition utilizing a cyclic disulfide bonded peptide (CTTHWGFTLC) on RIPA extracts of 

SSpH (lane 1, 3) and trophoblast conditioned media (lane 2, 4), containing both MMP2 and 

MMP9 enzymatic activities. c) Immunoblotting  verification that acrosin is responsible for serine 

protease activity in detergent extracts of SSpH. Anti-acrosin antibody detects proacrosin in 

western blots of whole bull epididymal sperm (lane 2) and is blocked when preincubated with the 

peptide it was raised against (lane 1). Sonication of whole sperm causes proacrosin cleavage into 

its active forms as indicated both in the resultant sonication supernatant (lane 3) and in SSpH 

(lane 4). 2% NP-40 (non-ionic detergent) extract of SSpH (lane 5) is less efficient in stripping 

SSpH of proacrosin/acrosin than 2% SDS (lane 4). Lane 6 is a gelatin zymogram of the NP-40 

extract loaded in lane 5, confirming that the enzymatic activities found at the 35 kDa level are due 

to acrosin. d) Immunoblotting verification that both MMP2 and Proacrosin/Acrosin are 

constituents of the sonicated bull sperm head. Freeze- thawed sperm (lane 1) were sonicated and 

separated by centrifugation into three fractions: supernatant (lane 2), SSpH (lane 3) and tails (lane 

4). The sperm heads were then extracted with SDS (lane 5) and compared with pellet (lane 6). 

The upper part of the western was probed with anti-pMMP2, while the bottom part below the 

demarcating line was probed with polyclonal anti-bull acrosin antibody. e) Immunoblots probed 

with anti-tMMP2 showing that MMP2 is present in bull, mouse and human spermatozoa (WS). 

Human recombinant MMP2, minus the pre-domain, is used as a positive control (rec. MMP2).  
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Figure 6 Immunogold localization of acrosin in bull sperm 

Immunogold localization of acrosin in sagittal sections of bull ejaculated sperm, utilizing anti-

bull acrosin antibody a) Labeling is confined to the principal (PS) and apical (AS) segments of 

the acrosome. Little or no labeling is evident in the equatorial segment (ES) of the acrosome nor 

in the perinuclear theca (PT). b) Labeling is closely associated to the IAM. Bars, 0.2 µm. See 

Suppl. Fig. 1a for peptide blocking control.  
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Figure 7 Immunogold localization of MMP2 in bull sperm 

Immunogold localization of MMP2 in bull spermatozoa and spermatid at end of cap phase. a) In 

ejaculated sperm immunogold labeling, utilizing anti-tMMP2 antibody, is found through the 

apical (AS) and principal segments (PS) of the acrosome, a large portion associated with the 

IAM. See Suppl. Fig. 1b for preimmune control. Bar, 0.2 µm. b) In a step 7-8 spermatid labeling 

with anti-pMMP antibody is seen along the inner acrosomal membrane (arrows) of the acrosome. 

AG, acrosomic granule. Bar, 0.2 µm.   
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Figure 8 Immunohistochemistry of acrosin in bull testes 

Immunoperoxidase staining of proacrosin/acrosin in a testicular section of round spermatids in 

step 4 of bovine spermiogenesis. Immunostaining arises in the acrosomic granule (AG) from 

where itv gradually shifts during the cap phase of spermiogenesis to the acrosomal membrane 

(arrows), especially to the IAM. b) Immunoperoxidase control (step 4) in which the anti-bull 

acrosin antibody was pre-incubated with the peptide it was raised against prior to its use. Bars, 5 

µm. 
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Figure 9 Immunohistochemistry of MMP2 in bull testes 

Immunoperoxidase staining of MMP2 (with anti-tMMP2 antibody) in a testicular section of 

round spermatids in step 2-3 of bovine spermiogenesis. a) As with acrosin, MMP2 

immunostaining is found in the acrosomic granule (arrows) of proacrosomic and acrosomic 

vesicles before shifting to the acrosomal membrane during the cap phase of spermiogenesis. b) 

Preimmune control. Bars, 5 µm.  
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Figure 10 Immunohistochemistry of MMP2 in mouse testes 

Immunmoperoxidase staining of MMP2 in stages III and VII of the cycle of mouse seminiferous 

epithelium. MMP2 immunostaining, utilizing anti-pMMP2 antibody, is associated with the 

acrosomic vesicles (arrows) of step 3 spermatids in stage III and the acrosomic cap of step 7 

spermatids (arrows) in stage VII. The association of MMP2 with the acrosomic granule (arrows) 

of step 3 spermatids and the acrosomal membrane (arrows) of step 7 spermatids is seen to better 

advantage at higher magnification in the insets. Bars, 10 µm. 
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Figure 11 Effect of anti-MMP2 antibodies and TIMP2 in mouse IVF 

IVF control values were adjusted to 100% for comparative purposes and experimental values 

obtained were adjusted accordingly.   The block graphs depict the mean percentage of oocytes 

that were fertilized after incubation with sperm in IVF medium containing anti-pMMP2, anti-

SPACA1, anti-tMMP2, no antibodies or TIMP2, as compared to controls. Superscripts a and b 

denote a significant difference at P < 0.05 and error bars indicate standard error.   In (a), only the 

pre-incubation medium with spermatozoa contained antibodies of which only part was transferred 

to the final IVF medium. In (b) both spermatozoa and oocytes were preincubated with antibodies 

and inhibitors which were combined in the final IVF medium. Thus it is difficult to distinguish if 

the difference in the effectiveness of inhibition in (a) and (b) is due to anti-MMP2 antibody 

effectiveness or concentration of antibody in IVF media.    
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Supplementary Figure 1 Controls for immunogold localization of acrosin in bull sperm 

Blocking (a) and Pre-immune (b) control sections of bull spermatozoa for anti-bull acrosin 

antibody (Fig. 3) and anti-tMMP2 antibody (Fig. 4a), respectfully. AS, apical segment of 

acrosome; PS, principal segment of acrosome; ES, equatorial segment of acrosome; PAS-PT, 

postacrosomal sheath of PT. Bars, 0.2.   
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Chapter 3 

The Composition, Protein Genesis and Significance of the Eutherian 

Sperm’s Inner Acrosomal Membrane 

 

3.1 Abstract 

As a consequence of the acrosomal reaction during fertilization the inner acrosomal membrane 

membrane (IAM) becomes exposed and forms the sperm’s leading edge for adhesive binding to 

and subsequent penetration of the zona-pellucida (ZP) of the metaphase II arrested oocyte. 

Therefore, a premise of this review is that the IAM of spermatozoa anchors receptors and 

enzymes (on its extracellular side) that are required for sperm attachment to and penetration of 

the ZP (Chapter 3.2). In this context we propose a sperm cell fractionation strategy that allows 

for direct access to proteins bound to the extracellular side of the IAM. We review the types of 

integral- and peripheral-IAM proteins found by this approach that are implicated in ZP-

recognition and lysis. We also propose a scheme for the origin and assembly of these proteins 

within the developing acrosome during spermiogenesis. During development, the extravesicular 

side of the membrane of the acrosomic vesicle is coated by peripheral proteins that transport and 

bind this secretory vesicle to the spermatid nucleus. The part of the membrane that binds to the 

nucleus becomes the IAM while its extravesicular protein coat between the IAM and nucleus 

becomes the subacrosomal layer of the perinuclear theca (SAL-PT), which is retained between 

the IAM and the nuclear envelope (NE) of spermatozoa. Therefore, another premise of this 

review is that the IAM of spermatozoa is bound with proteins (on its intracellular side), the SAL-

PT proteins, that hold the clue to the mechanism of acrosomal-nuclear docking (Chapter 3.3). In 

this context we propose a sperm cell fractionation strategy that allows for direct access to SAL-
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PT proteins. We then review the types of SAL-PT proteins found by this approach that are 

implicated in transporting and binding the acrosome to the sperm nucleus.  

 

3.2 Proteins Associated with the Extracellular Side of the Inner Acrosomal 

Membrane 

3.2.1 Introduction 

 To our knowledge the last review dealing strictly with the IAM of eutherian spermatozoa 

was done over a quarter of a century ago by Huang and Yanagimachi (Huang, Jr. and 

Yanagimachi 1985) who raised a number of pertinent observations and questions regarding the 

role this membrane domain during fertilization. They noted that the stability of this membrane 

provides a mechanical advantage in the penetration of the ZP. However, a question raised, which 

still remains controversial today, is whether the IAM acts as a scaffold for anchoring enzymes 

that assist the sperm in ZP-penetration. Surprisingly, very little definitive research was done since 

that time to answer this question. Our sperm head fractionation approach provides direct access to 

IAM-bound proteins and is explained in this review. We uncover both serine- and matrix-metallo-

proteinases as well a proteosomal subunits associated with the IAM, providing proof for the first 

time that these lytic enzymes or complexes are indeed associated with the IAM. 

 

Another question addressed in Huang and Yanagimachi’s classical review (Huang, Jr. 

and Yanagimachi 1985) is whether the IAM is involved in recognition and adhesion of the ZP. 

This question was addressed by Wassarman and co-investigators in the late 1980s, a few years 

after this review. By analyzing the binding ability of mouse recombinant ZP-proteins to bind on 

the exposed IAM of acrosome-reacted sperm they found that only ZP2 bound (Mortillo and 

Wassarman 1991;Bleil and Wassarman 1986;Bleil et al. 1988). They also found that antibodies 

directed against ZP2, but not ZP3, inhibited maintenance of binding of sperm that had undergone 
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the acrosome reaction on the ZP (Bleil et al. 1988). Furthermore, they provided ample proof that 

this adhesive IAM-ZP binding, coined at that time as ‘secondary binding’, was compulsory for 

subsequent sperm-ZP penetration. The documentation of this secondary binding step by 

Wassarman and colleagues stimulated a search for the protein receptors on the IAM that 

interacted with the zona but none seemed to fit the criteria. By devising a cell fractionation 

method that allowed us to study the protein composition of the IAM directly, we were able to 

identify and characterize such a receptor, termed IAM38/SP38/ZPBP1, and reinforce the above 

concept (Yu et al. 2006). We showed for the first time that antibodies directed against this protein 

significantly blocked both secondary binding and in vitro fertilization (IVF) in swine. Initially 

termed SP38, this protein was characterized and proposed as a secondary binding candidate by 

Mori et al. (1993) but then abandoned as evidence suggested that SP38 was not bound to the IAM 

but released during the acrosome reaction, which was contrary to our findings. Importantly, Mori 

et al. (1995) identified a KRLXX(XXX)LIE sequence motif in both SP38 and proacrosin that is 

responsible for binding  these proteins to the ZP as well as to ZP2-solid supports. Our finding that 

both proacrosin and SP38/IAM38 are associated with the IAM in mature spermatozoa (Figure 

12a,b) rekindles the concept that both proteins are involved in secondary binding, although, 

contrary to SP38/IAM38, proacrosin/acrosin dissipates from the sperm head after the ZP-induced 

acrosome reaction (Oko and Sutovsky, unpublished data; Tesarik et al. 1988). Recently, we have 

significantly blocked secondary sperm-ZP binding in mouse oocytes by introducing the 

KRLSKAKNLIE peptide (KRLn) into the IVF media during in vitro fertilization – the mutant 

peptide (mKRLn) in which the basic residues at the 5’ end of this peptide were substituted was 

ineffective (Figure 13). 

 

The paradigm shifting discovery that most mouse spermatozoa begin their acrosome 

reaction in the cumulus cell layer during in vivo fertilization (Jin et al. 2011) raises several 
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questions regarding the ‘analog model’ of  acrosome reaction, which proposes the existence of 

transitional states of acrosomal exocytosis during sperm-cumulus and -zona pellucida interactions 

(Gerton 2002;Kim et al. 2011). The most pressing question, in context of IAM’s role in 

fertilization, is whether the acrosomal shroud and matrix components are left behind in the 

cumulus oophorous. In other words, is the IAM with its extracellular glycoprotein coat (IAMC) 

the first component of the sperm head that the ZP encounters? If electron microscopy proves this 

to be the case then one could argue that IAM’s role in recognizing and penetrating the ZP would 

become paramount as the transitional states of sperm head divestment would no longer apply to 

the in situ sperm-ZP interaction. In addition the term ‘secondary binding’, which refers to the 

adhesive binding between the sperm’s IAM and the ZP, would only be appropriate to use in the 

context of IVF of cumulus-free oocytes. IVF blocking trials to determine potential 

receptors/ligands and enzymes on the IAM sperm surface would still be more effective utilizing 

cumulus-free metaphase II oocytes because the cumulus could act as a barrier preventing 

competitive inhibitors, antibodies and substrates in the IVF medium access to the IAM once 

exposed within the cumulus. 

 

3.2.2 Isolation of the IAM and Identity of its Protein Constituents 

In order to explore the potential function of the IAM in fertilization, our first step was to 

devise a sperm head fractionation technique by which proteins associated with the IAM are 

selectively extracted and identified by mass spectrometry or zymography (Yu et al. 2006; Ferrer 

et al. 2012). Once the IAM proteins were identified, antibody probes were procured or made 

against them to confirm their localization and study their assembly during spermiogenesis and 

their fate during fertilization. This classical approach confirmed the hypothesis that the exposed 

IAM surface anchors both receptors and enzymes most likely for the recognition and digestion of 

the ZP, respectively.  Because the isolation of the IAM proteins is the key to understanding the 
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role of this membrane during fertilization our approach is systematically explained below and 

diagrammatically summarized in Figure 14.       

 

Isolation of Sperm Heads: Spermatozoa obtained from ejaculates (i.e., bull, boar, and 

human) or epididymides (bull, boar, mouse and rat) are pooled and resuspended in 25 mM Tris 

buffered saline (TBS) pH 7.4 with or without 0.2 mM phenyl methylsulponyl fluoride (PMSF), 

aprotinin (1 μg/ml), leupetin (10 μg/ml), and pepstatin (10 μg/ml). The decision to add the 

protease inhibitors is based on the application and the sensitivity of the particular protein to 

proteolytic digestion.  For example the core somatic histones found in the postacrosomal sheath 

are particularly sensitive to proteolytic degradation (Tovich and Oko 2003) and require the full 

cocktail of inhibitors whereas matrix metallo-proteinase 2, which is anchored to the IAM, 

requires proteolytic processing for its full enzymatic activation (Ferrer et al. 2012). All 

subsequent buffers, solutions and gradients used in this cell fractionation procedure, whether they 

contain these protease inhibitors or not, are kept at 4oC. If the sperm suspension is obtained from 

cutting up the epididymis into small pieces in buffer to let the sperm ooze out, the pipetted 

suspension is filtered through an 80 μm nylon mesh to remove any remaining tissue pieces. The 

filtrate is then washed twice in TBS by slow speed centrifugation at 400 x g in 15 ml screw cap 

tubes and the final pellet suspended in TBS, approximately 20x the vol. of the sperm pellet, 

before the sperm number is estimated by haemocytometer. 

 

The suspension is then sonicated on ice for 15 s bursts, utilizing a small head probe 

sonicator, to break the sperm head-tail junction followed by centrifugation (1500 x g) to obtain 

the sonicated supernatant (which is frozen or mixed in reducing or non-reducing sample buffer 

for later use) and sperm pellet. Between bursts the efficiency of the separation is monitored by 

phase microscopy until 100% head/tail separation is achieved. In our experience it is very hard to 
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damage the IAM and its glycoprotein coat by ‘over sonication’, even at maximum setting, as long 

as the sperm sample does not overheat. In fact our initial trials were done on rat sperm head tips, 

containing IAM anchored to perforatorium, which had to be broken off the sperm heads by ultra-

sonication (Yu et al. 2006). The head/tail pellet is then suspended in 80 % sucrose in TBS 

followed by ultracentrifugation at 200,000 x g for 1h at 4oC in an angle rotor centrifuge fitted to 

hold ~ 25 ml screw cap tubes. Because of the high density of the sucrose it is of utmost 

importance that the heads and tails are evenly suspended in the sucrose buffer within these tubes 

so that no clumps are visible. This can be accomplished by sonicating the suspension into the 

sucrose.  The pellet obtained on the centrifugal side of the tube contains mostly sperm heads 

(Mountjoy et al. 2008). It is resuspended in TBS and the sperm head number estimated by 

haemocytometer. If the sperm head fraction contains less than 99% heads the sucrose 

centrifugation step is repeated. The sonicated and isolated sperm heads (SSpH) were found by 

electron microscopy to be free of the plasmalemma and acrosome contents but retained the inner 

acrosomal membrane (IAM) bound to the intact perinuclear theca and the condensed nucleus 

(Figure 15a) (Yu et al. 2006). It is important to note that even though the equatorial segment was 

very resistant to sonication, the proportion of the outer acrosomal membrane left on it was 

dependent upon the intensity and duration of sonication. If SSpH are processed for LR White 

embedding without prior osmium fixation then the lipid bilayer of the IAM appears as a white 

line under electron microscopy providing the necessary contrast to see the IAM extracellular 

electron dense coat (IAMC) (Figure 15b). In opportune non-osmicated sections of whole sperm 

the IAMC is also observable (Figure 16a). 

 

Extraction of the Inner Acrosomal Membrane (IAM): To extract the IAM protein 

constituents from the SSpH fraction there are several choices (Figure 15):  
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1) High salt (e.g., 100 mM KCL or  NaCL solution) selectively extracts the IAMC (Figure 16b,c) 

which so far in our analysis contains IAM38/SP38, proacrosin/acrosin and matrix metallo-

proteinase 2 ( MMP2) (Yu et al. 2006;Ferrer et al. 2012). High salt solution also extracts the four 

core somatic histones from the exposed postacrosomal sheath of the SSpH (Tovich and Oko 

2003). So far these histones are the only perinuclear theca (PT) proteins found that are totally salt 

extractable, as most are covalently bound. The disadvantage of high salt extraction is that 

extensive proteolysis can occur during the prolonged dialysis, which is required to remove the 

salt from the protein extract. 

 

2) Non-ionic detergent solutions (e.g., 1% NP40 or 0.2% Triton X-100/X-114) will dissolve the 

lipid bilayer of the IAM. In addition to releasing the salt extractable proteins of the IAMC 

(IAM38, acrosin and MMP2) into the supernatant, they also release an integral IAM protein, 

which we have identified as sperm acrosome membrane-associated protein 1 (SPACA1; 

www.uniprot.org/uniprot/Q2YDG7). This protein, formerly called SAMP32, was originally 

identified by Hao et al (2002) in human sperm detergent extracts. They found this protein to be a 

‘testis-specific’ transmembrane glycoprotein that is associated with the inner acrosomal 

membrane and the equatorial segment of the sperm acrosome. More recently Jones et al. (2008) 

showed that SPACA1 is the major tyrosine phosphorylated protein in the equatorial segment of 

boar and ram spermatozoa. Preliminary pull-down evidence suggests that SPACA1, initially 

termed IAM32 by us before its sequencing (Yu et al. 2006), binds and organizes the salt-

extractable IAM coat proteins (Oko and Sutovsky, unpublished data). Both karyopherin α6 

(KPNA6) and karyopherin β1 (KPNB1) are also detergent extractable but are located on the 

extravesicular side of the IAM (Tran et al. 2011). Their localization to the PT designates them as 

the first non-ionic detergent extractable PT proteins but developmentally they originate in 

association with acrosomal membrane, their significance to be discussed later.  

http://www.uniprot.org/uniprot/Q2YDG7
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3) Ionic detergents (e.g., 0.2-2 % SDS), which dissolve the lipid bilayer but also break ionic 

bonds, release all the proteins mentioned above (IAM38, acrosin, MMP2, four core somatic 

histones, SPACA1, KPNA6 and KPNB1) (Ferrer et al. 2012;Tovich and Oko 2003;Tran et al. 

2011;Yu et al. 2006) and also partially release the proteosomal subunits from the SSpH (Yi et al. 

2010). The advantages of SDS extraction are that less proteolytic degradation occurs and the 

incubation time is much shorter for effectively extracting the above proteins from SSpH. 

Surprisingly, even under this relatively harsh extraction regime the PT, along with the sperm 

nucleus, remains structurally intact and typical PT proteins such as SubH2Bv, RAB2A, and 

PAWP (Aul and Oko 2002;Mountjoy et al. 2008;Oko and Maravei 1994;Wu et al. 2007a) are for 

the most part retained within this detergent resistant structure. The PT exceptions so far are the 

four core somatic histones (Tovich and Oko 2003), which are salt- or SDS-extractable and the 

karyopherins (Tran et al. 2011), which are non-ionic detergent extractable.  

 

Typically, to do the extractions above, SSpH are incubated with high salt or detergent 

solutions at 4oC overnight or at RT for 1h, followed by centrifugation at 8000 x g for 10 min. to 

separate the supernatant (containing the solubilized IAM proteins) from the pellet (containing the 

PT and nucleus). The supernatant is then compared for protein content or enzymatic activity 

(SDS-PAGE under reducing and non-reducing conditions, respectively) with intact as well as 

extracted SSpH. If extracting SDS-soluble proteins the SSpH can be incubated in SDS-PAGE 

non-reducing sample buffer (2% SDS, 10% glycerol, 0.0125% bromophenol blue, and 62.5 mM 

Tris-HCl, pH 6.8) for 3 min at 100 °C followed by centrifugation to obtain the IAM associated 

proteins in the supernatant. Each well is normally loaded with a concentration equivalent of 1 x 

107 SSpH. 
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3.2.3 Localization of IAM Proteins and Enzymes in Spermatozoa 

 Once the IAM extracted proteins and enzymes were sequence identified, antibodies were 

raised or procured against them. The antibodies were used to confirm that the respective protein is 

indeed associated with the IAM through electron microscope (EM) immunocytochemistry. In our 

experience the concentrations of antibodies required for EM immunocytochemistry are 

approximately 10 times the concentration needed for immunohistochemistry or 

immunofluorescence. To avoid non-specific reactions which naturally happen at such high 

concentrations the immune serum usually needs to be affinity purified on the polypeptide it was 

raised against. Few commercial sources provide affinity purified antibodies against an established 

protein. It is also difficult to find commercially available immune -serum or -IgG purified serum, 

at a decent price, to make it economically feasible to affinity purify in-house. Therefore, most 

often we raise our own antibodies in rabbits to a portion of the recombinant protein we express 

and purify as well as to an antigenic polypeptide sequence in the C- or N- terminal half of the 

respective protein. This ensures that we can affinity purify and concentrate the antibodies 

appropriately for EM immunogold labeling. 

 

 Two patterns of immunogold localization in spermatozoa emerge for the IAM associated 

proteins that we identified.  IAM38, a ZP receptor and major peripheral coat protein of the IAM, 

was localized along the IAM in all three regions of the acrosome (i.e. apical, principal and 

equatorial segments). It was also associated with the OAM but only in the equatorial segment 

(Figure 17).  SPACA1, the major integral protein that most likely anchors the IAMC proteins, had 

an identical localization to IAM38 (Figure 17, Figure 18), with the exception that it is not a 

peripheral protein. This localization was first shown by Hao et al (2002). Proacrosin/acrosin and 

MMP2, on the other hand, were only associated with the IAM in the apical and principal 

segments of the acrosome (Figure 12, Figure 17). All four IAM proteins are associated with the 

entire acrosomal membrane early in their development but gradually the association with the 
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OAM is lost. In the case of IAM38/ZPBP1 the association with the entire acrosomal membrane is 

required during the cap phase of acrosomal development to ensure proper acrosome compaction 

during the cap phase of acrosomal development (Lin et al. 2007;Yu et al. 2009). 

 

3.2.4 Origin and Assembly of IAM Proteins during Spermiogenesis 

 IAMC proteins (IAM38, proacrosin and MMP2) all had the same origin (Figure 19). 

They were secreted as part of the electron dense granule within the proacrosomic vesicle (PAV) 

during the Golgi phase of spermiogenesis (Ferrer et al. 2012;Yu et al. 2009). After coalescence of 

the PAVs to form the acrosomic vesicle (AV) and its subsequent attachment to the nuclear 

envelope of the spermatid, IAMC proteins began to redistribute from the dense granule to the 

intravesicular side of the acrosomal membrane (Figure 19) during the cap phase of 

spermiogenesis. By step 7 most of the IAMC proteins had resituated themselves from the 

acrosomic granule to the acrosomal membrane and it became obvious that the proteins were being 

lost from the OAM.  It should be clarified, however, that the redistribution of IAMC proteins 

from the acrosomic granule to the acrosomic membrane can occur at different times during 

spermiogenesis among species, with the final positioning being the same. The redistribution of 

proacrosin, for example, takes place during the elongation phase in the mouse while in the bull it 

takes place during the cap phase. At the beginning of spermatid elongation (step 8), when the 

acrosome was compositionally complete, the majority of IAM38 proteins, both in the mouse and 

bull, were located along the IAM and a subset were also found along the OAM in the caudal 

region of the acrosome destined to become the equatorial segment (the thinning of this region of 

the acrosome occurs late in spermiogenesis (Barth and Oko 1989;Oko 1995;Oko 1998;Yu et al. 

2009)). Essentially the positioning of IAM38 in step 8 spermatids remained the same in 

spermatozoa. In contrast with the final localization of IAM38 in spermatozoa, proacrosin and 

MMP2 were only found along the IAM of the apical and principal segments of spermatozoa. The 
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period during spermatid elongation in which proacrosin and MMP2 disappear from the region of 

the acrosome destined to be the equatorial segment (Figure 19, grey dots) remains to be 

determined.  

 

 SPACA1, on the other hand, appeared to be constitutively secreted as an integral part of 

the acrosomal membrane by the Golgi apparatus during both the Golgi and cap phases of 

spermiogenesis (Figure 20). However, at the end of the cap phase, parallel with the IAMC 

proteins it started to disappear from the OAM and at the beginning of spermatid elongation had 

exactly the same positioning as IAM38. The coincident localization between these proteins 

suggests that SPACA1 may not only be involved in binding IAM38, proacrosin and MMP2 as 

they redistribute from the acrosomic granule to the acrosomal membrane but also in reorganizing 

these IAMC proteins along the acrosomal membrane during spermiogenesis. 

 

3.2.5 Functional Implications of IAMC Proteins 

 There remains little doubt about the involvement of IAM38/ZPBP1 in acrosome 

compaction during spermiogenesis (Lin et al. 2007) and its adhesive binding to the ZP during 

fertilization (Yu et al. 2006). However, the involvement of proacrosin and MMP2 in ZP 

penetration remains unsettled. Their close association on the IAM in the principal and apical 

segments of the acrosome encourages analysis on how they may cooperate in ZP penetration, 

especially in consideration that the efficiency of IVF is considerably reduced when antibodies and 

inhibitors against MMP2 are added to the IVF medium (Ferrer et al. 2012). MMP2, like all 

MMPs, is synthesized as an inactive zymogen (pro-MMP2), which requires cleavage for its 

activation. It is well known that serine proteases such as trypsins (Lindstad et al. 2005) and 

especially plasmin (Monea et al. 2002) have the ability to convert MMP2 into its active form. 

Since acrosin is a serine protease with trypsin like activity and various trypsin inhibitors block 
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IVF (Saling 1981;Miyamoto and Chang 1973;Fraser 1982) the possibility arises that the delay in 

sperm penetration of the ZP seen in acrosin-null mice during IVF (Adham et al. 1997;Baba et al. 

1994) is not due to acrosin’s failure to lyse ZP. It may instead be due to its failure to cleave IAM-

associated pro-MMP2 into it active form, which would affect the efficiency of its conversion and 

hence efficiency of ZP-lysis. Interestingly, when two genes encoding the major trypsin-like 

enzymes (i.e., acrosin- and PRSS21) of the acrosome were knocked out the resulting sperm were 

unable to fertilize in vitro unless uterine fluid was added to the IVF medium (Kawano et al. 

2010). It would not be unreasonable to assume that this ‘reproductive tract’ compensation could 

be dependent on conversion of pro-MMP2 on the exposed inner surface of the sperm to its active 

form. In this context a mechanism for the conversion of plasminogen to plasmin exists within the 

acrosome. Plasminogen activator receptor or SAMP14, and plasminogen activator are contained 

within the acrosome, the former being retained on the IAM (Shetty et al. 2003) and the latter 

released (Smokovitis et al. 1992;Taitzoglou et al. 1996) after the acrosome reaction. This raises 

the possibility that plasminogen could be the ‘compensatory’ uterine ingredient in uterine fluid. 

On conversion to plasmin by the plasminogen activating complex in the acrosome, plasmin may 

subsequently convert pro-MMP2 anchored IAM to its active form to begin cleavage of ZP. It is 

important to note that the addition of plasmin to IVF media increases the efficiency of IVF (Sa et 

al. 2006). 

 

 Currently a promising candidate for enzymatic penetration through the ubiquitinated-ZP 

is the sperm-proteasome (Sutovsky 2011). Monoclonal as well as polyclonal antibodies against 

different subunits of the 20S proteasomal core probed on western blots of the swine SSpH 

fractions identified these subunits as constituents of the IAM (Yi et al. 2010). Furthermore, the 

association of the proteasome with the IAM was reinforced by immunofluorescence localization 

of a proteasomal subunit on the IAM of acrosome reacted sperm. The fact that SDS incubation of 
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the SSpH was able to only partially extract these proteasomal subunits from the SSpH (Yi et al. 

2010) suggests that the proteasome has a different structural relationship with the IAM than 

IAM38, MMP2 and acrosin, which are completely SDS-extractable. Since SDS is unable to 

effectively break proteasome-IAM binding, the proteasome may have a covalent intra-membrane 

connection with the underlying PT. Incubation of the SSpH with a high-salt solution (i.e., 100 

mM KOH) efficiently extracts IAM38, MMP2 and acrosin from the SSpH, coincident with 

removal of the electron dense glycocalyx on the IAM (Yu et al. 2006) (see Figure 16), suggesting 

that these peripheral proteins are ionically bound to the IAM, possibly to integral IAM protein(s). 

Resolution of the structural interrelationships of these peripheral IAM-tethered proteins and the 

proteasome, their connections with integral membrane proteins and underlying PT, and 

comparison of their developmental origin and mode of acrosomal incorporation would certainly 

help in clarifying the functional significance of these IAM-associated proteins. 

 

3.3 Proteins Associated with the Intracellular Side of the Inner Acrosomal 

Membrane 

3.3.1 Introduction 

 In spermatozoa the IAM is bound firmly to the nuclear envelope via a proteinaceous layer 

referred to as the subacrosomal layer of the perinuclear theca (SAL-PT). In spermatozoa SAL-PT 

is considered as an entity on its own. However, developmentally it originates in association with 

the extravesiclular part of the acrosomal membrane (reviewed in Oko and Sutovsky 2009). In 

other words, SAL-PT proteins (e.g. SubH2Bv and RAB2A) are originally associated with the 

outside surface of the acrosomal membrane of proacrosomic and acrosomic vesicles before 

nuclear attachment (Aul and Oko 2002; Mountjoy et al. 2008; Oko 1995; Oko and Maravei 1995; 

Oko 1998). Although there are many SAL-PT proteins that have not yet been identified, anti-sera 

raised to the selectively extracted or isolated PT only labeled the periphery of the acrosomic 
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vesicles in the Golgi and cap phases of spermiogenesis. This indicates that most SAL-PT proteins 

have this common origin (Oko and Maravei 1995). Of course in this anti-PT sera there are 

antibodies directed against the postacrosomal sheath part of the perinuclear theca (PAS-PT) as 

well, but the antigens against these proteins are not synthesized until the elongation phase of 

spermiogenesis (Tovich et al. 2004;Wu et al. 2007b). Thus it is our premise that the SAL-PT 

proteins hold the clue to the mechanism of acrosomal-nuclear docking. Before discussing the 

evidence for this mechanism, a review of the fractionation strategy that allows for direct access to 

SAL-PT proteins as well as a summary of SAL-PT localization in spermatozoa and 

spermiogenesis is warranted. 

 

3.3.2 Isolation of the SAL-PT and Identity of its Protein Constituents 

 Selective extraction of the perinuclear theca proteins is the last step in the protocol 

devised and explained above for extracting the IAM proteins from the SSpH (Figure 14). After 

non-ionic detergent extraction of the SSpH and separation of the resulting supernatant from the 

pellet by centrifugation at 8000g for 10 min, the pellet (Figure 21), made up SSpH without the 

IAM, is washed several times and then extracted overnight in a 100 mM NaOH at 4OC. The 

resulting supernatant after centrifugation contains most of the PT proteins, including both SAL-

PT and PAS-PT proteins, while the pellet is made up of the barren sperm nucleus. Because a few 

of the PT proteins are ionically bound (e.g., the four core somatic histones), prior detergent high 

salt incubation of the detergent-extracted SSpH selectively removes them from the SSpH (Tovich 

and Oko 2003). Once sequence identified, the localization of the PT proteins to the region of the 

PT they belong to is discriminated by immunolocalization. Although not exhaustive, Table 1 lists 

the PT proteins that have been identified and localized, the minority belonging to the SAL-PT. 
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3.3.3 Localization of SAL-PT Protein in Spermatozoa and Spermiogenesis 

  The orange colour traces the distribution of all SAL-PT proteins that we have identified 

in a diagrammatic representation of bull spermatozoa (Figure 17). Interestingly, the SAL-PT 

proteins not only reside beneath the acrosome, between the IAM and NE, but continue around the 

outer aspect of equatorial segment of the acrosome, between the OAM and plasmalemma (this 

region is referred to as the outer periacrosomal layer, OPL). It is not surprising that the SAL-PT 

proteins occupy the OPL in the equatorial segment region because during assembly, in the Golgi 

and cap phases of spermiogenesis, they are associated with the entire length of the acrosomal 

membrane (Figure 22). It is only towards the end of the cap phase that the SAL-PT proteins begin 

to disappear from the OAM (see step 7 in Figure 22) and start to resemble their final distribution 

in spermatozoa, achieved early in spermatid elongation. It is important to note that the assembly 

and final distribution of SAL-PT proteins on the outside of the acrosomal membrane resembles 

that of SPACA1 within the acrosomal membrane (Figure 17, Figure 20) and IAMC proteins on 

the inside of the acrosomal membrane (Figure 17, Figure 19), suggesting that the synchronous 

movements of SAL-PT and IAMC proteins are organized and regulated by an integral acrosomal 

membrane protein, most likely SPACA1. The organization of SAL-PT proteins during the Golgi 

phase of spermiogenesis carries importance for our premise that the SAL-PT proteins hold the 

clue to the mechanism of acrosomal-nuclear docking (Figure 22, steps 1-3). The SAL-PT proteins 

coat the surface of proacrosomic vesicles, which have the capability of binding to the NE of the 

spermatid (Oko et al. 2011), and the acrosomic vesicle, formed from the fusion of the 

proacrosomic vesicles, which binds to the NE in step 3. The SAL-PT proteins therefore impinge 

between the acrosomal membrane and the NE of the forming spermatid. Their presence implies 

involvement in the acrosomal nuclear docking process. 

 

3.3.4 Functional Significance of SAL-PT Proteins 
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 The intimate association of SubH2Bv with the surface of proacrosomic and acrosomic 

vesicles, which bind to the nuclear surface to form the acrosome, combined with its nuclear 

related motifs suggested its involvement in acrosomal-nuclear targeting and association during 

spermiogenesis (Aul and Oko 2002). SubH2Bv is a histone H2B variant that would be expected 

to reside in the sperm nucleus, rather than the cytosol. A feature making it unique from H2B is 

the presence of a bipartite nuclear localization signal (bNLS). To test the protein’s nuclear 

targeting ability, SubH2Bv, with and without targeted mutations of the basic residues of bNLS, as 

well as bNLS alone, were transfected into mammalian cells as GFP-fusion proteins. Only the 

intact bNLS conferred nuclear entry (Tran et al. 2011). Since SubH2Bv is never found within the 

spermatid nucleus it was hypothesized that its functional bNLS targets the SubH2Bv coated 

proacrosomic/acrosomic vesicles to the spermatid nuclear envelope. For this hypothesis to have 

merit it was imperative to show that SubH2Bv utilizes the classical Bipartite/Karyopherin α 

(KPNA) nuclear import pathway. It is well documented that to direct bNLS-containing cargo to 

the nucleus the first requirement is to bind with a KPNA, which in turn binds to a karyopherin β 

(KPNB) to form a trimeric complex in the cytoplasm (Cingolani et al. 1999;Gorlich et al. 1996). 

It appears that SubH2Bv meets the first requirement as it was shown that KPNA, most likely 

KPNA6, not only coats the proacrosomic/acrosomic vesicles similar to that of SubH2Bv during 

the round spermatid phase of spermiogenesis but also that a binding interrelationship between 

SubH2Bv and KPNA exists within the germ cell (Tran et al. 2011). Although the direct linkage 

between the SubH2Bv-KPNA complex and KPNB has not yet been determined several 

observations support the convention of SubH2Bv-bNLS/KPNA/KPNB nucleocytoplasmic 

transport. First, KPNB1 was found in the same sperm compartment (i.e., SAL-PT) as both KPNA 

and SubH2Bv and was also present in round spermatids at the time of acrosome formation (Tran 

et al. 2011). Secondly, Yang and Sperry (Yang and Sperry 2003) co-localized KPNB1 and KIFC1 

(a C-terminal kinesin motor protein) to the apical nuclear surface of round spermatids in the 
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region of acrosome morphogenesis. They also showed that KPNB1 and KIFC1 had a binding 

affinity for each other.  The similar localization of KPNB1/KIFC1 and SubH2Bv/KPNA during 

the round spermatid phase of spermiogenesis supports the theory of a SubH2Bv/KPNA/KPNB 

mediated acrosomal transport pathway for proacrosomic and acrosomic vesicles. Although it 

requires further proof this conceptualized model for acrosomic vesicular transport would have 

KPNA effectively functioning as the intermediary receptor that would recognize and bind 

SubH2Bv-coated acrosomic cargo and work in tandem with KPNB. Using KPNB-bound-KIFC1 

as the motor for retrograde transport along the microtubules, the trimeric transport complex 

would then be transported to the NE for attachment. Obviously this trimeric complex would 

require attachment to a receptor in, or on, the NE, which remains to be identified. Consideration 

should be given to a novel testis-specific SUN domain protein (SPAG4L-2), a transmembrane 

protein restricted to the apical nuclear region of round spermatids that faces the acrosomic 

vesicle, as a possible component of a protein linkage complex that anchors the acrosomic vesicle 

to the nuclear membrane (Frohnert et al. 2011). 

 

The significance of the SAL-PT proteins in the OPL of spermatozoa is most likely to 

bind the plasmalemma firmly to the OAM in the equatorial segment region as the membranes in 

this region resist vesiculation during the acrosome reaction and the plasmalemma is stabilized 

over this region to assure fusion with the oolemma during fertilization. Because the OPL in the 

equatorial segment region is made up of SAL-PT proteins it is difficult to conceptualize the idea 

put forward by Jones et al. (2008) the equatorial subsegment, containing tyrosine phosphorylated 

SPACA1,  is an organizing center for assembly of multimolecular complexes that initiate fusion 

competence in this area of the plasma membrane following the acrosome reaction.  
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Figure 12 Immunogold localization of proacrosin and IAM38 in bull sperm 

a) Immunogold localization of proacrosin in sagittal sections of bull ejaculated sperm.  Labeling 

is confined to the principal (PS) and apical (AS) segments of the acrosome and concentrated over 

the IAM. Little or no labeling is evident in the equatorial segment (ES) of the acrosome or in the 

perinuclear theca. SAL-PT, subacrosomal layer of PT; PAS-PT, postacrosomal sheath of PT. 

Bars, 0.2 µm. b) Immunogold localization of IAM38 in a section of bull ejaculated sperm that had 

undergone an ionophore-induced acrosome reaction. Labeling is confined to the IAM in both 

unreacted and reacted sperm. Although not shown IAM38 labeling is also associated with the 

IAM and the OAM in the equatorial segment of the acrosome. PAS-PT, postacrosomal sheath of 

PT. Bar, 0.2 µm. 
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Figure 13 Effect of KRLn on sperm-zona binding during mouse IVF 

Effect of the KRLn peptide on sperm-zona secondary binding during mouse IVF assessed 1h after 

insemination of the cumulus-free oocytes preincubated without and with KRLn or mutated KRLn 

(mKRLn) in the IVF media. a). Phase-contrast images show much less sperm are bound to the 

zona pellucida of oocytes after preincubation with KRLn (Aii) as compared to sham control (Ai, 

without KRLn;  Aiii, with mKRLn). Bar=20μm. b). Quantitative appraisal of the secondary 

sperm-zona binding.  Bars represent the mean number of sperm bound to the oocyte  ± standard 

error of 3 individual experiments. N= total number of oocytes per groups. *P<0.01 (ANOVA). 
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Figure 14 Schematic of selective extraction of IAM and PT proteins 

Schematic summary of approach to selectively extract IAM associated proteins followed by PT 

proteins from sonicated and isolated sperm heads (SSpH). After sonication of sperm and 

separation of heads from tails in a sucrose gradient (Step 1) the isolated SSpH can be incubated 

with a high salt solution (e.g. 1M KCL) to selectively extract inner acrosomal membrane coat 

(IAMC) proteins (Step 2, black dots) that are peripherally bound to the IAM. These include 

IAM38, the most abundant IAMC protein, proacrosin and MMP2 amongst others. Incubation of 

SSpH with non-ionic detergents (e.g., 0.2% Triton X-100) extracts not only the IAMC proteins 

(black dots) but the integral IAM proteins (green dots) as well (Step 3). High salt extraction of 

SSpH (Step 3) prior to non-ionic detergent extraction of the high salt extracted pellet (Step 4) 

selectively extracts integral IAM proteins (green dots) of which SPACA1 is by far the most 

abundant. After extraction of membrane associated proteins in step 3 the SSpH pellet is made up 

only of the condensed nucleus and PT. The PT proteins can be selectively extracted from this 

membrane free head pellet by incubation with an alkaline solution such as 100 mM NaOH (Step 

5). S/n, supernatant; p, pellet. For names of sperm head components refer to Figure 17) 
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Figure 15 Electron micrograph of isolated mouse sperm heads 

a) Sonicated and sucrose gradient-isolated mouse sperm heads (SSpH) fixed and embedded 

conventionally for electron microscope observation. The SSpH were fixed in 5% glutaraldehyde 

in 0.1 M cacodylate buffer and post fixed in 1.5 % ferrocyanide reduced osmium before 

processing for epon 812 embedding. The IAM resting on the PT is preserved as well as the OAM 

in the equatorial segment (ES) only. Subacrosomal layer of PT, SAL-PT; postacrosomal layer of 

PT, PAS-PT. b) Sonicated and sucrose gradient-isolated rat sperm heads (SSpH) fixed and 

embedded in Lowicryl for electron microscope observation. The SSpH were fixed in 0.8% 

glutaraldehyde/4% paraformaldehyde in PBS and dehydrated and embedded in Lowicryl K4M 

without osmium fixation. In non-osmicated tissue (more suitable for immunocytochemistry) the 

membranes are unstained and stand out as white lines providing the necessary contrast to discern 

the electron dense protein layers associated with the membranes, in this case the IAM. Note the 

inner acrosomal membrane coat (IAMC) or glycocalyx associated with the IAM (this could not 

be discerned in the osmicated sperm section above). In addition under this fixation and staining 

regime the two regions of the PT (SAL-PT and PAS-PT) including the perforatorium (P) are 

more intensely stained. Bars, 0.2 µm. 
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Figure 16 Electron micrograph of bull and rat sperm heads 

a) Sagittal section through non-osmicated bull spermatozoa processed for LR White embedding 

revealing the IAMC. In opportune sections through the sperm head the electron dense band or 

IAMC (arrows) shows up as a distinct structural component in the acrosome and is associated 

with the IAM (white line in non-osmicated tissue). The immunogold labeling is against the PT 

and is not relevant. Bar, 0.2 μm. b,c) Consequence of high salt (1M KCL) extraction on rat sperm 

tips that were broken off isolated sperm heads by sonication and isolated on a sucrose gradient. 

Cross section of an apical tip before (b) and after (c) salt extraction. Note that after salt extraction 

the IAMC is removed. Once this electron dense material has been removed the IAM, discerned as 

a white line in Figure 17b, is difficult to see in Figure 17c because it is no longer contrasted by 

the electron dense material. P, perforatorium; IAM, inner acrosomal membrane; IAMC, inner 

acrosomal membrane coat. Bar, 0.2, 0.2 µm. 
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Figure 17 Schematic of IAM protein distribution 

Distibution of IAM associated proteins in spermatozoa. SPACA1 (green stars) is an integral 

membrane protein which is found all along the IAM as well as in the OAM of the equatorial 

segment (ES). IAM38 (black dots) is a peripheral membrane protein which is found associated 

with the IAM all along its length as well as attached to the OAM in the equatorial segment. 

MMP2 and proacrosin are also peripheral coat or IAMC proteins and are associated with the IAM 

only in the apical and principal segments of the acrosome. A, acrosome; AS, apical segment of 

acrosome; PS, principal segment of acrosome; ES, equatorial segment of acrosome; SAL, 

subacrosomal layer of PT; PAS, postacrosomal sheath of PT; OPL, outer periacrosomal layer of 

PT; PM, plasma membrane; N, nucleus; CP or NP, connecting- or neck-piece; T, tail with 

mitochondria; SG, surface grove. 



 

115 

 

 

Figure 18 Immunogold localization of SPACA1 in spermatids 

Immunogold localization of SPACA1 in elongated spermatids (a,b) and acrosome reacted 

spermatozoa (c). Note that SPACA1 immunoreactivity is found all along the IAM and remains 

with this membrane after ZP-induced acrosome reaction. In the region of the acrosome that will 

become the equatorial segment (ES) of the acrosome (see b) there is an increase in intensity of 

gold particles indicating that SPACA1 is found in both the IAM and OAM in this region of the 

acrosome. Bar, 0.2 µm. 
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Figure 19 Assembly of IAMC during spermiogenesis 

The IAMC proteins are secreted by the Golgi apparatus (GA) as dense granules within the 

proacrosomic vesicles (PAV) in step 2 of the Golgi phase of spermiogenesis. After fusion of the 

proacrosomic vesicles in step 3 the IAMC proteins remain within the central dense granule of the 

acrosomic vesicle (AV) until step 4 when they (black dots) begin to redistribute from the dense 

granule to the acrosomal membrane. By step 7, most of the IAMC proteins (black dots) have left 

the dense granule and situated themselves on the acrosomal membrane. At this time there is also a 

considerable diminution of IAMC proteins in the outer acrosomal membrane (OAM) so that by 

the end of acrosome formation and the beginning of spermatid elongation (step 8) the IAMC 

proteins are situated along the entire IAM and along the OAM in the region that is destined to 

become the equatorial segment (grey dots). IAM38 remains in this position in spermatozoa (see 

Figure 17) while proacrosin and MMP2 at some yet undetermined point during spermatid 

elongation disappear from the equatorial segment and remain associated with the IAM in the 

apical and principal segments of the acrosome (see Figure 17). The orange border on the outside 

of the acrosomal membrane signifies the development of the subacrosomal layer of the PT (SAL-

PT) which is dealt with in Figure 22. AC, acrosomic cap; Man, microtubular manchete. 
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Figure 20 Assembly of SPACA1 during spermiogenesis 

Assembly of integral membrane protein, SPACA1, during spermiogenesis. SPACA1 (black dots) 

is secreted constitutively by the Golgi apparatus (GA) as part of the acrosomic membrane during 

the Golgi (step 1-3) and cap (step 4-7) phases of spermiogenesis. However, towards the end of the 

cap phase (see step 7) SPACA1 diminishes  from the outer acrosomal membrane (OAM) to reside 

in its final position in step 8, along the entire IAM and along the OAM in the region of the 

acrosome that will become the equatorial segment (see Fig. 6). See Figure 19for nomenclature. 
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Figure 21 Electron micrographs of mouse sperm heads after PT removal 

Sonicated and isolated mouse sperm heads (SSpH) that were detergent extracted leaving behind 

only the condensed nucleus and PT. a) Survey section of detergent-extracted SSpH. Note the PT 

surrounding the sperm nucleus and the dominant ventral spur (VS). b) Higher magnification of a 

dorsal to ventral section through mouse sperm head showing the details of the PT. The 

subacrosomal layer of the PT (SAL-PT) can be clearly distinguished from the postacrosomal 

sheath of the PT (PAS-PT). Bars, 0.2 µm. 
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Figure 22 Schematic of role of SAL in acrosome formation 

The subacrosomal layer of the PT (SAL-PT) is associated with acrosomal formation. SAL-PT 

proteins (orange dots) coat the acrosomal membrane of proacrosomic vesicles (PA) and the 

acrosomic vesicle (AV) during the Golgi phase of spermiogenesis. As a result they are the first 

proteins to intervene between the AV and the nuclear envelope of the round spermatid (see steps 

3-4). During the cap phase of spermiogenesis the SAL-PT proteins continue to surround the 

expanding acrosome cap (AC) but towards the end of the cap phase (step 7) begin to diminish 

from the OAM to finally position themselves (orange line) in step 8 between the IAM and nuclear 

envelope and between the OAM and plasmalemma in the region that will become the equatorial 

segment.        
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Identity MW Type of protein Location in PT  References 

Identified by Dr. Oko’s group 

PERF 15 15 
Fatty-acid-binding family (only in 

murids) 
SAL 

Oko and Morales 

1994  

SubH2Bv (PT15) 15 Histone variant SAL 
Aul and Oko 

2002  

RAB2A (PT24) 24 Vesicular transport SAL 
Mountjoy et al. 

2008  

PT28 28 
Peptide sequences in common 

with SubH2Bv 
SAL 

Only partially 

identified 

GST (PT31) 31 Glutathione S-transferase SAL In preparation 

PT60 (Calicin) 60 Basic and structural PT Oko et al. 2001  

PAWP (PT32) 32 
WW domain-binding protein 

(signal transduction) 
PAS Wu et al. 2007a  

H3 19 Somatic core histones PAS 
Tovich and Oko 

2003  

H2B 18 Somatic core histones PAS 
Tovich and Oko 

2003  

H2A 17 Somatic core histones PAS 
Tovich and Oko 

2003  

H4 14 Somatic core histones PAS 
Tovich and Oko 

2003  

KPNA6 60 Importin alpha SAL Tran et al. 2011  

KPNB1 75 Importin beta SAL Tran et al. 2011  

Identified by Dr. Franke’s group 

Cylicin I 74 Basic and structural PAS Hess et al. 1993  

Cylicin II 58 Basic and structural PAS Hess et al. 1995  

Calicin (PT60) 60 Basic and structural PAS 
von Bülow et al. 

1995  

Capping protein α3 

(CP α3) 
31 Actin capping PAS 

von Bülow et al. 

1997  

Capping protein β3 

(CP β3) 
37 Actin capping PAS 

von Bülow et al. 

1997  

Actin-related 

protein T1 (ArpT1) 
40 Structural PAS Heid et al. 2002  

Actin-related 

protein T2 (ArpT2) 
40 Structural PAS Heid et al. 2002  

Table 1 Identified PT proteins 

 (PAS postacrosomal sheath, SAL subacrosomal layer, SDS-PAGE SDS polyacrylamide gel 

electrophoresis, MW molecular weight in kDa) 

http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR37
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR2
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR32
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR39
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR51
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR48
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR48
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR48
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR48
http://link.springer.com/search?dc.title=Importin&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR50
http://link.springer.com/search?dc.title=Importin&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR50
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR17
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR18
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR7
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR8
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR8
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR16
http://link.springer.com/article/10.1007/s00441-012-1433-5/fulltext.html#CR16
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Chapter 4 

Plasminogen Improves IVF by Interactions with  

Inner Acrosomal Membrane-Bound MMP2 and SAMP14 

 

4.1 Abstract 

Spermatozoa must penetrate the outer investments of the oocyte, the cumulus oophorus 

and the zona pellucida, in order for fertilization to occur.  This may require exposure of enzymes 

on the sperm’s inner acrosomal membrane (IAM) to factors in oviductal fluid.  Plasminogen is 

present in oviductal fluid and activates matrix metalloproteinase 2 (MMP2) in somatic tissues.  

The objectives of this study were 1) to examine possible interactions between plasminogen and 

IAM-bound plasminogen activator receptor (SAMP14) and -MMP2, 2) demonstrate 

plasminogen’s presence in the extracellular environment at the site of fertilization, and 3) provide 

evidence that it plays a role in fertilization.  Zymographs of sonicated sperm extracts incubated 

with plasmin/ogen showed acceleration of initiation of MMP2 activity in concentrations as low as 

1ug/mL.  Immunohistochemical analysis of plasmin/ogen revealed its presence in the cytoplasm 

of ovarian and oviductal oocytes, oviductal epithelium, and amongst cumulus cells.  

Immunofluoresence confirmed plasminogen localization in the cumulus and zona pellucida.  We 

modified the standard IVF approach to more closely mimic natural fertilization by reducing 

sperm concentration during insemination by ~100x.  Addition of plasminogen in IVF medium 

significantly improved fertilization, while MMP2 antibody significantly inhibited sperm 

penetration in these conditions.  IVF improvement by plasminogen was blocked by SAMP14 

antibody.  Furthermore, MMP2 antibody inhibition was coincident with a failure by spermatozoa 

to disperse the cumulus oophorus.  We provide evidence that plasminogen on its own and through 
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an MMP2 related mechanism improves the ability of oocytes to be fertilized and demonstrate its 

effect in sperm penetration of oocyte investments. 

 

4.2 Introduction 

Mammalian fertilization requires a series of sequential and necessary steps to occur, one 

of which is the penetration of the outer investments of the oocyte, the cumulus oophorus and the 

zona pellucida (ZP), by spermatozoa.  In order for penetration to occur, sperm must be induced to 

undergo the acrosome reaction.  The acrosome is a cap-like vesicle covering the anterior of the 

sperm head, overlying the subacrosomal layer of the perinuclear theca and directly underneath the 

plasmalemma.  In the acrosome reaction, membrane fusions between the outer acrosomal 

membrane and the overlying plasmalemma allows for the release of acrosomal contents and the 

exposure of the inner acrosomal membrane (IAM) to the extracellular environment of the female 

reproductive tract (Gerton, 2002).  The prevailing model for penetration of the oocyte 

investments describes enzymatic digestion of the oocyte investments by enzymes exposed on the 

IAM after the acrosome reaction (Ferrer, Xu, & Oko, 2012; Huang & Yanagimachi, 1985; 

Wassarman, 1988; Yaganimachi, 1994).  We have previously identified and characterized a ZP2 

protein receptor, termed IAM38/zona pellucida binding protein-1 (ZBP1), which reinforces this 

model (Yu, Xu, Yi, Sutovsky, & Oko, 2006; Yu, Vanhorne, & Oko, 2009).  Furthermore, we 

have identified and characterized two proteinases on the IAM, acrosin and matrix 

metalloproteinase 2 (MMP2) (Ferrer et al., 2012). 

 

Of acrosin and MMP2, acrosin is better characterized.  Acrosin is the major serine 

protease found in the acrosome and was previously thought to be the effector of ZP penetration.  

However, acrosin knockout mice remain fertile (Baba, Azuma, Kashiwabara, & Toyoda, 1994; 

Kawano et al., 2010).  Although spermatozoa from acrosin knockout mice require more time to 
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fertilize the oocyte in vitro it appears that acrosin is not essential for ZP penetration.  MMP2, also 

known as gelatinase A, is an MMP widely found in somatic tissues and plays a role in digestion 

of extracellular matrix (ECM) (Werb, 1997).  Although secreted into the ECM as a zymogen 

(proMMP2) in somatic cells, its action is targeted to cell membranes (Sato & Takino, 2010).  Its 

activation requires binding of its C-terminal end to tissue inhibitor of matrix metalloproteinases 2 

(TIMP2), after which the TIMP2-proMMP2 complex binds via TIMP2 to cell membrane-bound 

membrane type 1-MMP (MT1-MMP, also MMP14) (Cao, Rehemtulla, Bahou, & Zucker, 1996; 

Strongin et al., 1995).  MT1-MMP then cleaves the pro-segment to activate MMP2 (Cao et al., 

1996).  In excess, TIMP2 inhibits proMMP2 activation by binding free pro-MMP2 and MT1-

MMP, preventing TIMP2-proMMP2-MT1-MMP complex formation.  The membrane-specific 

activity of MMP2 allows it to play a role in cell migration by digesting ECM, and its activity is 

upregulated in many types of cancer.  Its function in digesting ECM in a membrane-specific 

manner in somatic cells and its localization to the IAM of spermatozoa makes it an excellent 

candidate for enzymatic digestion of the oocyte investments during sperm penetration. 

 

We have previously demonstrated a reduced ability of spermatozoa to fertilize cumulus-

free oocytes in the presence of MMP2 inhibitors and anti-MMP2 antibody in vitro (Ferrer et al., 

2012).  However, no reports of fertility deficiencies have been made in MMP2 knockout mice.  

Furthermore, although sperm from acrosin knockout mice are fertile in vitro, acrosin/TESP5 

double knockout mice are infertile in vitro (with fertility rescued by the addition of oviductal 

fluid during insemination) and subfertile in vivo (Kawano et al., 2010).  Thus the female 

reproductive tract appears able to compensate for deficiencies in some acrosomal enzymes.   

 

This idea led us to try and simulate the in vivo extracellular environment of the female 

reproductive tract during IVF and determine the subsequent effect on fertilization.  We decreased 
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the sperm concentration during insemination in vitro to recreate sperm scarcity in the fertilizing 

environment in vivo.  We also experimented adding plasminogen, normally present in oviductal 

fluid, and blocking its receptors on spermatozoa.  We reveal that the activation of MMP2 

enzymatic activity is accelerated in the presence of plasmin/ogen, and possibly through this 

mechanism, plasmin/ogen enhances the ability of spermatozoa to fertilize oocytes.  In addition we 

provide evidence that plasminogen has other unresolved stimulatory effects on fertilization.  

 

4.3 Materials and Methods 

4.3.1 Animals and Ethics 

The use of animals for this study was conducted along guidelines approved by the 

Queen’s University Animal Care Committee.   

 

4.3.2 Sperm and Sample Collection and Treatment 

Bull epididiymides were obtained from the abattoir in Joyceville, Ontario, Canada, 

immediately after bull slaughter.  Rat and bull cauda epididymides were submerged in 25mM 

Tris-buffered saline, pH 7.5 (TBS), containing phenylmethylsulfonylfluoride 

(PMSF).  Epididymides were cut and squeezed gently to allow spermatozoa to diffuse into 

suspension.  The suspension was filtered through 120μm nytex mesh netting to separate 

spermatozoa from any large pieces of tissue in suspension, and centrifuged at 1000g for 2 

min.  The resulting pellet was washed by resuspension in TBS and recentrifugation at 1000g 3 

times.   

 

Recombinant bovine plasmin or plasminogen (Molecular Innovations catalogue code 

BPLM and BPLG, respectively) was added to spermatozoa suspended in TBS.  The suspension 

was sonicated on ice for 3 x 15s bursts with 1 minute intervals on ice between bursts, using a 
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small probe Vibra-Cell sonicated (Sonics and Materials, Danbury, CT, USA).  Sonicated 

spermatozoa were then placed in a 37°C water bath for 40 minutes unless otherwise noted, then 

centrifuged at 4°C for 10 min at 14 000g.  The supernatant was collected and mixed with a non-

reducing sample buffer (200mM Tris pH 6.8, 4% sodium dodecyl sulfate (SDS), 0.1% 

bromophenol blue, 40% glycerol, 5% β-mercaptoethanol). 

 

First trimester human trophoblast HTR8/SV neo cell line condition media (donated by Dr 

Charles Graham, Queen’s University, Kingston, Ontario) known to contain MMP2 and stimulated 

with tumour necrosis factor to induce MMP9 expression served as a positive control (Graham, 

Hawley, Hawley, MacDougall, Kerbel, Khoo, & Lala 1993). 

 

4.3.3 Zymography 

Samples were loaded onto 10% SDS-polyacrylamide gels (2.3mL ddH2O, 1.25mL 40% 

acrylamide, 1.25mL 1.5M Tris pH 8.8, 50μL 10 % SDS, 50μL 10 % ammonium persulfate, 3μL 

N, N, N’, N’ – tetramethylethylenediamine) containing 5.24mg gelatin per gel.  Proteins in the 

samples were renatured after electrophoresis by washing the gel twice for 30min and once for 1h 

in 2.5% Triton X-100, 5mM CaCl2, 50mM Tris pH 7.5 in ddH2O at room temperature to remove 

SDS.  Overnight incubation at 37°C followed, in the same solution but without Triton.  MMP 

gelatinase activity was blocked by including ethylenediaminetetraacetic acid (EDTA) in the rinse 

and incubation buffers, which chelates zinc ions required for MMP activity.  The gel was 

subsequently stained with Coomassie blue and destained in 30% methanol, 10% glacial acetic 

acid, and 60% ddH2O, until clear bands were visible.  Enzymatic digestion of gelatin is indicated 

by these clear bands.  Results shown are typical of at least three different experiments. 

 

4.3.4 Immunohistochemistry 
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Eight-ten week old female CD-1 mice (Charles River, St Constant, Quebec, Canada) 

were superovulated by intraperitoneal injection of 10IU pregnant mare serum gonadotropin 

(Sigma catalogue number G4877) and a subsequent intraperitoneal injection of 10IU human 

chorionic gonadotropin (Sigma catalogue number CG10) 48h later.  Mice were sacrificed 20h 

after hCG injection.  Ovaries, oviducts, and proximal uteri were harvested, fixed in Bouin's 

fixative, and embedded in paraffin.  Tissues were serially sectioned until cumulus-oocyte 

complexes were visible.  Sections were deparaffinized in toluene and hydrated through serial 

dilutions of ethanol, during which sections were treated to abolish endogenous peroxidase 

activity, to neutralize residual picric acid and to block free aldehyde groups.  Antigen retrieval 

occurred by microwaving sections in 0.1M sodium citrate pH 6.   Immunolabelling was 

performed with an avidin-biotin complex kit from Vector laboratories.  Sections were treated with 

avidin blocking serum and biotin blocking serum followed by 10% normal goat serum (NGS) to 

block nonspecific immunogenic sites.  Primary antibody incubation followed at 4°C overnight 

with anti-plasminogen antibody (4µg/mL, Santa Cruz Biotechnology catalogue number sc-

25546).  Following 4x5min washing in Tris-buffered saline containing 0.1% Tween 20 (TBST), 

sections were incubated with biotinylated goat anti-rabbit IgG secondary antibody for 30min at 

room temperature, followed by avidin-biotin complex for 30 more minutes. 

 

4.3.5 In Vitro Fertilization 

To obtain cumulus-free oocytes from superovulated mice, cumulus-oocyte complexes 

were collected by piercing oviducts in Embryomax M-2 medium (Millipore catalogue number 

MR-015-D) 20h after hCG injection and treating these isolated complexes briefly with 0.1% 

hyaluronidase in M-2 to disperse the cumulus.  Denuded oocytes were then pooled, washed in M-

2 and human tubal fluid (HTF, Millipore catalogue number MR-070-D) and allowed to recover 
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for an hour in HTF at 37°C, 5% CO2.  To obtain cumulus-intact oocytes, oviducts were pierced in 

HTF and cumulus-oocyte complexes were immediately inseminated after collection. 

 

Spermatozoa from young adult CD-1 male mice were squeezed out of freshly isolated 

mouse cauda epididymides in HTF using sterile forceps and allowed to ‘swim out’ for 10 min at 

37 °C.  Sperm were counted using a haemocytometer and incubated with any relevant enzymes or 

antibodies that would be present in the fertilization droplet for 30 minutes before insemination. 

Insemination and subsequent wash and rest steps occurred in 50μL HTF drops overlaid by sterile 

mineral oil in a culture dish.  Cumulus oocyte complexes and denuded oocytes were inseminated 

in 106 or 104 sperm/mL in HTF, with or without anti-MMP2 antibody (0.04μg/μL raised in-house 

(Ferrer et al., 2012)), anti-SAMP14 antibody (Shetty et al., 2003), and plasmin or plasminogen 

(100μg/mL).  After 8h incubation (37°C, 5% CO2), denuded oocytes and cumulus-oocyte 

complexes were washed once, photographed, and cultured overnight in HTF (37°C, 5% 

CO2).  Successful fertilization was assessed 24h after insemination, indicated by the presence of a 

second polar body or cleavage. 

 

Trials for each group were repeated at least three times.  A chi square test of homogeneity 

with the Bonferroni correction was performed to assess significant difference between treatment 

groups. 

 

4.3.6 Immunofluoresence 

Cumulus-oocyte complexes and cumulus-free oocytes were fixed in 2% formaldehyde, 

mounted on poly-L lysine covered coverslips, and washed with PBS-0.1% Triton.  Antigen 

retrieval was done by adding boiling 0.1M sodium citrate, pH6 to the cumulus-oocyte complexes 

in a 6 well glass dish, with new boiling buffer added every minute.  The cumulus-oocyte 
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complexes and oocytes were blocked with 5% NGS and incubated with or without 4µg/mL anti-

plasminogen antibody in 1% NGS, in PBS-0.1% Triton.  Coverslips were then washed 3x in 

PBS-0.1% Triton, covered with goat anti-rabbit secondary antibody conjugated to Alexa Fluor 

555 and DAPI in PBS-0.1% Triton, washed again 3x, mounted onto slides, and visualized. 

 

4.4 Results 

4.4.1 Plasmin/ogen reveals MMP2 activity in sperm extracts 

Since plasminogen is present in the extracellular environment during fertilization and can 

activate MMP2 in somatic tissues, we performed zymography on sperm extracts co-incubated 

with or without plasmin/ogen to determine the effect of plasmin on MMP2 activation in sperm.  

Bull spermatozoa were sonicated without or with various dilutions of plasminogen and incubated 

for 40 min at 37°C and examined by zymography.  No bands of enzymatic activity were seen in 

sonicated bull sperm extracts without plasminogen (Figure 23).  Concentrations of plasminogen 

as low as 1μg/mL revealed bands of MMP2 enzymatic activity in the sperm extracts (Figure 

23A).  When EDTA was added to the rinse and incubation steps of zymography, a negative 

control for MMP2 and MMP9 activity, no bands of clearance at the 66 kDa are seen in any 

sample (Figure 23A).  HTR8/SV neo conditioned medium served as a positive control for MMP2 

activity. 

 

To find how effective plasmin/ogen is in shortening the incubation time required to 

reveal MMP2 enzymatic activity rat sperm were sonicated with or without plasmin (100µg/mL), 

incubated at 37°C, fractions collected every 20min for 60min, and samples analyzed by 

zymography.  Bands of digestion occurred within 40min in the presence of plasmin and 60 min 

without plasmin (Figure 23B). 

 



 

134 

 

4.4.2 Plasminogen localization in the female reproductive tract 

We performed immunohistochemistry using anti-plasmin/ogen antibody on mouse 

oviducts and ovaries to examine plasmin expression in the female reproductive tract.  By serial 

sectioning of oviducts until the superovulated oocytes were visible, we were also able to examine 

oocytes not only during their development but also in situ during oviductal transit. 

 

Immunostaining was first observed in oocytes within primary follicles (Figure 24A).  

Oocytes were also immunoreactive throughout their development in secondary follicles (Figure 

24A-C). In addition, plasminogen immunoreactivity became noticeable over the follicular cells in 

secondary follicles.  Sections exposed only to secondary antibody served as controls (Figure 

24B,C insets, 2E). 

 

Anti-plasminogen immunostaining continued to be present in the cytoplasm of 

superovulated oocytes, with less intense staining visible in the cumulus (Figure 24D, F).  When 

performing immunohistochemistry without counterstaining with methylene blue, immunostaining 

became more clearly visible on the surface of the zona pellucida, in the extracellular matrix of the 

cumulus, and around and within the follicular cells (Figure 24F).  Control sections serially cut 

and exposed only to secondary antibody revealed no background or non-specific staining, but the 

lack of counterstain precluded identifying visible cells or structures.  Oviductal epithelial cells 

were immunoreactive against anti-plasminogen antibody in the vicinity of the cumulus-oocyte 

complex (Figure 25A, magnified in Figure 25B).  Sections exposed to secondary antibody only 

were unreactive (Figure 25C). 

 

4.4.3 Plasmin/ogen present in in vitro sperm-penetration environment of cumulus-intact but 

not cumulus-free oocyte 



 

135 

 

To inform us about the availability of plasminogen during IVF, whole cumulus-oocyte 

complexes and cumulus-free oocytes were processed for immunofluorescence.  The cumulus as 

expected was found to be immunoreactive to anti-plasminogen antibody (Figure 26).  In cumulus 

intact oocytes the zona pellucida also appeared to fluoresce, at least on the surface (Figure 26).  

However, when the cumulus was removed with 0.1% hyaluronidase, no immunostaining was 

seen on the zona pellucida indicating that plasminogen associated with the zona was removed 

with the cumulus.  Furthermore the absence of fluorescent labeling in the cytoplasm of the 

cumulus-intact oocyte, even though the protocol included permeabilization, indicates that the 

intact zona and cumulus were barriers to antibody entry.   

 

4.4.4 Plasminogen rescues IVF deficiency due to low sperm concentration and MMP2 

inhibition 

IVF is typically performed with insemination of cumulus-free oocytes occurring in 

medium containing 5x105 - 1x106 sperm/mL.  Since these sperm concentrations are higher than 

what would be seen in natural fertilization, we reduced the sperm concentration during 

insemination until we saw a deficiency in the IVF success rate, which we achieved at 

104sperm/mL (~1% of typical IVF conditions) (Figure 27A).   

 

Since we showed that plasminogen enhances or accelerates MMP2 gelatinase activity, 

and that it appears to be present in the penetration environment in vivo, we performed IVF with 

and without plasmin/ogen, to see if it will rescue the fertilization deficiency in low sperm 

conditions typically seen in vivo.  Although cumulus-free oocytes were significantly less likely to 

be fertilized in vitro using 104 sperm/mL as compared to 106sperm/mL (Figure 27A), there was 

no significant difference between inseminating with 104sperm/mL in the presence of plasminogen 

(PLG) or plasmin (PLA) than with 106sperm/mL (Figure 27A).   
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To test the possibility that plasminogen is activated via the plasminogen activator 

receptor (SAMP14), which resides on the IAM, anti-SAMP14 antibody was added to the IVF 

medium.  Cumulus-free oocytes were significantly less likely to be fertilized when anti-SAMP14 

antibody and plasminogen were present in the fertilization medium than when only plasminogen 

was present (Figure 27B).  The fertilization deficiency was not apparent when pre-immune serum 

was used instead of anti-SAMP14 antibody (Figure 27B).  Note that the presence of both anti-

SAMP14 antibody and plasminogen did not significantly affect the ability of oocytes to get 

fertilized by 104 sperm/mL (Figure 27B). 

 

Because immunohistochemical localization indicated that plasminogen resides in the 

extracellular matrix of the cumulus we tested if cumulus-intact oocytes maintained a normal IVF 

rate under reduced sperm conditions.  As shown, decreasing sperm concentrations used during 

IVF of cumulus-intact oocytes  did not affect fertilization rates  significantly from the standard 

106 sperm/mL concentration even when 104 sperm/mL was used (Figure 27C).  However the 

addition of anti-MMP2 antibody to the IVF medium was able to reduce the fertilization rate of 

cumulus-intact oocytes (Figure 27C).  Note that there was no significant difference between the 

ability of cumulus-free oocytes to get fertilized by 104sperm/mL and the ability of cumulus-intact 

oocytes to get fertilized by 106sperm/mL in the presence of anti-MMP2 antibody (Figure 27C). 

 

We also performed IVF to determine the effect of inhibiting MMP2 in the presence of 

exogenous plasminogen in cumulus-intact oocytes, with the expectation that excess plasminogen 

would fail to compensate for the inhibition of MMP2 activity .  Inhibition of MMP2 activity by 

anti-MMP2 antibody significantly inhibited the ability of cumulus-intact oocytes to get fertilized 

by both 104sperm/mL and 106sperm/mL, although the degree of inhibition was greater if using the 

lower sperm concentration (Figure 27D).  However, contrary to our expectations, the presence of 
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exogenous plasminogen was able to rescue the deficiency caused by anti-MMP2 inhibition 

(Figure 27D).   

 

4.4.5 MMP2 inhibition inhibits cumulus dispersal and fertilization of cumulus intact oocytes 

The macroscopic structure of the cumulus was found to be affected by MMP2 and 

plasminogen.  Insemination with 106sperm/mL effectively led to a full clearance of the matrix 

and cumulus cells around the oocyte after 8 hours (Figure 28A).  Addition of anti-MMP2 

antibody to the IVF medium with 106sperm/mL also led to cumulus dispersal within this time 

frame (Figure 28B).  In contrast, in conditions more closely resembling physiological 

fertilization, insemination in vitro with 104sperm/mL led only to partial or incomplete clearance 

of the cumulus (Figure 28C).  Furthermore, if anti-MMP2 antibody was added to the IVF medium 

with 104sperm/mL, dispersal of the cumulus matrix appeared completely inhibited (Figure 28D), 

which is co-incidental with a significant decrease in fertilization success rate compared to IVF 

without anti-MMP2 antibody (Figure 27C).  The addition of exogenous plasminogen when 

inseminating with 104sperm/mL appeared to improve clearance of the cumulus around the oocyte 

(Figure 28E).  Plasminogen was also able to rescue the dispersal and clearance of the cumulus 

even in the presence of anti-MMP2 antibody (Figure 28F). 

 

4.5 Discussion 

IVF laboratory methods utilizing cumulus-free oocytes and a very high sperm 

concentration have been optimized to maximize embryo yield, rather than to mimic physiologic 

conditions.  The experiments we performed in this study were formulated to analyze conditions 

more closely resembling physiological conditions than those seen in IVF.  Our results confirm 

that plasmin/ogen enhances mammalian sperm MMP2 activity, and possibly through this 

mechanism, also enhances mouse sperm fertilizing ability.  Most IVF procedures involve 



 

138 

 

insemination in conditions with an excess of sperm in order to maximize embryo production.  A 

reduction in sperm concentration during insemination reduces the fertilization rate in vitro, but is 

closer to conditions expected in vivo.  We demonstrate that the ability of low concentrations of 

spermatozoa to fertilize cumulus-free oocytes in vitro improves when exogenous plasminogen is 

added, which is noteworthy since plasmin/ogen has been reported to be a major component of 

oviductal fluid (Huarte, Vassalli, Belin, & Sakkas, 1993; Roldán-Olarte, Jiménez-Díaz, & Miceli, 

2005; Tsantarliotou et al., 2005).  These parameters more closely represent in vivo conditions and 

may explain why IVF was rescued by the addition of oviductal fluid when inseminating cumulus-

free oocytes with sperm from Acr-/-Tesp5-/-  mice (Kawano et al., 2010).  Rescue of IVF by 

oviductal fluid indicates a compensatory mechanism may be activated by factors present in the 

oviductal fluid, and our results strongly suggest that oviductal plasmin/ogen, acting through 

sperm-borne MMP2 and/or on its own, may be that mechanism. Since plasminogen is found 

extracellularly in the cumulus it would be interesting to test whether Acr-/-Tesp5-/- sperm would be 

capable of fertilizing cumulus-intact oocytes in vitro without adding oviductal fluid.  Thus we 

propose a mechanism by which sperm-borne plasminogen activator released during the acrosome 

reaction (Smokovitis, Kokolis, Taitzoglou, & Rekkas, 1992; Taitzoglou, Kokolis, & Smokovitis, 

1996) binds to SAMP14 plasminogen activator receptor on the inner acrosomal membrane 

(Shetty et al., 2003), directing localized plasmin activity at the inner acrosomal membrane and at 

the same time activating pro-MMP2 (Figure 29A).   

 

We demonstrated that although spermatozoa are able to initiate sperm-borne MMP2 

activity on their own, addition of exogenous plasmin/ogen accelerates the time required for this to 

occur.  The ability of spermatozoa to initiate MMP2 activity without exogenous factors was 

expected, since neither plasmin/ogen nor oviductal fluid is added to most successful IVF 

procedures. Pancreatic trypsin is capable of activating MMP2 (Lindstad et al., 2005), so trypsin-



 

139 

 

like serine proteases, found in abundance in the acrosome, may also be the cause of endogenous 

MMP2 activation in spermatozoa. However, during natural fertilization where at best only a few 

spermatozoa are involved in penetrating the cumulus there may not be sufficient amounts of 

endogenous serine proteases in the vicinity of the IAM to activate MMP2 after acrosomal 

exocytosis and diffusion of its contents.   

 

We observed that the plasmin/ogen-MMP2 accelerant effect is present in bull, rat, and 

mouse.  MMP2 activation depends only on exposure of the catalytic site and not necessarily on 

cleavage of the pro-segment; the denaturing and re-folding that occurs during zymography is 

possibly how uncleaved pro-MMP2 is enzymatically active in zymographs.  However, our 

findings indicated that, although MMP2 is present, little to no pro-MMP2/MMP2 gelatinase 

activity is detected in sperm samples that are freshly obtained and processed; activity gradually 

increases with time after sperm collection and incubation.  Thus the enhancement of MMP2 

activity discovered by this study appears at least in part to be a novel description of the regulation 

of MMP2 activity by plasmin/ogen that is at least partly unrelated to pro-segment cleavage. 

 

Interestingly, our results indicate that spermatozoa are able to disperse the cumulus from 

the oocyte when used at typical IVF concentrations (106 sperm/mL) but are less able to do so at 

lower concentrations (104 sperm/mL).  When anti-MMP2 antibody is added during insemination, 

spermatozoa appear even less able to disperse the cumulus, which is coincident with a decrease in 

the fertilization rate compared to insemination without anti-MMP2 antibody.  It appears that 

when MMP2 activity is blocked, the fertilizing enhancing effect of the cumulus is curtailed. Thus 

our results suggest that at least part of the fertilization deficiency may be due to a failure of 

spermatozoa to penetrate the cumulus, suggesting MMP2 may play a role not only in ZP 

penetration but also in cumulus penetration.    Also noteworthy was the result that the fertilization 



 

140 

 

rate was significantly lowered in the presence of anti-MMP2 antibody as compared to without, 

even though the cumulus appeared dispersed by 106 sperm/mL in both cases.  This suggests that 

some of the fertilization deficiency occurs at a later stage of fertilization, possibly during zona 

penetration. 

  

No fertilization deficiency has yet to be reported in MMP2 knockout mice, yet in a 

previous study we have reported that the fertilization rate of cumulus-free oocytes is decreased 

when MMP2 activity is inhibited during fertilization in vitro (Ferrer et al., 2012).  Thus as our 

experimental conditions approached in vivo conditions, it became apparent that alternative 

pathways to MMP2 directed penetration were operating during fertilization.  This is reflected by 

our findings that in low-sperm conditions, addition of plasminogen in medium, but not the 

plasminogen reservoir within an intact cumulus, was able to overcome the inhibitory effect of 

anti-MMP2 antibody on fertilization rates in vitro.  Our results suggest that exogenous 

plasminogen reservoirs in the medium and the intact cumulus are compensatory in vivo presences 

which can compensate for the lack of MMP2 activity in spermatozoa during fertilization.  

 

The inability of spermatozoa to fertilize oocytes in vitro when various enzymes (Acr, 

Tesp5, MMP2) are not present or inhibited, together with the ability of those knockout mice to 

reproduce in vivo, suggests that the female reproductive tract may be a trigger for multiple and 

redundant pathways responsible for sperm penetration of the oocyte investments (Figure 29B).  

Our results suggest that plasminogen is the specific factor present in the female reproductive tract 

that can rescue the fertilizing deficiency of Acr-/-PRSS21-/- mouse sperm.  The addition of 

plasminogen to IVF medium when inseminating with Acr-/-PRSS21-/- mouse sperm would yield an 

answer to this question.  Our study also raises the possibility that plasmin may effect cumulus 

and/or zona penetration on its own (Figure 29B).  Assessing the fertility of sperm devoid of or 
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with inhibited Acr/Tesp5/MMP2 in vitro and in vivo would reveal whether or not more pathways 

might exist.  For example, another possible effector of penetration is the proteasome, which has 

previously been localized to the IAM (Sutovsky, 2011).  ZP protein ubiquitination has been 

identified, making them possible targets for proteasome processing, and various inhibitors of 

components of the proteasome as well as anti-proteasome antibody have also inhibited 

fertilization (Yi et al., 2010). 

 

Between 10-15% of Canadian couples are infertile, and an understanding of natural 

fertilization is key to identification of causes of infertility as well as in devising better treatments 

(Bushnik, Cook, Yuzpe, Tough, & Collins, 2012).  Assisted reproduction treatment (ART) in 

humans typically involves attempting IVF before performing intracytoplasmic sperm injection 

(ICSI) on unsuccessfully fertilized oocytes.  Barriers that stand in the way of IVF include low 

sperm concentration in samples collected from donors and failure of sperm to penetrate the ZP.  

In cases where these are the suspected cause of infertility, future research might examine 

modulating the insemination conditions by addition of plasmin/ogen to improve the success rate 

of IVF, and reduce the time and cost of ART by reducing the need for ICSI post-IVF.   

 

Our results are the first to show an acceleration of the initiation of sperm-borne MMP2 

activity by exogenous plasmin/ogen, and suggests that the improved fertilization rate in vitro seen 

when plasmin is present during insemination may be due to this mechanism.  The IVF 

experiments performed in this study differed from typical IVF conditions to better represent in 

vivo conditions, rather than maximize of embryo production.  Investigators studying fertilization 

should conduct IVF experiments in similar conditions to create a more accurate description of 

fertilization in vivo.  Thus we find that 1) plasmin/ogen accelerates activation of MMP2 activity 

in spermatozoa, 2) plasmin/ogen is present in the cumulus and surface of the zona, the immediate 
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environment of spermatozoa during penetration, 3) plasminogen or the intact cumulus are 

required for IVF in sperm-scarce conditions, 4) inhibiting MMP2 inhibits cumulus penetration 

and dispersal by spermatozoa, and 5) IAM-directed plasmin activity may on its own assist sperm 

penetration of the cumulus and/or zona.  
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Figure 23 Zymographs of sperm extracts and plasmin/ogen 

Zymographs demonstrate that plasmin (PLA) and plasminogen (PLG) enhance MMP2 activity in 

sperm extracts.  (A)  After co-incubation for 40 minutes, MMP2 activity in sonicated bull sperm 

extract (BSSn)  is induced by PLG concentrations as low as 1μg/mL.  EDTA, which binds zinc 

ions required for MMP2 activity, is used as a control.  HTR8/SV neo conditioned media (HTR) 

known to contain MMP2 and MMP9 was used as a control.  (B)  MMP2 activity in sonicated rat 

sperm extract (RSSn) appears after 60 minutes of incubation at 37°C but is already visible after 

40 minutes of coincubation with PLA. 
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Figure 24 Immunohistochemistry of ovarian oocytes showing plasmin/ogen expression 

Sections of mouse ovaries immunostained with anti-plasminogen antibody show that oocytes 

express plasmin/ogen throughout their development, in primary (A) and secondary (B, C) 

follicles (10, and 20, respectively); Sections exposed to secondary antibody are unreactive (insets). 

Note that plasminogen immunoreactivity becomes noticeable over the follicular cells in 

secondary follicles.  Ovulated oocytes and cumulus cells were also immunoreactive to anti-

plasminogen antibody (D) with no immunoreactivity seen when using secondary antibody only 

(E).  When the counterstain was avoided, immunostaining   between the cumulus cells and on the 

surface of the zona pellucida became clearly visible (F).  Scale bar = 20µm. 
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Figure 25 Immunohistochemistry of oviduct and oocyte showing plasmin/ogen expression 

Immunohistochemistry of oviductal epithelium and ovulated cumulus-oocyte complex showing 

plasmin/ogen expression.  Sections of superovulated mouse oviducts immunostained with anti-

plasminogen antibody in the vicinity of the cumulus-oocyte complexes (A) show that the 

oviductal epithelium is positively stained (B is magnified section indicated in A), with a section 

exposed to secondary antibody only (C) shown as a control.  Scale bar = 20µm. 
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Figure 26 Fluorescent micrograph of cumulus free and cumulus intact oocytes showing 

plasmin/ogen expression 

Fluorescent micrographs of cumulus-intact and -free oocytes exposed to anti-plasminogen 

antibody (555) and DAPI nuclear stain.  DAPI is unable to penetrate into the occyte nucleus in 

cumulus-intact oocytes (CIO) but is able to in cumulus-free oocytes (CFO).  Immunolabelling is 

visible in CFO (over the cumulus) but not in CIO, suggesting that plasminogen is not associated 

with the zona pellucida.  Scale bar = 50µm. 
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Figure 27 Effect of sperm concentration, plasmin/ogen, anti-SAMP14, and anti-MMP2 

antibodies on mouse IVF 

Block graphs depict the percentage of oocytes successfully fertilized over all trials, compared to a 

control value adjusted to 100% for comparative purposes.  Using the chi square test, superscript 

letters indicate significant difference at P<0.02 after the Bonferroni correction, superscript 

numbers indicate significant difference at P<0.05. Each trial repeated at least 3 times. (A)  104 

mouse sperm/mL are significantly less able to fertilize cumulus-free oocytes than 106 sperm/mL, 

but the fertilization deficiency is rescued by the addition of plasmin (PLA) or plasminogen 

(PLG).  N=41-63 total oocytes per group.  (B) The addition of anti-SAMP14 antibody to 

fertilization medium containing PLG restores the fertilization deficiency when using 104 mouse 

sperm/mL to fertilize cumulus-free oocytes. Note that the fertilization rate is not significantly 

different from using 104 mouse sperm/mL alone.  PLG is able to rescue the fertilization 

deficiency when pre-immune serum is used in lieu of anti-SAMP14 antibody.  N=23-54 total 

oocytes per group(C)  Although 104 sperm/mL are significantly less able to fertilize cumulus-free 

oocytes than cumulus-intact ones, there is no significant difference in the ability of 106, 105, or 

104 sperm/mL to fertilize cumulus-intact oocytes.  N=39-61 total oocytes per group.  (D)  In the 

presence of anti-MMP2 antibody, both 106 and 104 sperm/mL are significantly less able to 

fertilize cumulus-intact oocytes, and the effect is more pronounced when using 104 sperm/mL 

than 106 sperm/mL.  The inhibition of MMP2 is overcome or compensated for by the addition of 

PLG. N=26-77 total oocytes per group. 
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Figure 28 Light micrographs of initially cumulus-intact oocytes 8h after insemination 

Oocytes were coincubated with (A) 106 sperm/mL, (B) 106 sperm/mL and anti-MMP2 antibody, 

(C) 104 sperm/mL, (D) 104 sperm/mL and anti-MMP2 antibody, (E) 104 sperm/mL and 

plasminogen, and (F) 104 sperm/mL, anti-MMP2 antibody, and plasminogen.  Plasminogen 

enables sperm clearance of the cumulus cells at low sperm concentrations, while anti-MMP2 

antibody inhibits it. The addition of PLG eliminates the deficiency.  Scale bar = 50µm. 
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Figure 29 Diagrams of proposed interactions on the IAM 

 (A) Plasminogen activator binds to the SAMP14 plasminogen activator receptor on the IAM of 

acrosome-reacted spermatozoa.  Plasminogen is then activated to plasmin.  Plasmin then activates 

pro-MMP2 to MMP2 by cleavage of its pro segment.  (B) Our study answers the question of 

interactions between plasmin and MMP2 in oocyte ECM penetration (1) while raising the non-

exclusive possibility that plasmin effects ECM penetration alone (2) or by acting on other sperm-

borne IAM enzymes  (3). 

Legend 

MMP2: matrix 

metalloproteinase 2 

PA: plasminogen 
activator 

PLG: plasminogen 

SAMP14: 
plasminogen 

activator receptor 

PLA: plasmin 
ACR: acrosin 

TESP5: testisin, also 

PRSS21 
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Chapter 5  

General Discussion 

 

 There are two fundamental and underlying premises of this thesis: 1) that the IAM, after 

the acrosome reaction, becomes exposed and becomes the leading edge of spermatozoa as they 

move progressively forward, and 2) penetration of the outer investments of the oocyte is effected 

by a combination of enzymatic digestion and sperm hypermotility.  The IAM then must 

necessarily be the location of receptors and enzymes that are required for sperm binding and 

enzymatic digestion during penetration of the investments of the oocyte during fertilization.  

Furthermore, proper development and function of the acrosome and subsequent acrosome 

reaction is critical for natural fertilization in vivo.  Therefore this thesis first focused on 

identifying the enzymes present on the IAM in mature sperm and demonstrated they played a 

functional role in fertilization.  Secondly the thesis examined the development of the acrosome 

and the development of proteins on the IAM, both on its intracellular and extracellular sides, 

during spermatogenesis.  Thirdly, the thesis examined the functional significance of IAM 

enzymes and receptors during fertilization, including interactions between the IAM and the 

extracellular environment of fertilization.  Through analyzing IAM function in fertilization in 

vitro, the study employed a modified IVF technique in order to better simulate the conditions 

during natural fertilization in vivo.  By creating experiments with an extracellular environment 

aiming to simulate fertilization in vivo rather than one which maximizes embryo production, the 

thesis reveals interactions between extracellular plasminogen, its receptors and activators, and 

MMP2, all occurring on the IAM. 
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5.1 Biogenesis of the Inner Acrosomal Membrane 

The question of whether (and which) enzymes are anchored on the IAM that effect sperm 

penetration of the ZP remains unanswered.  To examine this question it is necessary to be able to 

demonstrate that proteins being analyzed are localized in the acrosome and are found on the IAM 

either during spermatogenesis and/or retained on the IAM after the acrosome reaction.  There is 

difficulty in demonstrating intracellular localization in spermatozoa because of their highly 

specialized and polarized nature.  In addition to biochemical approaches such as zymography and 

immunoblotting of different fractions of sperm extracts, localization can be visualized using 

antibodies conjugated to fluorescent or enzyme tags and then visualizing localization via light or 

electron microscopy.  However, another approach is to provide evidence of developmental origin 

during spermatogenesis in the testis.  Spermatogenesis is a regulated process in which different 

compartments of spermatozoa are formed at different stages during the cycle of the seminiferous 

epithelium.   By providing evidence of expression in specific spermatogenic cells in the 

seminiferous epithelium and association with various structures and organelles, confirmation of 

localization in mature spermatozoa can be achieved.  Chapter 2 was a significant contribution to 

the literature by describing procedures for isolation of the IAM, proteins on its intravesicular and 

extravesicular sides, as well as describing its developmental origins in spermiogenesis. 

 

5.2 Definitive Localization of IAM enzymes 

The identification of acrosin as the major serine protease of the acrosome occurred some 

time ago, yet it was not definitively localized as associated with the IAM and retained after the 

acrosome reaction (Castellani-Ceresa, Berruti, & Colombo, 1983; Huneau, Harrison, & Fléchon, 

1984; Tesarik, Drahorad, & Peknicova, 1988).  Utilizing a sperm fractionation methodology that 

allowed isolation and access to the IAM, I was able to show that acrosin and MMP2 are 

associated with the IAM, likely as peripheral membrane proteins.  The difference between 
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previous studies and the data presented in this thesis demonstrated that when processing 

spermatozoa in situ in the epididymis or immediately after ejaculation, acrosin appeared closely 

associated with the IAM and not more generally dispersed throughout the acrosome.  Although 

sonication disturbed acrosin, this may have been due to disruption of the IAM by sonication and 

not due to physiological processes.  Regardless, a significant portion of it is retained and would 

be present when the sperm contacts the zona.   

 

The colocalization of MMP2 and acrosin on the IAM raises the possibility that they 

cooperate in their function in some way.  Previous studies had demonstrated MMPs only in the 

acrosomal region in general and not more specifically on the IAM (Buchman-Shaked, Kraiem, 

Gonen, & Goldman, 2002).  The presence of MMP2 on the IAM supports the idea that MMP2 

plays a role in lytic digestion of the outer investments of the oocyte.  Indeed, the role that MMP2 

plays in cellular invasion of extracellular matrix and basement membranes, both physiological 

and pathological, is well documented (Jezierska & Motyl, 2009; Kenny, Kaur, Coussens, & 

Lengyel, 2008; Staun-Ram, Goldman, Gabarin, & Shalev, 2004; Tokuraku et al., 1995).   

 

5.3 IVF Techniques 

IVF was developed with the intent to maximize embryo production.  Typically, 

insemination was performed using sperm concentrations that were orders of magnitude higher 

than what could be expected during natural fertilization.  This procedure was logical in light of 

the goal of maximizing the production of embryos for ART purposes.  However, research into 

sperm-oocyte interactions has been muddled by the use of excessive concentrations of 

spermatozoa.   
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In experiments performed in Chapter 4, the sperm concentration used during 

insemination was up to 100x lower than that typically seen during a standard IVF procedure.  The 

acrosome is filled with hydrolytic enzymes which are released during the acrosome reaction and 

disperse into their environment.  While there are known inducers of the acrosome reaction, such 

as ZP3, calcium, and progesterone, there is also a high rate of spontaneous acrosome reaction in 

some species.  Spontaneous acrosome reaction in humans has been reported as high as 68% 

during incubation in synthetic tubal fluid (Mortimer et al, 1988).  In mice, the rate of spontaneous 

acrosome reaction has been reported as high as 60%.  Thus an overly high sperm concentration 

would be exposing the cumulus-oocyte complex to an unnaturally high concentration of 

acrosomal enzymes.   

 

As expected, there were some important differences in outcomes when fertilizing using 

low sperm environments as compared to standard sperm concentrations.  The effect of antibodies 

against factors on spermatozoa was more intense and greater in magnitude in low sperm 

environments.  More interesting, however, is the ability to rescue the fertilization deficiency that 

arises when fertilizing in a low sperm environment.  The fertilization rescue effect of exogenous 

plasminogen in IVF medium would likely not have been seen if inseminating with standard sperm 

concentrations.  The successful fertilization rate would already be approaching 100%, leaving 

little to no room to see any further improvement imparted by the exogenous plasminogen in the 

IVF medium.  When we inseminated in a low sperm environment, we reduced the successful rate 

of fertilization of oocytes.  While not unexpected, the use of the low sperm environment was only 

a means to assess the ability of exogenous factors to improve fertilization rates.  By lowering 

sperm concentration during insemination, we provided more room to see statistical significance 

should there be any significant improvement in fertilization rates imparted by added factors in the 

IVF medium.   
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5.4 Non-Classical Activation or Exposure of MMP2 in Sperm 

The activation of MMP2 requires the exposure of its catalytic site that in somatic tissue 

has been accomplished by cleavage of the pro-segment.  However evidence exists that cleavage 

of the pro-segment is the only method the catalytic site can be exposed.  Gelatinase activity is 

presented by pro-MMP2 on polyacrylamide gels containing gelatin after electrophoresis on using 

zymography.  During zymography, proteins are unfolded, straightened during electrophoresis, 

and then re-folded again to examine enzymatic function.  Pro-MMP2 gelatinase activity on 

zymographs is likely accomplished by re-folding into a configuration different from its original 

state, such that the catalytic site becomes exposed even though the pro-segment has not been 

cleaved.   

 

I demonstrated that MMP2 gelatinase activity requires a period of incubation of sperm 

extracts in order to become active.  I further demonstrated that plasminogen co-incubation 

decreases this time period.  The acrosome contains both granular and soluble components.  It is 

possible that MMP2 is either packaged in or covered by granular components of acrosomal 

matrix.  An electron-dense material has been identified associated with the IAM.  (Ito, Yamatoya, 

& Toshimori, 2014; Yu, Xu, Yi, Sutovsky, & Oko, 2006).  The time delay between releasing 

sperm extracts and initiation of MMP2 gelatinase activity in zymographs may be related to the 

granular nature of this matrix.  If MMP2 is organized into granular, insoluble structures, it may 

not be able to enter into the gelatin gel during electrophoresis, thus explaining why it may be 

undetectable in fresh extracts from fresh sperm.  It is possible that this material must be degraded 

sufficiently to either release MMP2, which can then bind to the IAM, or be degraded sufficiently 

to expose MMP2 on the IAM.  Plasmin’s well-documented role in dissolution of matrix in 

somatic tissues may explain the decreased incubation time period required for MMP2 activity to 
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become apparent in the zymographs of sperm extracts (Pins, Collins-Pavao, Van De Water, 

Yarmush, & Morgan, 2000). 

5.5 MMP2 Involvement in Zona and Cumulus Penetration 

The data presented in this thesis provides evidence that MMP2 plays a role in penetrating 

both the cumulus oophorus and the zona pellucida.  Chapter 2 provided evidence of the role of 

MMP2 in zona penetration with the use of cumulus-free oocytes in IVF.  The presence of 

inhibitors and antibodies of MMP2 significantly inhibited the ability of oocytes to get fertilized 

by spermatozoa.  The block to fertilization likely occurred at the zona penetration level in those 

oocytes because of MMP2’s well documented role in digestion of extracellular matrix.   This is 

consistent with previous research that showed a decrease in sperm penetration of the zona of 

cumulus-free oocytes in porcine IVF in the presence of general MMP inhibitor (Beek, Nauwynck, 

Maes, & Van Soom, 2012).  In Chapter 4 I presented data showing a decreased ability of 

spermatozoa to disperse the cumulus oophorus and fertilize oocytes if anti-MMP2 antibody was 

present in the IVF medium.  This is in consistent with previous research that showed a general 

MMP inhibitor can inhibit cumulus penetration during porcine IVF (Beek et al., 2012).   

 

5.6 Future Directions 

5.6.1 MMP2 and PLG Involvement with Other Serine Proteases 

Acrosin and PRSS21 are two serine proteases that have been identified within the 

acrosome (Ferrer et al., 2012; Honda, Yamagata, Sugiura, Watanabe, & Baba, 2002).  Acr-/-, 

PRSS21-/-, and Acr-/-PRSS21-/- mouse sperm are all unable to fertilize oocytes in vitro, while all 

are fertile in vivo (Adham, Nayernia, & Engel, 1997; Baba, Azuma, Kashiwabara, & Toyoda, 

1994; Kawano et al., 2010; Tesarik et al., 1988).  In the case of Acr-/-PRSS21-/- mouse sperm, the 

in vitro fertilization deficiency can be rescued by the addition of medium which contains 
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oviductal fluid (Kawano et al., 2010).  Since Mmp2-/- mouse sperm also appear to be fertile in 

vivo, it would be interesting to see if Acr-/-PRSS21-/-Mmp2-/- male mice maintain fertility.   

 

Since plasminogen is not normally added to IVF medium, yet IVF using cumulus-free 

oocytes can be successful with an excess of sperm, there must be a method in which spermatozoa 

on their own can activate MMP2.  Indeed in Chapter 4 I demonstrated zymographs of sperm 

extracts without coincubation with plasmin/ogen in which bands of enzymatic digestion 

associated with MMP2 appear.  Acrosomal trypsin-like proteases are one possible effector of 

MMP2 activation in spermatozoa.  Human pancreatic trypsin has been shown to have the ability 

to activate MMP2 (Lindstad et al., 2005).  Thus future studies could use serine protease 

inhibitors, trypsin inhibitors, or specific inhibitors such as antibodies against acrosin, to examine 

whether or not coincubation with sperm extracts would still yield MMP2 gelatinase activity with 

zymography.   

 

Furthermore, plasminogen is a component of oviductal fluid, I demonstrated that it is 

present in the fertilizing environment, and fluid from the female reproductive tract can rescue the 

Acr-/-PRSS21-/- mouse sperm in vitro fertilizing deficiency.  Thus it is possible that plasminogen is 

the specific factor present in oviductal fluid that can rescue the fertilizing deficiency of Acr-/-

PRSS21-/- mouse sperm.  The addition of plasminogen to IVF medium when inseminating with 

Acr-/-PRSS21-/- mouse sperm would yield an answer to this question.  Furthermore, I 

demonstrated that plasminogen coincubation accelerates MMP2 activation in mouse sperm 

extracts, and plasmin and pancreatic trypsin can activate MMP2 in somatic cells (Carmeliet et al., 

1997; Lindstad et al., 2005; Monea, Lehti, Keski-Oja, & Mignatti, 2002).  It is therefore possible 

that any IVF rescue of Acr-/-PRSS21-/- mouse sperm by plasminogen is due to the activation of 
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MMP2.  Furthermore I cannot rule out the possibility that plasmin itself may play a role in 

cumulus matrix and ZP enzymatic digestion.   

 

5.6.2 Acrosomal Structure during Penetration 

The acrosome contains both soluble and granular fractions that must be dispersed in order 

to expose the IAM and its IAMC (Ito et al., 2014; Yu et al., 2006).  Further examination of the 

state of the structure of the acrosome during penetration of both the cumulus and the ZP is 

warranted given the uncertainty as to the location of the initiation of the acrosome reaction.  

Intact cumulus-oocyte complexes can be fertilized in vitro and then fixed and sectioned for 

examination by light microscopy or transmission electron microscopy.  The use of acrosomal 

markers or antibodies against known proteins within the acrosome or IAM would clarify the state 

of acrosomal exocytosis.  Examination of serial sections would be necessary in order to find 

spermatozoa within the cumulus oophorus, however, and such an approach would be time 

intensive. 

 

Ideally, however, these studies could be performed within an oviduct.  An in vivo 

approach with an oviduct removed from a mated female mouse would be better able to shed light 

on the state of acrosomal cytosis during cumulus or zona penetration.  By fixing a whole oviduct 

excised from a mated female mouse, serial sections would be able to capture spermatozoa 

penetrating the cumulus and zona in the presence of oviductal fluid rather than simply IVF 

medium.  The presence of oviductal fluid during sperm penetration in vivo would lead to a more 

accurate representation of physiological fertilization.  Furthermore, by varying the time between 

mating and oviduct excision, it would also be possible to determine the structure of the acrosome 

as spermatozoa progress through the oocyte investments.  However, the relatively small number 

of spermatozoa that reach the site of fertilization would make finding spermatozoa in serial 
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sections difficult and time-consuming, especially if examining sections by transmission electron 

microscopy. 

 

5.6.3 Association of MMP2 with IAM 

MMP2 does not possess a transmembrane domain and in somatic tissues effects its 

membrane-directed enzymatic activity by forming a complex with membrane-bound MT1-MMP.  

MT1-MMP contains a transmembrane domain and cytoplasmic domain which recruits MMP2 via 

a complex with TIMP2 (Kazes, Elalamy, Sraer, Hatmi, & Nguyen, 2000; Sato et al., 1994).  

Though I identified the presence of MMP2 associated with the IAM, it is not yet clear how this 

association occurs.  It would be logical to begin by examining the possible presence of MT1-

MMP on the acrosomal membranes.   Furthermore, the key role that TIMP2 places in the MT1-

TIMP2-MMP2 complex necessitates further study for a possible role of TIMP2 in the association 

of MMP2 with the IAM.  TIMP2 has been identified in bovine and human seminal plasma but has 

not yet within the acrosome or the environment of fertilization (Baumgart, Lenk, Loening, & 

Jung, 2002; McCauley, Zhang, Bellin, & Ax, 2001).  However it is also possible that there is a 

sperm or testis specific mechanism by which MMP2 associates with the IAM.  This possibility 

could be explored by co-immunoprecipitation of MMP2 with sperm extracts containing the IAM. 

 

5.6.4 Female Reproductive Tract Effect on Sperm Function 

The luminal environment of the oviduct is specialized to allow several key steps to occur 

that are key to mammalian fertilization, such as chemotactic gradient formation for sperm 

chemotaxis to the site of fertilization, capacitation, allowing sperm penetration of the outer 

investments of the oocyte, and nurturing the developing embryo after fertilization (Kawano et al., 

2010; Roldan & Vazquez, 1996; Therien & Manjunath, 2003; Yamashita et al., 2008).  However, 
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it is difficult to study these processes because of difficulties collecting oviductal fluid and 

studying gametes within them in vivo.   

 

Oviductal fluid collection in larger mammals is technically easier to perform than in 

rodents.  It can be performed by either flushing or aspirating the oviduct and collecting the fluid, 

leading to measurements of enzyme and protein concentrations that better clarifies the 

composition of the extracellular environment during fertilization (Mondéjar, Grullón, García-

Vázquez, Romar, & Coy, 2012; Roldán-Olarte, Jiménez-Díaz, & Miceli, 2005; Tsantarliotou et 

al., 2005).  However, in the mouse this is more difficult due to the small size of the oviduct.  

Oviductal fluid collection in the mouse has previously been accomplished by piercing or 

squeezing the oviduct in a droplet of oil, however collected volumes are as low as 20nL per 

oviduct (Gardner & Leese, 1990; Harris, Gopichandran, Picton, Leese, & Orsi, 2005).  Further 

analysis of the components of oviductal fluid followed by further modifications to the IVF 

procedure to incorporate proteins and enzymes identified as present in oviductal fluid would help 

to clarify the contributions of oviductal fluid to the competence of spermatozoa to penetrate the 

outer investments of the oocyte. 

 

5.7 Summary 

In summary, the data presented will improve understanding of natural fertilization.  These 

studies present evidence for the importance of enzymes localized on the inner acrosomal 

membrane in the penetration by spermatozoa of the outer investments of the oocyte, a process 

which is necessary for fertilization.  These studies also present evidence that the oviductal fluid 

plays a role in activation of sperm-borne enzymes necessary for fertilization.   
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