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Dissertation Abstract

Mammalian sperm quality is often clinically investigated by assessing parameters such as
sperm motility and morphology as indicators of sperm health and male fertility. Though
commonly assessed, the physiology and pathophysiology underlying sperm quality parameters
remains to be fully elucidated. This knowledge gap limits the clinical and scientific knowledge
of male fertility across mammalian species. Study of mammalian sperm physiology is
complicated by interspecies variation, which has left differing knowledge gaps between species.
The interspecies variation also challenges efforts to advance the field of human male fertility, for
which more appropriate models than the commonly used rodent models are needed. The overall
objective of this dissertation research was to investigate the physiology and pathophysiology of
mammalian sperm quality parameters frequently assessed in the clinical setting, specifically
morphology and motility. This dissertation includes assessment of bull, stallion and canine sperm
to address specific knowledge gaps in sperm physiology and pathophysiology of said species. I
aimed to further explore the physiologic significance of sperm quality parameters by
investigating their relationship with mitochondrial functionality and oxidative metabolism in
multiple mammalian species. This was accomplished in four chapters. Chapter 1, Mammalian
sperm quality and oxidative metabolism- a review, provides a review of the literature pertaining
to mammalian sperm quality and oxidative metabolism, emphasizing knowledge gaps,
disagreements in existing literature, and implications for male fertility. In Chapter 2, Effects from
disruption of mitochondrial electron transport chain function on bull sperm motility, 1
investigate the relationship between mitochondrial function and motility in bull sperm by
simultaneously measuring motility parameters and mitochondrial oxygen consumption in the

presence of several mitochondrial effector drug treatments. The bull was chosen as the model for
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this chapter due to conflicting results in the literature regarding the role of mitochondria in
fueling bull sperm motility. Motility parameters were only observed to differ significantly from
the vehicle with antimycin (inhibitor of complex III of the electron transport chain) treatment, for
which significant decreases in numerous parameters, including total motility (p=0.007),
progressive motility (p=0.01), and velocity parameters, such as VAP and VSL (p<0.05), were
identified. These results indicate that bovine sperm motility is impacted by mitochondrial
functionality. In Chapter 3, the novel use of imaging flow cytometry was employed to investigate
the relationship between sperm morphology and reactive oxygen species generation in fresh and
cool-stored stallion sperm. The stallion was used as the model in this chapter in part due to
literature associating the percentage of morphologically abnormal sperm with elevated ROS and
decreased fertility, but limited information regarding ROS generation of specific morphologic
abnormalities. Compared to morphologically normal sperm, ROS production was significantly
higher in cells with abnormal heads, proximal droplets and abnormal midpieces in both fresh and
cooled semen. These results indicate that excessive oxidative stress contributes to the
pathophysiology of morphologic abnormalities, which may contribute to findings previously
reported in the literature linking certain morphologic abnormalities to decreased fertility in
stallions. In Chapter 4, we evaluated the repeatability and accuracy of the tablet-based Canine
iSperm® instrument compared to computer-assisted sperm analysis (CASA) for assessment of
motility (total and progressive) in fresh and frozen-thawed canine sperm. This tablet-based
system is available for both stallion and canine sperm, but prior to our study, published
validation was only available for stallion sperm. Correlational analysis revealed significant
positive correlations between CASA and iSperm® assessment for both fresh and frozen-thawed

samples. These results indicate the iSperm® system offers an accurate alternative to CASA for

Vii



measurement of canine sperm motility. This tablet-based system for motility assessment is
substantially more affordable to veterinary practitioners than conventional CASA systems and
could allow for more clinical data collection of canine sperm motility, which would be
invaluable to future research efforts to expand knowledge of canine sperm physiology. The
multispecies work in this dissertation reports findings in sperm quality, physiology and
bioenergetics. The results of this work directly contribute to current clinical knowledge by
improving the diagnostic power of commonly employed sperm quality measures and by
elucidating some of the underlying pathophysiology of sperm morphologic abnormalities and
sperm motility. Further, the findings from this dissertation research informs future research
efforts, with potential applications in advancement and improvement of mammalian male

fertility, sperm preservation techniques, species conservation efforts and mitochondrial

physiology.
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Dissertation Introduction and Outline

The mammalian sperm is a fascinating cell and the focus of this dissertation. The male
gamete is the smallest cell in the mammalian body and, in its mature form, possesses minimal
intracellular organelles compared to somatic cells. Despite this, the sperm is a motile and
remarkably complex cell, capable of traversing the female reproductive tract and achieving
fertilization. This ability to accomplish a wide range of cellular functions despite limited
intracellular machinery is unique to sperm, and many fundamental mechanistic questions
pertaining to sperm physiology and function, such as mechanisms underlying motility regulation,
remain to be fully elucidated.

The necessity of sperm in species survival and evolution is apparent, and it is not
surprising that significant interspecies differences in sperm form and function exist, further
complicating the understanding of mammalian sperm function. There is more anatomic and
pathologic interspecies variation in the reproductive system than in any other organ system!.
Better understanding of both the similarities and differences between species will provide
mechanistic understanding to improve and study fertility of not only domestic species, but also
exotics, wildlife, endangered species, and humans. Though sperm are commonly assessed for a
variety of microscopic and biochemical endpoints, much is unknown regarding the
pathophysiology of semen quality parameters like sperm motility and sperm morphology.
Further study of these parameters and the underlying pathophysiology will inform efforts to
improve male fertility both in humans and domestic species, and that information can be applied

to benefit conservation efforts in exotic and endangered species.



The overall objective of this dissertation research was to investigate the physiology and
pathophysiology of mammalian sperm quality parameters frequently assessed in the clinical
setting, specifically morphology and motility. I aimed to further explore the physiologic
significance of those parameters and address knowledge gaps in sperm pathophysiology by
investigating their relationship with mitochondrial functionality in multiple mammalian species.
This was accomplished by the research reported in the following chapters:

Chapter 1 provides a review of the literature pertaining to mammalian sperm quality and
oxidative metabolism.

In Chapter 2, we investigated the relationship between mitochondrial function and sperm
motility in fresh bovine sperm through simultaneous measurement of mitochondrial oxygen
consumption and motility parameters. The bull was chosen as the model for this chapter due to
conflicting results in the literature regarding the role of mitochondria in fueling bull sperm
motility

In Chapter 3, a novel use of imaging flow cytometry is utilized to investigate ROS production in
specific sperm morphologies in both fresh and cooled stallion semen. The stallion was used as
the model in this chapter in part due to literature associating the percentage of morphologically
abnormal sperm with elevated ROS and decreased fertility, but limited information regarding
ROS generation of specific morphologic abnormalities. Additionally, there has been debate in
the literature as to whether elevated ROS production is present in more robust, fertile stallion
sperm or if it is more indicative of poor-quality semen.

In Chapter 4, we validated a new, portable device for the assessment of canine sperm motility

that is more feasibly accessible for data acquisition in the general practice clinical setting. This



tablet-based system is available for both stallion and canine sperm, but prior to our study,

published validation was only available for stallion sperm.
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Chapter 1: Mammalian Sperm Quality and Oxidative Metabolism- A Review
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Introduction

The mammalian sperm is a fascinating cell that has been the subject of scientists’ study,
bewilderment and awe for hundreds of years. The tadpole-like structure of mammalian sperm
was first described by Leeuwenhoek in 1677, who hypothesized the cell’s conformation
contributed to fertilization'?. Leeuwenhoek’s findings were met with intrigue and fueled further
investigation, though it was not until the development of more advanced experimental techniques
and modalities in the mid-20" century, such as electron microscopy, that large advancements
were made in elucidating sperm form and function?. Despite the advancement of scientific
understanding of mammalian sperm, much remains to be elucidated regarding sperm function,
and in turn, male fertility. Though sperm are commonly assessed for a variety of microscopic
and biochemical endpoints, much is unknown regarding the pathophysiology of semen quality
parameters like sperm motility and sperm morphology. Further study of these parameters and
the underlying pathophysiology will inform efforts to improve male fertility both in humans and
domestic species, and that information can also be applied to benefit conservation efforts of
exotic and endangered species. Additionally, unique aspects of the mature sperm, such as the
limited intracellular organelles, make the sperm an interesting research subject that may harbor
mechanistic insight of cellular biology and bioenergetics for extrapolation and further study in
somatic cells.

The aim of this review chapter is to provide a brief overview of the literature regarding
mammalian sperm quality and function, and what is known regarding sperm quality parameters
and male fertility. We begin with a brief review of sperm structure, relevant anatomic

components and cellular metabolism. Then, an overview of mammalian sperm quality



components, and current knowledge of each component and relevance to male fertility is

discussed.

The Mammalian Sperm- A Structural Review

The mature form of the sperm comes to be through the complex process of
spermatogenesis, spermiogenesis and post-testicular maturation. During spermatogenesis, diploid
spermatogonia undergo meiosis, maturation and morphologic changes into haploid sperm. These
sperm are then released into the rete testis from the seminiferous tubular epithelium of the testes
in the process known as spermiogenesis and travel through the epididymis on the path to
eventual ejaculation. During travel through the epididymis, final biochemical and morphologic
maturation occurs resulting in a population containing mature functional sperm. Sperm
morphology and motility will be discussed later in this review, but it is worth noting that
morphologic defects and motility deficits have been linked to abnormal spermatogenesis and
maturation stages °. Additionally, aberrant spermatogenesis has also been linked to age-related
declines in male sperm quality and fertility*.

Leeuwenhoek’s discovery of the tadpole-like structure of sperm was greatly expanded
upon with the introduction of electron microscopes in the mid-20"century which facilitated
study of sperm ultrastructure 2. Early, thorough descriptions of bovine sperm ultrastructure were
provided in a series of two publications by Saacke and Almquist in 1964°>°. Additionally, an
excellent review of mammalian sperm ultrastructure was also provided by Fawcett in 19757
which is considered a classic writing in the field. Here, I summarize sperm morphology and

relevant cellular features. The fundamental structure of the mammalian sperm is depicted in



Figure 1.1. The basic cellular structure consists of a head and flagellum, each of which can be
further anatomically subdivided (Figure 1.1).

The sperm head is commonly anatomically subdivided into the acrosomal region, the
equatorial segment, the post-acrosomal region, which includes the nucleus, and the posterior
ring, which delineates the convergence of the head and the flagellum?. The nucleus takes up the
majority of the space in the head and contains the paternal genetic material, which includes either
an X or a Y chromosome and a haploid number of somatic chromosomes. DNA and the
associated proteins are referred to as chromatin, and an important distinction between sperm and
somatic cells is that chromatin in mature sperm is highly condensed during the latter stages of
spermatogenesis, collectively known as spermiogenesis.

The flagellum can be anatomically subdivided into the connecting piece, the midpiece (or
middle piece), the principal piece, and the end piece (Fig 1.1). Sperm mitochondria primarily,
though not exclusively, reside in the midpiece region. Fawcett (1970) noted that one or two
flattened mitochondria are typically situated on the dorsal and ventral aspect of the midpiece
region: one or two flattened mitochondria are typically on the dorsal and ventral aspects of the
neck®. Interestingly, Fawcett (1970) went on to note that such mitochondria occasionally sent
projections into the connecting piece, which they hypothesized implicated energy-requiring
processes in the non-motile portion of the spermatozoon®. When discussing the existing literature
regarding mammalian sperm ultrastructure, it is worth noting that many studies investigating
mammalian sperm ultrastructure utilized a detergent to remove the plasma membrane and
mitochondrial sheath’?, which disappointingly limits obtainable knowledge of sperm
mitochondrial anatomy and anatomic associations. The sperm flagellum consists of the basic 9 +

2 axonemal arrangement of microtubules, more specifically 9 outer doublets surrounding 2



single central microtubules, commonly referred to as the central pair (CP) that is typical of most
cilia and flagella, with some modifications due to substantial additional accessory structural
components!'?, The outer doublets have two rows of projections composed of dynein motor
proteins, which provide the motive force that bends the flagellum, a feature essential for motility.
Ultimately, sperm motility is fueled by ATP, which is utilized by axonemal dynein ATPases
within the sperm flagellum!!, but the cellular pathways by which mammalian sperm
predominantly produce ATP has been debated for decades and appears to be subject to

significant interspecies variation!>!7,

Sperm Metabolism

Like somatic cells, sperm have been demonstrated to utilize both anaerobic metabolism
(glycolysis) and aerobic metabolism (oxidative phosphorylation) for energy production. Study of
sperm metabolism is complicated by apparent interspecies variation in metabolic preferences. An
overview of metabolism and its consequences, in the form of reactive oxygen species (ROS

generation), is provided below.

Glycolysis

Anaerobic metabolism is most classically accomplished by glycolysis, which occurs within
the cytosol. During glycolysis, glucose is converted into pyruvate, producing energy in the form
of ATP. Hydrogen ions (protons, H") are also generated during glycolysis, which can contribute
to extracellular acidification!®. There are three potential fates of pyruvate generated during
glycolysis: 1. Conversion of pyruvate into ethanol occurs during anaerobic conditions in some

microorganisms'® but is not important for purposes of this review. 2. Conversion of pyruvate into



lactate occurs during anaerobic conditions and is catalyzed by lactate dehydrogenase (LDH);
lactate then undergoes lactic acid fermentation, regenerating NAD" and producing a small amount
of ATP. 3. The last fate of pyruvate occurs during aerobic conditions, when it is shuttled into the
mitochondrial matrix by the pyruvate carrier protein (PYC), wherein pyruvate dehydrogenase

(PDH) catalyzes its decarboxylation into acetyl-CoA!? .

Oxidative phosphorylation (OXPHOS) and the Electron Transport Chain (ETC)

In addition to glycolysis, sperm production of energy in the form of ATP can also occur
within the midpiece-associated sperm mitochondria. The structure of a mitochondrion is depicted
in Figure 1.2. Mitochondria are highly specialized subcelluar organelles with a specific, organized
structure composed of four sub-compartments: an outer mitochondrial membrane (OMM),
intermembrane space (IMS), inner mitochondrial membrane (IMM), and mitochondrial matrix
(Figure 1.2). The IMM and IMS house the majority of mitochondrial proteins for the wide array
of cell functions mitochondria take part in, including calcium homeostasis, apoptosis, and lipid
and amino acid metabolism?®?!, but their most important role is as “powerhouse of the cell,”
producing energy in the form of ATP via oxidative phosphorylation (OXPHOS).

Within the mitochondrial matrix, acetyl-CoA enters the citric acid cycle (Krebs cycle),
which consists of a series of oxidizing reactions, culminating in the reduction of NAD", generating
NADH. NADH is a high-energy electron carrier, which delivers electrons (e"s) to protein complex
I of the electron transport chain (ETC). Another high-energy electron carrier, FADH>, also
transfers electrons through Complex II. Within the ETC is where the process of OXPHOS occurs
with reductive transfer of e"s through protein complexes (I, II, III, & IV) that is coupled to proton

pumps, allowing protons (hydrogen ions; H") to travel against their concentration gradient into the



mitochondrial IMS (Figures 1.2 and 1.3). Specifically, proton pumping occurs at complexes I, 11,
and IV. The net accumulation of H" within the IMS creates an electrochemical proton gradient. As
H" begin to flow through ATP synthase (V), down their electrochemical gradient and back into the
mitochondrial matrix, ATP synthase harnesses the energy (the electrochemical proton motive
force; Ap) to generate ATP!822,

It is important to note that during ETC activity, a basal, small amount of electron leakage
occurs from complex I or III. The leaked es then incompletely reduce oxygen (Oz), resulting in
the formation of ETC reactive oxygen species (ROS), specifically superoxide anion (O;"). ROS
are oxygen species that are more reactive than ground state oxygen. Specific types of ROS, called
free radicals, possess an unpaired electron that makes them highly reactive and capable of inflicting
catastrophic cellular damage to phospholipid membranes, proteins, lipids and DNA. Upon
formation, O, then rapidly dismutates, spontaneously or catalyzed by mitochondrial superoxide
dismutase (mSOD), into hydrogen peroxide (H202), which, unlike O,", is capable of passing
through cellular membranes and can therefore diffuse out of the mitochondria to inflict further

cellular damage.

Reactive Oxygen Species (ROS) and Sperm

Low levels of ROS play an important physiologic role in many sperm cell functions,

23,24 24,25

including signaling events controlling capacitation?*?%, acrosome reaction?*?*, hyperactivation
and sperm-oocyte fusion'*?®; however, excessive ROS production that overwhelms intrinsic
antioxidant defense and repair mechanisms results in a wide array of cellular damage and

27-29

compromised function. Excessive ROS production has been observed in defective sperm and

as a result of cryopreservation®34, Currently, there are two known mechanisms in sperm capable

10



of generating ROS: ROS-derived from cytosolic sources, such as the enzymatic activity of
NADPH oxidase, and through electron leakage from the electron transport chain (ETC). However,
although NADPH oxidases that are capable of ROS production have been identified in human and
equine sperm, more evidence that these enzymes significantly contribute to sperm ROS-generation
needs to be provided®* 7. The generation of ROS during ETC function is well-documented and
considered the primary means of ROS generation in mammalian sperm?%-26-38-40,

There are numerous negative consequences of ROS on sperm cells, but the mechanistic
pathway behind sperm cell damage that has been receiving the most attention recently®*#!~# is that
of ROS resulting in lipid peroxidation and the subsequent production of toxic aldehyde adducts,
notably 4-hydroxynonenal (4-HNE)*. Such adducts can result in dephosphorylation of protein
kinase B, activating Caspase 3 and the intrinsic apoptotic pathway, ultimately leading to cell
death’®¥.  Attempts to classify the increased susceptibility of mammalian sperm to oxidative
damage compared to somatic cells are in strong agreement on two sperm cell characteristics:
diminished enzymatic defense and repair mechanisms and cell and mitochondrial membrane
characteristics.

1) Low levels of cytoplasmic defense and repair enzymes. As the mammalian sperm develops and
matures, it sheds the majority of intracellular organelles and excess cytoplasm, adopting a highly
specialized architecture. As a direct result of decreased cytosolic content, compared to somatic
cells, sperm have diminished cytoplasmic enzyme content, which has long been attributed to the
increased risk of free-radical damage!*?’**7 due to decreased availability of cytoplasmic
enzymes, including those involved in the intrinsic cellular defense system against ROS?”446, In
light of this, it is not surprising that a large amount of research aiming to improve sperm

cryopreservation techniques have investigated the cytoplasmic content of antioxidant enzymes,
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)*"-51, superoxide dismutase (SOD)*>%3, and catalase

including glutathione peroxidase (GPX
(CAT)*2, The sperm cell’s lack of defense against oxidative damage is further compounded by
reduced activity of cellular repair enzymes, including exonucleases, endonucleases, glycosidases,
and polymerases, to reverse inflicted oxidative damage!'**"47. 2) Sperm membranes are rich in
polyunsaturated fatty acids (PUFAs). The sperm membrane has a high level of PUFAs when
compared to somatic cells>*. This unique membrane composition and structure allows flexibility,
a requirement for certain sperm functions. However, increased flexibility does not come without
cost- providing increased substrate for free radical attack?’. The relationship between ROS
membrane and lipid peroxidation and sperm motility is well established®>. In fact, sperm
membrane peroxidation, and its involvement in male infertility, has been studied for decades?®4%7,
Interestingly, the mitochondrial membrane is even more PUFA-rich than the cellular membrane,
which when combined with local ROS production by the ETC, has catastrophic potential. This
propensity of sperm membranes, particularly the mitochondrial membrane, to undergo lipid
peroxidation led many researchers to prematurely conclude that OXPHOS is less than optimal for
ATP production to fuel mammalian sperm motility. Ultimately, the metabolic pathway mammalian
sperm utilize as a primary energy source remains highly contested and appears subject to
significant interspecies variation®®. For example, it has been demonstrated stallion sperm rely
almost exclusively on mitochondria-produced ATP to fuel active motility*?, while the glycolytic
pathway has been shown to be the primary energy source for human sperm motility>®. Active
motility in bull sperm was previously believed to function independent of mitochondrial
function®®, though a more recent study in bull sperm contradicts those findings®!. In chapter 2 of
this dissertation, we investigate this discrepancy in the literature by determining the effects from

disruption of ETC function on bull sperm motility®2. It is clear that interspecies variation exists in

12



the metabolic pathways used to fuel motility, but more research is needed to classify these

differences and identify their pathophysiologic significance.

Mammalian Sperm Quality

Several parameters are routinely assessed to determine mammalian sperm quality in the
clinical environment, most commonly including total sperm numbers and viability, sperm
morphology, and sperm motility. These parameters have been correlated with significantly
higher fertility in mammalian species, including humans %-%4, bulls®, dogs®® and horses®’. In this
section, we briefly review fundamental sperm quality assessment techniques and their

relationship to male fertility.

Total Sperm Numbers and Viability
Measurement of semen volume and sperm concentration in ejaculates to calculate total
sperm numbers is a cornerstone to semen evaluation and has been associated with increased male

fertility across mammalian species®63-68

. Higher sperm concentrations and total sperm numbers
have been associated with shortened time to pregnancy in humans®*. Critical evaluation of
studies, particularly those with smaller sample size, is necessary as there have been documented
inaccuracies in the measurement of semen volume, most notably with pipetting or decanting for
cylindrical volumetric measurements demonstrating significantly underestimated semen volume
compared to measurements calculated based on ejaculate weight®. Sperm concentration can be
determined by manual assessment utilizing a hemocytometer; though this modality is prone to

variation and inaccuracy, a benefit is that it can be performed with a simple light microscope,

which is available to most general practitioners. Alternatively, sperm concentration can be
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determined by lysing cell membranes and utilizing a nuclear fluorescent dye, such as propidium
iodide (PI), which allows total cell numbers to be determined by an automated cell counter, such
as a NucleoCounter® (ChemoMetec, Allerad, Denmark). These cell counters can assess sperm
viability, by analyzing a non-lysed semen sample, since propidium iodide does not permeate
intact cell membranes. This modality is more accurate than hemocytometer concentration
measures and has the added value of providing viability data, though the equipment and reagents
can be costly. It is worth noting that sperm viability has been correlated with superior fertility in

mammalian species, including bulls® and stallions’.

Morphology

Percentage of morphologically normal sperm is one of the most commonly employed
morphologic parameters for sperm quality assessment, and sperm morphology assessment is
arguably the only test commonly available to assess intrinsic sperm quality. There are numerous
techniques and preparation methods for sperm morphologic assessment typically at 60-100X
under oil or water immersion microscope objectives. In general, assessment involves evaluation
of fixed sperm samples stained with a cellular stain such as Wright’s or Giemsa, or a background
stain, such as eosin-nigrosin, the so-called “Theriogenology” stain all of which utilize light
microscopy for manual morphologic assessment®®. Additionally, light microscopic methods such
as phase contrast, reverse phase contrast, and differential interference microscopy (DIC,
Nomarski) have been used for greater optical precision for determining sperm morphologic
variations in unstained specimens. In addition to determining the percentage of morphologically
normal sperm, quantification of specific morphologic abnormalities is also beneficial in breeding

soundness examinations, as it can aid in diagnosis of certain conditions. For example, elevated

14



numbers of detached heads is indicative of conditions causing sperm accumulation or other
spermatogenic defects, while other defects, such as increased numbers of abnormal heads, are
more often associated with testicular spermatogenic dysfunction®®,

Percentage of morphologically normal sperm have been associated with positive
functional parameters, such as zona-induced acrosome reaction and DNA integrity, in humans’'.
The proportion of morphologically normal sperm has also been associated with shortened time to
pregnancy in humans®. In stallions, the percentage of morphologically normal sperm has been
positively correlated with pregnancy rates, while a negative correlation between pregnancy rates
and certain morphologic abnormalities, such as midpiece and tail defects, has been observed 7>73.
Another study confirmed a positive link between percentage of normal sperm and fertility in
stallions with an increased percent pregnant/cycle and percent pregnant/first cycle®’ .
Interestingly, no correlation was found specifically between abnormal sperm heads and fertility
in the same study.

Several studies have linked morphologic abnormalities in mammalian sperm to increased
oxidative stress. For example, sperm head defects and oxidative DNA damage have been linked
to infertility in humans’®. Similarly, reactive oxygen species production has been linked to
infertility and subfertility in humans and has also been associative with sperm morphologic
defects and an elevated sperm deformity index’>®, These findings do not appear exclusive to
human sperm, as abnormal head morphology and oxidative DNA damage have also been
negatively correlated with fertility in bulls’’. Study of ROS production in sperm can be
accomplished by several methods, with fluorescent indicator dyes, such as dihydroethidium
(DHE), and flow cytometry being the most commonly employed method’®”. Though technically

these stains would allow for concurrent evaluation of ROS and morphologic abnormalities by
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employing fluorescence and light microscopy, low throughput and long analysis times limit the
feasibility of this approach. In Chapter 3 of this dissertation, we employ the novel use of imaging
flow cytometry to concurrently evaluate ROS generation and morphologic abnormalities on an

individual cell level in stallion sperm.

Motility

Sperm motility assessment is a cornerstone of sperm quality analysis across mammalian
species, and sperm motility has been positively associated with fertility in numerous species,
including bulls® and stallions®’. Before discussing motility assessment in semen analysis, it
necessary to review some fundamental concepts pertaining to sperm motility.

There are two types of physiological mammalian sperm motility: (1) activated motility,
often simply referred to as “motility,” and (2) hyperactivated motility. Activated motility is the
pattern typically seen in freshly ejaculated sperm and is important for the linear propulsion of
sperm through the female reproductive tract 8. Activated motility is characterized by a
symmetrical, low-amplitude flagellar waveform that results in sperm moving in a relatively
straight line, or minor arc, in non-viscous media®®. Hyperactive motility is a rapid, non-linear,
high amplitude motility pattern activated during final maturation events near the site of
fertilization in the female reproductive tract. Hyperactive motility aids the sperm in navigating
the viscous mucus and cumulus cells that surround the oocyte that allows sperm access to the
oocyte, as well as assisting in penetration of the zona pellucida®!"*?. Hyperactive motility is a
rapid, whip like movement of the flagellum, often producing a non-linear star-like or circular
motility pattern 34. The focus of my discussion in this dissertation, will predominantly be on

active motility.
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Several methods employing microscopy for sperm motility assessment exist. Visual
assessment of total and progressively motile sperm using a light microscope is commonly
employed in clinical practice and is denoted as a percentage of sperm demonstrating each mode
of motility. A benefit to this modality is it requires minimal specialized equipment, as it can be
performed with only a simple light microscope. Most laboratories employ phase-, reverse phase-,
or differential interference contrast (DIC) optics to allow precision and clarity of individual
sperm. However, visual analysis is inherently subjective and prone to human error, which limits
the accuracy and repeatability of the motility assessment performed. More objective and accurate
assessment of sperm motility can be accomplished through the use of microscopy in combination
with computer-assisted sperm analysis (CASA) systems, though this assessment modality
requires costly, specialized equipment. CASA systems also allow additional motility parameters
to be reliably quantified, beyond total motility, including progressive motility (sperm moving
forward) and various motion and velocity parameters.

Recently developed technology, the iSperm® instrument, is a tablet-based method for motility
assessment and is much less costly than traditional CASA systems. This technology has been
confirmed to be reliable for basic sperm motility assessment in stallions®® and is also validated in
dogs in Chapter 4 of this dissertation®®.

Sperm motility has been associated with fertility and pregnancy rates in mammalian
species %¢7. Sperm motility has been shown to discriminate between subfertile stallions and
stallions with higher fertility than average®’. In bulls, in vivo fertility has been correlated with
sperm motility and straight-line velocity®. It is worth noting that fertility rates are also known to
decrease if insemination is performed with cryopreserved sperm®” which has been noted to have

up to a 50% loss of motility®®. There are many devastating consequences of cryopreservation-

17



induced sperm damage®’, including increased oxidative stress®’, elevated intracellular calcium

(Ca?") levels”, and increased apoptosis®’.

Summary

Mammalian sperm quality is assessed by a variety of parameters, with sperm motility and
morphology commonly evaluated as cornerstones of semen analysis. Although these semen
parameters have been linked to fertility in mammalian species, their pathophysiology remains to
be completely elucidated. It is well-established that oxidative stress has severe detrimental

2729 and mature sperm have diminished capabilities to combat excess

consequences on sperm
ROS and oxidative damage 27#6, Oxidative damage has been associated with irreversible DNA
damage and decreases in fertility across mammalian species®. Though assessment of oxidative
status can be performed by specialty laboratories for semen analysis, the majority of practitioners
do not have access to such assays and rely on the more traditional sperm quality parameters, such
as sperm morphology assessment and visual assessment of sperm motility using a light
microscope. Current knowledge suggests a relationship exists between oxidative stress and
sperm quality parameters, but ultimately the pathophysiology remains unclear and debated in the
literature.

Sperm morphology is one of the most commonly assessed semen quality parameters and
can be used as an intrinsic marker of sperm quality®s. Sperm morphologic abnormalities have
been linked to decreased fertility and increased oxidative damage in mammalian species®7!-73.75-
7. However, the studies investigating the relationship between morphologic abnormalities and

oxidative stress have limitations including that they predominantly assess sperm quality at a

population level rather than examining individual cell characteristics and ROS production. The
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pathophysiology of sperm morphologic abnormalities and consequences on male fertility remain
to be fully elucidated. The study in Chapter three of this dissertation was designed to address
some of these shortcomings by evaluation of sperm morphologic subpopulations and ROS
generation using imaging flow cytometry.

Although much has been discovered regarding mechanisms of sperm motility (for more
thorough review, see Turner, 2006 3° and Pereira and colleagues, 2015 °°), many of the
mechanisms underlying sperm motility regulation remain to be elucidated. Specifically, there is
much disagreement in the literature regarding the preferred metabolic pathway to fuel sperm
motility **. This debate is complicated by interspecies variation and the likelihood that sperm
possess the metabolic flexibility to adjust to a given environment, substrate availability and
physiologic need. As discussed, oxidative stress has been a central focus of the debate regarding
the pathway of cellular metabolism predominantly utilized to fuel sperm motility due to the
production of ROS secondary to mitochondrial metabolism. Current evidence suggests that some
species, such as horses, rely primarily on mitochondrial metabolism to fuel activated motility *3,
while other species, such as bovine sperm, are more heavily reliant on anaerobic metabolism to
fuel activated motility *°, though these dogmas are subject to debate and disagreement exists in
the literature %6194, Further research is needed to investigate the role of mitochondrial
metabolism in motility regulation of mammalian species. In Chapter 2 of this dissertation, I
demonstrate that perturbation of mitochondrial ETC activity in bovine sperm significantly
reduces motility, contrary to historical findings®® and in agreement with a more recent report in
the literature®!. Advancement of research on sperm motility and male fertility has been limited
by the high cost of CASA systems, which prevents general practitioners from gathering objective

data in a clinical setting. In Chapter 4 of this dissertation, I address this need by validating a
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more affordable, portable tablet-based system for sperm motility analysis in dogs®¢. This tablet-
based system is currently manufactured and advertised for assessment of both equine and canine
sperm, but prior to our study, published validation had only been performed in equine sperm®>%3.
Sperm motility and morphology are two commonly assessed parameters to gauge sperm
quality and breeding soundness mammalian species. Both sperm motility and morphologic
abnormalities have been linked to increased oxidative stress and decreased male fertility, but
ultimately, it is subject to debate in the literature and the pathophysiologic significance of these
findings has not been fully elucidated. Further research is needed to investigate the physiology
and pathophysiology of sperm quality parameters, such as motility and morphology. Such
research will not only advance current knowledge of male fertility but will also improve
diagnostic power of sperm quality assessment performed by the general practitioner. This

dissertation includes studies on bull, stallion and canine sperm to address specific knowledge

gaps within each species.
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Figures
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End Principal Piece Midpiece Head

Piece

Figure 1.1. The anatomical structure of mammalian sperm. The mammalian sperm cell
primarily consists of a head and a flagellum. The head contains the nucleus and, at the most
proximal portion, the acrosome. The flagellum provides motility, and can be further subdivided
into the midpiece, principal piece and end piece. Sperm mitochondria are helically arranged and

reside exclusively within the midpiece of the flagellum.
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Figure 1.2: Structure of a Mitochondrion. Mitochondria are highly specialized organelles
composed of four sub-compartments: an outer mitochondrial membrane (OMM), intermembrane
space (IMS), inner mitochondrial membrane (IMM), and mitochondrial matrix. The latter two

are the house the majority of mitochondrial proteins and enzymatic activities.
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Figure 1.2. Movement of electrons through the Electron Transport Chain (ETC). Electrons are
delivered to Complex I of the ETC by NADH and to Complex II by FADH». Reductive transfer
of e”s through protein complexes (I, II, III, & IV) is coupled to proton pumps (Complexes I, 11
and IV), allowing protons (hydrogen ions; H") to travel against their electrochemical gradient
into the IMS. Ultimately, the protons flow back down their electrochemical gradient and into the
mitochondrial matrix, during which time, complex V (ATP synthase) harnesses the energy of the
electrochemical gradient pulling the protons into the matrix (the proton motive force, Ap) to

power the generation of ATP.
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Abstract

Sperm mitochondrial function is essential for normal physiology and fertility, but the
importance of mitochondrial activity to support specific sperm functions, such as motility, varies
between species. It was previously believed that mitochondrial function was not necessary for
bull sperm motility !; however, this theory is contradicted by recently reported findings that the
upper fraction of bull sperm swim-up preparations had both high motility and elevated
mitochondrial oxygen consumption rates?. The objective of this study was to investigate the
relationship between mitochondrial function and motility in bull sperm. We hypothesized that
sperm motility would be positively correlated with mitochondrial oxygen consumption (MITOX)
but unaffected by pharmacological inhibition of electron transport chain (ETC) activity. This was
accomplished by monitoring both mitochondrial oxygen consumption and motility parameters in
the presence of mitochondrial effector drug treatments. Duplicate ejaculates were collected by
electroejaculation from Black Angus bulls (n=4). Oxygen consumption, as % air saturation (pO»;
oxygen partial pressure), over time was monitored in the presence of 5 drug treatments: vehicle
control, FCCP, Antimycin (ANTI), Oligomycin (Oligo), and FCCP+Oligomycin
(FCCP+OLIGO). Duplicate aliquots were prepared for concurrent motility assessment by
computer-assisted sperm analysis (CASA) at 6- and 30-min post-treatment (t6 and t30). The
impact of treatments on pO> (in % air saturation) over time were assessed by generalized linear
mixed effects modeling (GLMM) which was also used to test for differences in average motility
across treatment conditions and time points (t6 and t30). Pearson product-moment correlation
was used to investigate relationships between oxygen consumption and motility parameters.
Overall, pO; differed over time between treatment conditions (p<0.0001). When compared to the

vehicle treatment, ANTI and OLIGO significantly inhibited oxygen consumption (p<0.05,
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adjusted), and FCCP stimulated a marked increase in oxygen consumption. No significant
differences in motility over time were observed between treatments, so comparison of motility
parameters between treatment conditions was performed with pooled timepoints. Motility
parameters were only observed to differ significantly from the vehicle with ANTI Treatment, for
which significant decreases in numerous parameters, including total motility (p=0.007),
progressive motility (p=0.01), DAP (p=0.01), VAP (p=0.01) and VSL (p=0.02) were identified.
For the vehicle treatment, correlational analysis did not reveal any significant correlations
between pO> and any motility parameters at t6; however, several significant correlations were
identified at t30. Mean pO; was negatively correlated with local motility (»<0.01) and positively
correlated with DCL, DAP, and VCL (p<0.05)._Results from this study suggest that bovine
sperm motility is impacted by mitochondrial functionality, with ETC inhibition by ANTI causing
significant reduction in motility parameters. This study also demonstrates the use of a new
technology for the assessment of bovine sperm mitochondrial function. This modality for
evaluation of bull sperm mitochondrial function will inform future efforts to understand bull

sperm function and fertility and aid investigations into toxicological agents.
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Introduction

Energy, in the form of adenosine triphosphate (ATP), is required for many sperm
functions and fertilizing events, including motility, capacitation, and acrosome reaction®. The
highest yield of ATP is achieved by mitochondrial oxidative phosphorylation (OXPHOS), which
produces a net of 36 ATP molecules from one molecule of pyruvate, while glycolysis only
produces a net of 2 ATP. The electron transport chain (ETC) is a series of protein complexes
located within the inner mitochondrial membrane (IMM). In OXPHOS, reduced electron carriers
(NADH and FADH>) deliver electrons which are then passed from one ETC complex to the next
by a series of redox reactions, with oxygen acting as the terminal electron acceptor. The energy
released from these reactions is used to pump protons (H") across the IMM from the
mitochondrial matrix to the intermembrane space (IMS), establishing an electrochemical
gradient, with high [H*] in the intermembrane space and low [H'] in the mitochondrial matrix.
This allows for gradient-driven synthesis of ATP, wherein the protons located in the IMS flow
down their gradient and back into the matrix. In order to cross the impermeable IMM, the
protons pass through a pore in ATP synthase (ETC complex V), causing conformational changes
that facilitate ATP production*>.

Although it is well-established that normal sperm mitochondrial function is essential for
fertility, the role of mitochondria supporting specific sperm functions, such as motility and
capacitation, has been shown to vary extensively between species. For example, stallion sperm
rely almost exclusively on mitochondria-produced ATP to fuel motility®, while the glycolytic
pathway has been shown to be the primary energy source for human sperm motility’. The role of
mitochondria in supporting bull sperm functions and motility is complex and has not been fully

elucidated. Although bull sperm are dependent on OXPHOS to support capacitation®, it has long
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been thought that OXPHOS is not necessary to support bull sperm motility. In support,
Krzyzosiak and colleagues (1999) reported that bull sperm can maintain motility in the presence
of ETC inhibitors, if glycolytic substrates are provided in the media; in combination with
experimentation of bovine sperm under aerobic and anerobic conditions, the authors concluded
that active bovine sperm motility can be solely fueled by anaerobic metabolism (glycolysis) .
However, a recent study by Magdanz and colleagues (2019) reported that the upper fraction of
bovine sperm swim-up preparations had higher motility and metabolic activity, including
elevated mitochondrial oxygen consumption rates?, raising questions about the long-accepted
theory that bull sperm motility is not fueled by mitochondria-produced ATP and warranting
further investigation.

The objective of this study was to investigate the relationship between mitochondrial
function and motility in bull sperm by monitoring both mitochondrial oxygen consumption and
motility parameters in the presence of mitochondrial effector drug treatments. Consideration of
the aforementioned literature in combination with the fluid state of cellular metabolism, it is
feasible that highly motile sperm likely utilize mitochondrial metabolism for higher yield of
ATP, but upon ETC inhibition/disruption, a flux to anaerobic metabolism is possible to maintain
active motility in bovine sperm. We hypothesized that sperm motility would be positively
correlated with mitochondrial oxygen consumption (MITOX) but unaffected by pharmacological
disruption of ETC activity, which would support the theory that bovine sperm flagellar motility
is impacted by, but not dependent on, mitochondrial ETC function. To accomplish this, we
adapted a fluorescence, plate-based system to monitor oxygen consumption in freely motile bull
sperm. We then assessed mitochondrial oxidative function by monitoring sperm oxygen

consumption in the presence of an array of mitochondrial effector drug treatments and performed
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simultaneous motility evaluations to elucidate the relationship between mitochondrial OXPHOS
function and bovine sperm motility. The successful development and application of this assay in
bovine sperm and the information elucidated regarding bull sperm mitochondrial function will
inform future efforts to understand bull sperm function and fertility and aid investigations into

possible roles for toxicological and medical pharmaceutical agents to influence sperm function.

Material and Methods
Chemicals and media

All chemicals were purchased from MilliporeSigma (Burlington, MA) unless otherwise
indicated. Calcium chloride (0.1M, RICCA-1760-32) was purchased from Sycamore Life
Sciences (Houston, TX). NucleoCounter® SP-100™ reagents were purchased from ChemoMetec
(Allerad, Denmark).

The culture medium for this experiment was a modified Tyrode’s medium (TALP)®, with
slight modifications to the TALP (Sp-TALP) described previously for use in bovine sperm '%!!,
This media consisted of 1 mg/mL fatty acid-free bovine serum albumin (BSA, Fraction V), 80
mmol/L NaCl, 2.8 mmol/L KCl, 0.2645 mmol/L KH>PO4, 40 mmol/L HEPES sodium salt, 2
mmol/L NaHCO3, 2 mmol/L CaCl; (0.1 M solution, Ricca), and 0.4 mmol/L MgCL (1 M
solution). Complete medium contained metabolites which consisted of 5 mmol/L D-glucose, 1
mmol/L sodium pyruvate, and 0.1862% (v/v; 21.6 mmol/L) DL-Lactic acid syrup. Medium pH
was adjusted to 7.4 £ 0.02 and osmolality of 300 + 10 mOsm/kg. The complete modified Sp-
TALP medium was prepared fresh daily for experimentation and pre-warmed to 37°C prior to
semen collection.

Animals, semen collection and sperm processing
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Semen was collected by electroejaculation from mature Black Angus bulls (n=4) at the
UC Davis Beef Feedlot and Swine Facility. Bulls were maintained on a total mixed ration
comprised of forage and grain, had fresh water available ad libitum, and daily exercise according
to Institutional Animal Care and Use Committee protocols at the University of California (UC).
Two separate ejaculates were collected from each bull on separate days. Briefly, bulls were
restrained in a squeeze chute for breeding soundness examination and semen collection. An
electrical stimulus was delivered using a 7.5cm diameter transrectal probe (Pulsator V, Lane
Manufacturing Inc., Denver, CO), using a pre-programmed cycle, to evoke an erection,
protrusion and ejaculation. The sperm-rich fraction of semen was collected into a sterile
collection cone and immediately evaluated. Forward progressive motility was initially evaluated
by dilution of semen with 2.9% sodium citrate solution and observed using phase contrast
microscopy at 400X magnification. Ejaculate volume was recorded and ejaculates were then
immediately extended 1:4 (v:v) in pre-warmed (37°C) modified TALP media and transported to
the lab 37°C where initial concentration, viability and motility parameters were assessed before
further processing. Following initial sperm quality assessment, semen was washed twice using
centrifugation (8 min at 250xg) and resuspension to a concentration of 70 x 10° viable cells/mL.
Sperm morphology, concentration, and viability

Morphologic examination was achieved by preparing an aliquot of raw semen, 2.9%
sodium citrate and eosin-nigrosin stain (Morphology stain, Society for Theriogenology, AL),
then making an air-dried smear for evaluation. Individual sperm morphology was examined
under 1000X magnification under immersion oil and all morphologic defects were recorded by a
board-certified Theriogenologist to calculate the percentage of morphologically normal sperm

(MN), sperm with proximal droplets (PD), abnormal midpieces (MP), head shape abnormality
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(HS) and detached heads (DH) was calculated. Sperm concentration (million/mL) and viability
(%) were assessed using a NucleoCounter® SP-100™ instrument (ChemoMetec; Allered,
Denmark) according to manufacturer instructions. Sperm concentration was multiplied by
ejaculate volume to determine total sperm numbers (million/mL).

Computer-assisted motility analysis (CASA)

Sperm motility parameters were evaluated by computer-assisted sperm analysis (CASA)
using SpermVision® (Minitube USA; Boulder, CO) with 200x negative phase contrast
microscopy. Sample aliquots (200 uL; 30-50 M/mL) were placed on a warming plate (37°C) for
5 minutes and 3 pL was then loaded into Leja® chamber slides (Leja Products BV;
Luzernestraat, The Netherlands) for motility assessment. For all samples, data were collected
from 7 fields to determine average motility parameters. SpermVision® CASA Settings are listed
in Table 2.1. Motility parameters assessed included summary measures, measures of distance,
measures of velocity and measures of linearity. Summary measures included total motility (TM,
%), progressive motility (PM, %), local motility (%), hyperactive (%), linear (%) and non-linear
(%). Distance measures included distance curved line (DCL, um), distance average path (DAP,
um) and distance straight line (DSL, um). Velocity measures included velocity average path
(VAP, um/s), velocity curved line (VCL, um/s), and velocity straight line (VSL, um/s). Linearity
measures included amplitude of lateral head displacement (ALH), beat cross frequency (BCF,
Hz), straightness (STR), wobble (WOB) and linearity (LIN).

Oxygen consumption and simultaneous motility assessment

Measurement of oxygen consumption was performed using fluorescence plate reader

technology and the OP96U OxoPlates® (PreSens Precision Sensing GmbH; Regensburg,

Germany). With this technology, oxygen consumption is monitored by utilizing optical sensors
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that are integrated into the bottom of each well. The sensor is a thin polymer film that contains
two separate dyes: an indicator (platinum porphine) and a reference (sulforhodamine) dye!2. The
phosphorescence intensity of the indicator dye (Lindicator) 1s dependent on the oxygen content of
the sample, while the fluorescence intensity of the reference dye (Ireference) is independent of the
oxygen content. For internal referencing of the sensor response, these two signals are used to
calculate a ratio, Ir (Tindicator/Ireference), Which corresponds to the oxygen partial pressure'?.
Measurements were taken using a Synergy™ H1 plate reader (BioTek; Winooski, VT), set in
dual kinetic mode and using two filter pairs for the OxoPlate® read-out (filter pair 1, Tindicator: 540
nm Ex/ 650 nm Em; filter pair 2, Lieference : 540 nm Ex/ 590 nm Em).

OxoPlates®, media, samples and treatments were prewarmed to 37°C prior to plating to
minimize temperature-derived fluctuations in fluorescence. Prior to running experimental
samples, titrations were performed to determine the number of viable cells per well necessary to
produce a strong enough signal to overcome background noise, to determine the optimal
concentration of all drug treatments for assessment of bovine sperm in this system, and to
confirm that viability was not impacted by the optimal concentration identified (data not shown).
Pilot experiments were also performed to confirm consistency in cell number requirements and
signal generation between Oxoplates and Biosensor plates (BD Biosciences, San Jose, CA) (data
not shown); BD Biosensor Plates have previously been demonstrated to be an accurate means for
monitoring sperm mitochondrial oxygen consumption®, but these plates have been discontinued
by the manufacturer, making comprehensive comparison between the two modalities impossible.
The coefficient of variation was confirmed to be <10% for Oxoplates (Ir). All sperm and
treatment combinations were plated into 6 replicate wells. Wells containing only TALP medium

were included as ambient negative controls. Two-point calibration was performed according to
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Oxoplate® manufacturer recommendations'? using oxygen-free water (cal 0) and air-saturated
water (cal 100). Specifically, oxygen-free water (cal 0) was prepared with 0.2g of sodium sulfite
(Na2S0s3; a molecular oxygen scavenger) to 20 mL of pre-warmed H>O, and air-saturated water
(cal 100) was prepared by placing 20 mL of pre-warmed water into a 50 mL conical tube and
shaking vigorously for 2 min, followed by slightly opening the tube and moving the liquid with a
gentle swirling motion for 1 min to prevent oversaturation. Each well then received 300 pL of
cal 0 (6 replicates), and the wells were immediately covered with adhesive foil and 200 pL of
cal100 was plated into each replicate, leaving the wells uncovered. TALP media (100uL) was
then plated in all wells designated for sperm samples or ambient controls. Next, 100uL of each
sperm sample (70M viable cells/mL) was added into each allotted well, for a final total of 7M
viable cells/well. Cal0 act as positive controls, since, since it eliminates molecular oxygen from
the media. As a negative control, it was established during pilot experimentation established that
dead sperm (flash frozen 2x in liquid nitrogen) did not generate a signal significantly different
than ambient control background fluorescence.

An initial fluorescence reading was taken, and the plate was then placed in an incubator
(37°C) for a 20 min equilibration period. After equilibration, another fluorescence reading was
taken, and treatments were then immediately added to the wells. Antimycin A (ANTIL, 1 uM), an
inhibitor of electron transport chain complex I1I, was included to determine non-mitochondrial
oxygen consumption. Oligomycin (OLIGO, 2 uM), an ATP synthase inhibitor (ETC complex
V), was included to approximate the rate of ATP-linked respiration'#. Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP, 1 uM), a mitochondrial uncoupler, was included for
stimulation of maximal oxygen consumption and served as a positive control. For establishment

of basal oxygen consumption, a vehicle control treatment (VC) DMSO and DPBS (final well 1%
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DMSO, v/v) was applied. Fluorescence readings were taken for 60 minutes beginning
immediately following treatment addition (t0), every 2 minutes for 10 minutes (t2, t4, t6, t8, t10),
then every 5 minutes for 20 minutes (t15, t20, t25, t30), and lastly, every 10 minutes for an
additional 30 minutes (t40, t50, t60). Plates were incubated at 37°C between measurements.
While preparing the OxoPlates®, identical aliquots of all samples were prepared in
microcentrifuge tubes for parallel motility assessment. Motility was assessed by CASA, as
described above, 6 and 30 minutes after treatment addition (t6 and t30, respectively). Because
preliminary experiments revealed all ejaculate oxygen consumption curves reached saturation
levels within 30 minutes following FCCP treatment, motility was not assessed as t60 as
evaluation with oxygen consumption data beyond that timepoint would not be as meaningful.
Data processing and statistical analysis

Processing of oxygen consumption data was performed according to manufacturer
instructions'3. The referenced signal Ir, as mentioned above, of each well was first calculated for
each time point using the equation'?:

Ir= Iindicator/ Ireference
The calibration constants k100 and kO were calculated by averaging the IR values for the wells
containing cal100 and cal0, respectively. Oxygen concentration, as a percentage of air saturation
(pO2), was used as the oxygen consumption endpoint for all analyses. For each well and time
point, pO; was then calculated with the following manufacturer provided equation:
p0O2=100 x (kO/IR — 1)/(k0/k100 — 1)

Correlational statistical analysis was performed in JMP® (version 14.0.0; SAS Institute

Inc., Cary, NC). Total ejaculate sperm numbers, morphology, pO: and motility parameters (t6

and t30) were assessed for normality using the Shapiro-Wilk test. To fit assumptions of
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normality for analysis by Pearson’s product-moment correlation, specified transformations were
applied to the following parameters: local and nonlinear percentage data were transformed with
arcsin of the square root. The morphological parameters PD and DH were excluded from
analysis because normal distribution could not be achieved through transformation. A
significance level of p<0.05 was used for all analyses.

All other statistical analyses were performed in R version 3.6.2 (R Core Team, 2019).
Average pOz values of at each time point within each treatment were first computed and then
subjected to generalized linear mixed effects modeling (GLMM) using a beta family with a

logistic link function'>!®

, accounting for repeated measurements made on each bull. Further,
overdispersion was modeled by incorporating an interaction between treatment and time in a
dispersion model. Modeling the overdispersion was necessary due to overdispersion of residuals
over time within the separate treatment conditions. GLMMs were also used to test for differences
in average motility across treatment conditions and time points (t6 and t30), adjusting for

repeated measurements made on samples from bulls. Sperm motility scores were then regressed

on time and treatment condition in the GLMM described above.

Results
Oxygen Concentration (pO:)

Oxygen concentration over time for each treatment condition is displayed in Figure 2.1.
Overall, pO; differed over time between treatment conditions (p<0.0001). In the results that
follow, all comparisons were Bonferroni-adjusted accounting for 130 comparisons. ANTI pO»
levels were greater than vehicle across all time points after 6 minutes (all p<0.05, adjusted).

OLIGO pO; levels were greater than vehicle across all time points (all p<0.05, adjusted). FCCP
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and FCCP+OLIGO pO; levels were lower than vehicle across all time points (all p<0.05,
adjusted), with the exception of the first time point for FCCP and the first and second time point
for FCCP+OLIGO (p > 0.05). ANTI and OLIGO did not differ significantly across any time
points (all p>0.05). FCCP+OLIGO pO2 was significantly greater than FCCP alone for all time
points after t10 (all p<0.05, adjusted).
Motility

Changes in motility parameters between timepoints did not differ significantly between
treatments, so further analysis was performed pooling the values of the two timepoints.
Adjusting for time of measurement (t=6 min or t=30 min), at least two treatment conditions
differed in total motility (p=0.001), progressive motility (p = 0.001), hyperactivated motility
(»<0.0001), linear motility (p=0.005), DCL (p=0.0001), DAP (p<0.0001), DSL (p=0.0002), VAP
(»p<0.0001), VCL (p<0.0001), VSL (p=0.0001), ALH (p=0.007), BCF (p=0.005), WOB
(»=0.001), and LIN (p=0.009). No significant effects of treatment were observed for local
motility (p=0.07), nonlinear (p=0.08), or STR (p=0.152). Inclusion of an interaction term
between time and treatment condition did not reveal any differences in the effects of treatments
over time (all p>0.05). In the results that follow, all tests are adjusted using Dunnett’s method for
comparing several treatment conditions to one control.

Motility parameters were only determined to differ significantly from the vehicle with
ANTI treatment (Figures 2.2-2.5). Specifically, significant decreases in mean total motility (8.5
percentage units, p=0.007), progressive motility (10.0 percentage units, p=0.01), hyperactive (2.2
percentage units, p=0.04), linear (8.8 percentage units, p=0.04), DAP (4.5 um, p=0.01), DSL
(4.5 pm, p=0.02), VAP (10.4 um/s, p=0.01), VSL (10.4 um/s, p=0.02), WOB (0.04 units,

p=0.01), and LIN (0.05 units, p=0.04) were identified. No significant evidence of treatment
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effect was identified for local motile (p=0.07), non-linear (p=0.08) and STR (p=0.15). While no
significant differences were found in DCL, VCL, ALH, or BCF measurements, several
interesting trends were identified.
For DCL measurements, ANTI was trending at 4 um lower (p=0.09) than vehicle, while

FCCP was trending at 4.3 um higher than vehicle (p=0.07). Average FCCP+OLIGO DCL was
0.9 um smaller than vehicle but did not differ significantly (p=0.9), and DCL with OLIGO
treatment was 0.4 um higher than vehicle but also did not differ significantly (p=0.99). For VCL
measurements, ANTI was trending with a mean VCL 9.7 um/s smaller than vehicle (p=0.07) and
FCCP was trending having a VCL 9.5 um/s higher than vehicle (p=0.08). While no significant
differences were identified in ALH measurements, FCCP was trending with a mean ALH 0.24
pum higher than vehicle (p=0.07). For BCF measurements, no significant differences were
identified relative to vehicle, but ANTI was trending with a mean BCF 2.9 Hz smaller than
vehicle (p=0.06).
Correlational analysis

Vehicle treatment correlational data is displayed in Table 2.2. For the vehicle treatment at t6,
no significant correlations were identified between pO2 and any motility parameters, morphology
parameters or total sperm numbers. Several significant correlations were observed for pO2 and
motility parameters at t30. Specifically, mean pO> was negatively correlated with local motility(-
0.8526, p=0.0071, transformed) and positively correlated with DCL (0.7396, p=0.0360), DAP
(0.7136, p=0.0468), and VCL (0.7424, p=0.0349). Although not significant, it is worth noting
that positive correlations between pO; and several other motility parameters were trending
towards significance, including total motility (0.6368, p=0.0895), progressive motility (0.7065,

p=0.0501), and VAP (0.6984, p=0.0540). No significant correlations were found between pO>
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and total sperm numbers or morphology. Interestingly, at t6 HS was positively correlated with
Local Motile (0.7829, p=0.0216; transformed) and negatively correlated with Linear (-0.7127,
p=0.0472) and BCF (-0.7353, p=0.0376), and at t30 MN was negatively correlated with ALH (-

0.7170, p=0.0453) (data not shown).

Discussion

This study aimed to simultaneously evaluate bull sperm mitochondrial function and
motility parameters to investigate the role of mitochondrial function in the regulation and
maintenance of bovine sperm motility. As expected, bull sperm oxygen consumption was
significantly increased by FCCP treatment and decreased with both ANTI and OLIGO treatment.
However, significant differences in motility parameters compared to the vehicle treatment were
only identified with ANTI treatment, for which many parameters, including total and progressive
motility, were reduced. This is particularly interesting because both ANTI and OLIGO
effectively eliminated oxygen consumption and did not significantly differ from each other at
any timepoints, yet no significant motility deficits were observed with OLIGO treatment. This
suggests that the motility deficits observed with ANTI treatment are not attributable to
diminished ATP supply, but instead originate from some other mechanism. One possible
explanation for this is a disruption in cellular REDOX balance, since ANTI is known to increase
ROS production in numerous cell types, including sperm, which may lead to cellular damage and
motility deficits!”~!°. Further studies incorporating both ROS assessment and intracellular ATP
quantification could aid in elucidating the mechanism underlying the significant motility deficits

present with ANTI but not OLIGO treatment.
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The significant motility deficits observed in this study with ANTI treatment are in
disagreement with studies by Krzyzosiak and colleagues (1999) and Hammerstedt and
colleagues (1988) which reported that ETC inhibition with a combined treatment of Antimycin A
(4 uM) and rotenone (4 pM; ETC complex I inhibitor) did not significantly impact fresh bull
sperm motility 1-?. Several factors warrant consideration when comparing results from those
studies to ours. In addition to not investigating treatment of antimycin as a solitary agent in those
studies, the treatment concentrations used in both studies was also four-fold higher than the
concentration we found to be optimal (1uM) through titration in development of our specific
experimental design.

In contrast, our results are in partial agreement with the more recent study by Magdanz
and colleagues (2019), which found higher mitochondrial and metabolic function in the top
fraction of swim-up preparation compared to fractions with lower total motility?. Notably,
Magdanz and colleagues (2019) also used an SP-TALP medium formulation, though their
formulation included gentamycin and provided pyruvate as a sole substrate, in contrast to our
SP-TALP medium formulation, which excluded antibiotics and included a variety of substrates,
including glucose, to provide the sperm cells with the metabolic pathway option for anaerobic
production of ATP through glycolysis in the presence of mitochondrial oxidative
phosphorylation inhibitors. While our findings also implicate mitochondrial function as a
participant in bovine sperm motility regulation, the entirety of our findings do not align
completely with those of Magdanz and colleagues (2019). We did not identify a significant
positive correlation between total and progressive motility and oxygen consumption, which was
expected based on Magdanz and colleagues’ (2019) findings. One possible explanation for this

discrepancy is that our SP-TALP formulation provided glucose as an alternative substrate, in
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contrast to the SP-TALP medium formulation of Magdanz and colleagues (2019), which
provided pyruvate as a sole substrate. Additionally, we did observe that both total and
progressive motility trended towards significance at t30, suggesting that significance could be
determined by increasing the incubation time and sample size. As with any metabolic research, it
is important to compare these studies cautiously; discrepancies in findings could be attributable
to numerous experimental factors, including differences in medium composition and semen
processing. Ultimately, the results from our study and those of Magdanz and colleagues (2019)
implicate a role for mitochondrial functionality as a player in bovine sperm motility regulation,
and future studies should be carried out to determine the mechanistic aspects of this relationship.
Although no significant differences between FCCP treatment and the vehicle were
identified, it was surprising to find trends of FCCP increasing several motility parameters. One
possible explanation for this is that FCCP treatment disrupted the cellular NAD balance,
indirectly stimulating glycolysis, but further experimentation is necessary to test this hypothesis.
Another potential underlying mechanism for the impact of mitochondrial drug treatments
on bovine sperm motility is perturbation of intracellular Ca** regulation and signaling.
Mitochondria of somatic cells are extensively involved in intracellular Ca?* signaling and
regulation®!. There is evidence that inhibition of mitochondrial Ca?* uptake detrimentally
impacts capacitation, but not motility, in cryopreserved bovine sperm 22, However, this
mechanism requires further investigation, particularly since published studies regarding
mitochondrial Ca?" uptake in sperm fail to provide adequate evidence of validation and
concentration selection of the used inhibitors for mitochondrial Ca** uptake*>?*. Additionally, in
studies of somatic cells, it has become increasingly evident that mitochondrial Ca?* functions are

highly dependent on the close anatomic relationship and associated membranes with the
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endoplasmic reticulum?*. Because mature sperm are widely accepted to lack an endoplasmic
reticulum?, this leaves many unanswered questions regarding the basic physiology and function
of mammalian sperm mitochondria when compared to somatic cells. Further studies elucidating
the functions and mechanisms of basic sperm mitochondrial Ca** regulation and signaling are
necessary. It is possible those studies could shed light on the mechanisms underlying the impact
of mitochondrial perturbation on sperm motility. Future studies investigating mitochondrial
membrane potential changes correlating with oxygen consumption under mitochondrial effector
treatments could provide valuable mechanistic insight; this would be particularly interesting in
combination with intracellular Ca®* studies, as mitochondrial membrane potential is known to be
the driving force for Ca?" accumulation in somatic mitochondria®!.

Sperm motility is considered an important indicator of sperm quality and fertility in many
mammalian species, including bovine, though much of the existing bovine research has been
performed with frozen-thawed semen. This is an important consideration because
cryopreservation is known to cause cellular damage altering sperm function and metabolism®.
Farrell and colleagues (1998) found several different combinations of motility parameters highly
correlated with fertility in fresh bull semen, and BCF, LIN, and VSL were motility parameters
with the highest correlation to fertility?S. In this study, we found both LIN and VSL were
significantly reduced with inhibition of ETC function through ANTI treatment. It would be
beneficial to further investigate the relationship between sperm mitochondrial functionality,
motility and bull fertility in future studies. Existing literature on bovine sperm mitochondrial
function primarily use mitochondrial membrane potential probes, most commonly JC-1, as an
assessment of mitochondrial function. However, these probes have several limitations and the

capability of providing accurate results, particularly if the correct controls are not applied. In this
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study, we demonstrate the effectiveness of a new method for real-time assessment of bovine
sperm mitochondrial function, which provides a valuable tool for future research. An additional
benefit of this method for sperm assessment is that it is performed using a fluorescence plate
reader, making it more accessible to research than alternative methods, which require much more

expensive and specialized equipment, such as extracellular flux analyzers.

Conclusions

A fluorescence-based microplate modality is a repeatable and reliable assessment of
mitochondrial oxygen consumption in motile, freely moving bovine sperm. This modality is an
exciting new approach to investigate mechanics and metabolism underlying bovine sperm
motility. Pharmacological disruption of electron transport chain function significantly effects
motility parameters of fresh bovine sperm collected by electroejaculation; notably, motility
deficits were observed with ANTI treatment (inhibitor of electron transport chain complex III).
No significant motility deficits were observed when OLIGO was used to inhibit ATP synthase,
so the motility deficits observed with ANTI may be attributable to cellular mechanisms for
motility regulation beyond mitochondrial ETC ATP production, such as ROS generation. Future
studies are warranted to further investigate the pathophysiologic mechanism underlying these

observations.
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Tables and Figures

Settings Category Parameter Settings
Field of view depth 20 um
Pixel to um ratio 130 to 100
Cell identification area 22 to 60 pm?
Assessment requirements 5000 cells or 7 fields
General
Additional particle filtering None

Light threshold Min. 180, max. 255
Points to use in cell path
11
smoothing
Immotile AOC<S5
Level 1 Cell Classifications
Local DSL <4.5
VCL > 80
Hyperactive LIN <0.65
ALH > 6.5
Level 2 Cell Classifications” STR > 0.5
Linear
LIN >0.35
STR < 0.5
Nonlinear
LIN <0.35

Table 2.1: Technical settings used for SpermVision® (Minitube USA;
system technical settings used for assessment and quantification of motility parameters are

displayed. Manufacturer recommended bovine motility settings were used. “Progressive motile

selected as cells to check.
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Motility Timepoint

Parameter T6 T30
Mean * Correlation | p-value Mean = SD | Correlation | p-value
SD with pO2 with pO2

Total Motility | 64.66 + -0.1000 0.8137 67.82 0.6368 0.0895
15.11 11.425

Progressive 57.115+ | -0.1579 0.7088 59.413 + 0.7065 0.0501

Motility 19.87 13.20

Local Motile* | 0.2597+ | 0.2832 0.4967 0.2917 £ -0.8526 0.0071*
0.1132 0.0435

Hyperactive | 5.60 £ -0.1725 0.683 5.685 £ 0.6831 0.0618
3.70 1.916

Linear 43.02 = -0.3006 0.4694 42.89 £ 0.6894 0.0586
20.607 12.47

Non-Linear* | 0.1528 + | 0.4613 0.2499 -0.2236 0.5945
0.0665

DCL 49.75 £ -0.3179 0.4429 50.30 £ 0.7396 0.0360"
9.16 6.23

DAP 3122+ -0.3885 0.3416 31.094 £ 0.7136 0.0468"
8.32 4.84

DSL 26.44 £ -0.4442 0.3056 26.34 £ 0.6805 0.0633
8.87 4.97
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VAP 69.48+ |-0.1213 0.292 69335+ | 0.6984 0.054
18.33 10.49

VCL 11037+ |-0.3763 0.3583 111.61+ | 0.7424 0.0349"
20.41 13.03

VSL 58.895+ | -0.4442 0.2702 | 58.84+ 0.6628 0.0733
19.56 10.91

ALH 3.70 + -0.1213 0.7748  [3.89+ 0.1798 0.6701
0.42 0.245+

BCF 30.196 + | -0.3782 0.3556 [29.12+ 0.6639 0.0726
7.09 3.04

STR 0.826+ | -0.4612 0.25 0.84 +0.04 | 0.369 0.3683
0.085

WOB 0.616+ | -0.4258 0.2928 | 0.62+0.05 | 0.2726 0.5137
0.072

LIN 0.5157+ | -0.4438 0.2707 | 0.52+0.06 | 0.3462 0.4009
0.109

% Normal 89.875+ |[0.5192 0.1873 0.1474 0.7277

Morphology | 4.086 -

%MP 6.25 + -0.5583 0.1504 -0.2645 0.5268
3.576 -

%HS 2.65+ -0.1531 0.7174 -0.1537 0.7162
1.598 -
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Total Sperm | 3148 + 0.1585 0.7077 -0.4039

Numbers 8893 -

0.3211

*Transformed transformed Mean + SD displayed and used for correlational analysis.

* p<0.05.

Table 2.2. Pearson’s correlation of pO: with motility and sperm quality measures.
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100%
75% - Treatment
Vehicle
O 50%- — ANTI
Q — FCCP
— FCCP+OLIGO
25% OLIGO
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0246810 15 20 25 30 40 50 60
Time (minutes)

Fig. 2.1. Average oxygen concentration (pQ:z) over time in bull sperm across treatment
conditions. Bull sperm were plated (7M viable/well) into OP96U OxoPlates® with five replicate
wells per treatment. Following a 20 min equilibration period at 37°C, treatments of vehicle,
ANTI, FCCP, FCCP+OLIGO and OLIGO were applied and repeated fluorescence measurements
were taken over 60 min for calculation of well oxygen concentration, as pOz (% air saturation),
according to manufacturer instructions. Bold lines represent the fitted marginal mean pO2 within
each treatment condition from mixed effects modeling. Grey shaded areas are 95% confidence

intervals. P<0.05, N= 260 total observations from 4 bulls.

60



™ (%)

o

Local (%)

m

Linear (%)

Total Motility (TM)

100
80
60—
40
20 °
0 1 1 1 1 1
¢ & KR O O
< o O O ©
& T o0
(P
<
Treatment
Local Motility
20
154
104
5_
0 1 ‘I 1 1 1
'0\0 (& (’Q '\Qo ’\Qo
& TN
O
Qc’
Treatment
Linear Motility
80
[ ]
60—
40+
204
c 1 1 1 1 1
¢ XD o
W Q"
CP
<
Treatment

B Progressive Motility (PM)

100
80
55 60
E 40
20+
c 1 1 1 1 1
¢ D KR O .0
. O SO ® ©
& T € o0
CP
<
Treatment
Hyperactive Motility
D
20
154
g
= [ )
S 104 o°
o
[
o
0 T T T T T
¢ N L o o
& o O O O
& T o
&K
Qo
Treatment
F Nonlinear Motility
15—
S 104 o
S
[}
[}]
£
& 5-
Zz °
0- %
F &S
46(\\0 v Qo 0\\Qx0\\
CP
<
Treatment

61



Fig. 2.2. Summarized motility parameters in the presence of mitochondrial effector treatments.
Sperm motility parameters were quantified by computer-assisted sperm analysis (CASA) 6 and
30 min (t6 and t30, pooled) post-treatment addition. Tukey box and whisker plots of averaged
time points are displayed. (A) Total Motility (TM, %), (B) Progressive motility (PM, %), (C)
Local Motility (%), (D) Hyperactive Motility (%), (E) Linear Motility (%), and (F) Nonlinear

Motility (%). N=8.
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Fig. 2.3. Velocity measures of motility in the presence of mitochondrial effector treatments.
Sperm motility parameters were quantified by computer-assisted sperm analysis (CASA) 6 and
30 min (t6 and t30, pooled) post-treatment addition. Tukey box and whisker plots of averaged

time points are displayed. (A) Velocity Average Path (VAP, um/s), (B) Velocity Curbed Line

(VCL, um/s), and (C) Velocity Straight Line (VSL, um/s). N=8.
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Fig. 2.4. Distance measures of motility in the presence of mitochondrial effector treatments.

Sperm motility parameters were quantified by computer-assisted sperm analysis (CASA) 6 and

30 min (t6 and t30, pooled) post-treatment addition. Tukey box and whisker plots of averaged

time points are displayed. (A) Distance Curved Line (DCL, um), (B) Distance Average Path

(DAP, um), (C) Distance Straight Line (DSL, pm). N=8.
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Fig. 2.5. Linearity measures of motility in the presence of mitochondrial effector treatments.

Sperm motility parameters were quantified by computer-assisted sperm analysis (CASA) 6 and

30 min (t6 and t30, pooled) post-treatment addition. Tukey box and whisker plots of averaged

time points are displayed. (A) Linearity (LIN), (B) Straightness (STR), (C) Beat Cross
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Frequency (BCF), (D) Wobble (WOB) and (E) Amplitude of Lateral Head Displacement (ALH).

N=8.
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Abstract

Low levels of intracellular reactive oxygen species (ROS) are essential for normal sperm
function and are produced by sperm mitochondria as a byproduct of metabolism, but in excess,
ROS can cause catastrophic cellular damage and has been correlated with infertility, poor sperm
motility and abnormal morphology in humans!. Stallion sperm motility is fueled predominantly
by oxidative phosphorylation-produced ATP, requiring high basal rates of mitochondrial
function®3. Consequently, whether elevated ROS production by stallion sperm is an indicator of
dysfunctional or highly motile cells has been debated by researchers over the last decade. The
objective of this study was to evaluate the relationship between various sperm morphologies and
ROS production in fresh and cooled stallion semen by employing the novel method of imaging
flow cytometry for stallion semen assessment. For evaluation of fresh semen, single ejaculates
(n=5) were collected from four resident stallions at the University of California, Davis. For the
evaluation of 24-hour cool-stored semen, single ejaculates were collected from stallions at Texas
A&M University (n=5) and shipped to the University of California, Davis overnight for
evaluation. Ejaculate volume, sperm concentration and motility parameters were recorded.
Samples were co-stained for viability and ROS detection with SytoxGreen™ and
dihydroethidium (DHE), respectively, and evaluated with the Amnis® ImageStream® system
(Luminex Corporation, Austin, TX). Antimycin, an electron transport chain inhibitor that
triggers ROS production (1uM), was used as a positive control for DHE, while dead cells (2x
snap frozen in liquid nitrogen) served as a positive control for SytoxGreen™. Unstained samples
were also evaluated as controls. Imaging flow cytometric analysis was performed with the
IDEAS® software (Luminex Corporation, Austin, TX). Evaluated morphologies included

abnormal head (AH), abnormal midpiece (AM), abnormal tail (AT), proximal cytoplasmic
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droplet (PD), or distal cytoplasmic droplet (DD), and morphologically normal (MN) cells. For
fresh semen, an additional abnormality, coiled tail and midpiece (CTM) was assessed; 24-hour
cool-stored semen did not contain enough viable CTM cells for analysis. Only cells with
obvious, single abnormalities were selected for the first portion of analysis to minimize
subjectivity. Mixed effects modelling was used to evaluate the relationship between each
morphologic classification and the corresponding DHE fluorescence intensity. Compared to the
MN population, ROS production was significantly higher in viable cells with AH, PD and AM
(< 0.0001) in both fresh and cooled semen. CTM cells had significantly higher levels of ROS
production compared to MN cells in fresh semen (p<0.0001). There was no significant difference
in ROS levels between MN cells and AT and DD cells in either fresh or cooled semen (p>0.05).
These results suggest that ROS generation is indicative of abnormal cell morphology and
function and confirm that imaging flow cytometry is a valuable tool for the assessment of

stallion semen.
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Introduction

During normal mitochondrial metabolism, a small number of electrons leak from electron
transport chain (ETC) complexes I and III and react with oxygen, resulting in the formation of
reactive oxygen species (ROS)*°. It is well-established that ROS have paradoxical effects on
male fertility and sperm function®’. While low levels of ROS are essential for intracellular
signaling and initiation of fertilization events, excessive ROS production can overwhelm
antioxidant defenses and cause catastrophic oxidative damage to cellular structures and DNA%?,
Further, due to a high content of polyunsaturated fatty acids in cellular and mitochondrial
membranes, sperm are more sensitive to oxidative stress than most somatic cells®. It is not
surprising that elevated ROS levels have been linked to decreased sperm quality and increased
morphologic abnormalities and are suspected to play a role in over 50% of idiopathic male
infertilities!.

Despite being widely accepted as a negative indicator of sperm health in most species,
the implications of increased ROS in stallion sperm have been highly debated!?. Stallion sperm
motility is fueled almost exclusively by mitochondrial-produced ATP, in contrast to other
studied species, which primarily use glycolytic pathways to produce ATP!'!!2, Because increased
mitochondrial function and ETC electron flow results in increased passive electron leakage,
increases in ROS production and oxidative stress accompany increases in mitochondrial activity.
In light of this, it has been proposed that stallion sperm generating high levels of ROS are not
defective, but actually the highly motile, more robust sperm, and that biomarkers of oxidative
stress are a positive indicator of stallion fertility®!3. It is worth noting that this conclusion is not
consistent with current mitochondrial ROS production theory, which indicates mitochondrial

ROS production is greatest when mitochondria have abundant substrate but low respiration and
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high membrane potential, indicating that very active mitochondria should have lower ROS
production. Additionally, the theory of highly motile, more robust sperm generating high levels
of ROS has been challenged by studies in stallion sperm correlating increased ROS with
decreased motility, viability, and mitochondrial function®®. Ejaculate ROS levels can be
quantified with fluorescence staining and flow cytometry, which makes ROS evaluation a
promising prospective addition to diagnostic semen evaluation for stallion infertility if it can be
definitively established as a positive or negative biomarker of stallion sperm function. In
stallions, a positive correlation has been observed between pregnancy rates and the percent of
morphologically normal sperm, and a negative correlation between pregnancy rates and midpiece
or tail abnormalities'*!°, Human sperm ROS production has been positively correlated with
abnormal sperm morphology, including abnormal heads, cytoplasmic droplets, midpiece, and tail
abnormalities’!¢. If morphologic abnormalities are correlated with elevated ROS levels in
stallion sperm, it will strongly implicate ROS as a negative biomarker of sperm function and
fertility in stallions.

In this study, we aimed to determine the relationship between stallion sperm morphology
and ROS generation in viable sperm from both fresh and 24-hour cooled semen. This was
accomplished using the Amnis® ImageStream® imaging flow cytometer that is capable of
simultaneous imaging of multiple fluorophores and brightfield images of single sperm. We
hypothesized that increased ROS production will be associated with morphologic abnormalities
in living sperm, and that abnormal heads, midpieces, tails, and cytoplasmic droplets have
significantly higher ROS production than morphologically normal sperm in both fresh and

cooled semen.
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Materials and Methods
Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA) unless
otherwise stated. For semen dilution immediately following collection, INRA 96 semen extender
(IMV Technologies, Brooklyn Park, MN) was used. For experimental assessment, a modified
Biggers, Whitten, and Whittingham (BWW) media was used for semen dilution?. This medium
consisted of 89.83 mM NaCl, 4.78 mM KCl, 1.19 mM MgSOs4:7H,0, 1.19 mM KH>POs, 1.7
mM CaCl,-2H,0, 21 mM HEPES buffer, 4 mM sodium bicarbonate, 5.55 mM glucose, 0.25 mM

sodium pyruvate, 11%(v/v) DL-Lactic acid syrup, 1% penicillin/streptomycin and 0.1% PVA.

Semen collection and processing

All stallions were maintained on a diet of mixed grass hay and grain, with fresh water ad
libitum and daily exercise according to Institutional Animal Care and Use Committee protocols
of the University of California, Davis and Texas A&M University.

For experiment 1, assessment of fresh semen, ejaculates (n=5) were collected using a
Missouri model artificial vagina from four light breed stallions at the UC Davis Center for
Equine Health and Animal Science Horse Barn according to Institutional Animal Care and Use
Committee protocols. An inline nylon micromesh filter (Animal Reproduction Systems, Chino,
CA) was used to remove the gel fraction of the ejaculate. Immediately after collection, a
NucleoCounter SP-100 (ChemoMetec A/S, Allerad, Denmark) was used to determine the gel-
free sperm concentration. The semen was then washed and resuspended with pre-warmed (37°C)

BWW media to a concentration of 10x10° cells/mL.
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For experiment 2, assessment of 24-hour cooled semen, single ejaculates were collected
from stallions (n=5) at Texas A&M University. Samples were extended 1:2 in INRA96, placed
in cooled storage, and transported overnight using an Equitainer I (Hamilton BioVet, Ipswich,
MA) at 4-8°C to the University of California, Davis for further experimental processing and

analysis.

Computer-assisted sperm analysis (CASA) Motility

Computer-assisted sperm analysis (CASA) (HTM Ceros, version 12.2g; Hamilton Thorne
Biosciences, Beverley, MA, USA) was used to determine sperm motility characteristics. Pre-
warmed 4.7uL aliquots of sperm were loaded into a chamber slide (Leja, IMV Technologies,
L’Aigle, France) on a slide warmer at 37°C. A minimum of 10 microscopic fields and 500 sperm
were analyzed for each sample. Quantified values for total motility (TM, %), progressive

motility (PM, %) and mean average path velocity (VAP, um/s) were recorded.

Reactive oxygen species (ROS) and viability assessment

Cellular ROS levels were assessed with dihydroethidium (DHE, Molecular Probes,
Eugene, OR, USA), a cell permeant, nuclear probe that fluoresces upon oxidation by superoxide
anion (O2™)"". Since dead cells generate high levels of ROS, samples were co-stained with
SytoxGreen™ (Molecular Probes, Eugene, OR, USA), which only crosses compromised cell
membranes, to detect non-viable cells for gating purposes to remove the non-viable population
before subsequent ROS analysis in viable cells only. One mL aliquots of 20 million sperm/mL
were incubated with 2uM DHE and 0.3uM SytoxGreen™ for 15 minutes at room temperature in

the dark. Antimycin (1pM), an electron transport chain inhibitor that induces mitochondrial ROS
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generation, was used as a positive control for ROS production. Single-stain and no-stain controls
were also used. Dead cells (snap frozen in liquid nitrogen twice) were used as a positive control

for SytoxGreen™.

Imaging Flow Cytometry Acquisition

Imaging flow cytometric data was acquired using the Amnis® ImageStream® imaging
flow cytometer (Luminex Corporation, Austin, TX) and the INSPIRE® software (Luminex
Corporation, Austin, TX), equipped with 405, 488, 658, and 730 nm laser sources with variable,
bandwidth-defined powers, and a brightfield light source. The flow core diameter was set to
S5uM, samples were loaded, and the flow rate and the image gallery and flow rate were allowed
to equilibrate for 1-2 minutes. The 405nm and 642nm lasers were set to 0OmW (OFF), and the
488nm laser was set to 200 mW. 785nm laser was only used for side scatter (SSC) and set to
0.74mW. Channel 12 was selected as the SSC channel, and brightfield illumination appeared in
channels 1 and 9. The flow error rate was checked prior to acquisition, and events were only
recorded if the flow error rate is less than 0.2% per sample. Image files were acquired using the
60 X objective. Autofocus and centering were disabled, and manually adjusted between -2 and 2
and -1 and 1, respectively. 20-25,000 events were recorded per sample. After acquisition, the
INSPIRE Compensation Wizard was used to collect 500 events from single-stained samples and

a compensation matrix was generated for later data analyses.

Imaging flow cytometry analysis

Imaging flow cytometry data was analyzed using the IDEAS® software (Luminex

Corporation, Austin, TX ). All files were opened with the same compensation matrix and
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analysis template. For each sample, all 20-25000 events were opened with the randomized order

function for assignment of image gallery order in numbering.

ImageStream compensation

The INSPIRE® Compensation Wizard was used for acquisition of 500 events from each
of the single-stained, positive control samples. The IDEAS® Compensation Wizard was used to
generate a compensation matrix from the collected files. All cross-talk coefficients were
manually checked and adjusted to ensure the coefficient error rate was within the manufacturer

recommended range.

Analysis template and image gallery properties

An analysis template was generated in IDEAS®. First, using the “Analysis Wizard” to
select for in-focus, single cells. A representative example of the data processing and analysis
workstation for a single ejaculate is provided in Figure 3.1. First, focused cells were selected
using three plots and the Gradient RMS, and Contrast features (Fig 3.1A-C). The Contrast and
Gradient RMS features are similar: both quantify the sharpness of an image by detecting large
pixel value changes, but Gradient RMS is calculated with background subtracted and has
different weighting for pixel arrays!®. Next, single cells were selected for using the Area and
Aspect Ratio Intensity features (Fig 3.1D). The Aspect Ratio Intensity feature is calculated by
dividing the Minor Axis Intensity by the Major Axis Intensity of the imaged object!'®. The Major
Axis Intensity is an intensity weighted measurement of the length of the imaged object, and the
Minor Axis Intensity is an intensity weighted measurement of the width of the imaged object,

with length and width determined based on dimensions of an ellipse of best fit of the imaged
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object, and the Area feature is the microns? in the designated channels mask!8. Third, a plot of
DHE verses SytoxGreen™ Intensity was used to gate out remaining debris (Fig 3.1E). A new
scatter plot was then created with the population of focused, single, debris-free cells, which was
used for all viability and DHE gating (Fig 3.1F). The acquired positive control files were used to
inform gating.

The image gallery properties were adjusted prior to analysis. Figure 3.3 depicts an
example of the image display gallery in IDEAS. Channels were renamed to reflect staining of
each specific channel. An example of all four channels, including two brightfield channels (BF1
and BF2) and the DHE and SYTOX channels, is displayed in Figure 3.3. The image gallery
view displaying only BF1 and BF2 was created to allow morphologic analysis blinded to
viability and ROS. Morphologic populations were then selected using the tagging feature
(described below in Morphology and ROS Assessment) and the DHE fluorescence intensity of

individual cells were exported for data analysis.

ImageStream Morphology Assessment Validation

Fresh ejaculates (n=5) were used to validate the use of ImageStream for morphologic
assessment of stallion semen. For these samples, morphologic analysis was also performed using
a conventional method for morphologic assessment of stallion semen. To validate the
ImageStream System for equine sperm morphology assessment, total morphology counts on 100
cells were performed with a Zeiss AxioLab A1 phase-contrast microscope (100x) using 2%
buffered formalin and Eosin-nigrosin stain (Morphology stain, Society for Theriogenology, AL).

For comparison on the ImageStream system, the image gallery was set to view all focused,
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single, debris-free cells and the morphology of the first 100 cells was recorded. The percentage

of morphologically normal (MN) cells from both assessment methods was then calculated.

Morphology and ROS assessment

Morphology was assessed by both the ImageStream system and IDEAS® and with phase-
contrast light microscopy. Morphologic assessment was performed with only brightfield
channels of viable cells visible in the image gallery to allow analysis blinded to fluorescence
indicating ROS production. Representative images of morphologic normal and abnormal sperm
are displayed in Figure 3.2. The following classification parameters were used: morphologically
normal (MN; Fig. 3.2A , 3.3A and 3.3B), abnormal head (AH; Fig. 3.2F and 3.3F), abnormal tail
(AT; Fig. 3.2C and 3.3D), abnormal midpiece (AM; Fig. 3.2D, 3.2I and 3.3E), proximal
cytoplasmic droplet (PD; Fig. 3.2G and 3.3A), and distal cytoplasmic droplet (DD; Fig. 3.2H
3.3G). In fresh semen, cells with both coiled tails and coiled midpieces (CTM; Fig. 3.2B and
3.3C) were also classified. CTM cells were not classified in cooled semen due to lack of viable
CTM cells in those samples. Classification of AH included, but was not limited to, pyriform
heads, microheads, and nuclear vacuoles. Since acrosome abnormalities cannot be confidently,
consistently assessed at 60x without specialized staining, any acrosome abnormalities were
classified as AH. Classification of AM included bent midpieces, swollen midpieces, and other
midpiece abnormalities. AT included bent tails and coiled tails without midpiece involvement.
Once gating was performed and image gallery setup was completed to display the two brightfield
images of live cells (SytoxGreen™ negative) only, morphologic analysis was performed.
Populations of each sperm morphologic type in question were selected using the IDEAS “tag”

feature. The image gallery was scrolled through and the first 30, in-focus, viable cells displaying
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each morphology (MN, AH, AT, AM, PD, and DD) were tagged for their given abnormality and
saved to a population for later data export and analysis. Analysis was performed on the first
thirty cells with each abnormality because exploratory data analysis revealed that 30 was the
highest number reliably present for each abnormality across ejaculates, and due to the known
high variability/range of fluorescence intensity data, for statistical validity the largest n possible
for each sample and abnormality was desired. For this portion of the analysis, cells with multiple
abnormalities were not included to simplify analysis by eliminating potential confounding
effects.
Statistical Analysis

Statistical analysis for validation of morphologic evaluation using ImageStream
acquisition and the IDEAS analysis software was accomplished using a paired-samples t-test
performed in JMP® statistical software (version 14.0.0; SAS Institute Inc., Cary, NC, USA).

Mixed-effects modeling performed in R version 3.6.2 (R Core Team, 2019)
was used to investigate the relationship between ROS production (DHE fluorescence intensity)
and sperm morphology, with random intercepts given for ejaculates to account for within
ejaculate correlation of ROS measurements. A total N= 1,050 cells from five ejaculates taken
from 4 stallions were analyzed for fresh semen, and N= 900 cells from five ejaculates from 5
stallions were analyzed for cooled semen. Exploratory analysis revealed marked skewing of
DHE intensity, as is typical of fluorescence imaging data, so a Log10 transformation of DHE
fluorescence intensity was used for analysis to reduce skewing. We tested for significant
differences between Log10 DHE in morphologically normal to all other morphologies and
adjusted the p-values for multiple comparisons using Dunnett’s method. Dunnett’s method is a

multiple comparisons procedure developed for comparing a number of conditions to a single
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group (in this case, morphologically normal). Hypothesis testing was performed with an alpha =

0.05 level of significance and 95% confidence intervals are shown where appropriate.

Results
ImageStream Morphologic Assessment Validation.

A paired-samples t-test was conducted to compare morphologic assessment of stallion
sperm by imaging flow cytometry and conventional microscopy techniques. The percent of
morphologically normal cells were compared between morphologic assessment performed by
conventional methods to manual morphologic assessment using the ImageStream and IDEAS
system. Results indicated no significant difference between morphologic assessment between the

two systems (p=0.59, t-ratio= 0.58, R= 0.89).

Sperm Morphology and ROS generation

Representative images of brightfield and fluorescence microscopy staining for viability
(SytoxGreen™) and ROS production (DHE) for normal and abnormal morphologic types are
displayed in Figure 3.3. The linear mixed effects modeling revealed elevated ROS production in
viable cells with certain morphologic abnormalities compared to morphologically normal cells in
both fresh and cooled semen. The statistical results for the difference in Log10 DHE
fluorescence intensity (ROS production) between cells with each assessed morphologic
abnormality and MN cells for fresh and cooled semen are displayed in Tables 3.1 and 3.2,
respectively. Graphic representation of results from mixed-effects modeling to assess differences
in log(DHE Intensity) as a function of sperm morphology for fresh and cooled semen are

depicted in Figures 3.4 and 3.5, respectively. Compared to the MN population, ROS production
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was significantly higher in viable cells with AH, PD and AM (p < 0.0001) in both fresh and
cooled semen (Fig. 3.4 and 3.5). For fresh semen, the DHE intensity for AH, PD, and AM
populations was 30.31%, 24.94%, and 30.74% higher than that of MN cells, respectively (Fig.
3.4). For cooled semen, the DHE intensity for the AH, PD and AM populations was 21.40%,
19.03% and 20.09% higher than that of MN cells, respectively. No significant differences were
identified between the MN population ROS levels and those of the DD (p > 0.05) or AT
populations (p > 0.05) for either fresh or cooled semen. In fresh semen, an additional
morphological abnormality, CTM, was evaluated and demonstrated significantly higher ROS
production compared to MN cells (»<0.0001). CTM cells had a Log10 DHE intensity that was
47.47% higher than that of MN cells. This abnormality was only evaluated in fresh semen due to

a lack of CTM cells in the viable population of cooled semen.

Discussion

In this study, we utilized a powerful and novel investigative tool, imaging flow
cytometry, to investigate the relationship between stallion sperm morphologies and ROS
production at the single-cell level. Our data demonstrate the reliability of imaging flow
cytometry since sperm identified as MN were equivalent with MN determined using traditional
light microscopy. In both fresh and 24-hour cooled stallion semen, we identified cells with
certain morphologic abnormalities (AH, AM, and PD), as well as CTM in fresh ejaculates, that
have significantly higher ROS production than MN cells. To our knowledge, this is the first
study evaluating the relationship between stallion sperm morphology and ROS production at the
single-cell level, although there are many published studies that evaluate measures of oxidative

stress and sperm quality, including morphologic evaluation, at the ejaculate level'!6,
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Comparisons of results from these studies to previous reports should be performed cautiously
due to differences in semen processing, media composition and experimental techniques.

The variation in ROS production observed between stallions in the present study is not
unexpected, as both inter-stallion and inter-ejaculate variation in ROS levels have previously
been reported, including in cooled semen'®. Despite the variation in mean ROS level between
stallions, the fluorescence intensity among morphologic abnormalities relative to each other was
consistent between all five stallions and results demonstrated strong statistical significance
(Table 3.1 and Table 3.2).

The results from our study regarding abnormal morphologies and ROS generation have
potential implications for stallion fertility. A previous study found the percent morphologically
normal sperm was highly correlated with fertility evaluated as per cycle pregnancy rate (PC) and
percent pregnant at first cycle (FCP) 2°. Love (2011)* also found that increased levels of most
sperm morphologic abnormalities (including abnormal and detached heads, proximal and distal
droplets, and general midpiece abnormalities, and coiled tails) were associated with a decline in
PC and FCP. A study by Morrell and colleagues?®! also identified a positive relationship between
normal morphology and pregnancy rate; the same study also assessed oxidative DNA damage
using the Sperm Chromatin Structure Assay (SCSA), revealing a negative correlation between
DNA fragmentation index (DFI) and pregnancy rate?!. The results from our study, in support of
earlier studies, have several clinical implications for stallion fertility and breeding management.

We provide evidence that certain morphologic abnormalities (AH, PD, AM, and CTM)
demonstrate elevated ROS production in viable sperm compared to morphologically normal
cells. Because elevated ROS production is known to cause catastrophic sperm cell damage,

ejaculates with a large proportion of high ROS abnormalities may be less suitable for cooled
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storage. An additional result worth highlighting for clinical relevance was the marked elevation
in ROS production observed in fresh CTM cells, although analysis of CTM cells was limited to
fresh semen because very few live CTM cells were able to be identified in cooled semen. It is
possible that the elevated ROS production in sperm cells with CTM causes premature cell death,
which is why so few viable CTM cells were identified in the viable populations of cooled semen,
precluding assessment of CTM cells in cooled semen due to lack of statistically significant
sample size. Particular avoidance of cooled storage for ejaculates with high levels of CTM
morphologic abnormalities may be beneficial due to the elevated ROS production and potential
shorter lifespan of these cells compared to both morphologically normal cells and other
abnormalities.

Future studies utilizing the ImageStream® imaging flow cytometer for evaluation to
further elucidate the pathophysiology accompanying elevated ROS production in
morphologically abnormal sperm would be beneficial. Specifically, utilization of fluorescence
dyes for concurrent investigation of the cellular antioxidant status, such as thiols, mitochondrial
membrane potential, and ROS generation could provide valuable insight to the role of
mitochondrial oxidative metabolism in elevated ROS generation in morphologically abnormal
sperm. Additionally, utilization of membrane dyes to employ automated morphologic evaluation
of imaging flow cytometry data by the IDEAS® software would be useful as it would improve
efficiency of data analysis utilizing this system.

In this study, we employed the novel use of imaging flow cytometry for evaluation of the
relationship between stallion sperm morphology and ROS generation. We identified significantly
higher ROS generation in several abnormal morphologies in both fresh and cooled ejaculates,

including cells with AH, AM, and PD. We also identified significantly higher ROS generation in
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CTM cells in fresh ejaculates but were unable to evaluate this morphologic abnormality in
cooled ejaculates due to lack of viable samples. These findings suggest that excessive oxidative
stress contributes to the pathophysiology of morphologic abnormalities, which may contribute to
previous findings linking certain morphologic abnormalities to decreased fertility in stallions.
Future studies investigating the relationship between morphologic abnormalities, ROS, and
measurements such as mitochondrial oxygen consumption or mitochondrial membrane potential,

would be useful to investigate the contribution of mitochondrial function to the current findings.
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Figure 3.1: Bivariate plots and gating used to select in focus, single, debris-free cells to evaluate

reactive oxygen species (ROS) production. An example of the data processing and analysis

workstation in the IDEAS software from a single ejaculate is shown (n=1). (A) Gradient RMS

versus normalized frequency initial focus gating plot. (B) Gradient RMS versus Contrast for BF1

(channel 01) (C) Contrast versus Gradient RMS of BF2 (channel 9). (D) Area versus Aspect Ratio

for BF1 (channel 1). (E) DHE versus SYTOX (SytoxGreen™) intensity scatterplot of Single,

Focused cells to gate out debris. (F) DHE versus SYTOX intensity scatterplot of In Focus, Single,

Debris-Free cells for viability and high/low DHE gating.
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BF1 (Ch01)

f

Figure 3.2. Brightfield images of various sperm morphologies using an imaging flow
cytometer. Brightfield images of individual sperm cells with different morphologies are
displayed. (A) Morphologically normal cell (MN), (B) cell with a coiled tail and midpiece
(CTM), (C) cell with an abnormal tail (AT), (D) cell with an abnormal midpiece (AM), (E) cell
with an abnormal tail (AT), (F) cell with an abnormal head (AH), (G) cell with a proximal

droplet (PD), (H) cell with a distal droplet (DD), and (I) cell with an abnormal midpiece (AM).
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These images were acquired using the Amnis ImageStream® X imaging flow cytometer with the

60x objective and the Inspire® acquisition software and analyzed in Ideas® (Amnis Corp.).
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Figure 3.3. Image Gallery display in the IDEAS software of morphologically normal and
abnormal equine sperm. A representative image gallery display of a stallion sperm acquired by
imaging flow cytometry is shown. These images were acquired using the Amnis ImageStream®
X imaging flow cytometer and the Inspire® acquisition software and analyzed in Ideas® (Amnis
Corp.). Cells were stained to indicate viability (membrane integrity, SytoxGreen; Ch02) and
reactive oxygen species production (Superoxide anion indicator, DHE; Ch04). (A) This is an
example of a morphologically normal, viable (SYTOX negative) cell, with low ROS production
(DHE fluorescence). (B) This is an example of a morphologically normal, non-viable (SYTOX

positive) cell with strong ROS production. Examples of cells with morphologic abnormalities are
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shown in (C) a morphologically abnormal, viable cell with a coiled tail and midpiece (CTM), (D)
a morphologically abnormal, viable cell with an abnormal tail (AT), (E) a morphologically
abnormal, viable cell with an abnormal midpiece (AM), (F) a morphologically abnormal, viable
cell with an abnormal head (AH), (G) a morphologically abnormal, viable cell with a proximal
droplet (PD), and (H) a morphologically abnormal, viable cell with a distal droplet (DD). For
initial blinded morphologic analysis and population tagging, only channels BF1 and BF2 were

displayed in the image gallery.
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Morphologic | Estimate SE t-ratio p-value
abnormality
Abnormal 0.3031 0.0242 12.528 <.0001
head (AH)
Proximal 0.1903 0.0242 10.309 <.0001
droplet (PD)
Distal droplet | 0.0437 0.0242 1.812 0.2823
(DD)
Abnormal 0.3074 0.0242 12.704 <.0001
midpiece
(AM)
Abnormal tail | 0.0367 0.0242 1.517 0.4505
(AT)
Coiled Tail 0.4757 0.0242 19.660 <.0001
and Midpiece
(CT™M)

Table 3.1. Summary statistics of morphologic analysis of fresh, viable equine sperm. Displayed
results were generated by contrast with the morphologically normal (MN) cell population (df=20)
and mixed effects modeling. The ‘Estimate’ column represents the difference in Logl0 DHE
intensity (ROS production) between cells with the listed morphologic abnormality and MN cells.
The ‘estimate’ can be multiplied by 100 to express the intensity difference as a percentage. Table
2A contains results from fresh semen analysis, table 2B contains results from cooled semen

analysis. N=210.
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Morphologic | Estimate SE t-ratio p-value
abnormality

Abnormal 0.2140 0.0330 6.4835 1.2098 e-5
head (AH)

Proximal 0.1903 0.0330 5.7664 5.7213 e-5
droplet (PD)

Distal droplet | 0.0437 0.0330 1.3231 0.54763
(DD)

Abnormal 0.2009 0.0330 6.0855 2.8443 e-5
midpiece

(AM)

Abnormal tail | 0.0173 0.0330 0.5255 0.94505
(AT)

Table 3.2. Summary statistics of morphologic analysis of cooled, viable equine sperm.
Displayed results were generated by contrast with the morphologically normal (MN) cell
population (df=20) and mixed effects modeling. The ‘Estimate’ column represents the difference
in Log10 DHE intensity (ROS production) between cells with the listed morphologic abnormality

and MN cells. The ‘estimate’ can be multiplied by 100 to express the intensity difference as a

percentage. N=180.
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Figure 3.4. Morphologic analysis of fresh, viable equine sperm. Mixed-effects models were
used to assess differences in log(DHE Intensity) as a function of sperm morphology, accounting
for repeated measurements made from each ejaculate. Individual observations plotted and

colors represent the ejaculate from which the measurements were made. Points connected by
lines are the average intensity for a given ejaculate. Black points are the overall means with 95%
confidence intervals. Sperm with proximal droplets, abnormal midpieces, abnormal heads and
coiled tail and midpiece (CTM) had significantly higher DHE intensity compared to

morphologically normal sperm. N=1050, cells.
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Figure 3.5. Morphologic analysis of cooled, viable equine sperm. Mixed-effects models were
used to assess differences in log(DHE Intensity) as a function of sperm morphology, accounting
for repeated measurements made from each ejaculate. Individual observations plotted and

colors represent the ejaculate from which the measurements were made. Points connected by
lines are the average intensity for a given ejaculate. Black points are the overall means with 95%
confidence intervals. Sperm with proximal droplets, abnormal midpieces, and abnormal heads
had significantly higher DHE intensity compared to morphologically normal sperm. N=900,

cells.
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Abstract

The objective of this study was to evaluate the repeatability and accuracy of canine sperm
motility (total and progressive) assessment with a tablet-based Canine iSperm® instrument
compared to computer-assisted sperm analysis (CASA). The experiment used fresh and
frozen/thawed canine semen samples for comparisons of semen analysis parameters
(concentration, total motility, and progressive motility) between a CASA system, iSperm®, and
NucleoCounter® SP-100™ (concentration) instruments. Spearman’s Rho correlational analysis
was used to identify significant associations between motility assessment methods. Significant
positive correlations were found between CASA assessment and iSperm® for both progressive
and total motility measurements. We also determined the coefficient of variation (CV) for
repeatability of sample analysis for iSperm® and CASA for fresh sperm, wherein each sample
was assessed 10 times on both devices. For fresh and frozen-thawed samples, concentration
assessment by iSperm® showed high variability (CV=19.9 + 1.5%). For iSperm® assessment of
total and progressive motility, the CV’s were 6.3 £ 0.5% and 10.7 £ 0.8%, respectively. The
results indicate that the iSperm® application offers an accurate and alternative measurement of
motility to traditional CASA analysis, though caution should be taken when assessing

concentration due to the high CV observed in this study.
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Introduction

Microscopic assessment of sperm in motion has been used as a clinical and research tool
for human and animal reproductive health over the past 340 years. Antoni van Leewenhoek
reported microscopic sperm morphology in 1678 for human and dog sperm ! using an early
single-lens microscope 2. In the past 40 years, the advancement of computer-assisted sperm
analysis (CASA) has highlighted the ability to objectively assess large populations of motile and
immotile sperm and has been summarized in considerable detail 3.

Visual assessments of canine sperm motility are subject to observer bias and for this
reason the use of automated or computerized systems have been growing for wider clinical
usage. Automated or computerized assessment of sperm motility, a sperm physiological
parameter that is necessary for fertilization in vivo, has grown as a standard of practice for
human fertility clinics as well as livestock breeding. The animal agriculture industry has recently
taken advantage of new low-cost microprocessors and software for on-farm use. Automated
sperm motility analysis has not been widely available to canine breeding programs which are
largely performed by veterinary and lay breeding personnel and some specialty veterinary
practices. CASA has been successfully employed for accurate motility assessment in dogs *°;
however, due to high costs and bench-space limitations, few small animal veterinary
practitioners have access to CASA systems .

On-site semen evaluation has pushed technology developers to produce affordable,
objective, and portable systems that can use a tablet-based camera with warming lenses that
support real-time animal-side sperm analysis. The objective of this study was to assess the
accuracy and reliability of a new and inexpensive tablet-based CASA system for sperm motility

evaluation. We evaluated the iSperm® instrument for repeatability and accuracy in assessment of
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canine sperm motility. Additionally, we assessed the repeatability of sperm concentration

assessment by the iSperm®.

Materials and Methods
Chemicals and Reagents.

The iSperm® sampling chips were obtained from GenePro (Fitchburg, WI).
NucleoCounter® SP-100™ cassettes and reagents were purchased from ChemoMetec (Allered,
Denmark). All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) unless
otherwise stated. A modified Tyrode’s medium (TALP) was used for all experiments 7. This
media consisted of 1 mg/mL PVA, 81 mmol/L NaCl, 2.8 mmol/L KCl, 0.2645 mmol/L
KH>PO4, 40 mmol/L HEPES sodium salt, 2 mmol/L NaHCO3, 2 mmol/L CaCl, (0.1 M solution,
Ricca), and 0.4 mmol/L MgCl (1 M solution). Media metabolites consisted of 5 mmol/L D-
glucose, 1 mmol/L sodium pyruvate, and 0.1862% (v/v; 21.6 mmol/L) DL-Lactic acid syrup and

pH was adjusted to 7.4 £ 0.02 and osmolality of 300 + 10 mOsm/kg.

Animals

Fresh semen was collected by manual collection at the Guide Dogs for the Blind (GDB;
San Rafael, CA) from dogs (n=5) owned by GDB that resided with a guardian owner in the San
Francisco metropolitan area. They were under the medical care of veterinarians and staff at GDB
during visits to the GDB campus and all animals were current in vaccinations. The dogs were,
fed similar diets, and in good overall health per annual veterinary evaluation at GDB. For
cryopreserved semen, ejaculates were collected at the University of California, Davis Veterinary

Medicine Teaching Hospital (VMTH) under IACUC-approved guidelines on an out-patient basis
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from dogs (n=4) with signed owner consent from Golden Retriever (n=1), Newfoundland (n=1),
and Labrador Retriever dogs (n=2) by digital manipulation at UC Davis Veterinary Medicine

Teaching Hospital under University of California IACUC-approved guidelines.

Semen Collection and Processing.

Fresh Semen. Fresh semen was collected from Labrador (n=3) and Golden Retrievers
(n=2) by a veterinarian using a standard manual method and teaser female. Semen was collected
into sterile plastic funnels attached to 15 mL conical tubes after the dog achieved erection during
the mount. Semen was processed immediately for ejaculate volume and concentration and
subjective initial motility evaluation on a phase contrast microscope at 400X magnification was
performed at GDB. The samples were then diluted 1:2 (semen to extender ratio) using TALP and
transported at ambient temperature by car for the one hour trip to the lab at UC Davis. Upon
arrival in the lab, diluted semen samples were assessed for initial concentration using a
NucleoCounter® SP-100™ by following the manufacturer's guidelines. Significant decline in
sperm motility was not observed following transport in any samples. The semen samples were
then diluted and concentrations were re-evaluated by a NucleoCounter® SP-100™ to ensure
concentrations were between 30-60 million sperm/mL, the manufacturer recommended
concentration range for canine iSperm® assessment. The diluted samples were then placed in an
incubator at 37°C on their sides to prevent sperm compaction at the bottom of the tube, and only

removed from the incubator to retrieve a sample to be used for iSperm® and CASA.

Cryopreserved semen. Ejaculates were manually collected on an out-patient basis at the

UC Davis VMTH from Golden Retriever (n=1), Newfoundland (n=1), and Labrador Retriever
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dogs (n=2). Ejaculate volume was recorded and concentration and viability were quantified using
a NucleoCounter® SP-100™ (ChemoMetec, Allerod, Denmark). To estimate sperm motility for
freezing, Initial sperm motility parameters were quantified using CASA (SpermVision® SAR
system, Minitube USA Inc., Verona, WI, USA). Seminal plasma was separated from sperm cells
using Semen Separating Solution (Zoetis Inc, Parsippany-Troy Hills, NJ, USA) in preparation
for freezing. Sperm was diluted 2:1 using Canine Freeze Buffer (Zoetis) and adjusted to a final
concentration of 150 x 10° sperm/mL using the addition of Zoetis Dilution Buffer® (Zoetis Inc.).
Samples were loaded into 0.50 mL straws (Agtech Inc, Manhattan, KS, USA) and carefully
sealed with polyvinyl alcohol powder. Cryopreservation was performed using a Planar Kryo 10
Series III controlled rate freezer (Planar Limited, Middlesex, United Kingdom). Straws were
cooled to 10°C beginning at room temperature 24°C, using the cooling rate of -0.3 °C / min
which was completed in 20 minutes. Straws were cooled over the next 60 minutes at a rate of -
0.2°C/ min until reaching 4°C, then -10°C/ min until reaching -15°C, then -17°C/ min until
reaching -110°C. Straws were removed from the Planar freezer and immediately plunged in
liquid nitrogen (-196 °C). At thawing, the frozen semen straws were removed individually from
liquid nitrogen storage tanks and placed into a warm water bath at 37°C for 30 seconds. After 30
seconds, the semen straw was cut on both ends and the contents decanted into a tube. These
samples were then checked for their concentration and diluted as described above for fresh

samples.

Sperm Analysis: comparison between iSperm® and SpermVision® SAR (CASA).

The iSperm® software (Aidmics Biotechnology Co., Ltd, Taipei City 10647, Taiwan) and

instrumentation included an iPad Mini® (Apple Inc., Cupertino, CA, USA) plus the proprietary

105



microscope camera (Aidmics) which were set up according to the guidelines of the iSperm®
instruction manual. When conducting all of the trials, a sample of 7.5ul was collected using a
micropipette and placed onto the surface of the base chip, then flipped over into the cover chip
and pressed for one to two seconds on the countertop, as per the instruction manual. The base
chip plus cover chip were then screwed into the microscope attached to the iPad Mini® camera in
order to be analyzed. Each semen sample (fresh ejaculate or frozen-thawed straw) was assessed
using three separate iSperm® sample chips (eg. in triplicate), and each sample chip was analyzed
ten times consecutively in the iSperm® application to allow for later calculation of the coefficient
of variation (CV). The same orientation was used throughout the process of measuring the
sample ten times in a row with the ‘analyze’ button being pushed ten times consecutively,
providing data acquisition for ten observations. There were no other changes to the sample chip
until analysis was completed and a new chip was sampled. The amount of time taken to analyze
one sample chip ten times ranged from three to five minutes. The parameters quantified and
collected in the iSperm® application included total motility (%), progressive motility (%) and
concentration (M/mL).

For CASA, 3.5ul semen samples were loaded into each well of four-chambered Leja
slides (Leja Products BV, Luzernestraat 10, The Netherlands). The slides were then placed on a
warming plate (37°C) for five minutes. The slide was then placed on the warmed (37°C) stage of
a Zeiss AxioLab A1 phase-contrast microscope, connected to a PC laptop equipped with
SpermVision® SAR software (Minitube USA). Each sample was loaded into three separate
chambers for motility assessment by SpermVision® SAR (eg. in triplicate). Per manufacturer
recommendations, the CASA system motility analysis was performed for each slide chamber by

recording motility parameters of seven different microscopic fields and averaging the seven for
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endpoint analysis of the sample. Because the iSperm® manual provided limited information
regarding motility parameter settings and due to inherent differences between the iSperm® and
SpermVision® software, it was not possible to exactly match the motility settings between the
two instruments for comparison. However, to allow the best possible direct comparison between
the two modalities, all possible adjustments were made to match motility settings for
SpermVision® analysis to the defined iSperm® settings. This was accomplished using the
SpermVision® manufacturer-recommended motility settings for canine sperm analysis as a base
template. CASA assessment using these modified settings will be referred to as
“CASA_iSperm.” For additional comparison, all samples were also analyzed using the
unmodified manufacturer-recommended settings for canine motility assessment, which will be
referred to as “CASA_canine”. In summary, two separate CASA analyses were performed on
each sample, one using the manufacturer recommended canine SpermVision® settings
(“CASA_canine”), and another analysis using SpermVision® settings manually adjusted to best
match the settings programmed by iSperm® (“CASA_iSperm”). The parameters of interest that
were collected and analyzed by the CASA included total motility (TM, %) and progressive

motility (PM, %).

Data Management and Statistical Analysis.

Data from each assessment method (iSperm®, CASA_canine, and CASA_iSperm®) was
exported to Microsoft Excel. The coefficient of variation (CV), or relative standard deviation
(rsd), was calculated [(sd/mean)*100] for each of the iSperm® sample chips for TM, PM, and
concentration data. We considered CV’s less than 0.15 (15%) to be indicative of nonsignificant
differences between replicates. The ten consecutive measurements recorded for each parameter

were averaged for all additional analyses. Exploratory and statistical analyses were performed
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using JMP® statistical software (version 14.0.0; SAS Institute Inc., Cary, NC, USA). Data
distributions were checked for normality with the Shapiro-Wilk test. Nonparametric Spearman’s
Rho (ry) correlational analysis was then performed to identify significant associations between
assessment methods. Comparisons between TM and PM measurements between assessment

methods were carried the Wilcoxon method.

Results

For fresh and frozen-thawed samples, concentration assessment by iSperm® showed high
variability (CV=19.9 &+ 1.5%). The very low sperm motility of the post-thaw samples resulted in
a high variation during consecutive motility assessments for CV calculation (Table 1).
Consequently, only fresh samples (n=15) were used to evaluate the CV of motility
measurements. For iSperm® assessment of total and progressive motility, the CV’s were 6.3 +
0.5% and 10.7 + 0.8%, respectively.

Spearman’s Rho correlational analysis was used to identify significant associations
between motility assessment methods because the data were not normally distributed. Strong
significant positive correlations were found between all assessment methods for both TM and
PM measurements. Specifically, TM measurements were strongly correlated between the
iSperm® and both the CASA _iSperm (r=0.95p<0.0001) and the CASA_canine (r,=0.93,
p<0.0001), as well as between the CASA_iSperm and CASA_canine (=0.97, p<0.0001) (Fig.
1A). Strong positive correlations were also identified for PM measurements between the
iSperm® and both CASA_canine (7,=0.87, p=0.0004) and CASA_iSperm (r=0.87, p=0.0004), in

addition to between CASA iSperm and CASA canine (,=1.00, p<0.0001) (Fig. 1B).
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Comparisons between TM values between assessment method revealed no significant
differences between the iSperm® and CASA_canine (Z=-0.39 p=0.69) or CASA iSperm (Z=-
0.79, p=0.43). No significant differences were identified between CASA _iSperm and
CASA _canine (Z=0.92, p=0.36) (Fig. 2A). Comparisons between PM measurements revealed a
slight, although significant difference between iSperm® and CASA_iSperm (Z=-1.97, p=0.05),
but no significant difference between iSperm® and CASA_canine (Z=-1.90, p=0.06). No
significant differences were observed in PM measurements between CASA _iSperm and

CASA _canine (Z=1.05, p=0.29) (Fig. 2B).

Discussion

The iSperm® Canine software was created to provide a relatively inexpensive and
portable device that can be used for semen analysis as an animal-side test in clinical and field
conditions, such as veterinary hospitals, dog shows and competitive sporting events where semen
evaluation is commercially performed. The iSperm® was designed to measure sperm
concentration and motility parameters (including total and progressive motility) abnormality,
VCL, VAP, VSL, STR, and LIN of a sample, which can then be used to calculate an extended
semen dose for breeding. Our goal was to assess the iSperm® Canine application’s repeatability
by assessing CV values for concentration, total and progressive motility measurements, as well
as to validate and assess the accuracy of motility assessment by the iSperm® Canine application
through comparison to motility assessment by CASA, the “gold standard” of semen motility
assessment.

The commercial CASA instrument used for validation, Sperm Vision® SAR, has been

widely used to assess sperm motility and morphology through digitized video recordings of
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sperm. This instrument computes their motion tracks which can then be analyzed and then
standardized . The iSperm® application utilizes a similar process to calculate sperm
concentration and motility by using video recordings through the iPad Mini to calculate the
trajectory and concentration of the sperm in the sample but uses different and proprietary
algorithms and software for the process. Due to inherent differences in software and minimal
details available regarding the iSperm® motility parameter settings (threshold values, etc.), it was
not possible to completely match the CASA parameter settings between the two systems (iSperm
and CASA). For this reason, we compared motility assessment with the iSperm® Canine
application to CASA assessment using both the Sperm Vision® manufacturer-recommended
canine settings (CASA_Canine), and a version of those settings modified to best match the pre-
programmed settings of the iSperm® Canine application (CASA_iSperm).

Correlational analysis with Spearman’s Rho revealed significant strong positive
correlations in both TM and PM measurements between all three assessment methods (iSperm®
Canine application, CASA_iSperm and CASA _canine). For TM assessment, the correlation was
slightly stronger between the iSperm® Canine application and CASA_iSperm than with
CASA _canine, but the correlation for PM assessment was comparable between the iSperm®
Canine application and both the CASA_iSperm and CASA _canine. Comparison of TM and PM
values between analysis methods by the Wilcoxon method overall did not reveal significant
differences, with the exception of a slight, although significant, difference in PM values between
the iSperm and CASA_iSperm. Overall, these results demonstrate the accuracy of the iSperm®
application for measuring the total motility in canine semen. These results also suggest
reasonable accuracy of the iSperm® for PM assessment. Although a very slight significant

difference was detected between PM values with the CASA _iSperm, no significant differences
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were detected in PM values between the iSperm Canine application and the CASA _canine. This,
in combination with the high positive correlation seen in PM measurements between the iSperm®
canine application and both settings used for CASA assessment, leads us to conclude that
iSperm® Canine application also demonstrates reasonably accurate progressive motility
assessment.

Dini and colleagues (2019) determined the iSperm® for horses had different results on the
ability of iSperm® for concentration of a semen sample °. They reported a higher correlation
between the iSperm® and the NucleoCounter® SP-100™ and less than 10 % difference when
measuring semen samples between 20-100M/ml. In contrast. our results did not identify a high
correlation between the two methods of estimating sperm concentration. However, similar to our
findings, Dini et al. (2019) showed high correlations between the iSperm® and NucleoCounter®
SP-100™ when measuring semen concentrations in samples on the lower side of the iSperm®
indicated range. Just as our results identified a strong correlation between CASA and iSperm®
for the measurement of progressive motility, Dini et al. (2019) similarly reported a strong
positive correlation between iSperm® and Androvision®. This demonstrates the utility and
accuracy of the iSperm® for the portable measurement of progressive motility for different
species.

Although the motility data from this study did not follow a normal distribution, that was
expected, as both high-quality fresh semen and poor-quality frozen semen were evaluated in this
study. By analyzing semen with low motility and semen with excellent motility, we were able to
observe the maximum ranges of the iSperm® and determine its accuracy for these points. We
analyzed very high-quality semen that had high total and progressive motilities from dogs that

have been selected as having outstanding fertility and semen quality in the GDB Breeding
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Center. Our other semen samples came from out-patient dogs, which had not been bred and
selected for high fertility and often had poor fresh semen quality. The initial deficits in semen
quality were compounded by the process of cryopreservation, which is known to result in as
much as a 50% loss of motility in a single freeze-thaw cycle '°. Thus, the sperm motilities
observed in our experiment were very low in frozen-thawed semen, resulting in the distribution
veering from normality.

In this study, we assessed the repeatability of sperm concentration and motility
assessment with the iSperm® Canine. Coefficients of Variation (CVs) and this for motility
measurements were only assessed for fresh ejaculates due to the high variability inherent to the
frozen-thawed samples with very low motility. Total and progressive motility assessment of
fresh semen by the iSperm canine application revealed relatively low variability, with CVs of 6.3
and 10.7%, respectively. Pooled observations of fresh and frozen-thawed samples revealed high
variability in concentration assessment by iSperm® Canine.

Moraes and coworkers (2019) concluded that the iSperm® Equine application was a valid
means for concentration, concentration, total motility, and progressive motility assessment of
equine semen. This study found that iSperm Equine assessment of semen concentration did not
significantly differ from NucleoCounter or hemocytometer assessment. However, the authors of
this study did not investigate the CV for concentration values generated by the iSperm Equine
application. In agreement with our findings, Moraes and coworkers (2019) found that the iSperm
Equine application provided accurate TM and PM motility assessment when compared to a
CASA system!!. In agreement with the existing literature, our result indicate that the iSperm®

could be a very useful and affordable tool for onsite analysis of canine semen, though we
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recommend repeated measures for concentration assessment due to the high CV we observed for
this parameter.

One last technical observation worth noting is that although the iSperm® is efficient to
use when the specimen on the sample chip comes out clean for the sample collector, but the
methodology of placing a semen sample with a micropipette on a base chip and pressing it into
the cover chip accounts for many technical difficulties. For every “good” sample chip there were
about three “bad” sample chips that had bubbles in the sample from pressing the base chip into
the cover chip. These bubbles made the sample unusable and was discarded. Thus, many sample
chips were wasted from the bubbles created by the design of the sample chips. However, with
improvements in the chip design so that bubble formation could be decreased, the iSperm®
would become more efficient and ‘field-ready’. Certainly, with more technical experience

loading chips, technicians can minimize chip wastage.

Conclusions

The iPad-based iSperm® Canine application and apparatus is an innovative instrument
that can be beneficial for some canine breeding programs. The total motility and progressive
motility for fresh and frozen-thawed samples were found to be accurate when compared to a
standard CASA system. Concentration measurements when compared to the NucleoCounter®
SP-100™ were not well correlated. The iSperm® demonstrated some inefficiencies regarding the
setup of analyzing a sample (i.e. the formation of bubbles in sample chips). Not only does the
iSperm® provide accurate measures of progressive and total motility that reliably match that of
the CASA system, but also supplies the capture of sample images, allowing the user to conduct

more objective measures of canine breeding potential in an inexpensive and efficient manner.
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Tables and Figures

Fresh
semen

Concentration Total Motility Progressive Motility
Cv SEM Cv SEM Cv SEM
22.97 1.50 6.13 0.46 10.68 0.80

Table 1. Coefficients of variation (CV) determinations for iSperm concentration and motility
in fresh semen (n=15, p<0.05).
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Fig. 1A.
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Figure 1. Comparison of Assessment Methods for Motility Assessment. Comparison of motility
assessment by conventional CASA systems (casa_canine) and the iSperm system (casa_iSperm)

is shown for (A) total motility (TM) and (B) progressive motility (PM) measurements. N=11.
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Semen Concentration Total Motility Progressive Motility
Type Cv SEM Cv SEM Cv SEM
Fresh 22.97 1.50 6.13 0.46 10.68 0.80

Table 1. Coeffients of Variation CVs determinations for iSperm concentration and motility.

Data represents fresh semen assessment (N=15).
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Fig. 2A.
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Figure 2. Total and Progressive motility measurements by assessment method. Quantile box
plots demonstrating canine sperm total and progressive motility measurements by assessment

method. (A) Total motility (B) Progressive motility. N=11.
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Dissertation Conclusion

The objective of this dissertation research was to investigate the physiology and
pathophysiology of commonly assessed sperm quality parameters, specifically motility and
morphology. The aim was to further elucidate the physiologic significance of such parameters
and improve both scientific knowledge and clinical knowledge of semen assessment, and in turn
male fertility. This was accomplished in a series of four chapters. In Chapter 1, I provided a
review of the literature regarding mammalian sperm quality and oxidative metabolism. This
review also highlighted knowledge gaps regarding the physiologic significance of commonly
assessed sperm quality parameters, such as sperm motility and morphology. The subsequent
chapters aimed to reduce those knowledge gaps with the long-term goals of improving
knowledge of sperm physiology and the pathophysiology underlying sperm quality parameters
that are commonly assessed in a clinical setting.

In Chapter 2, the objective was to investigate the relationship between mitochondrial
function and motility in bull sperm. This was accomplished by concurrently monitoring
mitochondrial oxygen consumption and motility parameters in the presence of mitochondrial
effector drug treatments. Results revealed significant reductions in motility parameters, including
total and progressive motility, with antimycin (inhibitor of ETC complex III) treatment. These
results suggest that bovine sperm motility is impacted by mitochondrial functionality, contrary to
historical findings! and in agreement with a more recent report in the literature?. Interestingly, no
significant difference in motility parameters was observed with oligomycin (inhibitor of ATP
Synthase) or FCCP (mitochondrial uncoupler) treatment, suggesting that mitochondrial ATP
generation is not critical for maintenance of bovine sperm motility. I hypothesize that the

motility deficits observed with antimycin treatment are attributable to cellular mechanisms for
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motility regulation beyond mitochondrial ATP production, such as reactive oxygen species
(ROS) production, as antimycin treatment is known to trigger mitochondrial ROS generation.

In Chapter 3, we aimed to determine the relationship between stallion sperm morphology
and ROS generation in both fresh and 24-hour cooled semen. This was accomplished by
employing the novel use of imaging flow cytometry for concurrent evaluation of morphologic
abnormalities and cellular ROS generation on an individual cell level. Compared to
morphologically normal sperm, ROS production was significantly higher in sperm with
abnormal heads, proximal droplets and abnormal midpieces in both fresh and cooled semen.
Sperm with both coiled tails and midpieces had significantly higher levels of ROS production
compared to morphologically normal sperm in fresh semen; there were very few viable sperm
with this morphologic abnormality in cooled semen, preventing statistical assessment of this
morphologic abnormality in cooled semen. The association found between morphologic
abnormalities and elevated ROS generation does not appear exclusive to stallions. Studies have
also linked sperm head defects and oxidative DNA damage have been linked to infertility in
humans®. Similarly, reactive oxygen species production has been linked to infertility and
subfertility in humans and has also been associative with sperm morphologic defects and an
elevated sperm deformity index*?. Additionally, abnormal head morphology and oxidative DNA
damage have also been negatively correlated with fertility in bulls®. The use of high-throughput
imaging flow cytometry to investigate the relationship between morphologic abnormalities and
ROS generation on an individual cell level, as performed on stallion semen in Chapter 3, would
be beneficial to confirm the findings in other mammalian species reported in the literature.

In Chapter 4, we evaluated the repeatability and accuracy of the tablet-based Canine

iSperm® instrument compared to computer-assisted sperm analysis (CASA) for assessment of
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motility (total and progressive) in fresh and frozen-thawed canine sperm. Correlational analysis
revealed significant positive correlations between CASA and iSperm® assessment for both fresh
and frozen-thawed samples. These results indicate the iSperm® system offers an accurate clinic-
based alternative to CASA for measurement of canine sperm motility. Because traditional CASA
systems are very costly, this economic alternative offers the potential to allow for more accurate
motility assessment by veterinary clinicians. This could allow for more data collection and larger
sample sizes for future population studies in canine sperm quality and fertility, which would be
invaluable to future research efforts to expand knowledge of canine sperm physiology. Further,
application of a tablet-based system for sperm motility analysis of other mammalian species
could improve access to semen analysis for clinicians and expand data collection for researchers.
Nearly 50% of infertility cases are attributed to male factor, and up to 40% of male
infertility cases remain idiopathic’. In recent decades, human semen quality has been declining
world-wide at an alarming rate®, with a meta-regression analysis by Levine and coworkers
revealing that male sperm counts in the western world halved from 1973 to 20117, sparking
attention from the mainstream media and igniting public concern. Additionally, an age-related

decline in fertility is well-established in men!®!!

. Declines in sperm mitochondrial function with
aging are likely due to abnormalities in spermatogenesis and factors intrinsic to the aging
testicular environment!'?-'4. The majority of studies focused on effects of aging human male

fertility utilize rodent models!>~!8

, which have significant limitations due to interspecies
differences and short lifespan. There is a need for alternative, non-rodent animal models for more

accurate investigation of male fertility pathophysiology and interventions to correct declines in

male sperm quality and fertility.
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Previous work in our laboratory identified age-related decreases in mitochondrial oxygen
consumption (MITOX), which is highly correlated with motility parameters, as well as increased
production of reactive oxygen species (ROS) in cryopreserved stallion sperm!®. This comports
with the Free Radical Theory of Aging?® in which mitochondrial dysfunction, particularly in

high-energy tissues?!~%3

, 1s accompanied by increases in ROS production, which has also been
linked to age-related declines in human sperm quality and fertility?4. In this dissertation, we
identified a significantly higher ROS generation in sperm with abnormal stallion sperm
morphology, such as abnormal heads, abnormal midpieces, and proximal droplets, and similar
relationships have been identified in human sperm®. The stallion is a potential large animal
model for study of male reproductive aging. Other species also have potential benefits as animal
models of male reproductive aging, with the dog being a strong candidate due to extended
lifespan compared to rodent models and the fact that dogs live in the same environment as their
human owners, so they are exposed to similar environmental conditions, including toxins, that
may impact fertility and sperm quality. However, there are few studies regarding canine fertility
and sperm mitochondrial function?>, and more research is needed to determine whether canine
and human sperm are physiologically similar enough for dogs to act as a good scientific model.
Affordable equipment for reliable data acquisition on sperm quality, such as the iSperm® system
validated in Chapter 4 of this dissertation, will improve sample sizes and available data
pertaining to canine fertility.

Futures studies employing a multi-species, multi-technique comparative approach to
further investigate the findings of this dissertation research on sperm pathophysiology and sperm
quality would be beneficial for advancement of the field. For example, a study employing the

imaging flow cytometry and oxygen consumption monitoring techniques, established and
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utilized in this dissertation, to simultaneously investigate motility, morphology and
mitochondrial function in sperm from multiple species would provide invaluable knowledge in
sperm physiology and pathophysiology. This could be accomplished by performing simultaneous
acquisition of mitochondrial oxygen consumption data and motility analysis, as described in
Chapter 2, and also using imaging flow cytometry to assess morphology and ROS generation, as
described in Chapter 3, in the same specimens. The strength of this experiment could be further
improved by utilizing a mitochondrial membrane potential fluorescence indicator die to have an
assessment of mitochondrial function on an individual cell level for associations with ROS and
sperm morphology. Logistically, this experiment would be challenging due to a need for a large
research team to simultaneously run multiple experimental modalities, but feasibility could be
improved by employing fixable fluorescent stains for imaging flow cytometry studies to allow
them to be performed at a later date. For example, a relatively new ROS probe, CellRox Deep
Red® (Life Technologies, NY, USA) has been validated for use in equine sperm?°. Additionally,
studies incorporating evaluation of intracellular calcium (Ca®*) regulation would be beneficial as
intracellular Ca?* is known to be important in both sperm?”-?® and mitochondrial physiology>-°.
Further study of the role of sperm mitochondria and Ca?* regulation would also benefit
knowledge advancement of cellular physiology in general, due to some key differences in
organelle composition between sperm and somatic cells.

Mitochondrial function is known to be largely effected by mitochondrial Ca*" uptake
through the mitochondrial Ca?* uniporter (MCU)?!. Many of the Ca*"-regulated mitochondrial
functions, including substrate oxidation and ROS production, are largely dependent on the close
anatomical and functional relationship between mitochondria and endoplasmic reticulum (ER)

membranes (mitochondrial associated membranes; MAMs)?*2; however, because mature sperm
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lack an intact ER, there is a critical knowledge gap regarding the role of Ca** in modulating
sperm mitochondrial functions. Despite fundamental difference in cellular anatomy, surprisingly
few studies investigating the relationship between mitochondrial function, Ca**, and motility
regulation have been performed in sperm?3-**, Further research elucidating the roles of
mitochondrial function and intracellular Ca** (Ca*";) dynamics on sperm function and motility
regulation is needed. Additionally, interactions between mitochondrial metabolism and Ca®*;
have been implicated in age-related diseases®, with recent research implicating age-related
changes at MAMs*®. Similar alterations mitochondrial metabolism and Ca?*i may also play a role
in age-related declines in sperm quality and male fertility.

The multispecies work in this dissertation reports findings in sperm quality, physiology
and bioenergetics. The results of this work directly contribute to current clinical knowledge and
improve the diagnostic power of commonly employed sperm quality measures by elucidating
underlying pathophysiology of sperm morphologic abnormalities and sperm motility. Further,
the findings from this dissertation research informs future research efforts, with potential
applications in advancement and improvement of mammalian male fertility, sperm preservation

techniques, species conservation efforts and mitochondrial physiology.
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