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ABSTRACT 

 
The perinuclear theca (PT) is a condensed cytosolic capsule that surrounds the eutherian 

sperm nucleus and contains various proteins involved in fertilization. Previously, proteomic 

analysis of the bovine PT revealed a novel population of four core histones residing in this 

distinctly non-nuclear location, despite the traditional role of histones in nuclear DNA 

stabilization. Utilizing immunocytochemistry, histones were localized to two sub-compartments 

of the murid PT, the post-acrosomal sheath and the murid-specific perforatorium. This finding 

created the framework to pursue our primary objective: to determine the role of PT core histones 

in fertilization and early embryogenesis. Specifically, given their inherent ability to bind DNA, we 

hypothesized that PT-associated histones stabilize sperm chromatin during male pronuclear 

formation in the developing zygote. 

To investigate this, we assessed the consequences of performing intracytoplasmic sperm 

injection (ICSI) with histone-depleted (HD) sperm. The mouse model is ideal for such functional 

assays because only the sperm nucleus and PT are required to achieve fertilization via ICSI. To 

create a valid depletion model, histones were selectively extracted from the mouse PT under high 

salt conditions paired with mild sonication. SDS-PAGE analysis of KCl-treated murid sperm 

extracts revealed four low molecular weight bands which, by immunoblotting with anti-core 

histone antibodies, corresponded to calf thymus core histones (H3, H2B, H2A, H4) run in adjacent 

lanes. Conversely, PT-bound activating factor, PAWP, remained largely intact following high salt 

extraction, indicating selectivity of the protocol. 

ICSI functional assays compared developmental patterns of mouse embryos fertilized with 

control or HD sperm. Using light microscopy, HD oocytes were found to initiate activation at the 

same rate as control groups but displayed significantly fewer 2-cell embryos and blastocysts at the 

appropriate developmental timepoints. This suggests that early embryonic development is delayed 
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in the absence of PT-derived core histones, presumably as compensation for destabilization of the 

male chromatin following fertilization. While their direct influence on sperm chromatin was 

unclear by our methods, this thesis presents evidence for the influence of PT core histones on early 

embryogenesis, and proposes a model of PT histone depletion for future functional analyses. 
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1.1    OVERVIEW 
 
The mammalian spermatozoon is one of the most structurally distinct cells characterized to date. 

Each of its highly specialized compartments endows the sperm cell with unique functions, and 

each of these functions is imperative to fertilization of the oocyte in natura. In fact, much of what 

we currently know about the spermatozoon’s role in gamete interaction has been informed by 

initial analysis of its structural components; centuries of work on the structure of the tail, acrosome, 

and nucleus have allowed us to appreciate the mechanisms of sperm motility, the acrosome 

reaction, and germ cell fusion, respectively.  

Until recently, the perinuclear theca (PT) had not been afforded the same level of scrutiny 

as the above-mentioned structures. Initially believed to simply maintain structural integrity of the 

sperm head, current research on the PT suggests a greater range of function from this structure. As 

proteomic analysis of the PT has progressed, strong evidence has surfaced for its involvement in 

processes of fertilization and early zygotic development. Specifically, the discovery of core 

histones within the PT suggests that this non-nuclear region interacts directly with the genetic 

material despite being separately compartmentalized in the sperm cell.  

This chapter will review pertinent literature on what is currently understood of sperm 

structure, the contribution of sperm in fertilization and early development, and how the male 

genetic material is transferred, remodeled, and protected during this time.

1.2      EUTHERIAN SPERMATOZOON STRUCTURE 

The sperm head of eutherians, or placental mammals, is comprised of three major 

organelles: the nucleus, the acrosome, and the PT. As the cell matures from round spermatid to 

elongated spermatozoon, these structures undergo significant proteomic and morphological 

transformations. The final maturation stage, spermiogenesis, involves particularly drastic 

acquisition, loss, and modification of head proteins, as well as extensive streamlining of the head 
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shape (Skerget et al. 2015; Oko et al. 1996). Since the primary goal of spermatozoa is transmission 

of the male genome into the female germ cell, the nucleus occupies the majority of the resulting 

specialized sperm head. The acrosome, which overlays the apical half of the nucleus, and the PT, 

which encapsulates the caudal nucleus, are composed by proteins required for spermatogenesis 

and sperm-egg interactions, optimizing the spermatozoon for fertilization of the oocyte. 

Although the components and general arrangement of the eutherian spermatozoon remain 

relatively consistent across species, the overall shape and features of the sperm head can vary 

drastically. Spatulate or “paddle-shaped” heads, such as those found in human, bull, and boar, 

possess a symmetrical acrosome and nucleus, whereas most murid species share a falciform-

shaped head, characteristic for the hook that extends from the apical nucleus and curves towards 

its ventral belly (Fig. 1.1). 

1.2.1    ACROSOME 

The acrosome is an enzyme-rich, cap-like structure derived from the Golgi apparatus 

during spermiogenesis. It is bound by two continuous membranes: the inner acrosomal membrane 

(IAM), which borders the underlying PT above the apical nucleus; and the outer acrosomal 

membrane (OAM), which underlies the outermost plasmalemma. A short section of the underlying 

PT layer folds over the distal aspect of the acrosome, so that this portion of the organelle is 

“sandwiched” between two cytoskeletal laminae in a subdomain known as the equatorial segment 

(ES; Fig. 1.1). In mammals, the acrosome contains hydrolyzing enzymes that, when released from 

this compartment, facilitate sperm travel through the oocyte vestments. 

1.2.2    NUCLEUS 

The sperm nucleus is a membrane-bound organelle containing the entire male genome in a 

condensed DNA-nuclear protein complex known as chromatin. Up until round spermatid stage,  
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Figure 1.1. Ultrastructural representations of mid-sagittal sections through 
spatulate (A) and falciform (B, C) sperm heads. Regardless of morphological 
variations, the eutherian sperm head is comprised by three major organelles: the 
nucleus (N; black), the acrosome (A; grey), and the PT. The nucleus occupies the 
majority of the specialized sperm head. The acrosome overlays the apical half of the 
nucleus and is bound by the inner and outer acrosomal membranes (IAM and OAM, 
respectively). The PT is formed by several continuous cytosolic compartments which 
together encapsulate the entire condensed nucleus, except where the tail implants. 
The plasmalemma (PM) is the outermost membrane layer that encases the sperm 
head. A mid-sagittal section of (A) a bovine spermatozoon, (B) a rat spermatozoon, 
and (C) a mouse spermatozoon. The PT of spatulate sperm is subdivided into the 
sub-acrosomal layer (SAL; red) and the post-acrosomal sheath (PAS; yellow). The 
equatorial segment (ES) is the thinned, caudal portion of the acrosome, covered on 
its outer surface by an extension of the SAL, the outer periacrosomal layer (OPL). In 
addition to SAL and PAS regions, the PT of falciform sperm contains the 
perforatorium (PERF; orange), which extends apically from the nucleus to form the 
characteristic hook shape. The sperm tail is partially shown extending from the 
caudal nucleus. The core structure, the axoneme (AX), resembles motile cilia and is 
supplied energy by surrounding helical mitochondria (M). Adapted from Protopapas 
et al. (2019); Oko and Maravei (1994); Lalli and Clermont (1981). 
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the nuclear proteins that associate with the male DNA are called histones. Histones are basic, 

positively-charged proteins, ranging from ~11- to 17-kDa, that form a molecular core around 

which the negatively charged DNA coils. Each DNA-wrapped histone core is called a nucleosome; 

these basic structural units compact chromatin into higher order structures and regulate gene 

expression by dynamically binding specific nucleotide base sequences. When analyzed by electron 

microscopy, extended chromatin has a characteristic “beads on a string” appearance, where each 

“bead” represents a nucleosome (Dadoune 2003). These linear fibres may continue to coil and 

stack, eventually forming a tightly compacted chromosome. 

In most eukaryotic cells, the genetic material is stabilized by histones within the 

nucleosome until the DNA is again required for transcription, but in spermatozoa, nuclear proteins 

undergo considerable reorganization during spermiogenesis. Once the spermatid becomes haploid, 

transcription ceases and core histones are subjected to an array of post-translational modifications 

(PTMs), namely hyperacetylation, that tag them for excision from the nucleus and subsequent 

degradation (Hazzouri et al. 2000; Johnson et al. 2011). Histone removal causes the chromatin to 

unravel from its nucleosomal form, becoming a filamentous network.  

The nuclear core histones are quickly replaced by a population of lysine- and arginine-rich 

transition nuclear proteins (TPs) that are approximately half the size of core histones. Following 

the integration of TPs into the heterochromatin, the male genome exists within the nucleus as a 

homogeneous dense mass; the near crystalline-state of the DNA at this time demonstrates the 

major contribution of TPs to compaction of the sperm head (Oko et al. 1996; Meistrich et al. 2003). 

The culmination of nuclear protein reorganization occurs with the replacement of TPs by 

similarly-sized, arginine- and cysteine-rich protamines. These ultimate histone complements 

associate with the chromatin within the minor groove of DNA via hydrogen bonds and hydrophilic 

interactions, as well as with other DNA-protamine complexes via disulfide crosslinking (Balhorn 
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1982). Protamines are thereby responsible for the final compaction of sperm chromatin into a 

highly organized coil, termed the “doughnut loop” (Hud et al. 1993; Sotolongo, Lino, and Ward 

2003). The resulting configuration effectively neutralizes and crosslinks the phosphodiester 

backbone of DNA, thus silencing the mature sperm genome. 

Depending on species, the sperm nucleus retains different amounts of core histone content 

following nuclear protein reorganization. For example, the mature sperm of mouse (O'Brien and 

Bellve 1980), bull (Palmer et al. 1991), and ram (Uschewa, Avramova, and Tsanev 1982) contain 

less than 1% of the original nuclear histone population, whereas human sperm nuclei can retain up 

to 20% of their initial core histone content (Tanphaichitr et al. 1978; Gusse et al. 1986; Gatewood 

et al. 1990). Several studies observed that these residual histones bound DNA in sequence-specific 

patterns around gene regulatory regions, suggesting that nucleosomes may be maintained at 

specific sites in order to prime distinct regions for use shortly following fertilization (Johnson et 

al. 2011; Wykes and Krawetz 2003; Gatewood et al. 1987). 

1.2.3    PERINUCLEAR THECA 

Ultrastructure 

The PT is an electron-dense, cytosolic capsule that surrounds the entire condensed nucleus 

of the mature spermatozoon, except where the connecting piece of the tail meets the caudal 

nucleus. The PT can be divided into a number of sub-regions depending on the shape of the sperm 

head. Spatulate sperm possess two major sub-regions: the sub-acrosomal layer (SAL) and the post-

acrosomal sheath (PAS). The SAL covers the apical aspect of the nucleus and lies between the 

inner acrosomal membrane and the nuclear membrane. A short continuation of the SAL, termed 

the outer periacrosomal layer (OPL), loops around the distal aspect of the acrosome to overlie the 

ES. The PAS, situated immediately caudal to the SAL, is bound between the outermost 

plasmalemma and the nuclear membrane (Oko and Maravei 1994). Falciform sperm have an 
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additional sub-region, the perforatorium (PERF), which extends from the nucleus to occupy the 

majority of the characteristic apical hook (Protopapas et al. 2019). At the apex of the hook, the 

PERF is tapered into a curved triangular rod. As it passes distally over the apical nucleus, the PERF 

splits into three interconnected prongs – one dorsal and two ventral – that narrow down and appear 

ventrally continuous with the caudal PAS (Oko and Clermont 1988; Protopapas et al. 2019).  

Composition and Function of Proteins 

Whereas structural proteins can be found throughout the entirety of the PT, non-

cytoskeletal proteins appear to be organized into the three PT sub-compartments based on 

functional trends. In fact, the localization of an individual PT protein can provide considerable 

insight into how it may be involved in processes of spermatogenesis and fertilization. 

SAL-PT proteins have been largely implicated with mediating acrosome formation and 

nuclear docking; during mid-spermiogenesis, SAL proteins are believed to conduct the formation, 

fusion, and transport of Golgi-derived secretory vesicles that form the acrosome cap. Following 

acrosome biogenesis, SAL-PT proteins are trapped between the inner acrosomal and nuclear 

membranes of the sperm head, forming a protein complex that firmly adheres the mature acrosome 

to the nucleus (Oko and Sutovsky 2009). On the other hand, many PAS-PT proteins characterized 

to date appear to play a role in sperm-egg interactions; specifically, Oko and Sutovsky (2009) 

speculate that the core purpose of PAS constituents is to assist the sperm in intra-ooplasmic 

fertilization events. For example, PAS-derived protein, PAWP, is involved in egg activation 

events, such as meiotic resumption of the oocyte and pronuclear development (Wu et al. 2007). 

Another PAS-PT constituent, GSTO2, aids in decondensation of the male nucleus during zygotic 

development (Hamilton et al. 2019). Conversely, the perforatorium has no known function, 

although shared mechanisms of developmental assembly between the PERF- and PAS-PT suggest 

that proteins involved in fertilization may be common to both sub-regions (Protopapas et al. 2019). 
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1.2.4    HISTONES 

Upon their discovery within the last decade, some of the most intriguing proteins isolated 

from the eutherian PT are the four core histones: H3, H2B, H2A, and H4. As alluded to earlier, 

these protein sub-units, along with an H1 linker sub-unit, form a histone octamer – a central H3/H4 

tetramer, flanked by two H2A/H2B heterodimers – that traditionally binds DNA in a structure 

called a nucleosome (Fig. 1.2; Peterson and Laniel 2004). The novelty of this finding resides in 

the fact that these core histones were isolated from a distinctly non-nuclear location; the discovery 

of core histones in a separate cellular compartment from the nuclear genome was unprecedented 

(Tovich and Oko 2003). 

All four core histones possess an analogous globular domain, or ‘core’, and an N-terminal 

tail ranging from 20-35 residues in length. The core is the protein sub-structure that participates in 

histone-histone sub-unit interactions and organizes nucleosomal DNA, such that 146 base pairs 

are wrapped approximately twice around the central octamer (Peterson and Laniel 2004). The tail, 

which is rich in basic amino acids, is subjected to a myriad of PTMs that facilitate nucleosome 

assembly or disassembly and ultimately define the condensation state of the chromatin (Marino-

Ramirez et al. 2005). Basic residues such as lysine and arginine are favoured targets for regulatory 

acetylation and methylation, although phosphorylation, ubiquitylation, and ribosylation events 

may also occur, and a variety of amino acid residues affected, to yield distinct functional 

consequences (Zheng and Hayes 2003; Peterson and Laniel 2004). 

1.3 CHARACTERIZATION OF PT PROTEINS 

To date, PT proteins have demonstrated characteristic resistance to sonication and 

extraction by non-denaturing, non-ionic detergents – a feature that may be beneficial when 

attempting biochemical isolation of PT constituents (Tovich and Oko 2003; Oko and Sutovsky 

2009). A strategic “molecular dissection” of the spermatozoon can be executed in order to 
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H2B H2A H4 H3 

Histone tail 

          Nucleosome 
146 base pairs of  

DNA wrapped around  
a central histone octamer 

H2A/H2B dimer 
H3/H4 tetramer 

Figure 1.2. Histone sub-units and nucleosomal assembly. Core histone sub-units H2B 
(green), H2A (blue), H4 (pink), and H3 (yellow) first heterodimerize to form H2A/H2B and 
H3/H4 complexes. Two H3/H4 dimers come together to form a central H3/H4 tetramer, which 
is then flanked by two H2A/H2B dimers. 146 base pairs of DNA wrap around the resulting 
histone octamer approximately 1.65 times to form the nucleosome. N- and C-terminal histone 
tails extend from the globular domains of each histone sub-unit; they are common targets of 
post-translational modifications. Adapted from Galvani (2013), and modified by author. 
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selectively extract these proteins: first, heads and tails are separated by sonication; then, head 

fractions are treated with non-ionic detergents (i.e. Triton X-100) to subsequently remove the 

plasmalemma and acrosome. Ultrastructural examination of the resulting sperm head reveals an 

intact PT, which may be subjected to harsher methods of protein extraction, particularly, treatment 

by ionic bond-disrupting agents, to isolate its protein constituents further (Oko and Maravei 1994). 

Immunolocalization techniques confirm the localization of a given protein within the PT, as well 

as the efficiency of its extraction. Accordingly, the first part of this study will focus on achieving 

selective extraction of PT-derived core histones, to be followed by a functional assessment of the 

consequences of their removal, as described later. 

1.4 CONTRIBUTIONS OF THE SPERMATOZOON TO FERTILIZATION 
 
1.4.1    OVERVIEW OF MAMMALIAN FERTILIZATION 

The highly distinct structural and molecular makeup of the spermatozoon primes the cell 

to surpass many hurdles before fulfilling its ultimate goal as a germ cell – fertilization. For the 

purposes of this work, fertilization will be defined as the point at which the plasma membranes of 

sperm and egg fuse, and the sperm cell is accepted into the ooplasm. Prior to reaching this “finish 

line”, sperm head receptors bind glycoproteins that form the oocyte’s extracellular coat, the zona 

pellucida (ZP). Within the spermatozoon, this substrate binding offsets the acrosome reaction, a 

process by which the OAM and plasmalemma hybridize to expose the acrosomal contents: a 

cocktail of proteolytic enzymes that allow sperm-egg binding and oocyte penetration. As these 

enzymes diffuse into the surrounding area and degrade the glycoproteins of the ZP, the sperm – 

whose head is now comprised only by the IAM, PT, and nucleus – is able to begin penetrating this 

initial barrier to the oocyte (Wassarman 1999). The IAM, the leading edge of the sperm head 

during ZP penetration, is also coated with receptors and enzymes that complete the requirements 

for successful penetration (Ferrer et al. 2012; Ferrer et al. 2016). 
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After proceeding into the perivitelline space, the sperm cell aligns tangentially to the egg 

plasma membrane and gamete-gamete fusion occurs as microvillus extensions of oolemma 

emanate outwards to fuse with the residual plasma membrane that overlies the sperm’s PAS region 

(Yanagimachi 1994). As the oocyte microvilli pull the sperm head into the ooplasm, the PAS 

begins to rapidly solubilize within the egg’s internal environment (Fig. 1.3), releasing sperm-borne 

oocyte activating factors (SOAFs), post-acrosomal sheath WW domain-binding protein (PAWP) 

and presumably, phospholipase C zeta (PLCζ) (Wu et al. 2007; Saunders et al. 2002). These 

proteins initiate oocyte activation, a process which encompasses meiotic resumption of the 

dormant oocyte, induction of an anti-polyspermy defense, and formation of the pronuclei (PN). In 

order to successfully form the male pronucleus (MPN), the compacted sperm chromatin, now 

completely suspended within the ooplasm, must first be remodeled into a transcriptionally 

competent form. Reducing factors that are present within the ooplasm, particularly glutathione 

(GSH), interact with glutathione-S-transferase omega enzymes originating from both gametes and 

disrupt disulfide bonds between protamine molecules, promoting dispersal of the male chromatin, 

as well as final dissolution of the sperm PT (Sutovsky et al. 2003; Zirkin et al. 1989; Hamilton et 

al. 2019). In synchrony with expansion of the female pronucleus (FPN), the sperm chromatin 

rapidly decondenses to occupy an area that is 10-fold larger than its original super-compacted state; 

this structure, referred to as the MPN, is now accessible for transcription and replication (McLay 

and Clarke 2003).  

Following disassociation of protamines from the male genetic matter, maternally-derived 

core histones present in the ooplasm integrate into the MPN to stabilize the male DNA against the 

noxious ooplasmic environment. It is important to note, however, that there exists an interval 

during protamine-to-histone transition in which neither protein can be immunologically detected 

in association with the decondensing male chromatin (Rodman et al. 1981). The mechanisms that  
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Figure 1.3. Schematic representation of PT solubilization and sperm nuclear 
decondensation in ooplasm at fertilization. Oocyte microvilli (MV) fuse with the 
plasmalemma (PM) of the tangentially aligned spermatozoon. Fusion first occurs over areas of 
the equatorial segment (ES) and post-acrosomal sheath (PAS), exposing the underlying PT sub-
compartments to the ooplasm. The PAS rapidly solubilizes within the oocyte, releasing SOAFs 
and, presumably, PT core histones into the maternal environment. As the oocyte microvilli pull 
the sperm head into the ooplasm, the PT continues to solubilize, and the exposed sperm 
chromatin begins to decondense. Adapted from Sutovsky et al. (2003) and Yanagimachi (1994). 
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regulate this interchange of nuclear proteins, as well as the key players involved in the protection 

of the male genome during this time are of particular interest to this work. It is our hypothesis that 

following dissolution of the PAS-PT at the time of sperm entry, PT histones become available in 

the ooplasm in sufficient amounts to stabilize the male chromatin in the interim of its release from 

protamines and its recondensation by maternal histones (Tovich and Oko 2003). 

With the completion of pronuclear formation, MPN and FPN migrate towards each other, 

guided by microtubular arrays derived from the paternally-inherited centriole. The mouse is the 

major exception to this rule; its sperm centriole is not transmitted to the ooplasm during 

fertilization and the oocyte’s mitotic spindle instead mediates the union of PNs (Gilbert 2000). 

Notably, the only sperm elements required to induce fertilization of the mouse oocyte are the 

nucleus and PT – a physiological anomaly that makes the mouse an ideal animal model for 

fertilization studies, such as this one, in which the sperm is subjected to considerable 

transformational changes and micromanipulation (Kimura and Yanagimachi 1995).  

DNA synthesis commences within both PNs as they converge upon each other. Once their 

nuclear membranes fuse to create a common nucleus, each chromatin complement condenses into 

a chromosome and aligns at the metaphase plate for progression into mitosis (Gilbert 2000). 

1.4.2    FUNCTIONAL ASSESSMENT OF PT-DERIVED PROTEINS 

In order to establish whether PT-derived core histones play a role in the early fertilization 

events outlined above, intracytoplasmic sperm injection (ICSI) technology will be employed to 

artificially fertilize mouse oocytes with sperm devoid of PT histones. We expect that following 

solubilization of the histone-depleted PAS in the ooplasm, the bioavailability of these stabilizing 

proteins in the maternal environment will be greatly reduced, thus diminishing the magnitude of 

their DNA-protective abilities. In instances of cell-regulated histone removal, such as DNA 

replication and repair, the chromatin decompacts and its fibres become increasingly flexible, 
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allowing for large molecular machinery to gain access to individual base pairs of interest in a time-

efficient manner (Hauer et al. 2017). However, when histone levels are artificially reduced, random 

sequences of the decompacted chromatin become vulnerable to the surrounding cytosolic 

constituents. In mice, zygotic development is initially supported by maternal RNAs and proteins 

synthesized during oogenesis until full-scale transcription of the embryonic genome commences 

at the 2-cell stage (Gawecka et al. 2013; Gandolfi and Gandolfi 2001). Conversely, a robust 

population of post-translational modification (PTM) enzymes and proteasomes occupy the 

ooplasm throughout the entirety of sexual reproduction, regulating degradation of defective, 

foreign, or excess cytosolic molecules, as necessary (Karabinova, Kubelka, and Susor 2011). 

Following the release of the male chromatin into the ooplasm, the zygote is transcriptionally 

inactive, but its proteolytic machinery is highly functionally active. Therefore, chromatin that is 

unprotected by histones at this time is rendered susceptible to degradation.  

As the embryo transitions through the meiotic cell cycle, thorough checkpoints ensure the 

finalization of phase-specific tasks before proceeding to the next phase. Progression through these 

checkpoints is tightly linked to feedback received from damage signaling pathways in order to 

protect DNA from de novo mutations and erroneous replication (Houlard, Artus, and Cohen-

Tannoudji 2009). Should any abnormalities be detected, cell cycle checkpoints may delay entry 

into the next phase and stimulate various repair pathways. In a study that induced double-strand 

breaks in the male genome via ionizing radiation of sperm cells, zygotes produced by in vitro 

fertilization experienced a delay in the first round of DNA replication by over two hours (Shimura 

et al. 2002). We predict that ICSI-generated zygotes fertilized with histone-deficient sperm will 

yield a similar result; degradation of the unprotected male genome will trigger a repair response in 

the zygote and early embryonic development will be delayed until DNA damage in the male 

pronucleus is mitigated. 
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1.5       HYPOTHESES AND OBJECTIVES 

The present thesis is based on the overarching hypothesis that core histones isolated from 

the mouse PT have a functional role in the processes of fertilization and early zygotic development. 

In order to appreciate the nature and magnitude of their influence, we propose a functional assay 

that analyzes the effect of fertilizing oocytes with sperm depleted of PT-derived histones. A certain 

prerequisite for the testing of a depletion model is the establishment of a protocol to selectively 

extract core histones from the mouse PT. This prospective strategy would ultimately explore the 

validity of two key sub-hypotheses: 

1. Given the electrochemical nature of their association within the network of PT proteins, 

core histones can be selectively extracted from the PT of the murid sperm head. 

2. Considering their inherent ability to bind DNA, as well as the rapid solubilization of the 

PAS upon sperm-egg fusion, PT-derived core histones are involved in chromatin 

remodeling of the early male pronucleus. 

The following study objectives were established to investigate these sub-hypotheses: 

1. To confirm that core histones are present in the rat and mouse PT, as previously discovered 

in bull. 

2. To selectively extract core histones from the mouse PT, thus developing an effective loss-

of-function model to be employed in intracytoplasmic sperm injection (ICSI) experiments. 

3. To assess the consequences on early zygotic development in mouse oocytes fertilized with 

PT histone-depleted sperm. 
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2.1      ANTIBODIES 

The following primary antibodies were used: for immunoblotting, custom-made rabbit polyclonal 

anti-pan-histone serum and custom-made rabbit polyclonal anti-PAWP serum; for 

immunofluorescence, the aforementioned anti-pan-histone serum and custom-made rabbit 

polyclonal pre-immune (IgG) serum. Protein concentrations cannot be accurately assessed, since 

the immune sera were not affinity purified, however, concentrations of specific antibodies are 

estimated to range from 0.05-0.2 mg/mL. Secondary antibodies included goat anti-rabbit IgG-HRP 

(Vector Laboratories, PI-1000) for immunoblotting and goat anti-rabbit IgG-FITC (Abcam, 

ab97050) for immunofluorescence. The EZClickTM EdU Cell Proliferation/DNA Synthesis kit 

(BioVision, K946-100) was employed for additional fluorescent microscopy experiments. 

2.2 ANIMALS 

Protocols for animal handling and treatment procedures (protocol #1742) were reviewed and 

approved by the University Animal Care Committee (UACC) of Queen’s University, in 

accordance with guidelines of the Canadian Council on Animal Care (CCAC). All mouse 

procedures were performed using CD-1 (female and male) or C57BL/6 (male) mice, aged 6-12 

weeks, purchased from Charles River Laboratories (St. Constant, QC). Rat spermatozoa were 

collected from Sprague-Dawley rats, aged 6-12 weeks, purchased from Charles River Laboratories 

(St. Constant, QC).  

2.3 ISOLATION OF EPIDIDYMAL MURID SPERM 

Intact murid sperm were obtained from fresh or freeze-thawed epididymides that had been 

previously isolated. The cauda epididymis was punctured with a 26 gauge needle and squeezed 

with tweezers to release mature spermatozoa into phosphate-buffered saline (PBS) solution (137 

mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4), at pH 7.4. Sperm concentration 
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was determined by counting cells in a hemocytometer. The average sperm count per one mouse, 

or per two mouse epididymides, was approximately 2´107 cells. The average sperm count per 

one rat was approximately 3´107 cells. 

2.4 ISOLATION OF EPIDIDYMAL BOVINE SPERM 

Testes from mature bulls were collected immediately after slaughter from a local abattoir. Intact 

bovine sperm were obtained from fresh or freeze-thawed epididymides and isolated according to 

methods previously described by Oko and Maravei (1994), with some modifications. Sperm 

concentration was determined by counting cells in a hemocytometer. 

2.5 EXTRACTION OF SDS-, ACID- AND HIGH SALT-SOLUBLE PT PROTEINS 

SDS EXTRACTION 

A pellet containing approximately 2´107 murid whole sperm was incubated in 200 µL 2% sodium 

dodecyl sulfate (SDS) for 5 min at 100°C. 

ACID EXTRACTION 

Previous methods for extracting PT proteins in bovine were adapted for use in murids (Tovich and 

Oko, 2003). Briefly, ~2´107 murid sperm cells were suspended in 75 µL 1N hydrochloric acid 

(HCl) and sonicated on ice for 5 s at 0.45 A. 75 µL of 1N sodium hydroxide (NaOH) was 

immediately added and the mixture was vortexed to neutralize the acid.  

HIGH SALT EXTRACTION 

Approximately 2´107 murid sperm cells were suspended in 200 µL 1M potassium chloride (KCl) 

solution and sonicated on ice for 5 s at 0.1 A. 
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SONICATION CONTROL EXTRACTION 

Approximately 2´107 murid sperm cells were suspended in 200 µL PBS and sonicated on ice for 

5 s at 0.1 A. 

Each solution resulting from one of the above extraction methods was promptly separated into 

supernatant and pellet fractions by centrifugation at 16,000 × g for 4 min. Following removal of 

the supernatant, the pellet was washed with PBS to remove any residual solubilized proteins or 

salts (Fig 2.1). Core histone identity of extracted proteins was verified using SDS-PAGE and 

Western Blot analyses, as described below. 

2.6 GEL ELECTROPHORESIS 

Immediately following treatment, samples were incubated in reducing sample buffer (200 nM Tris 

pH 6.8, 4% SDS, 0.1% bromophenol blue, 5% β-mercaptoethanol, 40% glycerol) to preserve their 

total protein profiles. These consisted of supernatant and pellet fractions resulting from various 

extraction protocols (outlined above) in rat and mouse spermatozoa. Samples were separated along 

a molecular weight (MW) gradient by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE), as previously described (Laemmli 1970). BLUeye pre-stained protein ladder 

(GeneDirex, Taiwan) and calf thymus histone (Sigma, H9250) run in adjacent lanes served as 

general and histone-specific MW references, respectively. Gels were stained with Coomassie 

Brilliant Blue 250 (Sigma-Aldrich, St. Louis, MO) or used for immunoblot analysis.  

2.7 PROTEIN TRANSFER AND IMMUNOBLOTTING 

Electrophoresis-separated proteins were transferred onto methanol-activated polyvinylidene 

fluoride (PVDF) membranes (Millipore, Mississauga, ON) according to methods adapted from 

Towbin et al. (Towbin, Staehelin, and Gordon 1979). To prevent non-specific labelling, 

membranes were blocked with 10% skim milk in PBS containing 0.05% Tween-20 (PBS-T). They  
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were then cut at the 25 kDa level for probing with two separate primary antibodies at 4°C, 

overnight: the upper PVDF strip (>25 kDa) was incubated in anti-PAWP serum (1:1000 dilution); 

the lower strip (<25 kDa) was incubated in anti-pan-histone serum (1:10 000 dilution). Membranes 

were washed generously with PBS-T before and after incubation with an HRP-conjugated 

secondary antibody (diluted to 1:40 000). The resulting blots were exposed to ClarityTM Western 

ECL Substrate (Bio-Rad, Mississauga, ON) and developed on X-ray film (Eastman Kodak 

Company, Rochester, NY). 

2.8 FLUORESCENT IMMUNOCYTOCHEMISTRY 

ASSESSMENT OF THE PRESENCE OF HISTONES 

Histone content of whole or protein-extracted murid spermatozoa was analyzed by indirect 

immunofluorescence according to methods described by Sutovsky (Sutovsky 2004). Briefly, cells 

were suspended in KMT buffer (10 mM KCl, 1 mM MgCl2, 10 mM Tris-HCl, pH 7) and fixed in 

2% paraformaldehyde (PFA) in PBS before being transferred to poly-L-lysine-coated coverslips 

and allowed to adhere to the glass, approximately 10 min. The KMT buffer was removed and the 

remaining mounted cells were permeabilized in PBS containing 0.1% Triton X-100 (PBS-Tx) for 

40 min. To block non-specific labelling, coverslips were coated with 5% normal goat serum (NGS) 

in PBS-Tx for 25 min. Cells were then incubated with anti-pan-histone primary antibody or control 

IgG serum (1:50 dilutions) in humidity chambers at 4°C, overnight. After at least 16 hrs, coverslips 

were washed extensively with PBS-Tx and incubated with FITC-conjugated secondary antibody 

and 4’,6-diamidino2-phenylindole (DAPI) for nuclear staining (1:100 dilutions) for 40 min at room 

temperature (RT), protected from light. Coverslips were washed, inverted onto glass microscope 

slides using VectaShield mounting medium (Vector Laboratories, Burlingame, CA), and sealed 

along the edges with clear nail polish. Slides were stored at 4°C, protected from light, until 
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visualization by confocal microscopy. Images were captured using a WaveFX spinning disc 

confocal microscope (Quorum Technologies, Guelph, ON), and images analysis was performed 

with MetaMorph imaging software. 

ASSESSMENT OF DNA REPLICATION 

DNA replication in mouse PNs was assessed by visualizing the incorporation of 5-ethynyl-29-

deoxyuridine (EdU) according to the manufacturer’s protocol (BioVision, K946-100). In brief, 

immediately following ICSI, oocytes were transferred to EmbryoMax Advanced KSOM medium 

droplets (MilliporeSigma, MR-101-D) containing 1x EdU DNA Label (BioVision, EZClickTM 

EdU DNA Synthesis kit) and incubated at 37°C for 8 hrs. The EdU DNA Label was prepared as a 

10x stock solution in Advanced KSOM and 5 µL were added to 45 µL droplets of pre-incubated 

KSOM prior to ICSI. Following EdU incubation, oocytes were rinsed in PBS and fixed in Fixative 

Solution (BioVision, EZClickTM EdU DNA Synthesis kit) for 15 min at RT, protected from light. 

Fixed oocytes were then washed twice with Wash Buffer (BioVision, EZClickTM EdU DNA 

Synthesis kit) and permeabilized with Permeabilization Buffer (BioVision, EZClickTM EdU DNA 

Synthesis kit) for 15 min at RT, followed by two washes in PBS. Oocytes were incubated for 30 

min at RT in EZClick reaction cocktail (prepared according to the manufacturer’s protocol), then 

washed 3 times in Wash Buffer and once in PBS. Cells were then incubated in Total DNA Stain 

(BioVision, EZClickTM EdU DNA Synthesis kit) for 20 min at RT. 1000 µL PBS-Tx were added 

to a 1 µL aliquot of 1000x stock Total DNA Stain to yield 1x Total DNA Stain prior to oocyte 

incubation. After a final wash in PBS, oocytes were transferred to a small drop of VectaShield 

mounting medium on a glass microscope slide and carefully encased by a coverslip. The edges of 

the coverslip were sealed with clear nail polish. Slides were stored at 4°C, protected from light, 

until visualization by confocal microscopy. Images were captured using a Leica two photon 
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confocal microscope (Leica Microsystems, Wetzlar, Germany), and images analysis was 

performed with MetaMorph imaging software. 

2.9 GAMETE ISOLATION, IN VITRO FERTILIZATION, AND 

INTRACYTOPLASMIC SPERM INJECTION 

OOCYTE COLLECTION 

Mature CD-1 female mice, aged 8-12 weeks, were superovulated with intraperitoneal injections of 

10 IU pregnant mare’s serum gonadotropin (PMSG; Sigma) and 10 IU human chorionic 

gonadotropin (hCG; Sigma), administered 48 hrs apart. 12-14 hrs post-hCG injection, mice were 

euthanized by isoflurane inhalation and cervical dislocation, and oviducts were removed and 

placed in Advanced KSOM. Using a needle to puncture the distinct bulge in the oviduct, cumulus-

oocyte complexes were released into the medium and transferred to Advanced KSOM droplets 

containing 0.1% hyaluronidase (Sigma, H3757) to remove cumulus cells. Cumulus-free oocytes 

were washed and incubated in Advanced KSOM under mineral oil (Sigma, M8410) at 37°C and 

5% CO2 for up to 2 hrs until use. 

SPERM COLLECTION 

Study animals were euthanized by isoflurane inhalation and cervical dislocation. Mouse and rat 

cauda epididymides were isolated from adult males, cut, and gently squeezed to drive spermatozoa 

into one of the following solutions. For use in PAGE or immunofluorescence experiments, 

spermatozoa were diffused into PBS before centrifugation and removal of the supernatant. Isolated 

pellets were used immediately or frozen at -80°C until required. For IVF and ICSI experiments, 

sperm were released into EmbryoMax human tubal fluid medium (HTF; Millipore, MR-070-D) 

and incubated under mineral oil at 37°C and 5% CO2 until required, no more than three hours post-
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collection. In each ICSI replicate, spermatozoa from one male were used for all treatments, to 

control for variations between animals. 

IN VITRO FERTILIZATION (IVF) 

IVF was performed with gametes from CD-1 mice according to standard protocol in 50 µL drops 

of HTF under mineral oil (Summers et al. 2000). A pre-incubated, capacitated mouse sperm 

suspension was added to each fertilization droplet to yield a final sperm concentration of 

1×106/mL. After resting for at least 15 min following collection, 20-25 mouse oocytes were added 

to the fertilization droplet and the dish was incubated at 37°C, 5% CO2 for 4 hrs. Oocytes were 

then washed thoroughly in Advanced KSOM and incubated in 50 µL KSOM droplets containing 

1x EdU DNA Label for 4, 6, or 8 hrs, depending on experimental group. Following incubation, 

the EdU protocol was completed and oocytes were imaged using a Leica two photon confocal 

microscope. 

INTRACYTOPLASMIC SPERM INJECTION (ICSI) 

ICSI was carried out with CD-1 mice according to methods described by Yanagimachi (1998) 

across 3-4 experimental trials (see Appendix A for raw data). Dr. João Suzuki, an expert ICSI 

technician from the McGill University Health Centre, performed the procedure using a Nikon Ti-

S inverted microscope (Nikon Canada Inc., Mississauga, ON) fitted with Narishige 

micromanipulators (Narishige International US Inc., Amityville, NY) and Piezo PMM150HJ/FU 

drill (Prime Tech Ltd, Ibaraki, Japan). Briefly, a single spermatozoon was drawn up into the 

injection pipette from a sperm suspension containing 6-10% polyvinylpyrrolidone (PVP; Sigma, 

PVP360). Motile sperm were immobilized by applying several piezo pulses to the midpiece, 

separating heads and tails. In an Advanced KSOM droplet, the oocyte was held in place by the 

holding pipette and piezo pulses were applied to “drill” through the zona pellucida with the 
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injection pipette. Once the zona was punctured, the sperm head was expelled into the ooplasm near 

the opposite side of the oocyte, and the pipette was gently withdrawn (Fig 2.2). Sperm-injected 

oocytes were left to rest at RT for 10 min, then incubated in Advanced KSOM under mineral oil 

at 37°C, 5% CO2 for 6 hrs, 22-24 hrs, or 4 days, depending on experimental group. Oocytes were 

subsequently photographed using a QImaging QICAM Fast 1394 digital camera, fixed in 2% FA, 

stained with DAPI (0.3 mg/mL), and imaged using a Quorum Wave Effects spinning disc confocal 

microscope. 

2.10 STATISTICS 

Statistical significance was determined based on Chi-square tests performed between ICSI control, 

sonication control, and histone-depleted (HD) experimental groups. Standard error of the mean 

was calculated to reflect variation within each group. A P value < 0.05 was considered significant. 
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Figure 2.2. Intracytoplasmic Sperm Injection (ICSI). Following the enzymatic removal of 
cumulus cells, the oocyte is clamped in place by the holding pipette. Presence of an extruded 
polar body confirms the maturity of the oocyte that is to be injected. During the procedure, the 
injection pipette punctures the Zona Pellucida and oolemma to deposit a single sperm head at 
the far side of the oocyte. Preservation of the Perivitelline space following ICSI is indicative 
of a successful fertilization; oocytes that do not survive ICSI tend to swell until constrained 
by the surrounding Zona Pellucida.  
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3.1 CORE HISTONES ARE PRESENT IN PT EXTRACTS OF MURID SPERM 

Protein extractions from rat whole sperm using 1M KCl were analyzed by one-dimensional 

16.5% SDS-PAGE, revealing four prominent polypeptide bands at 12- , 14.5-, 15-, and 16-kDa 

(Fig. 3.1). A comparison of the protein profiles of the KCl extract supernatant and pellet showed 

significant presence and absence of these bands, respectively, indicating their thorough extraction. 

Furthermore, low-MW bands observed in the high salt extract aligned with control calf thymus-

derived (CT) histones (H3, H2B, and H2A) run in adjacent lanes (Fig. 3.2). Preliminary SDS-

PAGE results following treatment with 1N HCl or SDS were comparable to those of KCl 

treatments (data not shown), suggesting that use of an ionic bond-disrupting agent is necessary for 

the removal of core histones from the PT. Conversely, when whole sperm were treated with non-

ionic detergent, Triton X-100, supernatant extracts revealed no discernable banding at the levels 

of CT-derived histones (Fig. 3.1). Rather, the densities of protein bands remaining in the Triton-

treated pellet were comparable to those observed in the whole sperm pellet, indicating that core 

histones are not removed from the PT following exposure to non-ionic solutions. Extracts of rat 

whole sperm sonicated in PBS were similarly devoid of polypeptide bands at the level of core 

histones, with considerable retention of protein content in the corresponding pellet (Fig. 3.1). This 

demonstrated that mild sonication alone is not sufficient to perturb core histones’ association with 

the PT. 

Immunoblots probed with a pan-histone antibody confirmed the histone identity of the 12- 

to 16-kDa bands from rat whole sperm extracts. In agreement with SDS-PAGE results, KCl 

supernatant extracts displayed considerable immunoreactivity, specifically in protein bands 

corresponding to H3, H2B, and H2A sub-units (Fig. 3.2). Following high salt extraction, remaining 

sperm pellets were non-immunoreactive to the pan-histone antibody. Again, treatment with Triton 

X-100 or mild sonication produced opposing effects to KCl treatment; no discernable 
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Figure 3.1. SDS-PAGE analysis of protein extracts from rat whole sperm. Coomassie-
stained, 16.5% gel displaying proteins extracted from rat whole sperm by mild sonication in 
1M KCl (lane 6), with corresponding profile of solubilized sperm pellet before (lane 1) and 
after high salt extraction (lane 7). KCl extract revealed strong protein bands at approximately 
12-, 14.5-, 15-, and 16-kDa (indicated by arrows). Conversely, bands at the same MWs were 
negligible in a Triton X-100 extract of rat whole sperm (lane 2) relative to its corresponding 
pellet (lane 3). Sonicated rat whole sperm extract (lane 4) was similarly void of any notable 
banding, with significant protein content remaining in its corresponding pellet (lane 5). 
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Figure 3.2. Immunoblot analysis of protein extracts from rat whole sperm. Immunoblot 
with pan α-histone antibody (below 25-kDa) revealed consistent labelling patterns between 
calf thymus-derived histones (CT) and 1M KCl extract of rat whole sperm. Minimal labelling 
was detected in the KCl pellet following high salt extraction. Immunoblot with an α-PAWP 
antibody (above 25-kDa) revealed significant retention of the protein band in the KCl pellet, 
indicating that high salt treatment allows selective extraction of core histones. Conversely, 
α-histone labelling was negligible in extracts of rat whole sperm sonicated in PBS. Both core 
histone and PAWP bands were retained in the sonicated pellet. s/n, supernatant. 
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immunolabeling was detected in either the Triton or sonication extract, however low-MW bands 

were revealed in the corresponding pellets with this antibody. Inconsistent pan-histone antibody 

labeling across the four polypeptide bands may be attributed to a difference in the rates at which 

individual histone sub-units transfer to the immunoblot membrane. For example, the 16-kDa band, 

corresponding to H3, appears to readily transfer based on its high degree of immunoreactivity, 

whereas the 12-kDa band, corresponding to H4, is far more resistant and thus elicits a weaker 

signal. Nonetheless, moderate immunolabeling of the latter band can be achieved with prolonged 

film exposure (data not shown). 

Following confirmation of the core histone identity of KCl-extracted protein bands in rat, 

SDS-PAGE analysis was repeated on KCl extracts of mouse and bovine whole sperm (Fig. 3.3). 

A consistent banding pattern was revealed between the protein profiles of all three species, 

indicating that the high salt extraction method is effective across various sperm head 

morphologies, and verifying that it may be employed in subsequent mouse studies. Note that the 

protein bands in all extracts appear to sit at slightly higher MWs than those observed in Figures 

3.1; this is likely due to discrepancies in the duration of electrophoresis between experiments. 

3.2 KCL TREATMENT SIGNIFICANTLY DEPLETES PT OF CORE HISTONE CONTENT 

PT core histone content of murid sperm prior to, and following, high salt extraction was 

assessed by fluorescent immunocytochemistry (FICC; Fig. 3.4). Prior to extraction, 

immunolabeling with a pan-histone antibody revealed a strong presence of core histones within 

the PAS region of mouse and rat whole sperm. Acrosome-free sonicated sperm heads also 

displayed considerable PAS labeling, but at a slightly lower intensity than whole sperm. In both 

whole and sonicated groups, pan-histone immunolabeling was observed to a lesser extent along 

the underbelly of the sperm head, as well as in the apical hook, indicating the presence of a smaller 

histone population in the murid-specific PERF region. Following high salt extraction, core histone  
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Figure 3.3. Comparison of KCl extracts across eutherian species. Coomassie-stained gel 
displaying KCl protein extracts from mouse, rat, and bovine whole sperm. Sperm pellets were 
pre-treated with Triton X-100. The banding pattern of the four core histone sub-units was 
consistent across all three species, indicating that the KCl extraction method is effective on 
various sperm head morphologies. 
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Figure 3.4. Localization of core histones in murid PT before and after KCl treatment. 
Immunofluorescent labeling of (A) rat and (B) mouse sperm with a pan-histone antibody 
localized core histones (green) to PAS- and PERF-PT regions. Labeling was significantly 
decreased in sperm from both murine species following high salt extraction, with the 
remaining core histone content mainly persisting in the PERF. Sonication did not appear to 
drastically reduce labeling of PT core histones relative to untreated whole sperm. DAPI 
labeled nuclear matter (blue). 
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labeling was significantly less evident over the PAS. In contrast, labeling within the PERF,  

although reduced, persisted to some extent following KCl treatment. Nuclear labeling was not 

detected in any samples. 

3.3 NON-TARGET PT RESIDENT, PAWP, IS RETAINED FOLLOWING HIGH SALT EXTRACTION  

The presence of non-target proteins in PT extracts was assessed by probing immunoblots 

with an anti-PAWP antibody. PAWP was chosen as an indicator of selectivity due to its established 

residency within the PT, as well as its high MW, which allowed the same extract to be probed with  

two different antibodies (i.e. anti-PAWP above 25 kDa, and anti-histone below). Strong anti-

PAWP labeling of a ~40 kDa band was observed in the KCl-extracted pellet, with no evident 

immunolabeling of an equivalent band in the supernatant (Fig. 3.2). Contrarily, preliminary testing 

of HCl extracts found stronger PAWP labeling in supernatants than in corresponding pellets, 

signifying that this agent may be too harsh for selective extraction of PT histones. As a result of 

the substantial depletion of this SOAF, ICSI oocytes fertilized with HCl-treated sperm activated 

at a severely reduced rate, relative to controls (refer to Appendix A). Not only was this finding a 

testament to the hypothesized contribution of PAWP in oocyte activation (Wu et al. 2007), but it 

reflected necessity of a gentler approach to PT core histone extraction. High retention of PT-

associated PAWP was especially important in following functional assays; significant removal of 

PAWP would prevent the zygote from progressing to later developmental stages that are of interest 

to this study. Thus, due to the enhanced selectivity achieved under high salt conditions, KCl-

mediated extraction was adopted in all subsequent experiments on PT core histone function. 

3.4 HD ZYGOTES REACH EARLY DEVELOPMENTAL MILESTONES AT LOWER RATES THAN 
CONTROLS 

Three experimental groups of ICSI-generated mouse zygotes were analyzed at key, 

species-specific timepoints in early zygotic development (refer to Appendix B for raw data). These 
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groups were designated according to the various sperm treatments carried out prior to fertilization 

of the oocytes (see: Treatments under Materials and Methods): ICSI control (ICSI CTRL) 

consisted of untreated, motile whole sperm to account for the effect of the ICSI procedure; 

sonication control (Son. CTRL) accounted for the isolated effect of sonication by sonicating whole 

sperm in neutral buffer; and histone-depleted (HD) sperm reflected the effect of sonicating whole 

sperm in high salt conditions. N.B.: Following treatment, sperm from both Son. CTRL and HD 

groups were tailless as a result of sonication. This would have no effect on results as, in the case 

of whole sperm, the ICSI technician removes the tail prior to injection of the head (see: ICSI under 

Materials and Methods). 

Zygotes were analyzed at 22-24 hrs post-injection, a timepoint corresponding to 

completion of first cleavage and entry into 2-cell stage (Fig. 3.5B; Fujimori 2010). All oocytes that 

survived ICSI injection and appeared morphologically normal were included in this assessment. 

By 24 hrs, 46.0 ± 1 % of HD zygotes achieved 2-cell stage; a significantly lower cleavage rate 

than that observed in either control group, with 83.8 ± 2 % of ICSI CTRL and 68.9 ± 4 % of Son. 

CTRL zygotes advancing to 2-cell stage (Fig. 3.6). Cleavage rate in Son. CTRL was also 

significantly lower than in ICSI CTRL.  

Zygotes were again analyzed at 4 days post-ICSI, a timepoint corresponding to formation 

of the blastocyst (Fujimori 2010). For this study, all stages of blastocyst were counted towards the 

total; from early blastocyst, containing a small blastocoelic cavity (Fig. 3.5F), to expanded 

blastocyst displaying a hollow sphere of trophoblast cells (Fig. 3.5G), to hatching blastocyst, in 

which the blastocyst proper has begun to escape through a crack in the enclosing ZP (Fig. 3.5H). 

Rate of blastulation was calculated, per group, as a percentage of the total number of oocytes that 

activated post-injection. By 4 days, 6.9 ± 3 % of HD zygotes had become blastocysts; a 

significantly lower rate of blastocyst formation than that observed in either control group, with  
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Figure 3.5. Early stages of mouse embryonic development following ICSI fertilization.  
(A) A zygote displaying converging male and female pronuclei (PN). The presence of a second 
extruded polar body (PB) signifies resumption of meiosis II in the oocyte following 
fertilization. (B-E) A series of mitotic cell divisions transform the zygote into an early embryo. 
By the 16-cell stage, cells begin to compact into a dense embryonic structure called a morula. 
(F-H) Blastulation is the formation of a blastocyst from a morula. As cells continue to divide 
and differentiate, fluid secretions of the exterior cells begin to pool in the central blastocoelic 
cavity (BC). This cavity is fully formed in the expanded blastocyst. The growing blastocyst 
breaks out of the surrounding Zona Pellucida membrane (ZP) in a process known as hatching. 
The timeline indicates time elapsed since ICSI fertilization in embryonic days (E). 
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Figure 3.6. HD zygotes cleave at lower rate than controls. (A) The number of cleaved 
embryos in each experimental group was counted at 24 hrs post-ICSI. The cleavage rate of 
HD zygotes (n = 91) was significantly lower than that of ICSI CTRL (n = 81) and SON CTRL 
(n = 95) groups. Control groups also displayed significantly different rates. P values £ 0.05 
are denoted by an asterisk (*). Error bars represent standard errors. (B) Representative images 
of each experimental group at 24 hrs post-ICSI. Zygotes that have not undergone cleavage are 
indicated by a blue arrow. 
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25.9 ± 6 % of ICSI CTRL and 22.2 ± 5 % of Son. CTRL zygotes advancing to blastocyst stage 

(Fig. 3.7). Rates of blastulation in ICSI and Son. CTRL groups were not significantly different. 

3.5 HD OOCYTES ACTIVATE AT RATE CONSISTENT WITH CONTROLS 

To establish when zygotes from diverse experimental groups begin to demonstrate different 

rates of developmental progression, oocytes were assessed for activation at 6 hrs post-injection 

(Lacham-Kaplan et al. 2003). Activation of the oocyte is an important early checkpoint in 

fertilization, as unactivated oocytes will not develop into zygotes. Accordingly, activation rate, per  

group, was determined as the percent of oocytes that developed male and female pronuclei (Fig. 

3.5A) out of all oocytes that survived ICSI injections. By 6 hrs, 83.7 ± 1 % of HD oocytes had 

activated. This was significantly lower than the 95.0 ± 2 % activation rate observed in the Son. 

CTRL, but not significantly different than the 91.9 ± 2 % seen in ICSI CTRL (Fig. 3.8). Activation 

rates in ICSI and Son. CTRL groups were not significantly different.  

3.6 HD ZYGOTES FRAGMENT AT HIGHER RATE THAN CONTROLS 

To investigate whether the various sperm treatments affected embryo quality, the 

fragmentation rate of 1-cell zygotes in each experimental group was calculated based on 

observations made at the 6 hr post-injection timepoint. Fragmentation is the generation of 

anucleate cell fragments during early zygotic development (Fujimoto et al. 2011). Although many 

speculations have been made as to why this phenomenon occurs, a widely accepted theory 

postulates that fragmentation is an important biomarker of oocyte quality, with unfit murine 

embryos becoming subject to severe forms of such degradation prior to entering 2-cell stage 

(Fujimoto et al. 2011; Jurisicova et al. 1998). Furthermore, a small degree of fragmentation is 

normal in the developing zygote, but extensive fragmentation, characterized by near complete 

degradation of the cell into fragments, is often a sign of imminent cell death (Fig. 3.9B).  
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Figure 3.7. HD embryos blastulate at lower rate than controls. (A) The number of 
blastocysts in each experimental group was counted at 4 days post-ICSI. The blastulation rate 
of HD zygotes (n = 58) was significantly lower than that of ICSI CTRL (n = 62) and SON 
CTRL (n = 69) groups. P values £ 0.05 are denoted by a star (*). n.s., no significance. Error 
bars represent standard errors. (B) Representative images of each experimental group at 4 days 
post-ICSI. Blastocysts are indicated by a blue arrow. 
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Figure 3.8. HD zygotes activate at rate comparable to controls. (A) The number of activated 
oocytes in each experimental group was counted at 6 hrs post-ICSI. The activation rate of HD 
oocytes (n = 91) was significantly lower than that of SON CTRLs (n = 95), but not of ICSI CTRLs 
(n = 81). P values £ 0.05 are denoted by a star (*). n.s., no significance. Error bars represent 
standard errors. (B) Representative images of each experimental group at 6 hrs post-ICSI. Oocytes 
that failed to activate are denoted by a blue arrow. 
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Figure 3.9. HD zygotes fragment at higher rate than controls. (A) The number of zygotes 
displaying extensive fragmentation in each experimental group was counted at 6 hrs post-ICSI. The 
extensive fragmentation rate of HD zygotes (n = 93) was significantly higher than that of ICSI CTRL 
(n = 113) and SON CTRL (n = 103) groups. P values £ 0.05 are denoted by a star (*). n.s., no 
significance. Error bars represent standard errors. (B) Representative images depicting (B.1) normal 
levels of fragmentation following cell division versus (B.2) extensive fragmentation of a zygote at 
6 hrs post-ICSI. 
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Fragmentation rate was calculated, per group, out of the total number of ICSI-injected oocytes. By 

6 hrs, 19.1 ± 2 % of HD zygotes displayed extensive fragmentation. This was significantly higher 

than the 7.4 ± 2 % fragmentation rate observed in the Son. CTRL, but not significantly different 

than the 12.8 ± 2 % seen in ICSI CTRL (Fig. 3.9A). The rate of fragmentation in Son. CTRL was 

not significantly different than in ICSI CTRL. So as not to interfere with observations of 

subsequent stages, fragmented cells were discarded after counting, and development progression 

rates were calculated based on the remaining number of activated oocytes. Extensive 

fragmentation was not observed in any cells during subsequent analyses at 24 hrs and 4 days. 

3.7 EDU ASSAY REVEALS DNA SYNTHESIS IN PNS DURING EARLY ZYGOTIC DEVELOPMENT 

In order to expand upon our previous findings of developmental delay in HD zygotes, the 

next objective was to use a biomarker of cell proliferation to observe any differences between 

experimental groups at the molecular level. In preliminary ICSI and IVF testing, EdU staining was 

employed to determine whether DNA synthesis was delayed in the MPN of mouse zygotes 

fertilized with KCl-treated sperm. The first attempt at this assay was based on an experiment by 

Gawecka et al. (2013). This group found that zygotes with severe sperm chromatin fragmentation 

(SCF) displayed significantly less EdU staining in the MPN, relative to the FPN, at 8 hrs post-

ICSI. By 12 hrs, they observed that both PNs emitted an equally intense signal, suggesting that 

sufficient time had passed for male DNA repair to take place and for DNA synthesis levels in the 

MPN to recover (Gawecka et al. 2013). Unfortunately, we were not able to obtain similar results 

in ICSI-generated HD zygotes; image analysis reported no significant difference in EdU intensity 

between MPNs and corresponding FPNs in HD zygotes at 8 hrs (Fig. 3.10A). In an attempt to 

establish our own timepoints, EdU assays were performed on IVF embryos that had been allowed 

to develop for 4, 6, or 8 hrs. No detectable signal was present in 4 hr embryos, whereas activated 

oocytes revealed strong PN labeling as early as 6 hrs (Fig. 3.10B), which was still evident at 8 hrs.  
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Figure 3.10. EdU stain is detectable in preliminary assays of ICSI and IVF zygotes.  
(A) Representative images of each experimental group at 8 hrs post-ICSI, following EdU DNA 
synthesis assays. Male (MPN) and female (FPN) pronuclei of all groups displayed equally 
intense EdU labeling at this timepoint. Negative controls were incubated with total DNA stain 
only. (B) Representative images of IVF zygotes at 4 and 6 hrs development, following EdU 
assays. EdU staining was not yet visible at 4 hrs, but emitted a strong signal by 6 hrs. 
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Unfortunately, IVF is not a viable technology for evaluating the effect of tailless HD sperm, as 

motile whole sperm are required to penetrate the egg. MPN and FPN were differentiated based on 

size and proximity to the polar bodies, with FPN typically being smaller and closer to the polar 

bodies than the MPN (Adenot et al. 1997). 
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4.1         CORE HISTONES APPEAR TO BE A COMMON TRAIT OF THE EUTHERIAN PT 

Through the use of electrophoretic and immunocytochemical techniques, we were able to 

confirm the presence of core histones in the PT of both mouse and rat sperm. As in bull, the 

majority of the PT histone population was found to be concentrated in the caudal PAS region, 

however localization studies in murid sperm cells also revealed a small subpopulation of core 

histones within the apical hook, corresponding to the PERF region. We hypothesized that a 

“molecular dissection” approach could be applied in order to selectively extract these proteins 

from the murid PT. Treatment with various types of ionic bond-disrupting agents all appeared to 

remove a significant portion of the PT’s core histone content, however selective extraction was 

best achieved under high salt conditions.  

The identification of the four core histones within the PT of rat and mouse spermatozoa 

further supports the idea that these proteins are not merely a species-specific occurrence, but a 

common trait of eutherian sperm. To date, core histones have been isolated from the PT of a diverse 

range of eutherians, including bovine, swine, and human (Tovich and Oko 2003; unpublished 

observations). The isolation of PT histones from murid sperm justified further investigation of the 

function of these proteins, as the evolutionary conservation of PT-associated core histones across 

diverse species suggests that they play a key role in processes of mammalian reproduction. 

Additionally, localization of core histones within the PERF of murid sperm demonstrates that 

histones may be present in additional sub-regions of the eutherian PT. This finding implies that PT 

sub-compartments other than the PAS are capable of eliciting the DNA-stabilizing effect of 

histones, once solubilized in the ooplasm. Furthermore, the elevated concentration of core histone 

content within the PAS likely endows this specific PT sub-region with the highest capacity for 

DNA stabilization, a belief that is strengthened by the fact that the PAS is the first PT sub-

compartment to release its contents into the maternal environment, just prior to decondensation of 
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the sperm nucleus. 

For this reason, FICC results displaying some retention of perforatorial core histones 

following KCl treatment do not undermine the overall effect of HD sperm. Since the highly 

histone-populated PAS is thoroughly depleted following extraction, the stabilizing effects elicited 

by the remaining PERF histones are likely negligible. Therefore, although the retained 

perforatorial histones may still be capable of binding male chromatin within the ooplasm, they are 

not reasonably present in great enough numbers to compensate for the extracted PAS histones and 

thus serve a protective role against male DNA degradation. 

4.2         INTERFERENCE OF IONIC BONDS WITHIN THE PT FACILITATES REMOVAL OF CORE HISTONES 

As described previously, various methods were employed to systematically disassemble 

the spermatozoon in order to expose the contents of the PT. Following sonication to remove the 

tail, plasmalemma, and acrosome, or Triton X-100 treatment to remove the latter two components, 

the PAS of the isolated sperm head is immediately accessible to protein extraction treatments. 

Given the electrochemical nature of protein association within the PT network, we relied on the 

use of agents that would disrupt the ionic bonds between core histones and the PT, thus selectively 

extracting them from the surrounding PT cytosol. Interference of these bonds was attainable with 

ionic detergent (SDS), acid (HCl), and high salt conditions (KCl) due to the polarity of these 

molecules and their consequent ability to induce changes in charge states of the histone sub-units. 

Under physiological conditions, a decrease in charge of the globular histone core by only one unit 

charge (e.g. via the modification of a single amino acid residue) can lead to a significant decrease 

in its strength of association with the DNA (Fenley, Adams, and Onufriev 2010). A similar 

mechanism is presumably at work here, however as the protein network becomes flooded with 

highly concentrated polar solution, the histones’ altered charge state maximizes their propensity 

for dissociation from the PT. The methodology is believed to deplete spermatozoa of PT core 
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histones by modifying their strength of association within the protein network. 

To increase the efficiency with which polar molecules access the PT, mechanical 

manipulation in the form of sonication was employed under high salt conditions. In a single step, 

this technique removes all cell layers overlaying the PAS-PT and drives surrounding solution to 

infiltrate this histone-rich sub-compartment. Across several experimental attempts at optimizing 

treatment conditions, we determined that sonication performed at low amplitude (i.e. 0.1 A at 50 

kHz frequency) extracted a significant amount of PT-derived histones, whilst preserving the 

integrity of other PT proteins within the surrounding PT network. At increased sonication power 

(i.e. up to 0.4 A), selectivity is sacrificed for greater extractability; the amount of extracted core 

histones is slightly higher, but removal of non-target PT constituent, PAWP, is excessive. 

Although the extent of histone extraction was less than that achieved under more harsh sonication 

conditions, we proceeded with sonicating at lower amplitude because the majority of histones were 

still removed – enough to presumably exert an effect on fertilization events – while minimizing 

the effects of altering non-target PT constituents. The effect of sonication duration on the amount 

of extracted histones was negligible, so we opted for the minimum acceptable time to again reduce 

inadvertent removal of non-histone PT proteins.  

It is worth noting that a similar extraction outcome may be achieved – and indeed, would 

avoid complications associated with sonication – by incubating spermatozoa in 1M KCl solution 

for an extended period of time. Yet, the advantage in incorporating sonication for high salt 

extraction is three-fold: Firstly, sonication removes the acrosome such that the PAS is fully 

exposed, while also keeping the nuclear envelope intact to prevent unintentional extraction of salt-

soluble proteins from the condensed nucleus (Oko and Maravei, 1994). Secondly, by extension, 

sonication allows for the surrounding solution to penetrate the PT in a highly time-efficient 

manner. When working with time-sensitive oocytes, as in ICSI experiments, sonication in KCl is 
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a useful tool for bypassing lengthy incubation periods so that sperm samples may be prepared as 

oocytes are extracted from mouse models. Finally, HD sperm produced by incubation in KCl 

would be unsuitable for ICSI assays because prolonged suspension in high salt conditions reduces 

sperm motility (Parker and McDaniel 2006). Prior to injection, sperm heads are isolated from tails 

as the force of an actively swimming spermatozoon meets resistance from the micropipette 

drawing it up from the opposite direction. Whereas incubated sperm may not provide enough 

active tension to separate heads and tails, sonication removes the tail altogether, effectively 

eliminating the issue of manipulating non-motile whole sperm. 

4.3 DESTABILIZATION OF MALE CHROMATIN IN HD ZYGOTES MAY DELAY EARLY 

DEVELOPMENTAL PROGRESSION 

ICSI functional assays were performed in order to determine whether PT-derived core 

histones influence early embryonic development. We hypothesized that zygotes fertilized with PT 

histone-deficient sperm would experience a delay in early developmental events as the male 

pronucleus attempts to recover from the effects of chromatin instability. In agreement with this 

hypothesis, our results indicate that when mouse sperm are depleted of PT histones, developmental 

retardation is observed in zygotes as early as 2-cell stage. This delay continues to be prominent 

into blastocyst stage, suggesting that destabilization of the male chromatin has a prolonged effect 

on the developing embryo. 

The ability of an embryo to meet developmental milestones in accordance with a species-

specific timeline is a strong indicator of successful fertilization in mammals. When errors in the 

reproductive process occur, the default cellular response is to delay zygotic progression, in order 

to allow assessment of the issue, and when possible, repair the damage (reviewed by Niida and 

Nakanishi 2006). In our study, depletion of core histones from the mouse PT appears to have 

triggered this damage control response, resulting in significantly reduced rates of cleavage and 
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blastocyst formation in HD zygotes relative to ICSI and sonication controls. These findings align 

with previous reports of issues in male chromatin remodeling and early zygotic development as a 

result of nuclear protein deficiency. Sperm of transition protein knockout mice (Meistrich et al. 

2003) and of protamine-deficient chimeric mice (Cho et al. 2003) shared common ultrastructural 

characteristics, such as reduced nuclear condensation states and elevated levels of DNA strand 

breaks. Additionally, ICSI with protamine-deficient sperm resulted in normal levels of oocyte 

activation, but significant failure to develop to blastocyst stage. Taken together, these studies 

provide consistent evidence of altered spermiogenesis and early zygotic development in nuclear 

protein-deficient germ cells. Although the mechanism responsible for developmental delay in HD 

zygotes remains to be determined, we believe that the bioavailability of PT-derived histones in the 

ooplasm is inadequate to neutralize the male chromatin as it decondenses and is released from the 

sperm head. As a result, the net charge of the chromatin, as well as the stoichiometric ratio of its 

major components, are shifted from physiological normal and the chromatin becomes 

biochemically unstable (Cho et al. 2003). The sperm DNA may thus become more susceptible to 

subsequent degradation in the enzymatically active female environment. 

In the present functional assays, HD mouse sperm were mildly sonicated prior to ICSI. We 

are confident that the nuclear envelope is not disturbed following this treatment, as electron 

microscopic examination of histone-depleted bovine sperm revealed no observable perturbation of 

the condensed nuclei following similar high salt extraction (Tovich and Oko 2003). This finding 

signified that any observed developmental effects are the result of a deficiency in core histones 

derived purely from the PT, not the nucleus. Nonetheless, it is possible that sonication has some 

unidentified effect on fertilization with HD sperm. This possibility is challenged by the significant 

difference in developmental rates observed between HD zygotes and sonication controls. Such 

discrepancies between these two experimental groups imply that the observed effects can be 
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principally attributed to the exposure of spermatozoa to high salt conditions. Interestingly, ICSI 

and sonication controls did not develop at the same rate across all embryonic stages examined. 

Sonication controls cleaved at a significantly lower rate than ICSI controls but both groups 

displayed consistent rates of blastulation. Given that sonication separates heads and tails, ICSI 

technicians were not able to rely on high sperm motility as an indicator of the most viable cells for 

fertilization. The possibility thus exists that in sonicated groups, sub-optimal sperm cells were 

inadvertently selected for ICSI, pre-disposing zygotes to early developmental errors. This would 

explain why sonication control and HD sperm groups – both of which are tailless – produced 

zygotes with significantly reduced cleavage rates relative to the tail-intact ICSI controls. The 

effects of this phenomenon may become less pronounced with time as embryos gradually repair 

defects induced by sub-optimal sperm. Accordingly, rates of blastocyst formation may not have 

been significantly different between control groups because defective sonication controls had three 

days to regain functional competency at the level of ICSI controls. Conversely, the addition of 

high salt treatment appears to induce functional detriments to such an extent that embryos are not 

able to recover entirely. 

4.4      ABSENCE OF PT CORE HISTONES DOES NOT APPEAR TO AFFECT OOCYTE ACTIVATION 

It appears that PT histone removal exerts notable effects on early zygotic development, but 

activation of the oocyte remains unaffected. This egg-specific event is not reliant on DNA activity, 

but rather, on the influence of SOAFs that become available in the ooplasm after dissolution of the 

PT. Thus, given the established role of core histones, observations of normal oocyte activation in 

all experimental groups were as expected. Furthermore, the relatively uninhibited activation rate 

of HD oocytes may provide additional evidence for the selectivity of high salt treatment.  

It should be noted, nonetheless, that although activation rates were relatively consistent 

across all groups, the lowest rate was observed in HD oocytes and the highest in sonication 
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controls. The enhanced performance of sonication controls aligns with previous reports of 

increased success of ICSI with acrosome-free sperm (Morozumi and Yanagimachi 2005). 

Removal of the acrosome by sonication or non-ionic detergent appears to prevent the introduction 

of acrosomal enzymes, which are hypothesized to elicit harmful effects on embryo development, 

into the oocyte. On the contrary, despite being sonicated, HD sperm may induce activation of the 

oocyte at a lower rate due to injection of trace amounts of ionic salt into the oocyte, alongside the 

spermatozoon. Even with extensive washing to remove residual salt molecules from the HD sperm 

pellet, it is possible that small volumes of KCl persisted in the sample, especially considering the 

high molarity of the salt solution. With the introduction of K+ and Cl- ions into the maternal 

environment, the delicate equilibrium of intracellular ions may be shifted. Particularly, KCl-

induced changes to the level of free calcium in a cell have been found to alter the pattern of calcium 

oscillations (Wang et al. 2010). Disturbance of these oscillatory calcium waves in the oocyte would 

certainly affect the initiation of activation to some degree. While it is also possible that a small 

volume of SOAFs was extracted concomitantly with the PT histones, the activation rate of HD 

oocytes was still comparable to those of the controls, allowing full analyses of subsequent stages 

of development. 

4.5      EXPERIMENTAL CONDITIONS MAY ENHANCE LIKELIHOOD OF OOCYTE FRAGMENTATION 

Patterns observed in the relative fragmentation rates of 1-cell zygotes appear to mirror 

those detected amongst the oocyte activation rates; sonication controls performed best and HD 

zygotes poorest, as reflected by the lowest and highest observed rates of fragmentation, 

respectively. In accordance with the above interpretation of the variable activation rates, the greater 

efficiency of sonication controls may be attributed to the absence of the acrosome. Morozumi and 

Yanagimachi (2005) found that the embryotoxic effects of acrosomal enzymes may manifest as 

deformations of the oocyte, such as fragmentation and vacuolation. They also reported lower 
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incidence of these defects following ICSI with acrosome-free sperm, a result that aligns closely 

with the minimal fragmentation we observed in the sonicated control group. Conversely, factors 

such as inadequate culture conditions (Kim et al. 2018) and chromosomal abnormalities 

(Jurisicova, Varmuza, and Casper 1996) have been associated with increased oocyte 

fragmentation. Both the introduction of trace KCl salt and destabilization of the MPN in HD 

zygotes are thus likely causes of the higher degree of fragmentation observed in HD zygotes.  

It is worth noting that beyond our observations at the time of oocyte activation at 6 hrs, 

extensive fragmentation was not detected in zygotes at later stages of development. This finding 

may imply that once ICSI-injected mouse oocytes surpass activation, they are less susceptible to 

severe fragmenting. However, this assessment contradicts previous work; experiments on 

enucleated mouse oocytes have reported that fragmentation may be mediated by the mitotic 

spindle, and thus occurs during cleavage of the zygote (Alikani, Schimmel, and Willadsen 2005). 

It is possible that the early onset of fragmented oocytes is instead a side effect of ICSI injections. 

In a study of human infertility patients, ICSI patients experienced embryo fragmentation at a 

significantly greater frequency than IVF patients, irrespective of sperm quality (Frattarelli et al. 

2000). Due to the intrusiveness of the ICSI procedure, oocytes may become osmotically and 

chemically stressed, especially in the presence of residual KCl salt from core histone extraction, 

to the point of fragmenting shortly after injection. 

4.6      EDU ASSAY MAY BE A VIABLE TOOL IN FUTURE COMPARATIVE ANALYSES OF PN ACTIVITY 

In a study by Gawecka et al. (2013), EdU assays found that DNA synthesizing activity was 

notably impaired in the MPNs of 8 hr sperm chromatin fragmentation (SCF) zygotes prior to 

making a full functional recovery within the next several hours. With the assumption that HD 

sperm would also create DNA damage in the MPN, we adapted this experimental model, expecting 

to yield similar results. However, no significant difference in DNA replicating activity was 
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detected between MPNs and corresponding FPNs in HD zygotes at 8 hrs. It is possible that HD 

sperm did not induce enough damage to the male chromatin to elicit differences in EdU labelling, 

since in moderately DNA-damaged SCF zygotes, both pronuclei replicated normally (Gawecka et 

al. 2013). Rather, we believe that this negative result could be attributed to conducting the EdU 

assay too late after the onset of pronuclear DNA synthesis. Mouse pronuclei typically initiate DNA 

replication relatively synchronously between 6 to 7 hrs after ICSI fertilization (Ajduk, Yamauchi, 

and Ward 2006; Yamauchi, Ward, and Ward 2009). Perhaps the delay in DNA replication elicited 

by SCF sperm was greater than that elicited by HD sperm, such that by 8 hrs post-ICSI, MPNs 

from the former group were still delayed and those from the latter had recovered synthesizing 

activity. This would again speak to the lesser extent of male DNA damage inflicted by HD sperm. 

Therefore, in order to first confirm the capacity of HD sperm to inflict damage on the male 

chromatin, future experiments should attempt to visualize discrepancies in EdU labelling between 

MPN and FPN at an earlier timepoint. Preliminary work on control IVF mouse oocytes saw EdU 

labelling as early as 6 hrs post-fertilization. We thus recommend reattempting EdU assays of HD 

zygotes 6 hrs after ICSI so as to improve chances of capturing the delay in DNA replication while 

in progress. 

4.7      RECOMMENDATIONS AND APPLICATION 

Whereas EdU labelling detected DNA synthesis in HD zygotes, future work may consider 

employing TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) to detect 

DNA fragmentation in the pronuclei. By fluorescently labelling the 3’-hydroxyl termini in DNA 

strand breaks, this assay could be a useful tool in assessing the degree of damage sustained by the 

male chromatin following ICSI with HD sperm. Similar to EdU assays, we expect that MPNs 

would display higher levels of TUNEL labelling – indicating more DNA breakage – than FPNs. 

Should this be found true, it would be in direct support of the hypothesis that PT-derived histones 
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protect the male chromatin from damage upon entry into the ooplasm. In the latter stages of 

development, it would be interesting to follow HD embryos beyond blastulation to see if they are 

viable, or if significant recovery of the developmental delay occurs. Furthermore, future 

experiments may examine whether abnormal sperm (in various forms) are deficient in PT core 

histones. 

Confirmation of the function of PT core histones would represent an important 

development in our current understanding of the mechanisms at play during early embryogenesis. 

Reproductive fields could thus benefit by considering the impact of this histone subpopulation on 

zygotic development in future clinical applications. For example, given the growing issue of male 

infertility (Levine et al. 2017), assisted reproductive technologies (ARTs) may be supplemented 

with core histones to improve outcomes of IVF or ICSI fertilization. Likewise, PT core histones 

may be quantified and referenced as biomarkers of sperm quality. 

4.8      CONCLUSION 

This study has confirmed the presence of core histones in the murid PT, expanding the list 

of eutherian species that possess these traditionally nuclear proteins in a non-nuclear compartment 

of the spermatozoon. This finding supports the notion that PT-derived histones are a common trait 

of eutherian sperm and, as such, play a significant role in sexual reproduction. The proposed 

method of high salt extraction has proven advantageous in isolating significant amounts of core 

histones from the PT, whilst preserving the integrity of the surrounding protein network. 

Furthermore, this protocol may be used in conjunction with ICSI to perform functional assays with 

PT histone-depleted sperm. Mouse oocytes fertilized with HD sperm frequently failed to reach 

specific developmental milestones within the standard accepted timeframe for the species. We 

hypothesized that PT core histones exert nuclear stability during male pronuclear formation, thus, 

the failure of HD zygotes to progress at the same rate as controls may be attributed to 
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destabilization and subsequent degradation of the male chromatin following its release into the 

ooplasm. Although these results do not provide conclusive answers to the above hypothesis, they 

represent crucial preliminary steps in approximating the functional role of PT core histones in 

fertilization and early zygotic development. 
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APPENDIX A: Activating factor, PAWP, is removed with HCl extraction. 

 
Figure A.2. Preliminary ICSI assays with HCl-extracted mouse sperm failed to induce oocyte 
activation. (A) Activated oocytes in each group were counted at 6 hrs post-ICSI across 3 

experimental trials. The activation 
rate of HCl oocytes (n = 30) was 
significantly lower than that of 
ICSI CTRLs (n = 77), SON 
CTRLs (n = 72), and oocytes from 
KCl-treated sperm (n = 64). 
Activation rates of the 3 latter 
groups were not significantly 
different. (B) Representative 
images of oocytes from each 
group at 6hrs post-ICSI were 
captured at 10× magnification. 
Oocytes that failed to activate are 
indicated by red arrows.

Figure A.1. Immunoblot analysis of HCl-extracted mouse 
whole sperm. Immunoblot with an α-PAWP antibody revealed 
significant polypeptide bands in the HCl extract of mouse whole 
sperm. Although a dense protein band persisted in the 
corresponding pellet, acid extraction did not provide the 
selectivity for core histones that we required for this study. 
Lower MW bands (~33 kDa) labeled at a lesser intensity in both 
HCl supernatant and pellet fractions. These are likely breakdown 
products of the PAWP protein, which typically sits at ~37 kDa. 

A 
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APPENDIX B: Raw data from ICSI functional assays. 
 

Table B.1. Raw data from ICSI functional assays. 

Experimental 
group 

No. of injected 
oocytes (no. of 
experiments) 

No. (%) of 
fragmented 
oocytes† 

No. (%) of 
surviving 
oocytes† 

No. (%) of 
activated 
oocytes‡ 

No. (%) of 
cleaved 

embryos⋄ 

No. (%) of 
blastulated 
embryos*⋄ 

ICSI CTRL 93 (4) 12 (12.8) 81 (87.2) 75 (91.9) 68 (83.8) 17 (25.9) 

Son. CTRL 103 (4) 8 (7.4) 95 (92.6) 90 (95.0) 65 (68.9) 15 (22.2) 

HD 113 (4) 22 (19.1) 91 (80.9) 76 (83.7) 42 (46.0) 4 (6.4) 

 
* Blastocyst stage was observed in 3 of 4 ICSI experiments. 
† Percentages of oocyte fragmentation and survival were calculated from the no. of injected oocytes. 
‡ Percentage of activated oocytes was calculated from no. of surviving oocytes. 
⋄ Percentages of cleaved and blastulated embryos were calculated from the no. of activated oocytes. 


