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THE EFFECTS OF ELEVATED TEMPERATURE ON PREIMPLANTATION-STAGE
PORCINE EMBRYOS

Stephen Clay Isom
Dr. Edmund B. Rucker III and Dr. Randall S. Prather, Dissertation Co-Supervisors

ABSTRACT

Heat stress-induced reproductive inefficiency in agriculturally relevant
domesticated species causes significant economic losses in many parts of the world.
Many of the components of the reproductive systems of livestock animals have been
shown to be sensitive to the effects of elevated temperature, including oocytes and
early cleavage stage embryos. The exact nature of the perturbation of
preimplantation embryo physiology by heat stress is poorly understood. It was the
objective of these experiments to more fully characterize the biochemical and
developmental responses of in vitro-produced preimplantation stage porcine
embryos to elevated temperatures. In vitro fertilized (IVF) and parthenogenetically
activated (PA) embryos were exposed to elevated temperatures (42 C) for nine
hours during the late one-cell stage of development. While IVF embryos
demonstrated significant susceptibility to the applied heat stress, both in their
developmental status (20.6% and 8.8% of embryos developed to blastocysts in the
heat stressed [HS] and non-heat stressed [NHS] groups respectively; P < 0.05) and
xiv

their apoptotic response (26.7% of NHS embryos, and 45.6% of HS embryos with at
least one apoptotic blastomere; P < 0.05), PA embryos were shown to be highly
resistant to the effects of elevated temperature as applied in these experiments (P >
0.1 for NHS versus HS embryos for development to blastocyst and apoptosis rates).
When exposed to different timing variations of this same heat stress, PA embryos
that were heat treated immediately after oocyte activation demonstrated a much
accelerated first cell cycle (63% of HS embryos cleaved by 24 hours-post-activation
[hpa], as compared to 23.5% of control embryos; P < 0.0001), and significantly
better blastocyst rates (38.0% and 18.5% for HS and NHS embryos, respectively, for
example; P < 0.005) as compared to control embryos and embryos heat treated at
later timepoints. IVF embryos and embryos derived from somatic cell nuclear
transfer (SCNT) showed similar alterations in the dynamics of the first cell cycle
when exposed to elevated temperatures immediately after fertilization or embryo
reconstruction (P < 0.05 for both IVF and SCNT embryos as compared to
appropriate controls), but only moderate (IVF), or no (SCNT) increases in blastocyst
rates (P > 0.1 for both groups). The obvious developmental differences detected in
PA embryos heat treated as described were not associated with any apparent
aberrations in the timing of Maturation Promoting Factor (MPF) inactivation, which
releases embryos from metaphase arrest upon oocyte activation. Mitogen-Activated
Protein Kinase (MAPK) inactivation, however, occurred much earlier in heat stressed
embryos (between 3 and 6 hpa) than in control embryos (between 6 and 9 hpa).
Artificial maintenance of high levels of MAPK activity served to abolish the
developmental discrepancies between HS and NHS embryos. Thus, the enhanced
xv

developmental potential of HS PA embryos appears to be correlated to precocious
inactivation of MAPK. A more complete understanding of this phenomenon may
lead to techniques that can ultimately improve the efficiency with which porcine
embryos are produced in vitro.

xvi

CHAPTER ONE

INTRODUCTION

It is estimated that the United States animal agriculture industries suffer close
to $2 billion in losses annually due to the effects of heat stress (St-Pierre et al.,
2003). These losses are primarily due to decreased capacity for production during
extended exposure to elevated temperature. Significant losses are incurred, too,
due to increased animal mortality as well as decreased reproductive efficiency. The
economic success of most animal production systems depends largely on the
reproductive success of the system in general. Any perturbations to that
reproductive success are economic liabilities. It is for this reason that for literally
decades, significant resources have been dedicated to the serious scientific study of
the phenomenon of heat stress-induced reproductive inefficiency. Research over
the years has provided valuable information as to the nature of the phenomenon, as
well as potential means of amelioration. And yet it is estimated that maximum
utilization of currently available heat abatement technologies will only reduce losses
to $1.7 billion annually (St-Pierre et al., 2003). And so the search goes on for
additional scientific information detailing the biochemical and physiological
responses of animals to heat stress, in anticipation of finding some aspect of those
responses that are amenable to manipulations that would lessen the impact of heat
stress both physiologically and economically.
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Recent research in the bovine system has provided information suggesting
that oocytes and early cleavage stage embryos are directly susceptible to the effects
of elevated temperature. With the reproductive efficiency of swine also highly
susceptible to the effects of heat stress, we have chosen to investigate the possible
effects that elevated temperature might have on porcine preimplantation stage
embryos. To our knowledge this is the first study designed to look at the
developmental and biochemical effects of heat stress on in vitro produced early
cleavage stage pig embryos. We hope to contribute to a better understanding of the
physiology of preimplantation stage embryos in general, and specifically we hope to
address how these embryos, which are essentially silent transcriptionally during the
very early stages of development, respond to physiologically relevant environmental
perturbations. And while this research will almost certainly not be immediately
applicable to agricultural swine producers, we are hopeful that by further elucidating
the mechanisms of oocyte activation and preimplantation embryogenesis, the
production of porcine embryos in vitro – including those generated using such
reproductive technologies as somatic cell nuclear transfer (SCNT) and
intracytoplasmic sperm injection (ICSI) – might ultimately be made more efficient.
These technologies are now – and will be in the future – vital to success in many
biomedical and agricultural research settings. And, perhaps with time, success in
these arenas will ultimately result in a meaningful benefit to the agricultural
production industries.

2

CHAPTER TWO

LITERATURE REVIEW

Introduction

Early embryonic loss is a major contributor to inefficiency in agricultural and
research animal production settings and human fertility clinics around the world
today. In cattle, 20 to 40% of all in vivo-produced embryos are lost within the first 30
days of pregnancy (Edwards et al., 2001). Dunne et al. (2000) recently showed that
most embryo losses in heifers have occurred within 14 days of insemination. In
swine, prenatal mortality can be as high as 40%, with the majority of losses incurred
within two to three weeks of insemination (reviewed in Pope, 1994). In mice and
humans, up to 50% of embryos produced in vivo die during the preimplantation
period (Warner et al., 1998). Such inefficiency suggests significant room for
improvement. In vitro embryo production and other assisted reproductive
technologies (ART) aim to ameliorate this reproductive inefficiency. Unfortunately,
generally less than 50% of successfully inseminated human and cow embryos reach
the blastocyst stage after fertilization and culture in vitro, and a high percentage of
those are not healthy enough to implant or attach following embryo transfer (Hardy
et al., 1989; Keskintepe and Brackett, 1996; Xu et al., 1992). In other relevant
species, the success of such reproductive technologies is even worse. These
observations bring up several interesting points: 1) that the successful union of male
3

and female gametes that ultimately results in the birth of live and viable offspring, is
inherently a somewhat inefficient process; 2) that our collective understanding of the
physiology and biochemistry behind these reproductive processes is incomplete, to
say the least, and 3) that our ability to manipulate these processes to our benefit is
limited. The research that is being detailed in the body of this dissertation is an
attempt at understanding more completely the biochemical and physiological
responses of early preimplantation porcine embryos to heat stress. The pages that
follow will summarize the literature that is pertinent to this body of research: first, a
brief overview of mammalian oocytes and preimplantation embryos; second, a short
explanation of environmental heat stress, and especially how animal agriculture can
be impacted thereby; and finally, a summary of the work that has been done to
bridge these two disciplines in describing the effect that heat stress can have on
oocyte and embryo viability.

Oocyte and Embryo

Introduction:
The mammalian oocyte is provided to its host female as one of a multitude of
gametes. Each is a result of a prolonged, carefully orchestrated process termed
oogenesis that starts during embryonic development and only is fully completed
upon fertilization – usually well into adulthood. A lengthy treatment of the topic is not
warranted, but a brief overview of the basic process of oogenesis contributes to a
more complete understanding of oocyte maturation, fertilization/activation, and
4

embryo development – topics that will be addressed in more detail later in this
review. The basic processes that will be discussed throughout this review are very
highly conserved among all domestic livestock species, and mostly conserved
between rodents and humans as well. The details of these processes have been
most rigorously studied in rodent models; in livestock animals, most detailed
information comes from research done in bovine. And, in fact, the majority of the
mammalian research is based on prior research done in amphibians (Xenopus) and
invertebrates (clam and sea urchin). Much of the information presented in this
review, then, will be derived from research performed in these other species, with
the understanding that the basic concepts are conserved between species. Details
that are specific to the species in question throughout this research – porcine – will
be added when appropriate.

PGC Proliferation/Gonadal Colonization:
The oocyte begins its existence as a somatic gamete-precursor cell known as
a primordial germ cell (PGC). In the mouse, approximately eight alkaline
phosphatase-positive cells (PGCs) first appear at the base of the allantois on day 7
of embryo development (Ginsburg et al., 1990). This small cohort of PGCs becomes
associated with the hindgut endoderm at this time, where they begin their migration
through the dorsal gut mesentery and ultimately on to populate the genital ridge
(Eddy et al., 1981). This population of the indifferent gonad is mostly complete by
11.5 days post-coitum (dpc) in the mouse (Fujimoto et al., 1985; Godin et al., 1990),
26 dpc in the pig (Takagi et al., 1997), as well as in humans (Witschi et al., 1948); in
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cattle, the process ends around day 30 (Russe and Sinowatz, 1991). Throughout
the migration phase of PGC development, as well as early on during gonad
colonization, the primitive gametes undergo massive proliferation, as well: what
started as eight cells on day 7 of gestation (mouse) become approximately 25,000
germ cells by day 13.5, when proliferation is halted (Tam and Snow, 1981). Germ
cell mitosis lasts somewhat longer in domestic species, however, with day 60
corresponding to peak mitosis and maximum germ cell numbers (~1.1 x 106) in pig
(Black and Erickson, 1968). In humans, maximum mitosis and germ cell numbers
(~7.0 x 106) are attained only at approximately mid-gestation (Peters et al., 1962).
Once PGC migration is complete, gonadal differentiation begins, with the enclosure
of germ cells in somatic cell-bounded clusters called egg cell nests (Allen, 1904;
Pelliniemi and Lauteala, 1981). Once the gametes are established in these egg cell
nests, they are referred to as oogonia. It is important to note that upon cessation of
mitosis in the oogonia, a massive amount of germ cell apoptosis or programmed cell
death is observed: more than half of the oogonia are eliminated by the time of birth
(Baumont and Mandl, 1962). The proportion of germ cells lost during this wave of
apoptosis is highly species-specific: in monovular species with relatively short
reproductive life-spans like the cow, more than 95% of the germ cells are eliminated
during the last half of gestation (maximum = 2.7 x 106; ~135,000 [5% of maximum]
present at birth; Erickson, 1966); in polyovular species such as the pig, only ~50% of
the germ cells succumb to apoptosis during this period (maximum = ~1.1 x 106;
~500,000 [45% of maximum] present at birth; Guthrie and Garrett, 2001). Oogonia,
by definition, are still diploid, but shortly after gonadal colonization, germ cell mitosis
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abruptly ceases, and a significant proportion of the oogonia enter the first of two
meioses that will effectively reduce their chromosomal complements in half.

Oocyte Growth/Folliculogenesis:
According to Black and Erickson (1968), meiotic germ cells first appear in the
fetal pig ovary at ~50 dpc. In both the human and the bovine, meiosis is initiated
gradually during the third month of gestation (Baker and Franchi, 1967; Betteridge et
al., 1989). Around the time of birth approximately 99% of all germ cells are arrested
at the diplotene stage of meiosis I (Black and Erickson, 1968), and are appropriately
referred to as oocytes. Diplotene oocytes will remain arrested in meiosis I until
released from that arrest by a pre-ovulatory Lutenizing Hormone (LH) surge. Around
the time that the oocytes enter meiosis, the structural disarray associated with the
egg cell nests becomes resolved, as each individual oocyte becomes surrounded by
a single layer of squamous epithelial cells, thus forming a primordial follicle (Byskov
and Hoyer, 1994). Primordial follicles can be noted in pigs by 70 dpc (Oxender et
al., 1979), by 90 dpc in cattle (Van den Hurk et al, 1995), and by week 22 of
gestation in humans (Gosden, 1995). By birth, essentially all of the germ cells are
follicle-enclosed, and while a sizeable proportion of the oocytes has been lost to
degeneration, the total number of primordial follicles present in the neonatal ovary
ranges from 15,000 in rodents (Baumont and Mandl, 1962), to 135,000 in cows
(Erickson, 1966), 500,000 in sows (Guthrie and Garrett, 2001), and 700,000 in
women (Block, 1953; Baker, 1963). This massive pool of primordial follicles will
serve as a germ cell reservoir throughout the reproductive lifespan of the female.
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The primordial follicles will remain transcriptionally and translationally relatively
quiescent until around the time of puberty, when the ovary becomes responsive to
gonadotropin stimulation (Eichenlaub-Ritter and Peschke, 2002).

The next critical juncture in the development of the oocyte occurs when a
primordial follicle is “recruited” from its resting state into a cohort of developing
follicles. The transition from a primordial follicle to a primary follicle is characterized
by the evolution of the single surrounding layer of squamous epithelial cells into a
monolayer of cuboidal granulosa cells. This progression from primordial to primary
follicle is accompanied by very little growth of the oocyte itself (Salha et al., 1998),
but by making the transition, each newly formed primary follicle is now committed to
the growing pool (Van den Hurk and Zhao, 2005), and will ultimately become atretic
and die or be ovulated for fertilization. While it was historically thought that the
oocyte was not much more than a passive participant in the process of follicle
growth and development, it is now very well documented that the oocyte plays an
active role in directing folliculogenesis (Eppig, 2001). Oocytes and their surrounding
granulosa cells, neighboring follicles as well as interfollicular stromal cells together
contribute a cocktail of autocrine, paracrine and endocrine factors – both stimulatory
and inhibitory in nature – that direct the growth and maturation of the developing
follicle and its resident germ cell (Fair, 2003; Van den Hurk and Zhao, 2005). While
the transition from primordial to primary follicle is held in check until around the time
of puberty, experimental evidence would suggest that recruitment of primordial
follicles into the growing pool of primary follicles is a gonadotropin-independent
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event. Such evidence includes the facts that 1) primordial follicles from Follicle
Stimulating Hormone (FSH)-β knockout mice (Kuman et al., 1997) and FSHReceptor knockout mice (Dierich et al., 1998) transition to primary follicles normally;
and 2) neither porcine nor human primordial follicles have gonadotropin receptors
(Meduri et al., 2002). Gonadotropin stimulation does, however, influence further
progression through the process of folliculogenesis, as FSH has been shown to
influence the size and cell number of developing follicles, and has been shown also
to stimulate the formation of gap junctions between granulosa cells (Van den Hurk et
al., 1997; Van den Hurk et al., 2000; Weisen and Midgley, 1994).

Growth from a primary follicle to a secondary or preantral follicle is less
temporally abrupt than is the primordial-to-primary transition, with progression to the
secondary stage being characterized by proliferation of the granulosa cells to form
two layers of cuboidal cells. Preantral follicles grow to a size of approximately 200
μm in rodents and humans, and 300 μm in the sow (Van den Hurk and Zhao, 2005).
Oocyte growth also is apparent during this phase of follicle development, with
maximal oocyte diameter during this stage of development ranging from 60 μm
(cow) to 70 μm (rodent) to 90 μm (sow) (Van den Hurk et al., 1997). Coincident with
its increase in size, the oocyte becomes much more active transcriptionally and
translationally, and massive stockpiling, replication and redistribution of cellular
products occur (Picton et al., 1998). Massive amounts of RNA and proteins are
produced. Huge increases in the number of ribosomes and mitochondria are
observed. Production of large numbers of membrane-bound vesicles, lipid droplets
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and glycogen granules is also characteristic of this period of growth (Van den Hurk
and Zhao, 2005). One of the most obvious changes in the appearance of the oocyte
during this phase of development is the production and secretion of a thick
extracellular glycoprotein matrix called the zona pellucida (ZP).

Zona Pellucida:
The ZP consists of a complex conglomeration of three separate glycoproteins
termed ZP1, ZP2, and ZP3 in the mouse and the human (ZPB, ZPA, and ZPC,
respectively, in the pig; reviewed in Rankin and Dean, 2000). The currently
accepted model of ZP formation is that ZP2 and ZP3 form heterodimeric filaments,
while ZP1 serves to crosslink the ZP2/3 filaments (Hoodbhoy and Dean, 2004). The
predicted molecular masses of the three ZP proteins based on amino acid
sequences are roughly 50% of the apparent masses for the proteins as secreted by
the oocyte, indicating extensive glycosylation of the proteins (Bleil and Wassarman,
1980a; Easton et al., 2000; Nagdas et al., 1994; Shimizu et al., 1983). It is
hypothesized that the high degree of glycosylation in these egg envelope proteins
contributes to a high degree of hydration within the assembled matrix, which
hydration may facilitate ZP penetration by spermatozoa (Rankin and Dean, 2000). It
has also been suggested that some of the carbohydrate moieties of the ZP proteins
may play a role in mediating initial sperm-egg binding (Florman and Wassarman,
1985; Miller et al., 1992; Tulsiani et al., 1997). The ZP3 protein itself has, in fact,
historically been referred to as a “sperm receptor” molecule, as purified ZP3 protein
had been shown to inhibit sperm-egg binding (Bleil and Wassarman, 1980b). More
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recent research has suggested, however, that no single ZP protein is alone
responsible for sperm binding; neither can one individual carbohydrate configuration
solely account for sperm/zona binding activity (Asano et al., 1997; Lu and Shur,
1997; Thall et al., 1995). A more likely scenario would involve cooperative binding
by perhaps all three major proteins and many different carbohydrate components.
Modification of the zona pellucida after fertilization results in a “hardening” of the ZP
which prevents further zona binding by additional spermatozoa, thus providing one
level of polyspermy block (see Hoodbhoy and Dean, 2004). The ZP continues to
protect the embryo during the cleavage stages of embryo development, and
prevents precocious attachment or implantation during transit through the oviduct. It
is important to note that during follicle development, gap junctions are created not
only between individual granulosa cells, but also between granulosa cells and the
oocyte itself (Anderson and Albertini, 1976). The creation of the zona pellucida does
not disrupt these gap junctions, and while ZP secretion may create physical space
between the granulosa cells and the oocyte (average ZP thickness in matured pig
oocytes is ~15 μm; Lucas et al., 2003), these connective processes remain intact,
allowing for continued bidirectional communication of biological information between
the oocyte and its host follicular cells. Secondary follicles are, as yet, poorly
vascularized, suggesting minimal reliance on circulating endocrine factors (Van den
Hurk and Zhao, 2005). Instead, it is supposed that intraovarian autocrine and
paracrine factors are primarily responsible for continued follicular growth and
development.
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Preovulatory Oocyte Development:
As granulosa cell proliferation occurs, massive enlargement of the follicle
ensues, vascularization of the follicle increases, and fluid leaks from the tiny
capillaries surrounding the follicle. Some of that fluid is assimilated into the
interstitial voids between granulosa cells. Eventually a visible pocket of “follicular
fluid” – an antrum – is formed. The heretofore intact sphere of compact granulosa
cells now gives way to the growing antrum of the now-dominant follicle, and the
oocyte is relegated to a position on a pedestal of granulosa cells – the most closely
associated of which are now referred to as the cumulus cells – jutting into the center
of the fluid-filled follicle. The oocyte continues its growth and maturation within this
antral follicle, and oocytes become fully competent to resume meiosis at a diameter
of ~110 μm which in pigs corresponds to an antral follicle of 2-3 mm in diameter
(Van den Hurk and Zhao, 2005). The acquisition of meiotic competence is generally
associated with an almost complete inactivation of mRNA transcription (Hyttel et al.,
2002). Transcriptional silence notwithstanding, the oocyte continues its dialogue
with the surrounding granulosa cells, cooperatively coordinating such activities as
somatic cell steroidogenesis, follicular vascularization, and continued preparation for
possible imminent fertilization and the associated subsequent embryo development.
Throughout this entire phase of oocyte growth and follicular development – ~100
days from primordial to preovulatory follicle in the pig (Hunter et al., 2000) – the
oocyte has remained arrested at the diplotene stage of prophase, which is the
meiotic equivalent of the G2 phase in mitotic cells. If the follicle manages to remain
viable until its level of estrogen production triggers the preovulatory LH surge, the
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oocyte will again undergo a series of dramatic changes that are indirectly stimulated
by exposure to the high circulating levels of LH. These changes in oocyte
physiology are collectively termed “maturation”, and are ideally followed by another
set of changes initiated by egg “activation”.

Embryogenesis Overview:
Briefly, high levels of circulating LH indirectly prompt the oocyte to be
released from its diplotene-stage meiosis I arrest. Chromatin condensation and
germinal vesicle break-down (GVBD) ensue. A metaphase (I) spindle is formed, and
the first meiotic division is completed resulting in the expulsion of the first polar body.
The oocyte then progresses to metaphase of meiosis II (MII), where it again arrests,
and awaits a second activating signal. Upon fertilization or parthenogenetic
stimulus, the oocyte resumes meiosis II, and the second polar body is extruded.
Male and female chromosomes are decondensed and relegated to distinct male and
female pronuclei, respectively. Upon commitment to the first embryonic mitosis,
pronuclear membranes are deconstructed and syngamy ensues, resulting in the
mixing of genetic materials and the generation of a diploid zygote. Initiation of the
mitotic divisions of early embryogenesis follows several hours later. Significant
research efforts over the past ten years have provided much insight into the
molecular mechanisms of oocyte maturation and activation. A brief introduction to
some of the principal biochemical participants in these processes is appropriate.
Specifically, Maturation Promoting Factor (MPF) and Mitogen-Activated Protein
Kinase (MAPK) are two enzymatically active kinase families that have been shown
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to be the main coordinators of the molecular events associated with oocyte
maturation, arrest and fertilization (see Figure 2.1; Fan and Sun, 2004). A more
detailed description of these enzymes/pathways is in order, followed by an account
of how these and other biochemical constituents cooperate to create an oocyte that
is capable of complete activation and continued growth and development.

Maturation Promoting Factor (MPF):
MPF is a serine-threonine protein kinase that is composed of a cyclin B regulatory
subunit and a p34cdc2 kinase component (Dunphy et al., 1988; Gautier et al., 1988;
Gautier et al., 1990; Pines and Hunter, 1989). Cdc2 protein levels remain relatively
constant throughout the cell cycle, whereas cyclin B (together with the other
members of the cyclin protein family), as indicated by its name, is characterized by a
highly cyclical expression pattern (Evans et al., 1983). It is present at very high
levels during the G2- and M-phases of the cell cycle (Pines and Hunter, 1989), after
which time, cyclin B is tagged by ubiquitin, thus targeting it for destruction via the
26S proteasome (Glotzer et al., 1991). Protein levels drop dramatically to facilitate
exit from mitosis/meiosis (Murray et al., 1989). Shortly after the successful exit from
mitosis/meiosis, protein accumulation begins again in anticipation of the next round
of cell division. In addition to the regulatory control exerted on MPF by the cyclical
expression pattern of cyclin B (Clarke and Karsenti, 1991), MPF activity can be held
in check by inhibitory phosphorylations on Thr14 and Tyr15 of the Cdc2 kinase
subunit (Dunphy and Newport, 1989; Gautier et al., 1988; Gautier et al., 1990). In
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fact, fully grown oocytes of most species contain high levels of MPF that is held
inactive in this manner (Van den Hurk and Zhao, 2005). Dephosphorylation of these
critical regulatory residues is brought about by Cdc25 phosphatase (Gautier et al,
1991; Millar and Russell, 1992). MPF substrates within the cell include histone H1
(Maller et al., 1989), nuclear lamins (Ward and Kirschner, 1990), RNA polymerase
(Cisek and Corden, 1989), and myosin (Satterwhite et al., 1992). H1
phosphorylation is thought to induce chromosome condensation (Th’ng et al., 1994).
Phosphorylation of the nuclear lamins is a stimulus for lamin depolymerization and
dissolution of the nuclear membranes (Peter et al., 1990). Phosphorylation of RNA
polymerase by MPF results in an inhibition of transcription, and myosin
phosphorylation blocks cytoskeletal rearrangement.

Mos/MEK/MAPK:
Mitogen-Activated Protein Kinases (MAPKs) are serine/threonine protein
kinases that are expressed in virtually all cell types. As the name would imply, this
family of protein kinases is generally associated with the communication of
extracellular mitogenic signals to the cell, to stimulate growth and/or proliferation.
Two of the prototypical MAPK family members that are particularly germane to
oocyte biochemistry are p44-Erk1 and p42-Erk2 (Sun et al., 1999). For simplicity’s
sake, p44-Erk1 and p42-Erk2 will be referred to simply as MAPK. In its
dephosphorylated form, MAPK is inactive as a protein kinase, and is activated via
phosphorylation at specific threonine and tyrosine (Thr183 and Tyr185) residues by
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MAP kinase-Erk kinase (MEK; or, generically, MAP kinase kinase [MAPKK]; Crews
and Erikson, 1992), which is in turn activated by the MAPKK kinase (MAPKKK) Raf
in mitotic somatic cell systems (Lange-Carter et al., 1993), or by the germ cellspecific MAPKKK Mos (Shibuya and Ruderman, 1993). Mos is the 39 kDa protein
product of the proto-oncogene c-mos that was first described in cells that had been
transformed by the Moloney murine leukemia virus (Papkoff et al., 1982). Targets of
MAPK-mediated phosphorylation within the cell include the spindle-stabilizing
proteins MISS and DOC1R (Lefebvre et al., 2002; Terret et al., 2003), the elongation
initiation factor 4E (eIF4E) kinases Mnk1 and Mnk2 (Tomek et al, 2002), numerous
transcription factors (Davis, 1995), and p90Rsk – a serine/threonine kinase known to
be involved in meiotic regulation in Xenopus eggs (Kalab et al., 1996).

Meiotic competence:
The acquisition of meiotic competence is undoubtedly an extremely complex
process. In the context of the two biochemical pathways outlined above, however,
the transformation of a growing oocyte into a meiotically competent oocyte might be
summarized by stating that the acquisition of meiotic competence is reflected by an
oocyte’s ability to appropriately activate MAPK and MPF (Kanayama et al., 2002). It
has been shown that absolute protein levels – either of the cyclin/cdc MPF
constituents, or total Erk1/2 protein – are not limiting in meiotically-incompetent
growing oocytes (Sun and Nagai, 2003), but rather, it is the ability of the oocyte to
properly dephosphorylate the inactive pre-MPF (Christmann et al, 1994), or to
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activate the Mos/MEK/MAPK cascade (Sun et al., 2001) that is lacking. Through
poorly understood processes, the oocyte eventually develops the ability to
appropriately activate these two kinase cascades.

Meiotic Resumption and Oocyte Maturation:
Once the oocyte is exposed to gonadotropin stimulation and is released from
its follicular environment, oocyte maturation ensues. Maturation is a process that
lasts approximately 24 hours in cattle and sheep (Sirard et al., 1989), and 40-44
hours in pigs (see Prather and Day, 1998), and it consists of two major types of
changes: 1) changes in chromosomal configurations (nuclear maturation), and 2)
remodeling and reorganization of the cytoplasm (cytoplasmic maturation; Sun and
Nagai, 2003). Nuclear maturation consists of the changes that are associated with
the release of the cell-cycle arrest that has been in place since around the time of
birth, and the ensuing meiotic progression. Cytoplasmic maturation refers to the
accumulation of mRNAs and proteins, the reorganization of the cytoskeleton, the
redistribution of organelles and cortical granules, as well as changes in oocyte
metabolism that prepare the oocyte for activation and early embryo development.
And, while these two components of the maturation process are often referred to as
separate events, the two processes are, in fact, inextricably interconnected, as the
biochemistry behind nuclear maturation also lends itself to the maturation of the
cytoplasm, and vice versa (Sun and Nagai, 2003). It should be noted that in practice,
oocytes are generally considered to be matured if nuclear maturation has
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progressed, resulting in the extrusion of the first polar body, and subsequent arrest
at metaphase of meiosis II. Although nuclear maturation has apparently progressed
normally, many of these “mature” oocytes may be developmentally incompetent, due
to incomplete or aberrant maturation of the cytoplasm. Thus, the developmental
potential of an individual oocyte is dependent on the appropriate and complete
synchronization of nuclear and cytoplasmic maturation (Sun and Nagai, 2003). An
accurate, noninvasive assessment of cytoplasmic maturation status remains elusive.

The hallmark characteristic of meiotic resumption is germinal vesicle breakdown (GVBD), which occurs somewhat asynchronously, a matter of hours (~8 hrs in
cows; ~24 hours in pigs) after ovulation or gonadotropin stimulation (Fan and Sun,
2004). In large domestic species, GVBD is accompanied by a considerable increase
in the activity of MPF kinase (Wassarman and Smith, 1978; Moor, 1988). While
significant levels of pre-MPF are present prior to meiotic resumption, complete MPF
activation up to a critical threshold level is dependent on active protein synthesis in
most mammalian species (Motlik and Kubelka, 1990). C-mos mRNA is of maternal
origin, and is actively transcribed and stockpiled in growing oocytes (Gebauer and
Richter, 1996). Translation of the c-mos mRNA is initiated around the time of
meiotic resumption (Nebreda and Ferby, 2000), perhaps as an indirect downstream
effect of the LH surge (Motlik and Kubelka, 1990). The appearance of Mos protein
initiates the Mos/MEK/MAPK phosphorylation cascade at the onset of oocyte
maturation (Gebauer and Richter, 1996). In Xenopus oocytes, MAPK is intimately
involved in MPF activation (reviewed in Nebreda and Ferby, 2000), and such may be
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the case in most mammalian oocytes as well. Some recent data would suggest,
however, that at least in rodent models, MPF activation can proceed normally in the
absence of the Mos/MEK/MAPK signaling cascade: c-mos knockout mice show
normal MPF activation patterns (Colledge et al., 1994; Hashimoto et al., 1994).
Other candidate MPF activator proteins exist as well. The Polo-like kinase 1 (Plk1)
homologue in Xenopus (Plx1) can phosphorylate and activate the MPF-activating
phosphatase cdc25 (Kumagai and Dunphy, 1996). Plk1 has been shown to be
present and active during resumption of meiosis in mammalian oocytes as well (Fan
et al., 2003; Tong et al., 2002; Wianny et al., 1998; Yao et al., 2003), but its exact
role(s) has not been fully characterized, and needs more study. However they are
achieved, high levels of MPF activity are reached as the oocyte progresses through
the first meiosis. MPF activation sets in motion (either directly or indirectly) a series
of reactions that ultimately results in breakdown of the nuclear membranes and
condensation of the chromosomes (Moreno and Nurse, 1990). Data provided by
Kubelka et al. (1995) suggests that these two events, while ultimately under the
control of MPF, may be regulated independent of each other.

MAPK exists in its dephosphorylated, inactive form prior to meiotic
resumption, but is phosphorylated and activated around the time of GVBD (Fissore
et al., 1996; Inoue et al., 1995; Verlhac et al., 1993). Recent studies have revealed
that MAPK is activated and localized to the germinal vesicle prior to GVBD (Inoue et
al., 1998), and that injection of constitutively active MAPK protein can significantly
accelerate GVBD in some oocytes (Inoue et al., 1998). Most recent research,
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however, suggests that MAPK plays more of a supportive role in GVBD by
contributing (either directly or indirectly) to the activation of MPF and maintaining its
activity via a positive feedback amplification loop (Josefsberg et al., 2003; Kotani
and Yamashita, 2002; Palmer et al., 1998).

The cyclic AMP (cAMP)/Protein Kinase-A (PKA) system is another signaling
cascade that is thought to be involved in the regulation of meiotic resumption and
GVBD. cAMP is generated in the cumulus cells surrounding the oocyte, and is
transported into the oocyte via gap junctions prior to meiotic resumption (Shimada
and Terada, 2002), where it activates PKA, which maintains the oocyte in meiotic
arrest (Bornslaeger et al., 1986; Maller and Krebs, 1977). In response to the
preovulatory LH surge, gap junctions between the oocyte and the cumulus cells are
disrupted (Picton et al., 1998), and dialogue between the two cell types ceases.
This disruption of the gap junctions is correlated with a dramatic drop in cAMP levels
within the oocyte 12 hours after removal from the follicle (Shimada and Terada,
2002), which in turn leads to an inactivation of the PKA signaling pathway (Van den
Hurk and Zhao, 2005). Artificial maintenance of high levels of cAMP within the
oocyte either by addition of dibutyryl cAMP (a non-metabolizable derivative of cAMP)
or by treatment with forskolin or IBMX results in an inhibition of meiotic resumption
(Funahashi et al., 1997; Kim and Menino, Jr., 1995). Direct inhibition of PKA also
blocks the resumption of meiosis (Jung et al., 1992). Fan et al. (2002) provide
evidence that the cAMP/PKA pathway may inhibit GVBD by actively down-regulating
MAPK.
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Meiosis I:
As the Germinal Vesicle is deconstructed and the chromosomes condense,
coincident with progression through meiosis, a meiotic spindle begins its formation.
Nuclear mitotic apparatus protein (NuMA) is localized to the newly-condensed
chromosomes, as is γ-tubulin. As spindle formation progresses, NuMA finds itself at
the poles of the spindle, whereas γ-tubulin is localized to the vicinity of the spindle
microtubules (Lee et al., 2000a). Phosphorylated MAPK is associated both spatially
and temporally with microtubule assembly and organization (Lee et al., 2000b; Sun
et al., 2001). Artificial inhibition of MAPK during these periods results in the
disruption of the meiotic spindle, and obvious interference in the progression of
meiosis (Lee et al., 2000b). It is therefore accepted that activated MAPK plays an
essential role in directing microtubule organization and meiotic spindle function.
Plk1 also localizes to the spindle during meiosis I, and preliminary studies suggest
that it, too, is an important regulator of meiotic spindle formation and function (Tong
et al., 2002; Wianny et al., 1998). Appropriate alignment of the chromosomes on the
metaphase plate, and complete connection of spindle fibers to each chromosomal
kinetochore signals the cell to progress into anaphase (see Marston and Amon,
2004 for review), during which phase, homologous chromosomes separate and are
drawn to their respective poles. During telophase, one of the chromosome clusters
will be designated for expulsion as the first polar body, which is accomplished during
a modified meiosis-specific cytokinesis event. Consistent with its observed activity
patterns in mitotic cells, a transient dip in MPF activity is observed at the anaphase I
– telophase I transition (Fulka et al., 1992), emphasizing the role of MPF
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deactivation in progression through meiosis (and mitosis). Immediately after the
completion of the first meiosis – with no intervening S-phase for DNA replication –
the oocyte will enter the second round of meiosis, and become arrested at the
metaphase II stage of that cycle.

Metaphase II Arrest:
In 1971, Masui and Markert described an ‘activity’ that was responsible for
arresting frog eggs at MII. They dubbed this activity Cytostatic Factor (CSF). The
primary function of this activity is to prevent the decline in MPF activity that is
essential for meiotic progression. It is now thought that the CSF, as it exists in MII
oocytes, is the cumulative result of at least three distinct – but possibly redundant –
cooperative pathways within the cell (Marston and Amon, 2004). These pathways
appear to converge at the inhibition of the Anaphase Promoting Complex/Cyclosome
(APC/C), which is the ubiquitin ligase complex that is responsible for targeting cyclin
B for destruction by the 26S Proteasome (Peters, 1999). The first of these three
pathways is the Mos/MEK/MAPK pathway. Activation of this kinase cascade
ultimately results in the phosphorylation (activation) of the p90Rsk protein (Gross et
al., 2000), which in turn phosphorylates and activates the APC/C inhibitor Bub1
(Schwab et al., 2001). Mad1 and Mad2, two spindle checkpoint constituents, are
also necessary for Mos/MAPK-mediated Bub1 APC/C inhibition (Tunquist et al.,
2003). The second pathway involves a simple, direct inhibition of the APC/C by the
Cdk2/Cyclin E complex (D’Angiolella et al., 2001). The main components of the third
pathway are Early Meiosis Inducer-2 (Emi2) and the APC/C-activator Cdc20. In this
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pathway, Emi2 binds Cdc20, thus preventing it from activating the APC/C (Liu and
Maller, 2005). Cooperation between these three pathways, then, ensures that MPF
levels remain high, and that cell cycle progression is held in check until the oocyte is
impinged upon by external contributions, and is prompted to “activate” its alreadystarted developmental program.

Oocyte Activation:
Oocyte activation is not so much a signal for growth, development, or
proliferation, as it is a removal of the inhibition of those processes that was in place
during the MII arrest. If CSF was the dominant activity in the MII-arrested oocyte,
then Ca2+ is the primary signal to remove that inhibition. Mazia’s description of
calcium release in response to fertilization in sea urchin eggs in 1937 (Mazia, 1937)
prompted serious investigations into the role of Ca2+ in oocyte activation – research
that continues to this day. In 1974, the calcium ionophore A23187 was shown to be
an agent that activated a wide variety of vertebrate eggs (Steinhardt et al., 1974). In
1977, the use of a jellyfish-derived Ca2+-sensitive chemiluminescent protein,
aequorin, allowed visualization of the explosive surge(s) of calcium in fertilized fish
eggs (Ridgeway et al, 1977). Replication of these and other experiments in
mammalian oocytes has firmly established calcium as a critical regulator of oocyte
activation. The biochemistry both upstream and downstream of the observed
calcium oscillations, however, has been much more difficult to characterize.
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In all species studied to date, calcium release involves the phosphoinositide
(PI) pathway (Malcuit et al., 2006; Stith et al., 1994; Turner et al., 1984), in which
phospholipase C (PLC) hydrolyzes phosphotidyl 4,5-bisphosphate (PIP2), resulting
in the production of two separate second messenger molecules, inositol 1,4,5triphosphate (IP3) and 1,2-diacylglycerol (DAG; Hughes and Putney, Jr., 1988;
Malcuit et al., 2005). Both of these second messenger molecules help to regulate
intracellular calcium concentrations: IP3 acts thru its Type I receptor – which is a
ligand-gated Ca2+-channel on the endoplasmic reticulum (ER) – to promote calcium
release from internal stores in the ER (Miyazaki et al., 1993); DAG is thought to act
either directly, or through activation of protein kinase C to stimulate the influx of
calcium from extracellular sources (Halet et al., 2004). The debate still rages,
however, as to the nature of the signal for activation of the PI pathway. The
“receptor-mediated hypothesis” (reviewed in Malcuit et al., 2006) suggests that
sperm-derived ligand molecules bind receptor molecules on the plasma membrane
of the oocyte, thus activating either a Src-family protein tyrosine kinase or a Gprotein-coupled receptor that ultimately results in activation of PLCγ and the PI
pathway leading to Ca2+ release. Alternatively, the “sperm factor hypothesis” (see
Malcuit et al., 2006 for review) maintains that some sperm-specific cytoplasmic
constituent is delivered to the oocyte upon gamete fusion, and that this soluble factor
is responsible for activating the PI pathway. With the recent discovery of a novel
sperm-specific PLC isoform – PLCζ (Saunders et al., 2002) – that in physiological
conditions is capable of inducing calcium oscillations (Kaoucki et al., 2004), the
sperm factor hypothesis appears to be gaining much support. Observations that 1)
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intracytoplasmic sperm injection (ICSI) does not result in calcium oscillations in
oocytes of large domestic animals (Bedford et al., 2004; Malcuit et al., 2005), and
that 2) normal calcium oscillations are elicited by sperm extracts that have been
immunodepleted of PLCζ activity (Fujimoto et al., 2004), merit significant
consideration. It may be that assumptions that one hypothesis is right and the other
is wrong may be an oversimplification of the matter. Continued study into the
mechanisms of PI-induced calcium release is certainly warranted.

An elucidation of the mechanisms of Ca2+-induced oocyte activation has been
evasive as well. It has long been speculated that the primary function of PI-induced
Ca2+ is the activation of calcium/calmodulin-dependent protein kinase II (CaMKII). In
1993 and 1995, this was shown to be the case in Xenopus (Lorca et al., 1993) and
mouse (Winston and Maro, 1995) oocytes, respectively. Only very recently,
however, was the link between CaMKII activation and oocyte activation reported.
Rauh and Schmidt et al. reported in Nature in 2005 the mechanism by which CaMKII
removes CSF-induced cell cycle arrest in Xenopus oocytes. The basic mechanisms
are thought to be the same for mammalian oocytes (see Shoji et al., 2006). In
summary, these authors show that Ca2+ activates CaMKII, which promptly
phosphorylates the APC/C inhibitor Emi2, thus converting phosphorylated Emi2 into
an efficient substrate for the Xenopus homologue of Plk1 (Plx1). Plx1 adds another
phosphate group onto the Emi2 protein, and by so doing, renders the protein
receptive to the Skp1-Cullin-F-boxβ-TRCP ubiquitin ligase complex, which effectively
tags Emi2 for 26S proteasome-mediated degradation. Emi2 destruction relieves a
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significant inhibition of the APC/C. As stated above, an active APC/C marks cyclin B
for proteolytic degradation, which depletes MPF activity. As MPF serves as the
driving force behind metaphase arrest, a decline in MPF activity levels leads
promptly to cell-cycle resumption and activation of the egg.

In addition to the egg-

activating functions of Ca2+, it has been suggested that calcium oscillations may be
important in the recruitment, polyadenylation, and translation of maternal mRNAs in
the newly formed zygote (Malcuit et al, 2005), and also, that Ca2+-sensitive enzymes
might be among those responsible for the nuclear remodeling and reprogramming
that is necessary for proper development (Malcuit et al., 2006).

Parthenogenesis:
The fact that such a simple molecule – Ca2+ – is the crucial component at the
apex of the molecular pathways leading to oocyte activation has made artificial
manipulation of this system very simple and straightforward. As alluded to above, a
single spike in intracellular calcium levels is sufficient to activate most vertebrate
oocytes. In theory, artificial activation of eggs in this manner results in the normal
resumption of meiosis II, extrusion of the second polar body, and the completion of
meiosis and initiation of mitosis as described above. This process is referred to as
parthenogenesis. With the second polar body extruded and no genetic contribution
from the male, the nuclei of embryos generated in this manner are haploid, with the
sole chromosomal contribution being maternally-derived. In practice, spontaneous
or pharmacologically-directed (cytochalasin B) second polar body retention is
observed, resulting in diploid nuclei. In one study on parthenogenesis in pig
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embryos, almost 40% of embryos were spontaneously diploid (Hao et al., 2006).
Experimental data suggests that diploid parthenotes develop better than do haploid
embryos (Henery and Kaufman, 1992; Hao et al., 2006). Neither type of parthenote
is able to develop to term and result in live births, however. Expression of imprinted
parent-of-origin-specific alleles is essential for proper development (Mann et al.,
1995; Sturm et al., 1994). Recapitulation of these parent-specific gene expression
patterns by using transgenic techniques in parthenogenetic mouse embryos has,
however, resulted in live offspring (Kono et al., 2004). Scientists have utilized a wide
variety of treatments to activate eggs, including ionophore, ethanol, strontium,
electrical current, etc. No standardized protocol for parthenogenetic activation of
oocytes has yet been universally accepted. Species-specific differences in response
to activation stimulus are apparent: mouse eggs are generally activated artificially
with ethanol or strontium, bovine oocytes appear to respond best to calcium
ionophore treatment, and those working with pig eggs have mostly embraced
electrical stimulus as the activation method of choice.

Porcine oocytes have been artificially activated using ionophore, ethanol,
CaCl2, protein kinase inhibitors, G-protein stimulation, cycloheximide, and electrical
stimulus. Attempts have been made to optimize the efficiency of the procedure by
combining stimuli, and/or by treating activated oocytes with such compounds as
cytochalasin B, to further enhance embryo development. Zhu et al. (2002) and Lee
et al. (2004) report exceptional rates of development to blastocyst (>50%), but most
published reports detail blastocyst rates of parthenogenetically-activated eggs that
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are similar to or somewhat lower than in vitro fertilized embryos: ~20-30% (Hao et
al., 2004; Hao et al., 2006; Kawakami et al., 2005). With the development of such
reproductive technologies as intracytoplasmic sperm injection (ICSI) and somatic
cell nuclear transfer (SCNT), artificial activation of the oocyte has become a
necessary tool – one which is widely used in laboratories around the world on a daily
basis. Yet the general confusion that still persists over optimum activation methods
and the relatively low rates of development underscore how poorly the processes of
oocyte activation and early embryo development are understood.

Embryogenesis:
As the zygote begins its developmental program, it progresses through the
final phases of meiosis II, when sister chromatids are separated. Another modified
cell division results in the extrusion of the second polar body, leaving a haploid
chromosomal complement derived from the oocyte, and, if the egg was fertilized
normally (as opposed to artificial activation), a haploid contribution from the male as
well. The paternally-derived chromosomes rapidly decondense, and are
concurrently subjected to an extensive remodeling process during which the
chromatin-packaging protamine molecules are replaced with maternal histone
proteins (Adenot et al., 1997; Santos et al., 2002). Additionally, the paternal genome
undergoes a very rapid and nearly complete erasure of DNA methylation at CpG
dinucleotides (Barton et al., 2001; Santos et al., 2002). The maternal chromosomes
decondense as well, and nuclear envelopes are formed separately around the male
and female chromatin, thus forming pronuclei, which still maintain their parent-of29

origin identities. The DNA replication that is characteristic of the S-phase of the
somatic cell cycle occurs simultaneously, yet separately in the two distinct pronuclei
(Laurincik et al., 1995). MAPK activity, which had increased dramatically up to the
MII stage and remained high though oocyte activation and second polar body
extrusion, is not inactivated until several hours after the rapid decline in MPF activity
(Liu and Yang, 1999; Moos et al., 1995). MAPK inactivation is temporally closely
associated with the formation of pronuclei (Liu et al., 1998; Moos et al., 1995).
Treatment of fertilized eggs with okadaic acid – a selective protein phosphatase
inhibitor – inhibits pronuclear formation (Liu and Yang, 1999; Sun et al., 2002).
MAPK is known to be important in phosphorylating cytoskeletal proteins (Verlhac et
al., 1994) as well as nuclear lamins (Peter et al., 1992), which may give some
support to the idea that MAPK is a causative agent in both GVBD (MAPK activation)
as well as pronuclear formation (MAPK inactivation). The dynamic zygotic
cytoskeleton escorts the pronuclei into the center of the cell, and in close apposition
to one another. As the appropriate cell cycle checkpoints are passed, the
pronuclear membranes are dismantled, and the maternal and paternal
chromosomes are mixed, in an event referred to as syngamy. It is at this point that
the fertilized egg truly becomes a diploid entity in and of itself. With the
chromosomes already duplicated, the zygote is poised to undertake its first mitotic
cell division, which occurs in the absence of any significant transcription from the
newly formed genome. Instead, the embryo will continue its developmental program
relying almost wholly on proteins that are translated from mRNAs that are of
maternal origin until the activation of the embryonic genome.
30

Embryonic Genome Activation:
Embryonic Genome Activation (EGA; also referred to – especially in
reference to mouse embryo development – as the Maternal-to-Zygotic Transition
[MZT]) is not an event, but is rather the cumulative manifestation of multiple
processes that serve to transform the highly specialized oocyte into a collection of
cells with unlimited potential for differentiation (totipotency). Kaňka (2003) defines
this reprogramming as the “sine qua non [without which not] condition” for successful
embryonic development. As defined by Schultz (2002), EGA is comprised of at least
three separate, but equally important transitions: 1) the destruction of oocytespecific transcripts, 2) the replacement of maternally-derived “housekeeping”
transcripts (i.e. actin, etc.) with mRNAs transcribed from the embryonic genome, and
3) the reprogramming of the embryonic nuclei that results in the generation of
transcripts that are spatially and temporally appropriate for a preimplantation embryo
(as opposed to an oocyte or a spermatozoon, for example). EGA occurs in mouse
embryos at the 2-cell stage (Schultz, 1993), in human and pig embryos at the 4-8
cell stage (see Kaňka, 2003) and in bovine embryos at the 8-16 cell stage (Camous
et al., 1986; Frei et al., 1989). EGA is more than simply the initiation of transcription
from the embryonic genome. Recent experimental data show that in all mammalian
species studied to date, initiation of mRNA transcription from the embryonic genome
occurs in a stepwise manner – with a minor activation and a subsequent repressive
period occurring prior to the main burst of transcriptional activity that occurs after
EGA (see Kaňka, 2003).
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Preimplantation Cleavage:
As embryonic development proceeds, the embryo goes through a succession
of cell cycles that are somewhat unique. In these cells of the early preimplantation
embryo (blastomeres) there is virtually no cell growth before going through mitosis.
In essence, each cell division is a reductive division, with the number of cells
increasing, but the total volume of cytoplasm remaining relatively constant. With no
need for a growth phase, progression through the cell cycle is relatively quick.
Cleavage events occur somewhat synchronously at an average rate of one cell
division per 24 hours in large domestic mammals. Historically, it has been
considered that these early cleavage events are completely symmetrical – that the
cytoplasmic constituents (organelles, proteins, RNAs, etc.) of the progenitor cell are
divided equally between daughter cells, and that the blastomeres remain functionally
equivalent until just before the first differentiation of cell types at the blastocyst
stage. Recent research (Deb et al., 2006; reviewed in Zernicka-Goetz, 2005) has,
however, dispelled that notion, and it is now mostly accepted that some degree of
polarity between blastomeres that results in functionally asymmetrical cell divisions
is in place as early as the first cleavage event. The mechanisms by which this
polarity is established are very much still under investigation.

Compaction:
As the cleavage events proceed, the cell number in the developing embryo
continues to grow, while its room for expansion is constrained by the zona pellucida,
which still surrounds the cluster of cells. The next milestone of embryonic
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development occurs as cell-cell contacts are established and matured, noticeably
blurring the boundaries between the cells. The embryo then appears as a singular
solid mass surrounded by the ZP. This process is called compaction, and an
embryo that develops to this point is termed a morula. Compaction is a
physiological process, mediated by such gene products as E-cadherin, β-, and γcatenin, and others (Huber et al., 1996; Kemler, 1993). During the morula stage,
cells at the center of the embryo develop gap junctions between themselves, and
cells at the periphery of the mass form connections to each other via tight junctions,
thus resulting in the first morphogenetic differentiation event in embryo development
(reviewed in Watson et al., 2004). As tight junctions are firmly established in the
outer cells of the embryo, Na+/K+ transporters and aquaporins are activated (see
Watson et al., 2004) in preparation for the next major event of embryo development:
cavitation.

Blastocyst Formation:
Cavitation is the formation of a fluid-filled cavity within the solid sphere of cells
(reviewed in Watson et al., 2004). Structurally analogous to antrum formation in the
sphere of granulosa cells during follicle formation, the blastocoel cavity is formed as
water follows an osmotic gradient across the mural cells on the periphery of the
morula into the center of the embryo. When a distinct cavity is visible, the embryo is
referred to as a blastocyst. It is at the blastocyst stage that the first visual evidence
of functional differentiation becomes apparent. The cells at the periphery of the
blastocyst remain tightly connected to each other, and they begin to stretch like a
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balloon in order to accommodate the increasing size of the blastocoel cavity. These
cells now comprise the trophectoderm, and are destined to contribute to the placenta
and other extraembryonic tissues as development proceeds (Wiley et al., 1990).
Meanwhile, the cells that were at the center of the morula – those connected by gap
junctions – remain interconnected and clustered together as a group of cells at the
base of the surrounding “balloon”. This cluster of cells is known as the inner cell
mass (ICM), and will develop into the embryo proper. As the blastocyst continues its
growth, proteolytic enzymes secreted by the cells of the trophectoderm serve to thin
and weaken the zona pellucida (Mishra and Sheshagiri, 2000; Perona and
Wassarman, 1986). With continued swelling of the blastocoel cavity comes
increased pressure on the zona. Ultimately, the combination of proteolytic thinning
and pressure from within forces a break in the ZP, allowing the blastocyst to slowly
spill out of its shell into its surroundings in a process called blastocyst hatching.

Blastocyst hatching exposes the trophectodermal cells for direct contact with
the cells of the uterus, thus setting the stage for embryo implantation or attachment,
maternal recognition of pregnancy and continued embryonal and fetal development,
which are all topics that are beyond the scope of this discussion. All of the research
contained in the body of this dissertation has utilized in vitro embryo production
techniques to investigate the intricacies of preimplantation development in the pig.
Current technologies in the porcine model allow in vitro culture to the blastocyst
stage (with occasional hatching) and, for all practical purposes, no further.
Blastocyst development is the benchmark for measuring the success of in vitro
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embryo production systems. And, while it may have become common practice to
equate attainment of the blastocyst stage in vitro to success, many of the myriad
manifestations of ultimate embryo failure are not made apparent by the blastocyst
stage, and are not exposed until much later in development. The increased
incidence of Beckwith-Wiedemann syndrome and Angelman syndrome in human
ART babies (reviewed in Maher, 2005; and Thompson and Williams, 2005), as well
as the prevalence of large offspring syndrome and associated maladies in large
domestic species (see Farin et al., 2006; and Young et al., 1998 for reviews) are
examples of this phenomenon. All of the disorders mentioned above have been
linked to defects in genomic imprinting. It is postulated that these defects in
imprinting arise as consequences of the in vitro culture process, and yet symptoms
of these syndromes are not made manifest until much later in embryo development.
It would be well to acknowledge, then, that the only definitive measure of the quality
or developmental competence of an oocyte or embryo is its ability to result in the
birth of a live, healthy offspring.

Heat Stress

Introduction:
It has long been appreciated that high ambient temperatures are generally
associated with low reproductive efficiency – a depressed ability to produce live,
healthy offspring. In reproductive systems that are not managed intensively or
obtrusively (i.e. the wild), this phenomenon is generally not a problem. But as our
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efforts to manage domesticated species, protect endangered wild species, and even
manipulate our own species have become more concentrated, we are demanding
much more control over reproductive processes. And, as our management practices
become more intensive, environmental factors are noticeably having more of an
impact. A classic example of this phenomenon is found in the dairy industry. In
order to supply the constant demand for milk products around the world, dairy cows
must be bred year-round so as to have a constant number of females that are
refreshed in their milk production each month. The high metabolic demand placed
on these animals has already depressed reproductive performance to dangerously
low levels in many parts of the world: in cooler months, conception rates hover
between 40-60% (Cavestany et al., 1985). However, in the heat of the summer
these problems are exacerbated, and conception rates can drop to 10-20% or even
lower depending on the nature and severity of the heat stress (Cavestany et al.,
1985). Although perhaps not so pronounced, similar patterns of declining
reproductive efficiency can be observed in virtually all intensively managed animal
production settings where reproduction is an important part of the management
scheme. A review of the literature that is pertinent to this phenomenon will entail
discussion of the effects of heat stress on both organismal and cellular or subcellular
levels. It should be emphasized that no standard protocol for heat stress application
(i.e. intensity and/or duration) is routinely used in gathering experimental data in this
field. This absence of consistency applies not only to studies on live animals, but to
experimental cell cultures and cell-free systems as well. Further confounding any
comparison between experiments is the multitude of experimental systems
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employed: species, breed, reproductive status, etc. for whole animal studies; and a
myriad of cell types and culture media, etc in in vitro settings. No attempt will be
made here at sorting through the specifics of each data set, but rather a general
consensus from related relevant studies will be presented.

Biochemical Response to Heat Stress:
When assessing the effect of heat stress on a cell, it is important to remember
that a cell is no more than the cumulative consequence of countless constant
molecular interactions and biochemical reactions cooperating to create an
independent, functional entity. The survival and productivity of that cell, then, is
completely dictated by the kinetics of those biochemical reactions. If circumstances
are conducive to the chemistry, the cell thrives. If, however, the kinetics of crucial
reactions are not favorable, then the cell suffers. If conditions bring these crucial
reactions to an effective halt for enough time, the cell dies. All living organisms exist
in a certain environmental niche. That niche is defined, at least in part, by the set of
circumstances that allow for efficient progression of the biochemical reactions that
are necessary for life. Any deviation from that niche results in biochemical
inefficiency which results in stress, suffering, or death, depending on the severity of
the inefficiency that is imposed. Ambient temperature is one of the major
components of that environmental niche. Every living organism has a large
collection of enzymes that catalyze essential biochemical reactions within its cells.
These enzymes are generally highly susceptible to any deviations from the
isothermic conditions in which they evolved. At its most basic level, then, heat stress
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is simply an impediment to conducive kinetics for intracellular biochemistry. When
discussing the effect of heat stress on a cellular level, it is possible to distinguish
between direct (primary) effects and indirect (secondary) effects of heat stress on
the cell (reviewed in Kühl and Rensing, 2000). Primary effects of heat stress
comprise the physiological and/or molecular changes that are the direct result of
heat stress, whereas the secondary effects encompass all of the changes within the
cell that occur in response to the direct effects. These indirect effects are often the
result of evolutionarily-embraced pathways that aim to attenuate the direct effects.

Cellular Response to Heat Stress:
Heat stress has been shown to affect, in one way or another, almost every
known physiological process in living cells (Bensaude et al., 1996). Similarly, many
of the structural components of cells are known to be impacted by heat stress as
well (Coss and Linnemans, 1996; Falloon and Dynlacht, 2002). In many cases, the
exact nature of the direct effect of heat stress on these molecules is not known. The
research that has been done, however, allows for the making of general statements
about the effect of heat stress on these processes and structural elements. One of
the most obvious direct effects of heat stress on biomolecules is the denaturation of
proteins (Bensaude et al., 1990; Kampinga, 1993). Mild heat stress appears to
affect only nascent polypeptides (Baler et al., 1992; Han et al., 2001), whereas more
severe stress has been shown to cause the irreversible misfolding of both existing
proteins as well as elongating polypeptide strands (Park et al., 2005). Concomitant
with the increased denaturation of proteins and polypeptides within the cell,
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increased activity of components of the ubiquitin-proteasome pathway has been
reported (Beedholm et al., 2004). Heat stress generally has an inhibitory effect on
gene transcription (Bensaude et al., 1996). Interestingly, work in yeast and humans,
has found a component subunit of RNA polymerase II that is essential for conferring
a degree of stress tolerance to the transcriptional machinery – thus allowing cells to
respond transcriptionally to stressful situations in an attempt to adapt and survive
(Choder et al., 1993; Hu et al., 2002). RNA processing – especially splicing – has
been shown to be inhibited by heat stress (Yost and Lindquist, 1986; Yost and
Lindquist, 1991). Protein synthesis is generally inhibited, and it is thought that this
decrease in translational activity is due to the inhibition of initiation factors as well as
ribosomal proteins (Lamphear and Panniers, 1991; Panniers, 1994). It has been
well established that many post-translational protein modifications occur in direct
response to heat stress: methylation, acetylation, glycosylation and farnesylation
(see Bensaude et al., 1996). Kinase and phosphatase enzymes have also been
shown to be directly activated and inactivated by heat stress, depending on the
protein species in question. Heat shock tends to destabilize phospholipid
membranes, causing a general increase in permeability, and thus significant
increases in ion influx (Yatvin and Cramp, 1993). Exacerbating this feature is the
fact that many ion channels are thought to be highly sensitive to temperature change
(Cesare et al., 1999; Liman, 2006), which could dampen the ability of the cell to
regulate ion gradients (Oosawa et al., 1997; Skrandies et al., 1997). Mitochondria
that have a diminished capacity to maintain a proton gradient can not efficiently
replenish cellular stores of ATP. Finally, changes in ion concentrations, together
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with intracellular ATP depletion contributes to the disruption and depolymerization of
cytoskeletal components such as microtubules, intermediate fibers, and
microfilaments (Rivera et al., 2004a; Welch and Suhan, 1985).

Despite the widespread direct impact of heat stress on cellular structures and
processes, most cells are remarkably resilient to these changes, provided neither
the amplitude nor the duration of the heat stress is particularly extreme. Efficient
molecular systems of checks and balances are designed into the biochemistry of all
cells, allowing for the prompt rectification of most aberrancies resulting directly from
the heat stress. In addition to these rudimentary repair mechanisms, most cells that
are confronted with a significant heat stress are able to mount an elaborate adaptive
reaction to the hyperthermic conditions. These changes are physiological,
genetically programmed defensive moves designed to protect the cell from further
damage, and are collectively known as the heat shock response.

Heat Shock Response:
The best characterized response to heat stress is the induction of heat shock
proteins. The first indication of an active cellular response to hyperthermic
conditions was noted in 1962 by F. Ritossa, when ‘puffs’ on the chromosomes of
heat treated Drosophila salivary gland cells were observed. In 1974, it was reported
that the chromosomal puffing observed in these cells temporally coincided with the
appearance of a small number of apparently heat-inducible proteins within the cells
(Tissieres et al., 1974). Within a few years, these heat stress-inducible proteins –
40

the heat shock proteins (HSPs) – were identified and partially characterized in a
number of species. This superfamily of HSPs can be broken down into smaller
subfamilies, which were classified according to their apparent molecular weight:
HSP70, HSP90, HSP60, HSP40, HSP110, and the small HSPs (HSP27 et al.).
This family of proteins is among the most functionally conserved of all protein
families: the production of cytoprotective proteins in response to elevated
temperatures has been demonstrated in all species of prokaryotes, eukaryotes, and
archaea that have been studied (Lindquist, 1986). HSPs are protective against
thermal stress, but they have also been shown to confer resistance to other
stressors such as hypoxia, heavy metals and ethanol (Li, 1983; Ohtsuka et al.,
2005). The cytoprotective nature of these proteins stems from their ability to serve
as intracellular chaperone molecules. The chaperone function is made manifest by
facilitating proper protein folding and assembly, by stabilizing existing proteins and
maintaining them in the proper conformational state, by escorting proteins to their
appropriate cellular locations, and by binding to and preventing the misaggregation
of improperly folded or mutant proteins and ultimately ensuring their proper
degradation (Borges and Ramos, 2005; Liang and MacRae, 1997). Many HSPs
have evolved indispensable roles in many cellular processes and signaling pathways
that are not related to their roles in the response to stress (Sato and Torigoe, 1998).

The induction of HSPs in response to elevated temperature is mediated by
the activation of the heat shock factor 1 (HSF1) transcription factor (see reviews in
Morimoto, 1998; Sonna et al., 2002). Under normothermic conditions, HSF1 exists
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in an inactive state in a heteroprotein complex together with HSP70 and HSP90
molecules, which prevents HSF1 activation. HSP90 and HSP70 are competed away
from this complex by the accumulation of misfolded proteins that occurs due to heat
stress. Dissociation of this HSF1 complex allows the conversion of the inactive
HSF1 monomer into an active homotrimeric configuration. Translocation into the
nucleus is followed by binding to heat shock elements (HSEs), which are consensus
HSF1-binding sequences of DNA upstream of target genes. HSF1 then serves to
recruit the transcription machinery, and heat-responsive genes are activated. In
addition to the HSPs, other genes are activated in response to heat stress, including
genes involved in cell cycle regulation, apoptosis, redox control, as well as various
growth factors, cytokines, and transcription factors (see Sonna et al., 2002). Heat
stress can also induce gene expression via HSF1-independent mechanisms. For
example, heat stress-induced phosphorylation of the c-jun transcription factor in the
AP-1 system results in an increase in DNA binding affinity of AP-1 (Adler et al.,
1995). Heat shock can also alter the nuclear localization patterns of certain
transcription factors, as has been demonstrated with the Y-box transcription factor 1,
which translocates to the nucleus in response to heat stress (Stein et al., 2001), and
Nuclear Factor (NF)-κB, which is prevented from entering the nucleus via the heat
stress-induced activation of IκBα – the functional inhibitor of NFκB (Curry et al.,
2000; Yoo et al., 2000). Heat stress prompts the downregulation of genes as well,
including some genes involved in cell adhesion, inhibition of apoptosis, signal
transduction, and translation (Sonna et al., 2002). In all, the expression of
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approximately 50 genes (in addition to the HSPs) has been shown to change
significantly in response to heat stress.

In addition to the alteration of gene transcription, significant changes in
intracellular signaling pathways are observed in response to elevated temperatures,
as well. It is thought that changes in these signaling cascades are less universal
than are the changes in gene expression: alterations in cell signaling pathways are
much more likely to be cell type- and/or stimulus-specific than are changes in gene
expression (reviewed in Kühl and Rensing, 2000; and Park et al., 2005). Very
briefly, heat stress has been implicated in the modulation of the Ras/Rac1, the PI3KAKT, and the ERK1/2 pathways that are generally associated with growth,
differentiation, and proliferation, as well as the almost universal activation of the
Stress Activated Protein Kinase/c-Jun N-terminal Kinase (SAPK/JNK) and the p38
MAPK pathways which are more strongly associated with cell cycle arrest and
apoptosis. It has been suggested that in thermotolerant cells, or cells exposed to
mild heat stress, that the Ras/Rac1 pathways and the PI3K-AKT pathway might be
more strongly activated, thus allowing for adaptation and survival, whereas in naïve,
heat-susceptible cells and cells exposed to severe heat stress, the SAPK/JNK and
p38 MAPK pathways might be impinged on more heavily, resulting instead in
apoptotic cell death or cell morbidity.
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Apoptosis:
Apoptosis is the genetically programmed, self-directed destruction of a cell –
a cellular suicide (Wyllie et al., 1980). Apoptosis generally affects single cells, and
does not trigger an inflammatory response in adjacent, healthy tissue. Distinct
biochemical and morphological characteristics have been identified as being
associated with apoptosis. Morphological changes accompanying apoptosis include
cytoplasmic condensation, and a darker, shriveling nucleus resulting from the
redistribution of the chromatin against the nuclear envelope (Saraste and Pulkki,
2000). Cytoplasmic organelles generally remain intact until the final stages of cell
death, when the cellular constituents of the dying cell are packaged and released in
plasma membrane-bound vesicles. These apoptotic bodies are then phagocytized
by neighboring cells. The hallmark biochemical characteristic of apoptosis is a
fragmentation of the DNA between nucleosomes (Martelli et al., 2001). Also,
membrane phospholipids – namely phosphatidylserine – are redistributed from the
inner cytoplasmic surface of the lipid bilayer to the extracellular surface. Apoptotic
cells can be easily identified in situ by the use of colorimetric or fluorogenic assays
used to recognize and label either the fragmented DNA or the relocalized
phosphatidylserine molecules of the plasma membrane (Save et al., 2004).

Serious study of the mechanisms and molecules involved in programmed cell
death has been going on in the scientific community for only the past 15-20 years.
The list of molecules involved in bringing about the internal destruction of the cell is
growing constantly. It has been made clear, however, that members of the Bcl-2
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protein family are the primary internal regulators of cell death (reviewed in Gross et
al., 1999). The function of the Bcl-2 family members is generally to regulate the
release of the proapoptotic molecule cytochrome c from the mitochondrion. Certain
members of this family (Bcl-2, Bcl-xL, Bcl-w) work to prevent apoptosis within the
cell, by blocking cytochrome c release. Other members (Bax, Bcl-xS, Bak, Bid, Bik,
Bad) promote the demise of the cell by forming pores in the mitochondrial
membranes and facilitation the release of cytochrome c. It has been shown that a
balance of the pro- and anti-apoptotic molecules is essential for the well being of the
cell (Levy, 2001).

Whereas Bcl-2 protein family members are the regulators of cell

death, caspases – a class of cysteine proteases – are the executioners of cell death
(see Budihardjo et al., 1999). Some caspases are activated via this mitochondrial
pathway. When released from the mitochondrion, cytochrome c can complex with
another protein regulator of apoptosis, Apaf-1, and caspase 9. This complex is
referred to as the apoptosome (see Adrain and Martin, 2001), which is a
proteolytically active molecule, primarily targeting other caspase family members for
activation by proteolytic cleavage and release from an inhibitory peptide domain.
Alternatively, receptor-mediated caspase activation (Schulze-Osthoff et al., 1998)
involves ligand-binding of specific receptor molecules (i.e. CD95) with so-called
“death-domains”. Ligand binding (TNF-α binding to the CD95 receptor, e.g.)
prompts oligomerization of the receptor molecules, and activation of the associated
caspase molecules – primarily caspase 8. Caspase 8 then, in turn, activates other
downstream effector caspases. Also involved in these apoptotic processes are
numerous other regulatory molecules. Complete treatment of this topic, again, is
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beyond the scope of this review. Suffice it to say that representatives of these many
classes of apoptotic proteins are found in all nucleated cells of the body (Weil et al.,
1996), but expression levels of the individual members varies widely according to
cell type and developmental status.

Although apoptosis is an independent, developmentally-regulated process, in
some ways it could be classified as part of the heat stress response, in that if cells
are stressed severely enough, apoptosis is generally the ultimate outcome.
Interestingly, there appears to be a significant amount of cross-talk between the heat
stress response pathways and proteins involved in the regulation of apoptosis:
HSP70 and HSP90 have been implicated in the regulation of apoptosis (Beere,
2001; Mosser et al., 1997), and Bcl-x (one of the classic regulators of apoptosis) has
been shown to be active in mediating the heat shock-induced apoptotic response in
some cell culture systems (Robertson et al., 1997). Heat stress has been shown to
be a potent inducer of the apoptotic program in a variety of cell types (Mosser and
Martin, 1992; Poe and O’Neill, 1997; Yin et al., 1997), including preimplantation
embryos (Paula-Lopes and Hansen, 2002).

Organismal Response to Heat Stress:
In complex animals, the reactions to elevated temperature at a cellular level
are ultimately responsible for complex changes in the physiology of the entire
animal. The physiological changes that are observed are many and varied – each
cell type, tissue, or organ system responds in a unique fashion – and yet the
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underlying purposes of these physiological changes are the same as those observed
on a cellular level: short-term adaptation and survival. The field of environmental
physiology is an entire branch of the study of physiology that concerns itself with the
study of how an organism’s physiology is affected by temperature and other
environmental stimuli. In addition to temperature, other atmospheric conditions,
such as humidity and wind speed, etc., can have dramatic effects on animal
physiology as well. In fact, rather than refer to absolute temperatures in the
literature, it is common for environmental physiologists to refer to a TemperatureHumidity Index (THI), which is a more accurate reflection of the conditions being
experienced by the animal (see Armstrong, 1994). Above a critical threshold THI,
changes in animal physiology become apparent. The threshold THI can vary
significantly due to such factors as species, genetics, feed, health status, production
level, body condition and etc. (Ravagnolo et al., 2000), but THI threshold values
have been estimated for livestock species as follows: dairy cows in milk = 70; beef
cattle = 75; sows = 74 (St-Pierre et al., 2003). Using the THI formula from the
National Oceanic and Atmospheric Administration [1976; THI = (9/5 temperature C +
32) – (11/2 – 11/2 × humidity) × (9/5 temperature C – 26)], a THI of 72 is equivalent
to 22 C at 100% humidity, 25 C at 50% humidity, and 28 C at 20% humidity. Core
body temperatures can easily rise to more than 3 C higher than normal body
temperature during periods of heat stress (Hahn, 1999; Wildt et al., 1975). In swine,
severe physiological and behavioral alterations are observed around 42 C (Marple et
al., 1974), and after an abrupt rise in body temperature, death ensues at
approximately 43.5 C (Marple et al., 1974). During heat stress, animals generally
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demonstrate reduced feed intake, lower levels of activity, quickened respiratory rate,
increase in peripheral blood flow, and in animals that are able to do so, sweating
(reviewed in Wolfenson et al., 2000).

Economic Impact of Heat Stress:
These physiological alterations can have pronounced effects on animal
production levels, reproductive performance, and mortality rate, depending on the
severity of the stress. St.-Pierre et al. (2003) estimate the economic losses due to
heat stress in the United States animal agriculture industries at around $1.8 billion,
with approximately $1 billion, $350 million, $300 million, and $150 million lost in the
dairy, beef, swine, and poultry industries, respectively. The bulk of the losses are
thought to result from decreases in productivity, but a significant percentage of the
calculated losses were due to heat-induced reproductive inefficiency.

Heat Stress and Reproductive Inefficiency

General:
Heat stress has been shown to have dramatic effects on many reproductive
parameters in cattle (reviewed in Drost and Thatcher, 1987; Rensis and Scaramuzzi,
2003; and Wolfenson et al., 2000), including suppressed follicular dominance (Roth
et al., 2000; Wilson et al., 1998; and Wolfenson et al., 1995), lowered follicular
estradiol production (Roth et al., 2001; Wolfenson et al., 1995), decreased
progesterone production by the corpus luteum (CL; Wolfenson et al., 1988),
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depressed mean tonic and surge LH levels in cows and heifers with low plasma
estradiol (Bilad et al., 1993; Madan and Johnson, 1973), increased uterine
prostaglandin F2α (PGF2α) production (Gross et al., 1989; Putney et al., 1988), and
altered uterine blood flow (Roman-Ponce et al., 1978). In swine, the ability of heat
stress (HS) to alter reproductive performance is well documented. HS effects on
ovarian function, the hypothalamic-pituitary-ovarian axis, behavioral estrus,
ovulation, oocyte and sperm quality, preimplantation embryo development, and
embryo implantation have been reported (reviewed in Love et al., 1993; and
Wettemann and Bazer, 1985). The culmination of these adverse effects are made
manifest in practice as prolonged weaning to service interval, decreased conception
rates, increased embryonic mortality, and decreased farrowing rates (see Love et
al., 1993; Wettemann and Bazer, 1985). Some studies have reported a detrimental
effect of HS on litter size, whereas other studies have reported no such effects.
Ovulation rates and fertilization rates were normal in gilts that were heat stressed
before mating (Edwards et al., 1968), but exposure to heat stress during the first 8 or
15 days after mating resulted in decreased pregnancy rates and reduced the
number of viable embryos on day 30 (Edwards et al., 1968; Omtvedt et al., 1971). A
heat stress protocol that significantly affected reproductive performance when
applied to sows on days 1-5 after breeding had no effect on the same reproductive
parameters when applied on days 20-24 (Tompkins et al., 1967). Exposure of gilts
to elevated temperatures during days 53-61 of gestation did not affect conception
rate, litter size, birth weights, or survival rates (Omtvedt et al., 1971). Exposure to
heat stress later in gestation, however, can have dramatic effects on fetal mortality.
49

When gilts were exposed to elevated temperature during days 102-110 of
pregnancy, the percentage of dead piglets per litter increased dramatically to 46%,
as compared to 4% for control gilts (Omtvedt et al., 1971). Pregnant females may
be increasingly susceptible to the effects of heat stress later in gestation as well.

Heat Stress and Embryo Development:
Historically, most research into this phenomenon of heat-induced
reproductive inefficiency focused on the mother (hormonal profiles, uterine
environment, etc), despite the obvious question of whether elevated temperatures
have direct effects on oocytes and/or embryos themselves. Reciprocal embryo
transfer experiments carried out in sheep demonstrated that heat stress exerted
more significant effects on the embryo than on the recipient female (Alliston and
Ulberg, 1961). Conversely, Ozawa et al. (2002) found that application of heat stress
to mouse embryos in vitro had very little effect on their development to blastocyst,
whereas exposure of pregnant females to elevated temperatures caused significant
reductions in embryo developmental potential. In the past decade, significant
advances have been made in the area of large domestic animal in vitro embryo
production and culture that have allowed for more thorough study of how heat stress
directly impacts preimplantation embryos and oocytes. In this field, the
preponderance of data has been produced from studies performed using either
mouse or bovine embryos as a model. In some of the earliest in vitro heat stress
experiments, 2-cell stage mouse embryos cultured at 39 C (mild heat stress)
developed faster than did embryos cultured at 37 C (control) or 41 C (severe heat
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stress; Lavy et al., 1988). Similar results were obtained when in vivo produced
bovine embryos were flushed from donor females and cultured in vitro under control
and heat stress conditions: day 5 bovine embryos that were heat stressed for 60
hours in vitro consistently demonstrated better development to blastocyst and
hatching rates than non heat stressed controls. Shortly after hatching, however,
these embryos degenerated much more rapidly than did controls (Ryan et al., 1992).
In this same study, morulae that were pulse-treated with heat to mimic an acute heat
stress also outperformed control embryos, but these survived well after hatching.

Subsequent to these reports, virtually all experimental data suggested an
overwhelmingly detrimental effect of heat stress on embryo development. In mouse
and bovine systems, embryos heat stressed early in the developmental program (1cell stage mouse embryos; 2-cell stage bovine embryos) were highly susceptible to
heat-induced perturbations in embryo development, whereas morulae and
blastocysts showed no decreases in development when challenged with an
identically-applied stressor (Ealy et al., 1995; Edwards and Hansen, 1997;
Gwazdauskas et al., 1992). Coincident with the resistance to elevated temperatures
in the more mature embryos was the ability of these embryos to mount an effective
heat shock response, as evidenced by the heat stress-induced production of heat
shock proteins. Early stage susceptible mouse embryos were unable to upregulate
HSP production in response to the stress (Muller et al, 1985), suggesting a
correlation between the inducibility of the HSPs and heat shock resistance in mouse
embryo development. In support of this hypothesis, Hendrey and Kola (1991)
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demonstrated that microinjection of HSP70 mRNA into mouse oocytes conferred
significant resistance to heat shock. In contrast, while the survival of 2-cell stage
bovine embryos was shown to be severely impacted by heat stress (see above),
bovine embryos at this stage of development were shown to upregulate HSP
production in response to hyperthermic culture conditions (Edwards and Hansen,
1996). Induced thermotolerance – the phenomenon whereby prior application of a
mild stressor renders cells resistant to a subsequent, more severe heat challenge –
is not observed in bovine 2-cell stage embryos, despite HSP inducibility (Al-Katanani
and Hansen, 2002). These data suggest that embryonic thermoresistance and
thermotolerance are much more complex than mere HSP induction.

Investigations into the mechanisms of developmental disruption in bovine 2cell stage embryos yielded the findings that HS did not affect the levels of the
intracellular free radical scavenger glutathione (Rivera et al., 2004b). Neither were
significant alterations in levels of oxygen consumption or ATP production observed
(Rivera et al., 2004b). These findings challenged the notion that HS was merely a
facilitator of free radical production, and that intracellular reactive oxygen species
(ROS) were the ultimate culprits for carrying out heat-induced cell (embryo) death.
Subsequent ultrastructural analysis of in vitro produced bovine 2-cell stage embryos
revealed significant cytoskeletal perturbations that resulted in the movement of
organelles and cellular structures away from the periphery of the blastomeres, as
well as significant mitochondrial swelling in heat stressed embryos as compared to
controls (Rivera et al., 2003; 2004a). In these experiments, although heat stress
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severely compromised the developmental ability of the 2-cell stage embryos, and
while significant cell death due to apoptosis was observed in heat stressed 8-16 cell
stage bovine embryos, heat stress did not induce apoptosis in 2- and 4- cell stage
embryos. Apoptosis has been shown to be a developmentally-regulated process:
untreated in vitro-produced bovine embryos displayed no apoptotic cells prior to
embryonic genome activation (Paula-Lopes and Hansen, 2002). Similar studies in
pig embryos showed the first apoptotic cells on day 5 of development (Hao et al.,
2003; 2004). Oocytes and preimplantation-stage embryos are equipped with the
necessary machinery to carry out apoptosis, however (see Jurisicova and Acton,
2004; Levy et al., 2001; Spanos et al., 2002). And, in one study, 10 μM
staurosporine – a protein kinase inhibitor – was able to induce apoptosis in 95% of
early cleavage-stage bovine embryos (Matwee et al., 2000). The apoptotic inhibition
that appears to be in place under normal conditions during preimplantation embryo
development is not well understood.

Conclusion

In summary, this review of the literature has focused on 1) the physiology of
preimplantation embryo generation and development, 2) the heat shock response on
both cellular and organismal levels, and 3) the phenomenon of heat stress-induced
subfertility in domestic animals. The original research that is presented in the
following chapters of the body of this dissertation is an attempt at expanding both the
breadth and the depth of information that is available concerning the effects of heat
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stress on preimplantation embryo development. Specifically, chapter three deals
with the apoptotic response of porcine in vitro fertilized embryos and
parthenogenetic embryos exposed to heat stress. Chapter four describes the details
of a phenomenon observed in parthenogenetic embryos (but not IVF or NT
embryos), wherein application of heat stress immediately after oocyte activation
significantly enhanced embryo development rates and survivability. Chapter five
provides a summary of experiments that explored putative mechanisms for the
phenomenon described in chapter four. Chapter six serves to summarize the results
of the experiments presented in all three of the previous research sections. A
number of additional experiments are detailed in Appendix I.
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CHAPTER THREE
HEAT STRESS-INDUCED APOPTOSIS IN PORCINE IN VITRO FERTILIZED AND
PARTHENOGENETIC PREIMPLANTATION STAGE EMBRYOS

Abstract

Early embryo development and survival is, in many species, an inherently
inefficient process: up to 40% of mouse, human, cattle, and swine embryos fail
during the preimplantation or preattachment development stages in vivo.
Exacerbating this intrinsic inefficiency are high production demands, heavy
metabolic loads, intensive management practices, and environmental stressors.
Decades worth of research have consistently shown the adverse effects of elevated
temperatures on reproductive parameters of livestock species. With the
development of in vitro embryo production techniques, it has recently become
possible to directly assess the response of oocytes and cleavage-stage embryos to
heat stress conditions. The objective of this study was to evaluate the
developmental and apoptotic responses of porcine in vitro fertilized (IVF) and
parthenogenetically-activated (PA) embryos heat stressed at the late 1-cell stage.
Embryos were heat stressed (HS) at 42 C for nine hours starting 22 hours after
insemination or artificial activation stimulus. Non heat-stressed (NHS) control
embryos were maintained at 39 C for the duration of the experiments. TUNEL
staining on day 5 of development demonstrated that heat stress elicited a significant
apoptotic response in IVF embryos (45.6% of HS embryos and 26.7% of NHS
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embryos were apoptotic; P < 0.05), but not in PA embryos (51.1% and 39.9% for HS
and NHS embryos, respectively; P > 0.1). And, while IVF embryos were highly
susceptible to heat-induced developmental perturbations, elevated temperatures did
not affect development to blastocyst in PA embryos. These findings indicate that, as
in other systems studied, IVF pig embryos are directly affected adversely by heat
stress conditions. PA embryos, though, appear to be surprisingly tolerant of the
elevated temperatures. The differences between IVF and PA embryos in their
response to heat stress may warrant further investigation.

Introduction

Apoptosis is the genetically programmed, self-directed destruction of a cell.
Apoptosis generally affects single cells, and does not trigger an inflammatory
response in adjacent, healthy tissue (Wyllie et al., 1980). Distinct biochemical and
morphological characteristics have been identified as being associated with
apoptosis (reviewed in Saraste and Pulkki, 2000). Morphological changes
accompanying apoptosis include cytoplasmic condensation, and a pyknotic nucleus
resulting from the redistribution of the chromatin against the nuclear envelope.
Cytoplasmic organelles generally remain intact until the final stages of cell death,
when the cellular constituents of the dying cell are packaged and released in plasma
membrane-bound vesicles. Proteases and nucleases are activated in response to
apoptotic stimuli, and are responsible for effectuating the changes associated with
apoptosis (see Samejima and Earnshaw, 2005; and Kidd et al., 2000). The hallmark
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biochemical characteristic of apoptosis is a fragmentation of the DNA between
nucleosomes. Apoptotic cells can be easily identified in situ by the use of
colorimetric or fluorogenic assays used to recognize and label the fragmented DNA
and/or the activated proteases (Save et al., 2004).

Study of apoptosis in germ cells and early embryos is in its infancy. Very little
is still known about the specific cellular signals that trigger apoptosis in the embryo
and the mechanisms by which embryonic programmed cell death (PCD) is carried
out and controlled. Spontaneous cell death at the blastocyst stage of embryo
development has been documented in a number of species, including mouse (Copp,
1978; El-Shershaby and Hinchliffe, 1974; Handyside and Hunter, 1986), baboon
(Enders et al., 1990), human (Hardy, 1999; Hardy et al., 1989), and cow (Mohr and
Trounson, 1982; Plante and King, 1994). Recent studies in mice and humans have
demonstrated that blastomeres of cleavage stage embryos are susceptible to
apoptotic cell death (Exley et al., 1999). Critical levels of apoptosis and loss of
embryo viability can be induced with the protein kinase inhibitor staurosporine
(Warner et al., 1998a; Weil et al., 1996; Warner et al., 1998b), poor culture
conditions (Brison and Schultz, 1997; O’Neill, 1998), or abnormalities arising from in
vitro fertilization (Jurisicova et al., 1995; Levy et al., 1997; Yang et al., 1998). But,
some embryos cultured in vivo have also been shown to be highly apoptotic (Warner
et al., 1998c). Unfertilized oocytes and extruded polar bodies are eliminated by
apoptosis (Takase et al., 1995). A small number of cells undergoing apoptosis can
be seen even in high-quality, normal embryos (Hardy et al., 1989; Pierce et al.,
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1989; Parchment, 1993; Hardy, 1997). It has been hypothesized that basal levels of
apoptosis in the embryo may be important in the developmental process by
selectively removing cells from the ICM that have retained trophectodermal
competence (Pierce et al., 1989). Apoptosis is also the means by which inherently
incompetent cells (embryos) are eliminated. Nevertheless, apoptosis should
generally be viewed as a process in conflict with successful embryo development.
The two major criteria that influence the quality of preimplantation embryos and their
subsequent survival are total cell number and degree of fragmentation (Warner et
al., 1998a). A high cell count at any given time and a concurrent low degree of
fragmentation indicate good embryo quality and a higher chance for successful
development and implantation. Apoptosis has a negative effect on both measures
of embryo viability – cell death obviously lowers total viable cell numbers, and a
number of studies have linked embryo fragmentation to apoptosis. In short,
“controlling PCD is a serious concern for the successful outcome of in vitro [and in
vivo] fertilization” (Jurisicova et al., 1998).

As stated above, embryonic apoptosis is observed in in vivo-produced
embryos – even in situations where the environment is supposedly supremely
conducive to embryonic survival. Cell death in these embryos would almost
certainly increase if the embryo were struggling for survival in an environment that
was less than optimal for normal development. One of the major variables that
could lead to a uterine environment that was detrimental to embryo viability is heat.
Heat stress is a significant issue in virtually all animal production systems. High
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ambient temperatures can have dramatic effects on reproductive performance of all
livestock animals. Elevated intrauterine embryo culture temperature has been
shown to be harmful to preimplantation embryos (Thatcher and Hansen, 1993).
And, even relatively small fluctuations in embryo culture temperature have been
shown to significantly affect embryo survival in vitro (Alliston et al., 1965; Arechiga et
al., 1995; Ealy and Hansen 1994; Ealy et al., 1995; Edwards and Hansen, 1997;
Elliot and Ulberg, 1971; Gwazdauskas et al., 1992). Interestingly, heat stress has
been shown to induce apoptotic responses in many cell culture systems (Verheij et
al., 1996; Haimovitz-Friedman et al., 1997; Pena et al., 1997), including
preimplantation embryos (Paula-Lopes and Hansen, 2002).

The vast majority of the research on heat stress-induced apoptosis has been
done in somatic cell culture systems. Research on the ability of heat stress to
stimulate the apoptotic response in germ cells and/or early embryos has only been
underway for the past five to ten years. In that time, a small amount of information
has been collected, but most of that information has been gathered in bovine and
rodent models. In order to validate these previously obtained data in the pig
embryo, we have undertaken a series of experiments designed to show whether a
nine-hour heat stress of 42 C (as compared to 39 C for controls) is sufficient to
activate the apoptotic program to a significant degree in porcine preimplantation
embryos as compared to controls.
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Materials and Methods

IVM/IVP/IVC:
All chemicals were purchased from Sigma Chemical Company (St. Louis,
MO), unless noted otherwise.

Porcine embryos were generated as previously outlined by Hao et al. (IVF:
2003; PA: 2004). Briefly, cumulus-oocyte complexes (COC) were manually
aspirated from 3-6 mm antral follicles present on the surface of abattoir-derived
prepubertal gilt ovaries. COC that consisted of an oocyte surrounded by several
uniform layers of cumulus cells were put into a chemically-defined maturation
medium (TCM-199; Gibco, Grand Island, NY; supplemented with 0.1% (w/v) polyvinyl alcohol (PVA), 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM
cysteine, 0.5 μg/ml of luteinizing hormone, 0.5 μg/ml of follicle stimulating hormone,
10 ng/ml of epidermal growth factor, 75 mg/ml of penicillin G, and 50 mg/ml of
streptomycin) and cultured for 40-44 hours at 39 C in 5% CO2 in air. After this
maturation period, cumulus cells were removed from the oocytes using a
combination of enzymatic and mechanical means (moderate vortexing in a solution
of 0.1% hyaluronidase and 0.01% PVA in Tyrode’s Lactate [TL]-Hepes solution [see
Lai and Prather, 2003 for formulation]). Oocytes were then subjected to a very
thorough selection process during which only those oocytes with a dark, uniform
cytoplasm, and one extruded polar body were selected to be used in the generation
of embryos.
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Parthenogenetic:
In order to generate parthenogenetic embryos, good quality oocytes were
placed in between two 0.2 mm platinum electrodes spaced 1 mm apart and
submerged in activation medium (0.3 M mannitol, 1.0 mM CaCl2, 0.1 mM MgCl2, and
0.5 mM Hepes). The oocytes were then exposed to two successive 30 μsec DC
pulses of electricity (3.14 kV/cm), which were provided by a BTX Electro-Cell
Manipulator 200 (BTX, San Diego, CA). The newly activated oocytes were then
washed three times in PZM3 embryo culture medium (Yoshioka et al., 2002; see
Table 3.1 for formulation), and groups of 30-50 embryos were cultured in 500 μL of
PZM3 with a mineral oil overlay in an atmosphere of 5% CO2 in air.

IVF:
For production of in vitro-fertilized embryos, good quality oocytes were placed in 50
μL drops (30 oocytes/drop) of a modified Tris-buffered fertilization medium (mTBM;
110 mM NaCl, 0.47 mM KCl, 7.5 mM CaCl2, 0.5 mM sodium pyruvate, 10 mM
glucose, 20 mM Tris, 2 mM caffeine, and 2 mg/mL of BSA) that had been covered in
mineral oil and temperature- and gas-equilibrated overnight. One (1) cryopreserved
boar semen pellet was thawed in 5 mL prewarmed (37 C) Dulbecco’s Phosphate
Buffered Saline (dPBS; Gibco) and gently but thoroughly mixed. Sperm was
washed to remove cryoprotectants by centrifuging the sperm suspension at 1900 X
g at room temperature for 4 minutes, and removing the supernatant liquid from the
sperm pellet. Sperm were washed again in a new 5 mL of dPBS as before. After
removing the supernatant dPBS of the second wash, the sperm pellet was
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Table 3.1. PZM-3 embryo culture medium formulation

Component
NaCl
KCl
KH2PO4
MgSO4 · 7H2O
NaHCO3
Na pyruvate
Ca (lactate)2 · 5H2O
L-Glutamine
Hypotaurine
BME Amino Acids
MEM Amino Acids
Gentamicin
Fatty Acid-Free BSA

MW
58.45
74.55
136.1
246.5
84.0
110.0
308.3
146.1
109.1
-

pH = 7.3 ± 0.2

Concentration
108.0
10.0
0.35
0.40
25.07
0.2
2.0
1.0
5.0
2% (v/v)
1% (v/v)
0.005% (w/v)
0.3% (w/v)

Osmolarity = 288 ± 2
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immediately resuspended in 100 μL of prewarmed mTBM. Ten μL of this sperm
suspension was diluted 1:1000 in water, and sperm cells were counted using a
hemacytometer, thus providing an estimation of the concentration of spermatozoa in
the original sperm suspension. The original sperm suspension was then diluted as
appropriate to a concentration of 1.0 x 106 sperm cells/mL in mTBM. Fifty μL of this
sperm dilution was then added to the 50 μL fertilization microdrops with the oocytes,
resulting in a final sperm concentration of 0.5 x 106 sperm/mL or 5.0 x 104 sperm per
100 μL fertilization drop (~1667 spermatozoa per oocyte). Oocytes were
coincubated with sperm for five hours at 39 C, after which time the oocytes were
removed from the fertilization droplets, washed three times in PZM3 culture medium,
and cultured as with parthenogenetic embryos, or in NCSU-23 culture medium (see
Lai and Prather, 2003 for formulation).

TUNEL:
Terminal deoxynucleotidyltransferase (TdT)-mediated deoxy-Uridine NickEnd Labeling (TUNEL) is the enzymatic addition of fluorescently labeled nucleotides
to the free 3’ ends of DNA strands made available by the DNA fragmentation that
typically accompanies programmed cell death or apoptosis. In order to visualize
apoptotic nuclei, embryos were washed four times at room temperature in 1X
Phosphate Buffered Saline (PBS) supplemented with 1 mg poly-vinyl pyrrolidone
(PVP) per mL PBS (PBS-PVP). Embryos were then fixed for 1 hour at room
temperature in 4% (w/v) paraformaldehyde in PBS (pH 7.4). After fixation, embryos
were washed two times in PBS-PVP. Groups of 10 embryos were placed onto poly
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L-Lysine-coated glass microscope slides in a minimal volume of PBS-PVP.
Embryos were allowed to air dry for at least 12 hours at room temperature. The
slides were then washed two times for two minutes each in PBS-PVP in a Coplin jar.
Embryos were then permeabilized for one hour at room temperature in a 0.5% (v/v)
TritonX-100 + 0.1% (w/v) sodium citrate solution in water. After permeabilization,
embryos were washed one time in PBS-PVP in preparation for the TUNEL
procedure. Positive control samples were generated by pretreating embryos with
RQ1 DNase I (Promega; Madison, WI) as per the directions of the supplier at 37 C
for 30 minutes immediately after embryo permeabilization. TUNEL staining was
achieved by slightly modifying the protocol provided with the In Situ Cell Death
Detection Kit (Roche; Mannheim, Germany). Briefly, terminal transferase enzyme
and labeled nucleotide solution were mixed in a 1:10 ratio, and then applied to the
embryo clusters on the slide in the form of a 50 μL reaction droplet that completely
covered the embryos. A wax ring drawn around the embryo clusters kept the droplet
in the immediate vicinity of the embryos. Slides were incubated in a humidified,
sealed chamber in the dark at 37 C for one hour.

Negative control embryos were

exposed to labeled nucleotide solution only (no TdT enzyme). After this incubation
period, 50 μL of 50 μg/mL RNase A was added to the 50 μL labeling drops.
Embryos were incubated at room temperature in the presence of the RNase A for
one hour in the dark. The RNase A/TUNEL labeling droplets were then tipped off
the slides, and 100 μL drops of 1 μg/mL Hoechst 33342 (Invitrogen; Carlsbad, CA)
in PBS-PVP were applied to the embryos. Nuclear staining by the Hoechst 33342
was allowed to proceed for approximately 15 minutes in the dark at room
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temperature. Slides were then washed four times for two minutes each wash in
Coplin jars full of PBS-PVP. Excess liquid was then removed from the slides, and
glass coverslips were mounted onto the slides using Fluoromount G (Southern
Biotechnology Associates, Inc.; Birmingham, AL) as an anti-fade mounting medium.
Slides were then visualized with a microscope equipped for epifluorescent
observations (Nikon, Tokyo, Japan). Nuclei displaying distinct labeling and
condensed or pyknotic morphology were considered to be TUNEL-positive. Average
embryo cell numbers were determined by counting the number of nuclei stained with
the fluorescent nuclear dye Hoechst 33342.

Experimental Design:
After consulting with an environmental physiologist, 42 C was chosen as a
heat stress temperature that would be at the high end of a physiologically relevant
heat stress. A heat stress exposure period of nine hours was chosen to mimic the
duration of a hypothetical heat stress experienced by an animal in the field. The
timing of the heat stress (22-31 hours after insemination) was chosen as a starting
point because it was theorized that the multitude of events happening in the embryo
at the end of the first day after insemination might render the embryo especially
sensitive to stressful conditions.

Experiment 1 – In Vitro Fertilized Embryos: The first experiment was designed to
demonstrate the effect that an applied heat stress could have on early
preimplantation embryo development. In vitro fertilized embryos were divided into
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two groups and cultured at either 39 C throughout the experimental period (non-heat
stressed control; NHS), or were cultured at 39 C for 22 hours, then removed to a 42
C incubator for nine hours, then washed and placed back at 39 C in culture plates
that had been maintained at 39 C throughout (22-31 hour Heat Stressed; 2231HS).
Embryos were cultured until day 5 (TUNEL, cell number) or day 7 (blastocyst rates)
when experimental observations were made. 2231HS embryos were compared to
NHS embryos as to their performance in the experimental categories mentioned
above. All percentage data were arcsine transformed prior to statistical analysis.
Data were subjected to Analysis of Variance (ANOVA) using the General Linear
Model statements in SAS, with the dependent variables being the various
experimental categories examined, and the independent variable being HS
treatment. The potential effects of experimental replicate were considered as
random effects in the model employed. Differences between experimental groups
were assessed using a Student’s t-test. Statistical significance was assigned at a
level of P < 0.05.

Experiment 2 – Parthenogenetic Embryos: The second set of experiments was
designed to assess the effect that heat stress would have on parthenogenetic
embryos. Oocytes were parthenogenetically activated as described and cultured as
outlined above for IVF embryos: half of the embryos were assigned to the NHS
control group, and were cultured at 39 C throughout; the other half of the embryos
were cultured as 2231HS embryos as described above. Experimental observations
were made essentially as described in experiment 1: cell numbers and DNA
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fragmentation (TUNEL) were assessed on day 5, and blastocyst rates were noted on
day 7. Data were transformed, analyzed, and reported as outlined above.

Results

Experiment 1:
In vitro fertilized embryos that were heat stressed from 22-31 hours post
insemination at 42 C were compared to control IVF embryos to assess their relative
susceptibilities to heat stress-induced apoptosis and developmental potential.
Levels of apoptosis were measured using the TUNEL assay – a procedure that
allows for the identification of fragmented DNA, a hallmark characteristic of
apoptosis. Data are presented (see Figures 3.1 and 3.2) as the percentage of
embryos that had at least one TUNEL-positive blastomere. 2231HS embryos were
significantly more apoptotic than their NHS counterparts, with 45.6% of HS embryos
and 26.7% of NHS embryos staining TUNEL-positive (P < 0.05). Developmental
data for IVF embryos is presented in Table 3.2. Day 5 cell counts reflect the ability
of the embryos to progress through the early cleavage-stage cell cycles, and
especially through Embryonic Genome Activation. Average day 5 cell numbers are
reported as the total number of embryonic nuclei visualized after Hoechst 33342
staining divided by the total number of oocytes that were inseminated. Day 5 cell
numbers were not significantly affected by HS application (P > 0.1). Day 7
blastocyst rates reflect the developmental potential of in vitro produced embryos. As
with the day 5 cell counts, day 7 blastocyst rates are presented as the percentage of
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Table 3.2. Embryo development parameters in NHS and 2231HS IVF
embryos. Day 5 cell number and day 7 blastocyst rates in NHS versus 2231HS
a, b
Within a column, different
IVF embryos. Rep.: Number of replicates.
superscripts signify significant difference at a level of P < 0.05.

NHS
2231HS

Day 5 Cell Number
Rep. Total Mean ± SEM
3
70
7.49 ± 0.74a
3

75

7.78 ± 1.62a
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Day 7 Blastocyst Rates
Rep. Total Mean% ± SEM
14
476
20.6 ± 2.03a
14

455

8.8 ± 2.89b

HS-induced apoptosis - IVF vs PA

70.0%
NHS
60.0%

*

2231HS

50.0%
40.0%
30.0%
20.0%
10.0%
0.0%
PA

IVF

Figure 3.1. Incidence of apoptosis in heat stressed (2231HS; black bars)
versus control (NHS; open bars) embryos on day 5 of embryo development.
Heat stress (42 C) was applied from 22-31 hours after insemination or artificial
activation; control embryos were maintained at 39 C. Values presented
represent the percentage of embryos that had at least one TUNEL-positive
nucleus that displayed the pyknotic morphology that is characteristic of cells
undergoing apoptosis. An asterisk (*) denotes statistical significance between
NHS and HS embryos within an embryo production scheme at a level of P <
0.05.
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A

B

C

D

Figure 3.2.
Day 5 32-cell parthenogenetic embryo
apoptosis. A. Light micrograph. B. Nuclear labeling with
Hoechst 33342. C. TUNEL labeling with TMR Red showing
apoptotic cells. D. Merged image of A, B, and C. Scale bar =
50 μm.
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the total number of oocytes inseminated that developed to blastocyst as evidenced
by the presence of a blastocoel cavity. Heat stress significantly impacted the ability
of the embryos to develop to blastocyst by day 7 (P < 0.05).

Experiment 2:
In the second set of experiments, parthenogenetic embryos were heat
stressed for nine hours at 42 C starting 22 hours after the oocyte activation stimulus,
and compared against NHS control embryos. Experimental observations were
made on both day 5 embryos (cell number and TUNEL) and day 7 embryos
(blastocyst development). PA embryos were surprisingly resistant to the heat stress.
Average day 5 cell number, average day 7 cell number (data not shown), and day 7
blastocyst rates were not significantly affected by elevated temperatures (see Table
3.3; P > 0.1). The percentages of apoptotic PA embryos in the NHS and 2231HS
groups (Figure 3.1) were also not significantly different (P > 0.1). The TUNEL data
was supported by information about nuclear morphology in both NHS and 2231HS
embryos on day 5 (data not shown). In day 7 embryos, TUNEL and nuclear
pyknosis parameters were not affected by heat stress (not presented).
Discussion

Elevated temperatures have been shown to have significant deleterious effects on
reproductive efficiency in virtually all animal systems studied (reviewed in
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Table 3.3. Embryo development parameters in NHS and 2231 PA embryos. Day
5 cell number and day 7 blastocyst rates in NHS versus 2231HS PA embryos. Rep.:
Number of replicates. a, b Within a column, different superscripts signify significant
difference at a level of P < 0.05.

NHS
2231HS

Day 5 Cell Number
Rep. Total Mean ± SEM
11
307
6.67 ± 0.75a
11

295

7.26 ± 0.68a
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Day 7 Blastocyst Rates
Rep. Total Mean% ± SEM
16
1000
22.2 ± 1.65b
16

1006

21.2 ± 2.14b

Wetteman and Bazer, 1985; Wolfenson et al., 2000; Rensis and Scaramuzzi, 2003;
St-Pierre et al., 2003). Historically, most attention was paid to the potential maternal
contributions to this phenomenon such as aberrant reproductive hormone profiles or
altered uterine physiology. Recently, however, with the advent of in vitro embryo
production and culture techniques in domestic animal species, it has become
possible to turn attention to the oocyte and/or embryo itself, and how it might be
impacted directly by heat stress. Recent research on the in vitro produced bovine
embryo suggests that hyperthermic conditions can have dramatic effects on embryo
performance and survivability (Ealy et al., 1995; Edwards and Hansen, 1997; PaulaLopes and Hansen, 2002). Importantly, in vivo- and in vitro-produced embryos
responded similarly to heat stress application (Rivera et al., 2003), suggesting that
data gleaned from in vitro embryo culture experiments might have direct application
to real-world situations.

Although not nearly so severe as the problems experienced in dairy cattle, the
swine industry world-wide suffers from seasonal infertility (see Almond and Bilkei,
2005; Stork, 1979; Tantasuparuk et al., 2000; Xue et al., 1994). Significant
information exists in the literature documenting this phenomenon, and early
cleavage stage embryo failure accounts for a substantial percentage of the seasonal
decline in reproductive performance in swine (reviewed in Wettemann and Bazer,
1985). A more complete understanding of the biochemical mechanisms behind
heat-induced preimplantation embryo failure is prerequisite to devising strategies for
mitigation of the problem. To our knowledge, ours is the first published research
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examining the link between heat stress and cell death by apoptosis in the porcine
preimplantation embryo.

We have elected to examine the susceptibility of early cleavage-stage
embryos (up to day 5 post-fertilization -- < 32-cell stage) to heat stress-induced
apoptosis. Specifically, heat stress application was applied from 22 to 31 hours after
insemination. Given the complexity of the myriad events of this time period (DNA
replication, cytoskeletal rearrangements, pronuclear apposition and syngamy, and
the initiation of mitosis) that are necessary for proper embryo development, it was
reasonable to assume that the embryo would be particularly susceptible to any
physiological perturbations during this time. Research in the bovine embryo has
repeatedly demonstrated that in vitro matured oocytes (Lawrence et al., 2004;
Payton et al., 2004; Roth and Hansen, 2004) and 2-cell stage embryos (Ealy et al.,
1995; Edwards and Hansen, 1997; Paula-Lopes and Hansen, 2002) display
markedly reduced development after exposure to a 41 C heat shock for 12 hours or
9 hours, respectively, as compared to controls (38.5 C), while embryos further in
their developmental program (8-16 cell stage and beyond) are relatively resistant to
the effects of elevated temperatures. Perhaps somewhat paradoxically, these same
studies showed that 2- and 4-cell stage bovine embryos do not undergo apoptosis in
response to heat stress, whereas blastomeres of 8-16 cell stage embryos can
respond to hyperthermia by activating the apoptotic program. Interestingly, data
from our first experiments in IVF pig embryos would support both observations made
in bovine: 1) One-cell stage porcine zygotes appear to be highly susceptible to
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heat-induced developmental disruption; and 2) manifestations of apoptosis were not
apparent until day 4 or 5 of embryo development, with limited experiments to assess
levels of apoptosis in day 2 and day 3 embryos yielding no TUNEL-positive nuclei
(data not presented). This second observation is in line with the findings of Hao et
al. (2003), who reported that manifestations of apoptosis were not apparent in
porcine IVF embryos until day 5. These findings might suggest that active inhibition
of apoptosis is occurring prior to day 4-5 (porcine) or the 8-16 cell stage (bovine).
Alternatively, complete activation of the embryonic genome and a requisite
maturation of the molecular apoptotic machinery might be necessary for appropriate
responses to apoptotic stimuli in these early embryos. Conclusions that early stage
embryos cannot undergo apoptosis under physiologically relevant conditions may be
premature, however. Oocytes and preimplantation embryos have been shown to be
endowed with an appropriate biochemical milieu to undergo apoptosis (Jurisicova
and Acton, 2004; Levy et al., 2001; Spanos et al., 2002). Our limited preliminary
experiments (data not shown) and the published results of Matwee et al. (2000)
show that porcine and bovine early cleavage stage embryos can be induced by
staurosporine (1 μM and 10 μM, respectively) – a protein kinase inhibitor – to
undergo apoptosis. If apoptosis can be induced early in development in porcine and
bovine embryos by staurosporine, then why not by heat stress? Perhaps the answer
is related to the phenomenon reported by Al-Katanani and Hansen (2002), wherein
2-cell stage bovine embryos that were able to upregulate HSP70 protein production
in response to heat stress were shown to be unable to induce a full thermoprotective
response. Induced thermotolerance is observed in later stages of development in
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both mouse and bovine models (Ealy and Hansen, 1994). It would seem plausible
to assume that parallel (if not identical) processes regulate the acquisition of the
ability to fully induce thermotolerance and to upregulate the apoptotic program in
response to heat stress.

It has long been an unspoken assumption that parthenogenetic embryos are
an acceptable model for egg activation and early embryo development. Historically,
it had (erroneously) been considered that spermatozoa contributed little more than
genetic material to the incipient embryo, and that given the appropriate stimulus,
artificially activated oocytes would undertake a developmental program that would
accurately parallel that of normally fertilized counterparts even without any
contribution(s) from the male. Documented accounts of interactions between the
oocyte and paternally-derived factors that affect embryo survivability have suggested
a more participatory role in directing and regulating embryo development for the
paternal components of the fertilized egg (Tesarik, 2005). Our finding that
parthenogenetic embryos were resistant to heat stress-induced perturbations in the
developmental program was a surprising one. We had hypothesized that
parthenogenetic embryos would be a good model for studying heat-induced
apoptosis in porcine preimplantation embryo development. Instead, whereas IVF
embryos appear to be susceptible, parthenotes seem to be resistant – or resilient –
to heat stress as applied in our experimental program. In these studies, the ability to
undergo apoptosis does not appear to be compromised in parthenogenetic embryos.
In fact, the parthenogenetic embryos appeared to be significantly more prone to
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apoptosis under control conditions than were the IVF embryos. This is in agreement
with the findings of Hao et al. (2004), who described significant levels of apoptosis in
parthenogenetic embryos, as well. It appears, rather, that parthenogenetic embryos
do not react to heat stress with an apoptotic response similar to that seen in IVF
embryos.

The most striking observation in this study is not the dampened apoptotic
response but rather the complete resistance to disruption of the developmental
program in heat stressed parthenogenetic embryos as compared to IVF embryos.
Both parthenogenetic and IVF embryos were produced during a variety of seasons
throughout the year, thus precluding any bias introduced due to seasonal variations
in oocyte quality. In in vitro mouse embryo culture experiments, male embryos have
been shown to be more susceptible to heat stress than female embryos (PerezCrespo et al., 2005). It is interesting to conjecture that some contribution from the Y
chromosome results in the ability to respond to heat stress. IVF embryos would, in
theory, receive a Y chromosome 50% of the time, thus skewing the ratio of
“susceptible” to “unsusceptible” in the IVF embryos, but not the PA embryos, which
never have a Y chromosome. Alternatively, X-chromosome-derived factors may be
responsible for preventing the apoptotic response to the elevated temperatures. Xchromosome inactivation may not yet be fully established during preimplantation
embryo development (Goto and Monk, 1998; De La Fuente et al., 1999). Indeed, at
least three genes known to be located on the X-chromosome have been shown to
be expressed at higher levels in female than male bovine blastocysts (Gutierrez77

Adan et al., 2000; Jimenez et al., 2003). The X-linked inhibitor of apoptosis (XIAP)
is one of these three genes. Again, it would be intriguing to speculate that a factor
such as XIAP, which could be present in higher levels in PA than IVF embryos (as a
group) due to the lack of appropriate dosage compensation at this early stage of
development, might be inhibiting the apoptotic response in heat stressed PA
embryos. While the present study did not address this question, Hao et al. (2004;
and 2006) reported that roughly 50% of PA embryos were haploid, indicating that in
both the PA group as well as the IVF group, ~50% of the embryos had a single Xchromosome (with zero or one accompanying Y-chromosomes, respectively). This
observation makes the dosage-compensation scenario unlikely. It is possible,
however, that other maternally-derived oocyte components are responsible for
conferring a measure of resistance to heat stressed embryos. In support of this
idea, Block et al. (2002) demonstrated that the oocyte – not the sperm – was the
main contributor to heat stress resistance in temperature-tolerant Brahman (Bos
indicus) embryos. Further investigation into the mechanisms behind the apparent
resistance to heat stress-induced cell death displayed by PA embryos may be
warranted. A more complete understanding of this phenomenon may ultimately lend
itself to the development of pharmacologic or genetic manipulations and/or changes
in animal management philosophy that may lessen the impact of heat-induced
reproductive inefficiency in animal agriculture around the world.
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CHAPTER FOUR

RESPONSE OF PORCINE CLEAVAGE-STAGE EMBRYOS TO ELEVATED
TEMPERATURE DEPENDS ON TIMING OF STRESSOR APPLICATION
RELATIVE TO OOCYTE ACTIVATION

Abstract

In recent years, significant efforts have been made to describe the
biochemistry and physiology behind heat stress-induced preimplantation failure in
domesticated livestock species. In our laboratory, we have demonstrated that in
vitro fertilized (IVF) embryos are developmentally sensitive to the effects of elevated
temperature applied for nine hours during the late 1-cell stage, and that heat stress
can induce a delayed apoptotic response in these embryos as well. In contrast,
parthenogenetically activated (PA) embryos were not susceptible to the heat stress
conditions as described above, as assessed by developmental rates or degree of
apoptosis. The purpose of these experiments was to evaluate whether heat stress
would elicit differential responses from PA embryos depending on the timing of heat
stress application relative to oocyte activation. PA embryos were exposed to heat
stress conditions of identical duration (nine hours) and magnitude (42 C) from either
0-9 hours post activation (hpa; 09HS), 13-22 hpa (1322HS), or 22-31 hpa (2231HS).
Non heat-stressed (NHS) control embryos were maintained at 39 C throughout. An
analysis of the 24-hour cleavage rates, day 5 cell numbers, day 7 blastocyst rates,
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and day 7 cell numbers showed that 09HS embryos statistically outperformed the
embryos from all other groups in every category examined by almost double.
Blastocyst cell numbers were roughly equivalent across all treatment groups. The
apoptotic index in day 5 embryos was much lower in 09HS embryos than in NHS,
1322HS, and 2231HS embryos. Heat stress did not alter the pronuclear number at
12 hpa or the chromosomal content of blastomeres of day 7 blastocysts. In vitro
fertilized embryos, and embryos derived from somatic cell nuclear transfer (SCNT)
showed significantly increased cleavage rates in embryos heat stressed immediately
after fertilization or fusion/activation as compared to NHS controls. Blastocyst rates
however, showed only modest (IVF) or no (SCNT) improvement as compared with
control embryos. In summary, PA embryos appear to be surprisingly resistant to the
effects of elevated temperature during the first day of development. Exposing PA
embryos to heat stress immediately after oocyte activation results in dramatically
enhanced developmental potential. A thorough characterization of this phenomenon
may yield findings that can serve to increase the efficiency with which PA, IVF, and
SCNT embryos are produced in vitro.

Introduction

Decades worth of research have demonstrated the dramatic deleterious
effects that heat stress can have on mammalian preimplantation embryos.
Experimental observations in many species (cow, Rivera and Hansen, 2001; sheep,
Thwaites, 1969; pig, Wildt et al., 1975; mouse, Arechiga and Hansen, 1998; rabbit,
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Burfening et al., 1969) have shown that in addition to its affects on maternal
physiology, uterine environment, and sperm quality, heat stress can directly impact
cleavage stage embryos. In the past ten years, significant advances in embryo
production and culture techniques have allowed for meticulously-controlled studies
of oocyte and embryo response to environmental stimuli in large domestic animals.

Economic impact of heat stress on the US dairy industry have been estimated
at ~$900 million per year, with a significant percentage of those losses due to
decreases in reproductive efficiency (St-Pierre et al., 2003). It is perhaps because of
this enormous economic incentive that much research has been done in the bovine
system to understand the intricacies of heat stress-induced reproductive inefficiency.
A summary of the literature would indicate that bovine oocytes and embryos are
vulnerable to heat stress-induced perturbations of normal physiology and
survivability (Sugiyama et al., 2003; reviewed in Hansen et al., 2001). Bovine
embryo susceptibility to heat stress appears to be developmentally regulated, with
early cleavage stage embryos (2-cell stage) succumbing to the effects of heat shock
at a much higher rate than embryos later in the developmental program (8-16 cell
stage or morula/blastocyst; Ealy and Hansen, 1993; Ealy et al., 1995). Apoptosis –
cellular suicide – has been implicated in the embryonic response to heat stress, but
this phenomenon appears to be correlated to the stage of development as well:
heat stress elicits an apoptotic response in more mature bovine embryos (≥ 16
cells), but not in 2- and 4-cell stage embryos (Paula-Lopes and Hansen, 2002). HS
did not affect the levels of glutathione – an intracellular free radical scavenger – and
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no significant alterations in levels of oxygen consumption or ATP production were
observed in heat stressed bovine embryos (Rivera and Hansen, 2003). Elevated
temperatures did cause significant cytoskeletal rearrangement and mitochondrial
swelling in 2-cell stage bovine embryos (Rivera et al., 2004). Importantly, in vivoand in vitro-produced embryos appeared to respond identically to an applied heat
stress, indicating that in vitro-produced embryos may serve adequately as a model
system for assessing the effects of heat stress on embryo development (Rivera and
Hansen, 2003).

Heat stress has been shown to have dramatic effects on reproduction in pigs
as well (reviewed in Wettemann and Bazer, 1985, and Love et al., 1993). Seasonal
subfertility in the swine industry is often observed as a decrease in conception rates,
a prolonged weaning to service interval, a decrease in farrowing rates, and/or
increased embryo mortality. Some reports have been made of heat stress-induced
reductions in litter size as well. Work in our laboratory has recently focused on the
effects of heat stress on the developmental success of in vitro produced pig
embryos. We have shown that in vitro fertilized embryos can be highly susceptible
to heat induced developmental perturbations, and that a heat stress at the 1- or 2cell stage can induce a delayed apoptotic response that is not observed until day 4
or 5 of embryo development. Very surprisingly, parthenogenetic embryos were
observed to be highly resistant to the effects of an applied heat stress. It was
concluded that the apparent resistance to heat shock displayed by parthenogenetic
embryos warranted further investigation, and the current set of experiments was
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designed to assess the effects of a variety of heat stress protocols on the
development and physiology of porcine parthenogenetic embryos. Our hypothesis
for these experiments was that parthenogenetic embryos would respond differently
to identical heat stress episodes depending on when the heat stress was applied
relative to the timing of oocyte activation. The effects of these and other timing
variations of heat stress application on IVF and SCNT embryo development were
evaluated as well.

Materials and Methods

Oocyte Collection and Maturation:
Oocytes were collected and matured in vitro according to previously
established protocols (see Hao et al., 2004). Briefly, 2-6 mm follicles were aspirated
from abattoir-derived prepubertal pig ovaries. Cumulus-oocyte complexes (COCs)
with several layers of granulosa cells surrounding the oocyte were washed four
times and placed in 4-well culture plates (~100 COCs per well) containing 0.5 mL of
a chemically-defined in vitro maturation medium with a mineral oil overlay. This
maturation medium is composed of commercially available medium 199 (Gibco BRL;
Grand Island, NY) that is supplemented with 0.1% (w/v) poly vinyl alcohol (PVA),
3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 10 ng/mL of
epidermal growth factor, 75 mg/mL of penicillin G, and 50 mg/mL of streptomycin.
Day 1 maturation medium contained FSH (0.5 μg/mL) and LH (0.5 μg/mL) hormonal
supplements. After 24 hours of gonadotropin stimulation, COCs were moved to
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fresh medium that contained no FSH or LH. COCs were cultured an additional 1820 hours in the hormone-free maturation medium (42-44 hours in all). After this 4244 h maturation period, cumulus cells were removed from the oocytes using a
combination of enzymatic (0.1% hyaluronidase and 0.01% PVA in Tyrode’s Lactate
[TL]-Hepes; Lai and Prather, 2003) and mechanical (gentle vortexing) means.
Denuded oocytes were washed free of hyaluronidase, and oocytes with dark,
uniform cytoplasm that had extruded a first polar body were selected for use in
experimental procedures.

Embryo Production:
Parthenogenetic embryo production was achieved by submerging oocytes in
activation medium (0.3 M mannitol, 1.0 mM CaCl2, 0.1 mM MgCl2, and 0.5 mM
Hepes) between two 0.2 mm platinum electrode wires spaced 1 mm apart, and
exposing them to two consecutive 30 μsec pulses of DC electricity (3.14 kV/cm)
derived from a BTX Electro-Cell Manipulator 200 (BTX, San Diego, CA).
Presumptive parthenotes were then washed three times in culture medium and
finally placed into culture plates containing 0.5 mL PZM3 embryo culture medium
(Yoshioka, 2002) with mineral oil overlay.

IVF embryos were generated as described by Hao et al. (2003). Briefly,
oocytes were cultured with frozen/thawed spermatozoa at a final concentration of
0.5 X 106 spermatozoa/mL in 100 μL fertilization droplets of modified Tris-Buffered
Medium (mTBM; 110 mM NaCl, 0.47 mM KCl, 7.5 mM CaCl2, 0.5 mM sodium
84

pyruvate, 10 mM glucose, 20 mM Tris, 2 mM caffeine, and 2 mg/ml of BSA).
Coincubation was allowed to proceed for four hours, after which time oocytes were
washed free of loosely-bound sperm cells, and placed in embryo culture plates as
described above for parthenogenetic embryos.

Generation of SCNT embryos proceeded essentially according to Lai and
Prather (2003). In vitro matured oocytes (as described above) and cultured fetal
fibroblast cells were used as cytoplast and karyoplast donors, respectively. The
genetic material of the oocyte was removed by aspirating the first polar body and a
small amount of adjacent cytoplasm by using a beveled glass pipette with a diameter
of 25-30 µm. Single round donor cells with a smooth surface were selected and
injected into the perivitelline space of enucleated oocytes using the same slit in the
zona pellucida that was made previously. Cell fusion and oocyte activation were
achieved simultaneously with 2 DC pulses (1 sec interval) of 1.2 kV/cm for 30 μsec
on a BTX Electro-Cell Manipulator 200 (BTX, San Diego, CA) in a chamber
consisting of platinum wire electrodes 1mm apart submerged in fusion medium (see
Lai and Prather, 2003 for formulation). Embryos were then washed three times in
PZM3 embryo culture medium and placed into embryo culture wells as appropriate.
All embryos were cultured in an atmosphere of 5% CO2 in air.

TUNEL:
One of the most consistently observed characteristics of cells undergoing
apoptosis is the internucleosomal fragmentation of DNA. Terminal transferase85

mediated deoxy-Uridine Nick-End Labeling (TUNEL) results in the addition of
fluorescently marked nucleotide molecules to the free 3’ ends of the fragmented
DNA, thus allowing for epifluorescent identification and visualization of the apoptotic
cells. TUNEL labeling of heat stressed and non heat stressed embryos proceeded
essentially as outlined in Paula-Lopes and Hansen, BOR 2002. Briefly, embryos
were removed from culture, washed two times in PBS supplemented with 1 mg/mL
PVP (PBS-PVP), and fixed for one hour in 10 % Neutral Buffered Formalin at room
temperature. Embryos were then washed three times in PBS-PVP, spotted onto a
glass microscope slide in a minimum volume of PBS-PVP, and then dried overnight.
Embryo rehydration/permeabilization was accomplished by soaking the slides for
one hour in a 0.5% (v/v) TritonX-100 + 0.1% (w/v) sodium citrate solution in water.
Positive control embryos were generated by treating with RQ1 RNase-Free DNase
(Promega) in its supplied buffer for 30 minutes at room temperature. All slides were
then washed one time in PBS-PVP in preparation for TUNEL labeling. TUNEL
staining was achieved by slightly modifying the protocol provided with the In Situ Cell
Death Detection Kit (Roche). Briefly, terminal deoxynucleotide transferase (TdT)
enzyme and labeled nucleotide solution were mixed in a 1:10 ratio, and then applied
to the embryos on the slide in the form of a 50 μL reaction droplet that completely
covered the embryos. Slides were incubated in a humidified, sealed chamber in the
dark at 37° C for one hour. Positive control and experimental groups were labeled in
this manner. Negative control embryos were treated in a similar manner, but were
exposed to labeled nucleotide solution only (no TdT enzyme). RNase A (50 μL of
100 μg/mL) was added to the 50 μL labeling drops. Embryos were incubated at
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room temperature in the presence of the RNase A for one hour in the dark. After
removal of the TUNEL/RNase solution, 100 μL drops of 1 μg/mL Hoechst 33342 in
PBS-PVP were applied to the embryos. Nuclear staining by the Hoechst 33342 was
allowed to proceed for approximately 15 minutes in the dark at room temperature.
Slides were then washed four times for two minutes each wash in Coplin jars full of
PBS-PVP. Excess liquid was then removed from the slides, and glass coverslips
were mounted onto the slides using Fluoromount G (Southern Biotechnology
Associates, Inc.; Birmingham, AL) as an anti-fade mounting medium. Slides were
then visualized with a microscope equipped for epifluorescent observations (Nikon,
Tokyo, Japan). Nuclei displaying distinct labeling and condensed or pyknotic
morphology were considered to be TUNEL-positive. Average embryo cell numbers
were determined by counting the number of nuclei stained with the fluorescent
nuclear dye Hoechst 33342.

Nuclear visualization:
In order to assess cell numbers on day 7 and pronuclei at 12 hpa, embryos
were stained with 1 μg/mL Hoechst 33342 and visualized with epifluorescence
microscopy as described previously. Evaluation of the chromosome complements in
day 7 blastocysts was done by metaphase spread as described in Hao et al. (2006).

Experimental Design:
Heat stress episodes of identical magnitude (42 C; three degrees above
control temperature) and duration (nine hours) were utilized throughout all
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experiments, except where explicitly stated. Control embryos were maintained at 39
C throughout the embryo culture period.

Parthenogenetic Embryos: Parthenogenetic embryos were generated as
described above and then randomly assigned to one of four different treatment
groups. NHS embryos served as controls and were cultured constantly at 39 C.
The 09HS embryos were heat stressed for nine hours starting immediately after
oocyte activation, and then removed to 39 C for the remainder of the culture period.
The 1322HS embryos were cultured at 39 C from 0-13 hours post activation (hpa),
heat stressed for nine hours at 42 C, and switched back to 39 C thereafter. The
2231HS embryos were heat stressed from 22 hpa to 31 hpa, but cultured at the
control temperature at all other times. Cleavage rates were visually assessed in all
treatment groups at 24 hpa, and in subsequent observations at 48 hpa in NHS and
09HS embryos. Some embryos were collected on day 5 for TUNEL labeling and cell
number determination. The remainder of the embryos were allowed to culture to day
7, when blastocyst rates were determined. Average day 7 cell numbers and
average day 7 blastocyst cell numbers were assessed at this point as well.

In Vitro Fertilized Embryos: IVF embryos were created and subsequently
assigned to one of four treatment groups. Heat treatment was identical to the
parthenogenetic embryos except that a four-hour sperm/egg coincubation period
allowed for unperturbed sperm penetration. If mixing of sperm and oocytes
represented hour 0, then the first group of IVF embryos was heat stressed from 4-13
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hours post insemination (hpi; 413HS); the second group was exposed to heat stress
from 13-22 hpi (1322HS), and the final heat stress group was cultured in elevated
temperatures from 22-31 hpi (2231HS). Control embryos (NHS) were cultured at 39
C throughout. Twenty-four hour cleavage rates were determined as with the PA
embryos. Fertilization rates were determined by assessing the percentages of
embryos that had cleaved at least once by 48 hpi. Blastocyst rates were collected
on day 7. All experimental observations were replicated at least five times.

Somatic Cell Nuclear Transfer Embryos: The SCNT embryos were
exposed only to control and 09HS conditions as described for parthenogenetic
embryos. Cleavage rates at 24 hours and blastocyst rates at 7 days were
evaluated. At least six observations were made under each HS condition for both
cleavage rates and blastocyst rates.

Statistical Analysis:
All data were collected and submitted to Analysis of Variance using the
PROC GLM commands in SAS. Data collected in percentage format were arcsine
transformed prior to submission for analysis. Effects of experimental replicate were
considered random effects in the statistical modeling. The effect of heat stress on
the various developmental parameters was tested, and differences between
treatment groups were assessed using a Student’s t-test.
assigned at P-values < 0.05.
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Significance was

Results

Parthenogenetic Embryos:
A comparison of the developmental data from control and heat stressed
embryos can be found in Table 4.1. Embryos from the NHS, 1322HS and 2231HS
groups performed similarly in every measure of embryo performance that was
examined: cleavage rates, average cell numbers on day 5 as well as on day 7, and
blastocyst rates were not different amongst these three groups (P > 0.1). In stark
contrast, the 09HS embryos consistently performed remarkably better than did the
embryos from any of the other groups. The 09HS embryos cleaved faster (P <
0.0001), had higher average cell numbers per embryo on day 5 (P < 0.01) and day 7
(P < 0.005), and developed to blastocyst at a much higher rate (P < 0.0001) than did
their NHS, 1322HS and 2231HS counterparts. As an example of the dramatic
nature of the discrepancies between 09HS and NHS embryos, 63% of the 09HS
embryos cleaved by 24 hpa, whereas only 23.5% of the control embryos had
cleaved by that timepoint. Similarly, while 18.5% of NHS embryos developed to the
blastocyst stage, 38.0% of the 09HS embryos developed to blastocyst. Blastocyst
cell numbers were roughly equivalent across all heat treatment groups. The
percentage of apoptotic cells per embryo was significantly lower in the 09HS
treatment group than any of the other groups (Figure 4.1). No significance was
noted between any of the groups in the percentage of embryos that contained at
least one TUNEL-positive cell (data not shown).
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173
203
213
212

23.5 ± 3.0

63.0 ± 3.1b

27.8 ± 2.5a

15.6 ± 1.8c

1006

1014

589

589

09HS

1322HS

2231HS

5.09 ± 0.37a

6.54 ± 0.81a

10.53 ± 1.24b

5.40 ± 0.50

a

Mean ± SEM

Day 5 Cell #
Total

NHS

Mean% ± SEM
a

Total

24 h Cleavage

322

323

748

740

Total

91

14.6 ± 2.1a

12.4 ± 1.4a

38.0 ± 2.1b

18.5 ± 1.7

a

Mean% ± SEM

Day 7 Blast %

191

189

256

248

Total

7.27 ± 1.46a

6.11 ± 0.65a

14.37 ± 2.05b

6.57 ± 0.64

a

Mean ± SEM

Avg. Day 7 Cell #

23

21

94

44

Total

34.00 ± 5.36b

25.19 ± 3.00ab

31.53 ± 2.44b

24.66 ± 3.30a

Mean ± SEM

Cells Per Blastocyst

Table 4.1. Developmental data from PA embryos heat stressed at different intervals relative to oocyte activation
a, b, c
Within a column, values with different superscripts are significantly different from each other at a level of P < 0.05
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Figure 4.1. TUNEL labeling in day 5 parthenogenetic embryos. A. Light micrograph of a day 5 embryo. B. Nuclear staining with
Hoechst 33342 visualized using UV epifluorescence. C. TUNEL labeling using TMR In Situ Cell Death Detection Kit (Roche). D.
Merge of light micrograph, nuclear staining, and TUNEL labeling showing colocalization of TUNEL labeling with nuclear structures. Note
also the dual labeling of the polar bodies (PB) noted with arrows. E. Percentage of TUNEL-positive nuclei in NHS, 09HS, 1322HS, and
2231HS embryos. The asterisk (*) denotes a statistically significant difference at a level of P < 0.05. Scale bar = 50 μm.
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In Vitro Fertilized Embryos:
Information detailing the performance of IVF embryos after exposure to heat
stress conditions is presented in Table 4.2. Exposure to heat stress immediately
after fertilization (413HS) significantly hastened the first cleavage event as
compared to NHS controls and 2231HS embryos (31.2% vs. 6.5% and 9.2%,
respectively; P < 0.0001), whereas the cleavage rate of 1322HS (18.7%) embryos
was intermediate to the two groups. Fertilization rates – as deduced from the 48hour cleavage rates – were equivalent in all groups. Development to blastocyst
tended to be higher in the 413HS embryos as compared to the control (P = 0.089)
and was significantly higher than the 1322HS group (P < 0.05).

Somatic Cell Nuclear Transfer Embryos:
Somatic cell nuclear transfer embryos were subjected only to the 09HS
protocol in order to test whether this heat stress protocol could increase cleavage
rates and development to blastocyst as observed in parthenogenetic and IVF
embryos. Cleavage rates did increase in the 09HS embryos (46.6% ± 5.0%) as
compared to NHS controls (25.1% ± 3.6%). These differences were significant at a
level of P < 0.01. And, while the early heat stress was able to increase cleavage
rates at 24 hours, no significant increase was observed in development to
blastocyst, with 9.7% ± 1.2% and 6.2% ± 2.4% of the embryos developing to
blastocyst in the NHS and 09HS groups, respectively (P > 0.1).
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Table 4.2. Developmental data from IVF embryos heat stressed at different intervals
a-c
relative to oocyte activation.
Within columns, different superscripts indicate significant
differences at a level of P < 0.05

24 h Cleavage
Total Mean% ± SEM

Fertilization Rate
Total Mean% ± SEM

Day 7 Blast %
Total Mean% ± SEM

NHS

294

6.5 ± 1.3a

218

67.9 ± 5.1a

252

14.7 ± 2.1ab

413HS

279

31.2 ± 2.0b

203

62.1 ± 5.1a

237

22.4 ± 3.8a

1322HS

283

18.7 ± 1.9c

207

60.4 ± 6.0a

241

12.9 ± 3.0b

2231HS

283

9.2 ± 2.0a

207

64.3 ± 2.7a

241

17.8 ± 3.1ab
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Equivalent numbers of parthenogenetic embryos from the NHS and 09HS
groups had cleaved at least once when examined at 48 hpa (data not shown),
indicating that activation rates were similar between the two groups. The numbers
of pronuclei in NHS and 09HS embryos were very similar when assessed by nuclear
staining at 12 hpa (see Figure 4.2A). The proportion of blastomeres demonstrating
a 1N, 2N, or mixed chromosomal complement on day 7 of development was not
different between 09HS- or NHS-derived blastocysts (Figure 4.2B).

Discussion

The negative effects of elevated temperature on reproductive efficiency are
well documented, but the potential influence that environmental stimuli can have
directly on the preimplantation-stage embryo is only very recently beginning to be
appreciated. Cleavage stage embryos have traditionally been seen as being
generally unresponsive to their surroundings – thanks in part, perhaps, to the wellaccepted notion that early stage embryos are transcriptionally relatively quiescent.
And, while it is true that in mammalian development the transition from oocyte to
embryo proceeds in the absence of active transcription from the newly formed
embryonic genome, the early preimplantation stage embryo is a highly dynamic
entity. The signal for oocyte activation is also the stimulus that prompts the massive
maternal mRNA and protein degradation that ultimately leads to reprogramming and
the emergence of a unique totipotent zygote (reviewed in Malcuit et al., 2006). And,
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Figure 4.2. Parameters associated with developmental competence
in parthenogenetic embryos. A. Nuclear configurations of NHS and
09HS embryos at 12 hpa. PN = Pronucleus B. Chromosome copy
number of cells from NHS and 09HS day 7 blastocysts.
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while this is, of yet, a poorly understood process, there is ample evidence to suggest
that its regulation is highly coordinated. The regulation of mRNA stability (Alizadeh
et al., 2005), message translation (Richter, 1991; Seydoux, 1996), and protein
degradation (DeRenzo and Seydoux, 2004; Imschenetzky et al., 1999) have all been
reported early in development – prior to the activation of the embryonic genome.
Even in the absence of robust transcription, then, there are mechanisms in place to
allow the early embryo to coordinate its own survival.

We recently reported that a moderate heat shock applied for nine hours early
in the first day after fertilization significantly reduced embryo development and
induced a delayed apoptotic response in in vitro fertilized embryos, while the
developmental program of artificially activated oocytes (parthenotes) was seemingly
unaffected by a similar heat stress episode. In the current set of experiments, the
responses of PA, IVF, and SCNT embryos to timing variations of that same heat
stress were assessed. Interestingly, in this set of experiments, the development of
IVF embryos was not affected negatively by exposure to heat stress – even in the
same experimental parameters that disrupted development in our previous
experiments. Several explanations exist for why this may be. First, it is impossible
to control for inherent oocyte quality in these in vitro experiments. While every
attempt is made to maintain embryo production parameters constant between
experiments, seasonal variations exist in the quality of the abattoir-derived oocytes
used in these experiments. Whereas the previous experiments were conducted
throughout the year, the current experiments were conducted in a much more
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concise timeframe. If oocyte quality was particularly good for the duration of these
experiments, a measure of heat-stress resistance might have been conferred on
these embryos that perhaps was not available to the embryos from the previous set
of experiments. In support of this idea, Block et al. (2002) reported that oocytederived cytoplasmic components are the main source from which embryonic heat
stress resistance is derived. Another explanation for these observations, however,
comes from the fact that different sperm lots from different boars were used in these
two sets of experiments; semen from the boar used in the previous experiments was
no longer available. While the primary source of heat stress resistance may be
derived from the oocyte, susceptibility to heat stress might be conferred by the male.
Our previous experiments suggest that this might be the case. Cammack et al.
(personal communication) have recently demonstrated a significant heritable
component of male susceptibility to heat stress-induced subfertility. It is plausible –
even considering equivalent oocyte quality between groups – that IVF embryos
generated using spermatozoa from two different boars might have different
susceptibilities to an identical heat stress.

In our current experiments with parthenogenetic embryos, not only were the
embryos not adversely affected by heat shock, but presumptive parthenotes
stressed immediately after artificial activation actually responded favorably to the
dramatically elevated temperatures. The 09HS embryos statistically outperformed
their NHS, 1322HS and 2231HS counterparts in every developmental parameter
examined, except blastocyst cell numbers – and blastocyst cell numbers were
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comparable across all four experimental groups. The reason(s) behind this
unexpected result are unknown; such a finding is almost without precedent. Only
two published reports detail apparently beneficial effects of heat stress on embryo
development. One report, from Ryan et al. (1992), describes that a mild heat stress
of 40 C (as compared to 38.5 C for controls) served to accelerate the development
to blastocyst of bovine embryos that were produced in vivo, flushed on day 6 and
then cultured for 60 hours under different temperature conditions in vitro. The heat
stressed embryos in these experiments, however, degenerated more readily than
control embryos after attainment of the blastocyst stage. A second report in mouse
embryos (Lavy et al., 1988) demonstrated that a 39 C heat treatment could
accelerate the development of 2-cell stage mouse embryos to blastocyst as
compared to 37 C control embryos. The authors of this study noted no notable
detrimental effects of the heat stress on embryo development. Curiously, 1-cell
stage mouse embryos that were subjected to the same conditions did not respond in
a similar manner. A few scattered references to the potentially beneficial effects of
heat stress on somatic cell cultures can be found as well (see Rattan, 2004; Read et
al., 1984; Sisken et al., 1965). And very recently, it was reported that heat stress
hastens the cytoplasmic maturation of in vitro-matured bovine oocytes (Edwards et
al., 2005).

Despite this smattering of references to potential stimulatory effects of heat
stress, an overwhelming majority of the scientific literature in this area of study
suggests a detrimental effect of moderate-to-severe heat stress on embryo
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development and survivability. Further complicating the investigation into this
phenomenon is the supposition that embryos at this stage of development are
transcriptionally inactive, and are thus unable to mount a canonical heat shock
response. The fact that the effects of the 09HS heat stress treatment are apparent
as early as 24 hpa suggests that whatever changes are wrought within the embryo
to bring about the observed shift in developmental potential occur in the absence of
significant transcription. Indeed, the RNA polymerase II inhibitor α-amanitin did
nothing to dampen the enhanced development of 09HS embryos as compared to
controls at 24 hpa (data not shown). It is interesting to note that an acute event at
the very initiation of embryonic development, such as the 09HS treatment, can have
such far-reaching effects as to enhance blastocyst formation rates seven days later.
These observations suggest a mechanism whereby the physiology of oocyte
activation and/or meiotic/mitotic progression is altered to provide a faster first
cleavage event, but that also results in more long-term changes that facilitate
progression through embryonic genome activation and the morula-to-blastocyst
transition. It may be that the early “event” and the long-term enhancement are
intimately connected, but perhaps equally as likely is that the two are, at least
superficially, unrelated.

One possibility is that metabolic pathways are altered in response to the heat
stress, speeding up all developmental processes. Recent research in bovine
embryos suggests that subtle shifts in glucose metabolism – specifically, increased
activity of the pentose phosphate pathway (PPP) – early in the first cell cycle
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following fertilization can have dramatic effects on blastocyst rates seven days later
(Comizzoli et al., 2000; 2003). The activity of the PPP can be significantly
upregulated in embryonic cells responding to oxidants (Filosa et al., 2003; Urner and
Sakkas, 2005), and heat stress has been shown to increase intracellular reactive
oxygen species (ROS) in a variety of systems (Salo et al., 1991; Flanagan et al.,
1998), including preimplantation embryos (Ozawa et al., 2002; Sakatani et al.,
2004). Rivera et al. (2004) show, however, that 2-cell stage bovine embryos do not
respond to heat stress with excess ROS production. And in these same studies,
embryonic ATP content was not altered in response to elevated temperatures,
suggesting no significant shift in glucose metabolism. It remains to be seen whether
metabolic pathways are responsible for the acceleration of embryo development
observed in the 09HS parthenogenetic porcine embryos.

Another possible explanation for this phenomenon involves the process of
nuclear reprogramming. Early in embryo development, the newly assembled
embryonic genome must be structurally and functionally reorganized to facilitate the
transition from highly differentiated gametes into totipotent embryonic cells. If this
process of reprogramming were to occur during exposure to elevated temperature, it
is possible that stress-responsive transcription factors might be uncharacteristically
incorporated into the newly reconfigured nuclei, thus providing the means for
significant immediate as well as down-stream developmental responses. Even
though 1-cell stage mouse embryos were not able to upregulate HSP production in
response to heat stress (Muller and Goldstein, 1985), HSF1 – the prototypical stress
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response transcription factor – was shown to localize to pronuclei in zygotes
exposed to osmotic stress (Fiorenza et al., 2004). Heat stress is known to impact
the nuclear localization patterns of numerous other transcription factors, including
AP-1 (Adler et al., 1995), Y-box transcription factor 1 (Stein et al., 2001), and NFκB
(Curry et al., 2000; Yoo et al., 2000). It is not known whether heat stress can cause
these transcription factors to be aberrantly integrated into the embryonic genome
during the reprogramming process.

A few very preliminary experiments were carried out to begin a more thorough
characterization of this unusual embryonic response to heat stress. Firstly, we
showed that heat stress alone cannot elicit these dramatic changes in embryonic
development: in the absence of an oocyte-activating stimulus, no embryo
development ensued (data not shown). Secondly, early heat stress treatment did
not alter the overall percentage of oocytes that were activated or fertilized, as
indicated by the equivalent 48-hour cleavage rates in NHS and 09HS (413HS)
parthenogenetic and IVF embryos. Lastly, it has been shown previously that diploid
parthenogenetic embryos are more developmentally competent than their haploid
counterparts. The 09HS treatment, however, did nothing to change the proportions
of embryos containing one or two pronuclei at 12 hpa, thus indicating that the ploidy
of the embryos would remain comparable as well.

Another interesting observation from these experiments is that while early
application of heat stress served to accelerate the cleavage rates of IVF and SCNT
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embryos, blastocyst rates remained unaffected. It has historically been considered
that PA embryos could serve as acceptable models for SCNT embryos, because of
the similarities in oocyte activation as well as the absence of spermatozoon-derived
soluble contributions in the PA and SCNT embryos. In the current studies IVF,
SCNT and PA embryos all responded to the early heat stress treatment similarly
through the first 24 hours of development. After that, however, IVF and SCNT
embryos behaved comparably, while PA embryos reacted quite differently. One
common thread that binds IVF and SCNT embryos together during this window of
development is the need for extensive nuclear remodeling of the male pronucleus
and the somatic chromosomes, respectively. PA embryos, on the other hand,
require only minimal structural reorganization of the maternally-derived pronuclei. It
is possible that the nuclear remodeling that is necessary in IVF and NT embryos
might somehow prevent these embryos from responding positively to the HS in a
manner similar to the parthenogenetic embryos. It is conceivable that the early heat
stress alters the embryonic cell-cycle kinetics such that checkpoints are bypassed
and nuclear restructuring is not properly completed in IVF and SCNT embryos
before the first mitosis begins. And while the first cell cleavage event might have
been accelerated, the overall developmental program of the embryos might have
been compromised due to incomplete nuclear remodeling. In support of this idea,
Renard (1998), in summarizing the literature on the topic of chromatin remodeling
and nuclear reprogramming, suggests that the main determinant for the onset of
normal gene expression in nuclear transfer embryos is the kinetics of nuclear
remodeling during the 1-cell stage of development. Blastocyst rates were not
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significantly lower in 09HS/413HS NT and IVF embryos as compared to embryos
cultured at control temperatures, and although not directly measured in this current
study, no obvious drop in blastocyst quality was observed as a consequence of the
possible aberrant nuclear remodeling in these IVF and SCNT embryos. It may be
that the kinetics of reorganization are not affected after all. Alternatively, major
manifestations of inappropriate nuclear reorganization may not be made apparent
until much later in embryonic/fetal development.

In summary, this study further strengthened the idea that parthenogenetic
porcine embryos are highly resistant to the effects of an applied heat shock during
the first day of development. In vitro fertilized embryos, which had previously been
shown to be highly susceptible to heat stress-induced disruption of development,
were in these studies, shown to be mostly resistant to heat stress as well,
suggesting an effect of sperm and/or oocyte quality on embryo susceptibility to heat
stress as applied in these experiments. Finally, application of heat stress
immediately after oocyte activation dramatically accelerates the first mitotic cell cycle
in PA, IVF, and SCNT embryos, and stimulates development to blastocyst
significantly in PA embryos, to a lesser degree in IVF embryos, and not at all in
SCNT embryos. These unexpected findings underscore the fact that our
understanding of preimplantation embryo physiology is still very much incomplete.
Further investigation into the differential responses of PA and IVF/SCNT embryos to
heat stress is warranted: a more complete understanding of how heat stress can
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dramatically enhance embryo development in PA embryos may lead to techniques
that can improve the efficiency of porcine IVF and SCNT embryo production.
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CHAPTER FIVE

THE ENHANCED DEVELOPMENTAL POTENTIAL OF HEAT STRESSED
PORCINE PARTHENOGENETIC EMBRYOS IS ASSOCIATED WITH
ACCELERATED INACTIVATION OF THE MAP KINASE SIGNALING CASCADE

Abstract

We have recently demonstrated that a nine hour heat stress of 42 C can have
dramatic stimulatory effects on porcine parthenogenetic embryo development if
applied immediately after oocyte activation. The reasons behind this phenomenon
have been unclear. The aim of this line of experiments was to begin
characterization of the basic biochemistry and physiology and associated
developmental responses of these heat stressed (09HS) and non heat stressed
(NHS) control embryos. Preliminary experiments showed that developmental
discrepancies between NHS and 09HS embryos were apparent as early as three
hours post activation (hpa), with approximately 60% of 09HS, but only 15% of NHS
embryos demonstrating pronuclear formation at this early stage of development.
These differences were perpetuated through until at least 24 hpa. An analysis of
Maturation Promoting Factor (MPF) and Mitogen-Activated Protein Kinase (MAPK)
activity levels in NHS versus 09HS embryos yielded the finding that while MPF
inactivation occurred at identical rates in heat stressed and control embryos upon
oocyte activation, MAPK inactivation was much accelerated in 09HS embryos as
106

compared to controls: the major MAPK inactivation “event” occurred between 6 and
9 hpa in NHS embryos, whereas in 09HS embryos MAPK was inactivated between 3
and 6 hpa. Okadaic acid – a protein phosphatase inhibitor – maintained MAPK
active at high levels in both NHS and HS embryos, and also sensitized the HS
embryos to the effects of elevated temperatures. Western blotting to determine
HSP70 and HSP90 protein levels in NHS and 09HS embryos showed that porcine
parthenogenetic embryos do not respond to elevated temperatures by upregulating
heat shock protein production. This data would suggest that the interesting
acceleration of development observed in 09HS-treated porcine parthenogenetic
embryos is associated with a precocious inactivation of the MAPK signaling
cascade. The jump start provided these embryos may ensure elevated efficiency in
energy and nutrient utilization during early embryo development, which, in turn, may
explain the enhanced developmental potential in vitro.

Introduction

Preimplantation-stage embryo failure is a major source of reproductive
inefficiency in agricultural and research animal settings as well as in human fertility
clinics around the world. In cattle, (Dunne et al., 2000; Edwards et al., 2001), mice
and humans (Warner et al., 1998a), and swine (see Pope, 1994) up to 50% of
successfully in vivo-fertilized embryos fail during pre- or peri-implantation
development. Using in vitro techniques, less than 50% of successfully inseminated
human and cow embryos reach the blastocyst stage, and a high percentage of those
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are not healthy enough to implant or attach following embryo transfer (Hardy et al.,
1989; Keskintepe and Brackett, 1996; Xu et al., 1992). Porcine embryos produced
in vitro are generally even less successful, with only 20-30% of in vitro fertilized
embryos developing to blastocyst (Booth et al., 2005; Hao et al., 2003; Park et al.,
2005). Many causes of early embryonic failure have been documented: gross
chromosomal abnormalities, immunological rejection of the conceptus, and/or a
compromised uterine environment. But, the majority of preimplantation embryonic
deaths remain unexplained (Warner et al., 1998b). These observations underscore
the fact that the production and maintenance of viable embryos is inherently an
inefficient process. This inefficiency can have economic and/or emotional impacts
on involved individuals. Significant resources are currently being dedicated to
research that promises a more complete understanding of gametogenesis, meiosis,
fertilization, oocyte activation, nuclear reprogramming, and other concepts that are
inextricably associated with preimplantation embryo formation and development.

Recent research in our laboratory has focused on the biochemical and
physiological impact that heat stress can have on preimplantation-stage embryo
development in pigs. Surprisingly, we found that an intense heat shock episode can
have apparently beneficial effects on embryo development: accelerated first
cleavage events, and increased development to blastocyst were observed in
parthenogenetic and in vitro fertilized (IVF) embryos that were exposed to elevated
temperatures (42 C versus 39 C) for nine hours immediately after oocyte activation
or fertilization. Additional analysis of parthenogenetically-activated (PA) embryos
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revealed increased average cell numbers, and decreased average apoptotic index
on day 5 of embryo development in the heat stressed embryos as compared to
controls. Exposure of the embryos to heat stress conditions at later times during the
first embryonic cell cycle had no such effect on embryo development. In this report,
we detail our efforts to more completely characterize the physiology of these
embryos and to identify the biochemical basis for this phenomenon of heat stressinduced stimulation of embryo development. The current research involved only PA
embryos, and centered on two of the most prominent biochemical pathways during
oocyte maturation and early embryo development: Maturation Promoting Factor
(MPF) and Mitogen-Activated Protein Kinase (MAPK). An assessment of the
contribution of a number of additional potentially stress-responsive pathways and
processes was undertaken as well.

Maturation Promoting Factor is a heterodimeric serine-threonine protein
kinase consisting of a cyclin B regulatory subunit and a p34cdc2 kinase component
(Dunphy et al., 1988; Gautier et al., 1988; Gautier et al., 1990; Pines and Hunter,
1989). MPF substrates within the cell include histone H1 (Maller et al., 1989),
nuclear lamins (Ward and Kirschner, 1990), RNA polymerase, (Cisek and Corden,
1989), and myosin (Satterwhite et al., 1992). MPF is involved in both progression
into and out of mitosis as well as meiosis. Cdc2 protein levels remain relatively
constant throughout the cell cycle, whereas cyclin B is characterized by a highly
cyclical expression pattern (Evans et al., 1983). It is present at very high levels
during the G2- and M-phases of the cell cycle, after which time, cyclin B is degraded
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via the ubiquitin-proteasome pathway. This dramatic drop in cyclin B protein levels
facilitates the exit from mitosis/meiosis (Murray et al., 1989). Shortly after the
successful exit from mitosis/meiosis, protein accumulation begins again in
anticipation of the next round of cell division. In addition to the regulatory control
exerted on MPF by the cyclical expression pattern of cyclin B, MPF activity can be
held in check by inhibitory phosphorylations on Thr14 and Tyr15 of the Cdc2 kinase
subunit (Dunphy and Newport, 1989; Gautier et al., 1988; Gautier et al., 1990).
Activation of pre-MPF is brought about by Cdc25 phosphatase, which
dephosphorylates these critical regulatory residues (Gautier et al, 1991; Millar and
Russell, 1992). MPF activity levels rise dramatically during the initial phases of
oocyte maturation, briefly dip during the meiosis I/meiosis II transition, and then
return to high levels during meiosis II. Fertilization- or artificially-induced increases
in intracellular calcium levels prompt MPF deactivation via mechanisms elucidated in
Xenopus oocytes by Rauh and Schmidt et al. (2005), and later confirmed in
mammalian oocytes by Shoji et al. (2006). This dramatic drop in meiotic MPF
activity upon oocyte activation signals the resumption of meiosis II, and the
subsequent entry into the first mitotic cell cycle of embryo development.

Mitogen-Activated Protein Kinases (MAPKs) are serine/threonine protein
kinases that are generally associated with the communication of extracellular
mitogenic signals to the cell, to stimulate growth and/or proliferation. The two
prototypical MAPK family members that are particularly relevant to oocyte
biochemistry are p44-Erk1 and p42-Erk2 (Sun et al., 1999), which share ~85%
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sequence identity (Pearson et al., 2001). Throughout this report, p44-Erk1 and p42Erk2 will be referred to simply as MAPK. In its dephosphorylated form, MAPK is
dormant as a protein kinase, but is activated via phosphorylation (Crews and
Erikson, 1992) at specific threonine and tyrosine (Thr183 and Tyr185) residues by
MAP kinase-Erk kinase-1 (MEK-1; or, generically, MAP kinase kinase [MAPKK]).
MEK-1 is in turn activated by the upstream MAPKK kinase (MAPKKK) Raf-1 in
somatic cell cultures (Lange-Carter et al., 1993), or, in oocytes, by the germ cellspecific MAPKKK Mos (Shibuya and Ruderman, 1993). Targets of MAPK-mediated
phosphorylation within the cell include the spindle-associated proteins MISS and
DOC1R (Lefebvre et al., 2002; Terret et al., 2003), a variety of transcription factors
(Davis, 1995), and p90Rsk – a serine/threonine kinase known to be involved in
meiotic regulation in Xenopus eggs (Kalab et al., 1996). MAPK activity levels rise
concurrently with MPF activity levels upon meiotic resumption and remain high
throughout the process of oocyte maturation (reviewed in Fan and Sun, 2004).
Inactivation of MAPK occurs only after a significant lag period after MPF inactivation
and initiation of embryo development. MAPK dephosphorylation is temporally
closely associated with pronuclear formation in the incipient embryo.

Although a myriad of other biochemical pathways and physiological
processes in addition to MPF and MAPK, participate actively in oocyte activation and
early embryogenesis, these two appear to be among the most dominant. An
elucidation of how these and other pathways contribute to the stimulation of embryo
development in early heat stressed embryos may ultimately lead to genetic or
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pharmacologic manipulations and/or management practices that result in increased
efficiency of early embryonic development both in vitro and in vivo.

Materials and Methods

Materials:
All chemicals used in formulation of embryo maturation, culture, activation,
and manipulation were purchased from Sigma unless otherwise noted. Hoechst
33342 for nuclear labeling and chromosome visualization was purchased from
Invitrogen (Carlsbad, CA). Primary antibodies used in western blotting were
purchased from Cell Signaling Technology (Danvers, MA), Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), and Stressgen Bioreagents (Ann Arbor, MI)
for the phospho-p44/42 MAP Kinase (Thr202/Tyr204) Antibody, the K-23 Erk-1
Antibody, and for the HSP70 and HSP90 Antibodies, respectively. The MESACUP
Cdc2 kinase assay kit was purchased from MBL International Corp. (Woburn, MA).
Okadaic Acid was obtained from Calbiochem (La Jolla, CA).

Oocyte Maturation/Embryo Production:
The generation of parthenogenetic embryos from in vitro matured oocytes
was accomplished as described previously. Briefly, 2-6 mm antral follicles were
manually aspirated from abattoir-derived prepubertal gilt ovaries. Cumulus-oocyte
complexes (COCs) were cultured for 24 hours in a chemically-defined maturation
medium (modified m199; see Hao et al. [2003]) supplemented with 0.5 μg/mL of
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both LH and FSH. After 24 hours, COCs were removed from the gonadotropincontaining maturation medium into fresh temperature- and gas-equilibrated
gonadotropin-free maturation medium, and were allowed to culture for an additional
16-20 hours, for a total maturation period of 40-44 hours. The oocytes were
subsequently stripped of cumulus cells by means of gentle vortexing in a TL-Hepes
solution (see Lai and Prather, 2003 for formulation) containing 0.1% PVA and 0.1%
hyaluronidase. Cumulus-free oocytes with a dark, uniform cytoplasm with one
extruded polar body were selected for embryo production.

In order to bring about the abrupt rise in intracellular calcium that is the signal
for oocyte activation, oocytes were submerged in activation medium (0.3 M mannitol,
1.0 mM CaCl2 x 2H2O, 0.1 mM MgCl2 x 6H2O, and 0.5 mM Hepes) in between two
0.2 mm-diameter platinum electrode wires set 1 mm apart, and promptly exposed to
two 30 μsec pulses (with a 1 sec interval) of 3.14 kV/cm DC electricity, which was
provided and channeled by a BTX Electro-Cell Manipulator 200 (BTX; San Diego,
CA). The presumptive parthenotes were then washed three times in PZM3 embryo
culture medium (Yoshioka et al. [2002]), and then cultured in 500 μL PZM3
supplemented with 3 mg/mL BSA. Non-Heat Stressed (NHS) control embryos were
cultured continuously at 39 C, whereas Heat Stressed (HS) embryos were cultured
at 42 C beginning immediately after oocyte activation (0 hours post activation; hpa)
and ending either 6 or 9 hpa (06HS or 09HS, respectively), as appropriate.
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Evaluation of Nuclear Status:
NHS and 09HS embryos were cultured as described above. Starting at 3
hpa, and at three hour intervals thereafter, subsets of NHS and HS embryos were
removed from culture, washed once in 1X PBS supplemented with 1 mg/mL polyvinyl pyrrolidone (PVP; PBS-PVP), and then fixed for one hour at room temperature
(RT) in 10% Neutral-Buffered Formalin (NBF). After NBF fixation, embryos were
washed twice in PBS-PVP, and then placed on poly-L lysine-coated glass
microscope slides in a minimal volume of PBS-PVP. Embryos were allowed to air
dry onto slides for at least 12 hours at room temperature. Embryos were then
rehydrated in 50 μL drops of PBS-PVP, which were placed on top of the embryos on
the slide for 15 minutes at RT. Droplets were kept intact on the slides by
circumscribing the embryos with a wax pen. After rehydration, Hoechst 33342 (1
μg/mL in PBS-PVP) was applied to the embryos for 15 minutes at RT in the dark.
Embryos were then washed through four consecutive washes of 2 minutes each in
PBS-PVP in a Coplin jar. Embryos were then coverslipped using Fluoromount-G
(Southern Biotechnology Associates, Inc.; Birmingham, AL) as an anti-fade
mounting medium, and coverslips were sealed to the slides with clear fingernail
polish. Embryos were then visualized using epifluorescent microscopy (Nikon;
Tokyo, Japan), and embryos were scored as having a nuclear configuration
reminiscent of meiosis II, interphase of the first embryonic cell cycle (pronuclear
stage), mitosis, or interphase of the second embryonic cell cycle (2-cell stage).
These assessments of nuclear configurations were performed on three different sets
of embryos for each time-point examined, except for the 15 hpa and 21 hpa
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timepoints, which were repeated only twice. Data are presented as the mean
percentage of embryos at each developmental stage ± SEM.

Maturation Promoting Factor (MPF):
The levels of MPF kinase activity in NHS and HS embryos were assessed
using the MESACUP Cdc2 kinase assay, which is a non-radioactive ELISA-based
assay to determine MPF activity levels in cell lysates. Oocytes at the metaphase II
(MII) stage, and NHS and HS embryos at 1 hpa, 2 hpa, 3 hpa, and 6 hpa were
analyzed. For each timepoint examined, 30 oocytes or embryos were collected after
culture in their respective culture conditions, and washed once in PBS-PVP. Zonae
pellucidae were removed by exposing the oocytes/embryos to Acid Tyrode’s
medium (Sigma) for approximately 3 minutes at RT. Zona-free embryos were then
washed twice more in PBS-PVP, placed in a microcentrifuge tube in a minimal
volume of PBS-PVP, and snap frozen in liquid nitrogen. Frozen embryos were
stored at -80 C until use. In preparation for the assay, embryos were thawed and
immediately resuspended in 5 μL of 1X cell lysis buffer from Cell Signaling
Technology, which consisted of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM betaglycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin, and supplemented with 1 mM
Phenylmethylsulphonylfluoride (PMSF; Sigma). The assay was carried out as
described by the manufacturer, with cell lysis buffer serving as the blank, and all
samples being run in duplicate. These assays were replicated at least three times
with embryos from three different days for each timepoint examined. The output of
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the assay is an arbitrary optical density (OD) value for each embryo set. Raw OD
values from the blank negative control wells were subtracted from the raw OD
values for each experimental group to give a corrected value for each timepoint.
Corrected OD values for each embryo set were then compared to the values for MII
oocytes, and the data is reported as the mean percentage of the corrected MII OD
values for each timepoint ± SEM.

Mitogen Activated Protein Kinase (MAPK):
MAPK activity in HS versus NHS embryos was evaluated by western blotting
to detect phosphorylated (active) p42/44 MAPK proteins. For the initial
characterization of the pattern of MAPK inactivation in HS and NHS embryos, 30
embryos were removed from their respective culture conditions at 3 hpa, 6 hpa, and
9 hpa. MII oocytes and 0 hpa embryos were used for comparative standards. Zona
pellucida removal and embryo freezing prior to storage were performed as described
above. Upon thawing for protein analysis, embryos were lysed in 10 μL of 1X PAGE
Loading Buffer. Samples were boiled for 3 minutes and subjected to SDS-PAGE on
12% polyacrylamide gels for approximately 2 hours at 150 V. Resolved proteins
were then transferred to PVDF membranes at approximately 130 mA overnight at 4
C. After transfer, membranes were washed once in water and then placed into
blocking solution [5% (w/v) nonfat dried milk (NDM) in 1X Tris-Buffered Saline (TBS)
with 0.1% Tween-20 (TBS/T)] for 6-8 hours at 4 C with gentle agitation. After
removal from the blocking solution, membranes were exposed to primary antibodies
overnight at 4 C with gentle mixing. Primary antibody dilution factors and diluents
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were antibody-specific: the phospho-specific p44/42 antibody used for active MAPK
detection was diluted 1:1000 in 5% (w/v) BSA in TBS/T; the K-23 Erk antibody used
to determine total (phosphorylated and unphosphorylated) MAPK protein levels was
used at 1:1000 diluted in 1% NDM in TBS/T. After coincubation with the primary
antibodies, membranes were washed 3 X 5 minutes in TBS/T. Goat-anti-rabbit
Horseradish Peroxidase-conjugated secondary antibody (Santa Cruz; 1:5000 in 1%
NDM-TBS/T) was applied for 2 hours at 4 C with shaking. Membranes were then
washed extensively (3 X 10 minutes) in TBS/T and 1 X 10 minutes in TBS. Protein
bands were detected by enhanced chemiluminescent processing of the membranes
with the Western Blotting Luminol Reagent (Santa Cruz Biotech., Santa Cruz, CA)
according to the manufacturer’s recommendations. Blots were performed at least
three times.

Okadaic Acid (OA) – a protein phosphatase inhibitor – was used to further
evaluate the role of active MAPK in the embryos’ response to HS. OA has been
shown previously to prevent the dephosphorylation (deactivation) of p42/44 MAPK
proteins (Lu et al., 2001; Sun et al., 2002). OA was provided at a 250 μM
concentration in DMSO. Embryos were cultured at either 39 C or 42 C from 0-3 hpa
or 0-6 hpa in 500 μL PZM3 culture medium to which 5 μL of 250 μM OA or 5 μL
DMSO was added, for a final concentration of 2.5 μM OA or 1.0% (v/v) DMSO. After
3 h in DMSO or OA, half of the embryos were washed free of OA or DMSO, and
returned to either 39 C or 42 C as appropriate for an additional 3 h. After the six
hour culture period, the remaining treated embryos were washed twice in fresh
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PZM3 culture medium, and embryos from all experimental and control groups were
either frozen as described above for western blotting, or put into fresh embryo
culture medium and cultured at 39 C. Developmental data collected from the
cultured embryos included 24 hour cleavage rates, 30 hour cleavage rates, and 48
hour cleavage rates. Western blots to assess the levels of MAPK phosphorylation
were performed on control and OA-treated embryos as described above. Culture
experiments were repeated at least three times, with the data being presented as
the mean of those three replicates ± SEM; western blots of OA-treated embryos
were repeated twice.

Phosphoprotein-specific Gel Staining:
Embryo production, processing, and electrophoresis were carried out as
described in the sections above. Embryos from three separate days were cultured
in either control or heat stress conditions starting immediately after oocyte activation,
and then collected at either 3 or 6 hpa. After resuspension and lysis in PAGE
loading buffer, samples of like treatments from the three days were pooled together
for loading, for a total of 250 embryo equivalents that were loaded in each lane. Ingel phosphoprotein labeling and imaging was carried out at the University of
Missouri Proteomics Center utilizing the Pro-Q Diamond Phosphoprotein Gel Stain
from Invitrogen (Carlsbad, CA) essentially as prescribed by the manufacturer. After
PAGE, the gel was washed twice for 30 minutes each wash in 50% (v/v) methanol
and 10% (v/v) acetic acid in water, and then rinsed in ddH20 (2 x 15 min). Pro-Q
stain was diluted 1:3 with water and gel was stained for 2 hours, followed by soaking
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in 50 mM Na-Acetate pH 4 with 20 % acetonitrile (4 x 30 min). The gel was then
rinsed in ddH20 (2 x 15 min). Image acquisition proceeded using Fuji Laser Imager
FLA-5000 with FLA5000 software v3.0 (16 bit gradation, 100 micron resolution, 550
V photomultiplier tube, 532 nm laser with long pass green filter). Images were
acquired in .TIFF format and manipulated using Fuji Multigauge software v2.3 for the
sole purpose of adjusting the intensity levels of the entire image for optimized visual
inspection. SYPRO Ruby Protein Stain (BioRad; Hercules, CA) was used as a
counterstain to verify equivalent total protein loading in the various lanes. SYPRO
Ruby was used according to BioRad instruction manual. Gels were fixed in 10 %
methanol/7% acetic acid and soaked overnight in the undiluted stain. Gels were then
destained using 10% methanol/7 % acetic acid for several hours with several
changes of solution. Images were acquired using Fuji Laser Imager FLA-5000 with
FLA5000 software v3.0 (16 bit gradation, 100 micron resolution, 550 V
photomultiplier tube, 473 nm laser with long pass blue filter). Image viewing and
manipulation was as described above.

Heat Shock Proteins (HSPs):
Western blotting for two prototypical members of the HSP family (HSP70 and
HSP90) was performed to assess the ability of the 09HS to upregulate the
production of HSPs in response to elevated temperatures. HS and NHS embryos
were cultured at their respective temperatures from immediately after egg activation
until 9 hpa, at which time 30 HS and 30 NHS embryos were removed from culture
and processed for freezing as described above. The remaining HS embryos were
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removed to 39 C and allowed to culture an additional 12 h. At 21 hpa, 30 NHS and
30 HS embryos were collected and frozen. Embryo lysis, SDS-PAGE, and western
blotting proceeded as described above. The HSP70 and HSP90 antibodies were
diluted 1:2500 and 1:2000, respectively, in 1% NDM-TBS/T. Washes, secondary
antibody application, and ECL detection proceeded as detailed previously. At least
four blots of each HSP70 and HSP90 were performed as described.

Statistics:
Developmental data and the MPF kinase assay data were subjected to
ANOVA using the PROC GLM commands in SAS (Cary, NC). All percentage data
were subjected to arcsine transformation prior to analysis, followed by a Student’s ttest. The possible effects of replicate were considered as a random variable in the
analysis. Statistical significance was assigned at a level of P < 0.05.

Results

Nuclear Status:
A summary of the developmental progression of NHS and 09HS embryos is
presented in Figure 5.1. These data confirmed our previous findings that 09HS
embryos progressed through the first embryonic cell cycle much more rapidly than
did the NHS control embryos. By 15 hpa, almost 35% of the 09HS embryos had
initiated mitosis as compared to only 6% of the NHS embryos. Similarly, at 18 hpa,
while only 4% of the NHS embryos had successfully completed the first mitotic cell
120

A

C

Meiosis II

*

100%

NHS
HS

80%
60%

Mitosis

100%

NHS
HS

80%
60%

*

40%

*

*

20%

*

40%

*

*

20%
0%

0%
0 hpa

3 hpa

B

6 hpa

100%
80%

*

*

*

*

NHS
HS

*
*

60%
40%

3 hpa

6 hpa

9 hpa

D

Pronuclear

*

0 hpa

9 hpa 12 hpa 15 hpa 18 hpa 21 hpa 24 hpa

2-Cell

100%

NHS

*

HS

80%

*

*

60%

*

12 hpa 15 hpa 18 hpa 21 hpa 24 hpa

40%
20%

20%
0%

0%
0 hpa

3 hpa

6 hpa

9 hpa 12 hpa 15 hpa 18 hpa 21 hpa 24 hpa

0 hpa

3 hpa

6 hpa

9 hpa

12 hpa 15 hpa 18 hpa 21 hpa 24 hpa

Figure 5.1. Nuclear configurations of HS (black bars) and NHS (open bars) embryos
during the first 24 hours of development. A. Percentage of embryos with chromatin
configurations reminiscent of metaphase II-arrest.
B.
Percentage of embryos
demonstrating pronuclear formation. C. Percentage of embryos having exited interphase
and initiated mitosis as evidenced by the dissolution of pronuclear membranes and
condensation of the chromatin. D. Percentage of embryos that had progressed through
mitosis and cleaved to the two-cell stage. hpa = hours post-activation. An asterisk (*)
indicates significant differences between NHS and HS embryos at a level of P < 0.05.
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division, more than 42% of the 09HS embryos were at the 2-cell stage. Somewhat
surprisingly, dramatic discrepancies between 09HS and NHS embryos were
apparent as early as 3 hpa, with 57% of HS embryos having progressed through the
final stages of meiosis II and formed pronuclei after only 3 hours in culture. In NHS
embryos, only 15% were at the pronuclear stage by 3 hpa. All differences noted
were significant at a level of P < 0.05.

MPF assay:
Data from the MPF activity assay is summarized and presented in Figure 5.2.
In both HS and NHS embryos, significant differences in MPF activity levels were
observed between the MII oocytes and 1 hpa embryos. No significant differences
were noted between HS and NHS embryos at 1 hpa, 2 hpa, or 3 hpa, but MPF
activity levels in HS embryos dropped relative to NHS embryos at the 6 hpa
timepoint. This difference was significant at a level of P < 0.001. This drop at 6 hpa
in the HS embryos was also significant when compared to the 3 hpa timepoint also
in HS embryos (P < 0.001). No such decrease in MPF activity levels was observed
in NHS embryos between the 3 hpa and 6 hpa timepoints.

MAPK phosphorylation:
Representative images of phospho-MAPK and total MAPK western blots are
shown in figures 5.3A and 5.3B, respectively. In NHS embryos, MAPK was
phosphorylated at very high levels at the MII stage, as was expected. No noticeable
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Figure 5.2. Relative Maturation Promoting Factor (MPF) activity levels in
NHS and HS embryos during the first six hours of development. Values are
presented as optical density (OD) units as normalized to metaphase II-arrested
oocytes. An asterisk (*) denotes significant divergence in MPF activity levels
between NHS and HS embryos.
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Figure 5.3. Assessment of “active” Mitogen-Activated Protein
Kinase (MAPK) levels in NHS and HS embryos by western blotting.
A.
Phosphorylated MAPK detected using a phospho-specific
(Thr202/Tyr204) primary antibody. Apparent molecular weights of the
two prominent bands observed were between 40 and 48 kDa –
presumably corresponding to the 42 kDa and 44 kDa isoforms of MAPK
B. Total MAPK protein levels. The three bands observed ranged from
~ 45 kDa to ~ 38 kDa, and were thought to represent the 44 kDa and 42
kDa isoforms of MAPK (Erk 1/2) and p38MAPK, for the upper, middle,
and lower bands, respectively. S: Molecular-weight standards; MII:
Metaphase II-arrested oocytes; 0h, 3h, 6h: embryos harvested at 0, 3,
and 6 hours post-activation (hpa), respectively.
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drop from MII levels was observed at 0 hpa or 3 hpa. By 6 hpa, a moderate amount
of dephosphorylation had occurred, and by 9 hpa, phosphorylated MAPK levels had
dropped significantly. MAPK dephosphorylation occurred much earlier in 09HS
embryos, with the major dephosphorylation event occurring between 3 and 6 hpa
instead of between 6 and 9 hpa as in control embryos. By 9 hpa, no phosphorylated
MAPK was detected in 09HS embryos. Blots done in parallel to assess the levels of
total MAPK protein demonstrated that total MAPK protein content was maintained at
a constant level throughout the experimental time course.

Okadaic Acid:
Western blotting for phosphorylated MAPK verified that OA maintained MAPK
highly phosphorylated in both 06HS and NHS embryos as compared to vehicle
treated embryos (Figure 5.4). Again, HS resulted in significant dephosphorylation of
MAPK as compared to control temperatures in embryos treated only with DMSO.

Table 5.1 contains the data detailing the effects of Okadaic Acid on embryo
development. Okadaic Acid treatment for the initial three hours of embryo
development decreased the percentage of embryos that had cleaved by 24 hpa in
both NHS and 06HS embryos. In contrast, the three hour OA treatment had no
significant effect on the percentage of NHS and 06HS embryos that had cleaved by
30 or 48 hpa. The OA treatment for six hours virtually abolished any embryo
cleavage by 24 hpa in both NHS and HS groups. At 30 hpa, embryos that had been
treated with OA for six hours displayed lower cleavage rates than did control,
125

MII

0h
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NHS
HS

6h - OA
NHS
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Figure 5.4. Phosphorylated MAPK levels in Okadaic Acid-treated embryos. The only two
bands that appeared on these blots had approximate molecular weights of 44 kDa and 42 kDa
for the upper and lower bands, respectively. These bands presumably correspond to the p44
(Erk-1) and the p42 (Erk-2) isoforms of MAPK. MII: Metaphase II-arrested oocytes. 0h, 6h:
Embryos collected at 0 or 6 hours post activation (hpa), respectively.
DMSO:
Dimethylsulphoxide (vehicle)-treated embryos. OA: Embryos treated with 2.5 μM Okadaic
Acid in DMSO.
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n
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NHS
% ± SEM
n
64.7 ± 1.0aw
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34.7 ± 2.4cw

56.2 ± 2.2bw

83.4 ± 3.5ax
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% ± SEM
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n
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75.7 ± 5.3ay

79.2 ± 6.8ay

78.2 ± 10.3ay
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121

151

48 h Cleavage
NHS
% ± SEM
n
80.7 ± 5.8ay
120

50.0 ± 7.0bz

69.4 ± 1.7aby

84.4 ± 5.4ay

06HS
% ± SEM
85.8 ± 3.3ay

Table 5.1. Developmental data of Okadaic Acid-treated HS and NHS embryos. Assessment of cleavage rates at 24, 30, and 48 hours
post-activation (hpa) in NHS and 06HS embryos treated with 2.5 μM Okadaic Acid for the first three (OA-3h) or six (OA-6h) hours of
development, Dimethylsulphoxide for the first six hours of development (DMSO), or no treatment (Control). n: number of embryos examined.
a-c
Different superscripts in the same column denote significant differences between inhibitor treatment groups within a heat treatment group
j,k
w,x
at a given time.
Denote significant differences between NHS and HS embryos within a treatment group at 24 hours.
Signify differences
y,z
between NHS and HS embryos within a treatment group at 30 hours.
Different superscripts indicate differences between heat treatments
within inhibitor groups at 48 hours. Statistical significance was assigned at P-values < 0.05.

vehicle-treated, and three hour OA-treated embryos. Furthermore, a significantly
lower percentage of six hour OA-treated 06HS embryos had cleaved when
compared to six hour OA-treated NHS embryos. At 48 hpa, all NHS embryo
treatment groups demonstrated equivalent cleavage rates. OA treatment for 6 hours
– and to a somewhat lesser degree, for three hours only – caused a dramatic
reduction in the percentage of 09HS embryos that had cleaved appropriately by 48
hpa.

Phosphoprotein Stain:
Images of the 1D protein gel labeled with the phosphoprotein-specific stain
(Pro-Q Diamond) and the total protein stain (SYPRO Ruby) are presented in Figures
5.5A and 5.5B, respectively. Although subtle differences were noted between 3 hpa
embryos and 6 hpa embryos, no detectable variations were observed when
comparing NHS and HS embryos at the different timepoints.

HSP Western Blots:
No significant differences in HSP70 or HSP90 protein levels were observed in
HS embryos as compared to NHS embryos at either 9 hpa or 21 hpa.
Representative images of HSP western blots can be seen in figures 5.6A and 5.6B
for HSP70 and HSP90, respectively.
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Figure 5.5. Global protein content in NHS and HS embryos. A. Total phosphoprotein content of NHS and HS embryos (250 embryo equivalents per lane) at three and
six hours post activation (hpa). B. Total protein content of NHS and HS embryos.
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Figure 5.6. Heat Shock Protein (HSP) content of NHS and HS embryos.
A. HSP70 protein content in NHS and 09HS embryos as determined by
western blot either immediately after a nine-hour heat stress (9h) or 12
hours after the end of the heat stress period (21h). Apparent molecular
weight of the bands was approximately 70 kDa, as determined by
comparison with molecular weight markers run with the samples. B.
HSP90 protein content in embryos as described above. The protein bands
were of an approximate molecular weight of 90 kDa. MII: Metaphase IIarrested oocytes. Thirty embryo equivalents per lane.
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Discussion

Preimplantation embryo development has been shown in numerous studies to
be adversely affected by exposure to elevated temperatures in both in vivo and in
vitro conditions in a variety of species, including pig (see Hansen et al., 1998;
Ozawa et al., 2002; Wettemann and Bazer, 1985). Our recent research, however,
has demonstrated that the directionality and magnitude of the embryos’ response to
heat stress depends heavily on the timing of stressor application. Specifically, we
have shown that even a relatively severe heat stress episode can actually stimulate
embryo development if applied immediately after fertilization or artificial activation.
Our current work details our ongoing efforts to explain this phenomenon. While in
vitro fertilized embryos were also responsive to this heat stress treatment, our
current research has focused on parthenogenetic embryos.

Perhaps the most practically relevant finding of our previous research was
that development to blastocyst was significantly enhanced in embryos exposed to
heat stress immediately after activation. Also of interest, though, was that fact that
in these same embryos, some manifestation of this increased developmental
potential was made evident as early as 24 hpa in the form of altered dynamics of the
first cleavage event: a much higher percentage of 09HS embryos cleaved by 24 hpa
as compared to NHS control embryos. An evaluation of the nuclear configurations
of NHS and 09HS embryos every three hours for the first 24 hours of development
yielded the finding that phenotypic divergence between the two sets of embryos was
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evident as early as 3 hpa. This discrepancy was perpetuated through the first
embryonic cell cycle, as evidenced by accelerated cell cleavage in 09HS embryos,
and, presumably, through to the blastocyst stage of development five or six days
later as detailed in our previous work. These findings hinted at the involvement of
the MPF kinase and/or MAP kinase systems, which are the two biochemical
cascades most closely associated with the early oocyte-to-embryo transition.

MPF activity is high at the MII stage of oocyte maturation, but a rapid calciuminduced decrease in MPF activity is thought to relieve the inhibition of progression
through meiosis that is instituted during the metaphase-arrest. An analysis of the
dynamics of MPF inactivation in NHS and HS embryos demonstrated that MPF was
inactivated at almost identical rates in all embryos, regardless of heat treatment.
The initial drop in MPF activity that was observed between MII-stage oocytes and
embryos 1 hpa is presumed to be the event that is necessary for oocyte activation,
as after this initial drop in activity, no significant drops were observed in NHS
embryos out to 6 hpa. By 6 hpa, more than 70% of NHS embryos demonstrate
appropriate exit from meiosis and formation of pronuclei. While no difference in the
rate of MPF inactivation between NHS and HS embryos was detected, an interesting
dip in MPF activity in HS embryos relative to NHS embryos at 6 hpa was observed.
It is not known whether this divergence at 6 hpa is physiologically relevant. As
mentioned above, the dramatic drop in MPF activity observed in both NHS and HS
embryos almost immediately after electrical stimulation is presumably sufficient for
efficient oocyte activation and embryo development. And, most of the HS embryos
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develop pronuclei by 3 hpa – much ahead of the observed discrepancy in MPF
activity levels between NHS and HS embryos. Although we might safely assume
that the dip in MPF activity in HS embryos at 6 hpa is not directly responsible for the
accelerated emergence of pronuclei in HS embryos relative to controls, it cannot be
ruled out that the observed discrepancy in MPF activity levels between treatment
groups at 6 hpa is somehow associated with the enhanced developmental potential
of HS embryos as culture in vitro continues.

Metaphase II-arrested oocytes demonstrate a high level of MAPK activity,
which activity declines significantly after resumption of meiosis, but generally not
until several hours after MPF inactivation in Xenopus (Ferrell et al., 1991; Lorca et
al., 1993), mouse (Verlhac et al., 1994; Moos et al., 1995), bovine (Liu et al., 1998),
and porcine (Tatemoto and Muto, 2001) oocytes. The current studies support this
general model, with only modest reductions in the level of MAPK phosphorylation
observed at 6 hpa, and what appears to be a major dephosphorylation “event”
between 6 and 9 hpa in NHS control embryos, whereas MPF inactivation occurred
by 1 hpa in NHS embryos. In HS embryos, however, the pattern of MAPK
dephosphorylation was significantly altered from that of controls: noticeable
differences in MAPK phosphorylation levels were observed as early as 3 hpa, and
most MAPK was dephosphorylated in HS embryos by 6 hpa. This precocious
dephosphorylation of the MAPK proteins did not appear to be part of a pervasive
proteome-wide dephosphorylation event in response to the heat stress, as no
discernible differences were noted in the global phosphorylation patterns of NHS
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and HS embryo whole-cell protein lysate at 3 or 6 hpa. Neither were total MAPK
protein levels nor heat shock protein levels altered in response to the heat stress.
These observations would suggest that targeted MAPK dephosphorylation is a direct
result of exposure to elevated temperatures. Most of the published literature,
however, indicates that MAPK is activated in response to HS, along with other
related signaling family members p38-MAPK and Stress-Activated Protein Kinase/cJun N-terminal Kinase (SAPK/JNK; reviewed in Dorion and Landry, 2002;
Woessmann et al., 1999). One possibility that is alluded to in the literature is the
possibility that HS does induce a transient rise in the activity of MAPK, p38, and/or
SAPK/JNK, but that self-moderating mechanisms (i.e. protein phosphatases) are
rapidly activated within the embryo to protect the cell from aberrant signaling that
might adversely affect survival. Indeed, activation of the p38 and SAPK/JNK
pathways in response to stress are generally associated with compromised
proliferative capacity and/or apoptosis. A rapid response in counteracting these
pathways leading to cell death might be advantageous. Recent studies in somatic
cell culture systems have demonstrated that heat stress can upregulate the activity
of MAP Kinase Phosphatase-1 (MKP-1) – a dual-specificity phosphatase – at the
transcriptional (Gorostizaga et al., 2005; Li et al., 2001), post-transcriptional (Wong
et al., 2005), and post-translational levels (Lee et al., 2005). Our attempts at
quantifying MKP-1 protein levels in HS and NHS embryos have been unsuccessful
(data not shown). It may be that MKP-1 protein is not present at appreciable levels
in porcine oocytes and zygotes. Alternatively, given the relative paucity of starting
materials, the MKP-1 may be present at levels that are below our limits of detection
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with commercially available antibodies that may not provide optimum cross-reactivity
with our porcine samples.

Ongoing studies in our laboratory are aimed at

uncovering the mechanism(s) responsible for the premature inactivation of MAPK
observed in 09HS embryos as compared to controls.

The apparent shift in the timing of MAPK inactivation appears to be
temporally correlated to our observations of a shift in the timing of pronuclear
formation in HS embryos as compared to control embryos. Exposure to Okadaic
Acid prevented MAPK inactivation, and completely blocked pronuclear formation in
both NHS and HS treatment groups up to at least 6 hpa (data not shown). Removal
from OA allowed embryo development to proceed, and up to at least 48 hpa, NHS
OA-treated embryos developed at rates similar to NHS control embryos. While nontreated and vehicle treated HS embryos predictably developed faster than their NHS
counterparts, OA treatment of HS embryos inhibited their development relative to
both untreated HS embryos as well as OA-treated NHS embryos. Thus OAtreatment appeared to sensitize embryos to the effects of elevated temperature.

Given the facts that premature MAPK inactivation is observed in 09HS
embryos with enhanced developmental potential, and that by artificially maintaining
MAPK highly phosphorylated, the increased viability of 09HS embryos is reversed, it
seems plausible to implicate MAPK inactivation as being involved in – if not directly
responsible for – the accelerated cleavage in these heat-treated embryos. Ito et al.
(2004 and 2005) demonstrated that artificial inhibition of MAPK using the selective
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MEK-1 inhibitor U0126 improved the rate of pronuclear formation in porcine oocytes
activated with Ca2+-ionophore. In contrast, Tatemoto and Muto (2001) showed that
while treatment of porcine parthenotes with U0126 immediately after electrical
stimulation rapidly reduced MAPK activity, treatment with the inhibitor did nothing to
accelerate the timing of pronuclear formation as compared with untreated controls.
In fact, in these experiments, treatment with U0126 for 10 hours delayed pronuclear
formation relative to controls. Without a direct link between the heat stress and the
decrease in MAPK activity, it is impossible to conclusively determine whether the
relationship between the precocious MAPK dephosphorylation and the accelerated
development of 09HS embryos is causal, permissive, or merely associative.

One possible explanation for the increased success of 09HS embryos in
culture is that exposure to heat stress stimulated the production of heat shock
proteins which protected the embryos against the harsh in vitro culture environment
early in development. Such protection for the first 1-2 days might allow a greater
percentage of embryos to make a successful transition from maternal-to-embryonic
control, and thus result in higher rates of development to blastocyst. The classic
heat stress response involves the Heat Shock Factor-1 (HSF-1)-mediated
transcriptional activation of HSPs (see reviews in Morimoto, 1998; Sonna et al.,
2002). Treatment of NHS and 09HS embryos with the RNA polymerase II inhibitor
α-amanitin (20 μg/mL; data not shown) for the first 24 hpa had no effect on the
divergent cleavage rates of the two groups of embryos, thus precluding the
generation of HSPs via transcriptional upregulation. And western blots to detect
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HSP70 and HSP90 protein levels in 09HS and NHS control embryos indicated that
HSPs were not present at higher levels in the heat-treated embryos as compared to
controls, either immediately after the end of the heat stress treatment or 12 hours
later. One-cell stage mouse embryos were shown to be unable to respond to heat
stress by upregulating HSP production as well (Muller et al., 1985). Given the
transcriptional quiescence of 1-cell stage pig embryos, the inability of the embryos to
respond to heat treatment with increased HSP production is not entirely surprising.

It is precisely this presumed inability to respond transcriptionally to external
stimuli that is supposed to render pre-embryonic-genome-activation embryos so
susceptible to environmental perturbations. The fact that a borderline
supraphysiological heat stress serves to accelerate passage through the first
embryonic cell cycle is doubly impressive: first, that the heat stress does not inflict
serious damage; and second, that development is instead enhanced. Recent
research in bovine (Lonergan et al., 1999; Ward et al., 2001), human (Fenwick et al.,
2002; Wharf et al., 2004), and mouse (Kobayashi et al., 2004) embryos
demonstrates that the speed with which an embryo proceeds through to the first
embryonic cleavage is a reliable indicator of the potential that embryo has to develop
in culture to the blastocyst stage. A report by Fair et al. (2004), suggests that the
discrepancies between faster- and slower-cleaving (viable and less viable,
respectively) bovine embryos are dictated – at least in part – by maternally-derived
genetic determinants (mRNAs). Our previous research demonstrated that the fastercleaving 09HS embryos were significantly more successful at developing to the
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blastocyst stage in vitro than were their NHS counterparts. The oocytes that were
used to generate the embryos used in our studies were all from a common pool of
oocytes, which after activation were randomly assigned to various treatment groups.
It is safe to assume, then, that the differences observed between NHS and 09HS
embryos are not attributable to differences in maternally-derived protein and/or
mRNA populations, but are rather a manifestation of changes induced by elevated
temperatures. It is possible that heat stress prompts differential translation of
maternally-derived mRNAs in 09HS as compared to control embryos, presumably by
altering mRNA polyadenylation patterns. Treatment of embryos for 24 hours with
the mRNA polyadenylation inhibitor cordycepin (20 μM; data not shown) showed no
effect on either 09HS or NHS embryo cleavage rates. Admittedly, in these limited
studies, no conclusive confirmation that the inhibitor was functional was available.
Also, HS-induced mRNA deadenylation cannot be ruled out as a possible
mechanism for potential alterations in maternal mRNA translation patterns.

Another recent study by Comizzoli et al. (2003) showed that spermatozoa
from bulls of proven high fertility make embryos that progress faster through the first
embryonic cell cycle than do embryos resulting from fertilizations with spermatozoa
from bulls with lower levels of fertility. The authors of this research contend that
paternally-dictated differences in embryonic glucose metabolism are responsible for
the accelerated (and more successful) development of embryos that were derived
from “high fertility” versus “low fertility” spermatozoa. Although our utilization of
parthenogenetic embryos excluded the possibility for paternally-derived influences
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on the metabolic activity of these embryos, it is possible that heat stress could alter
the kinetics of glucose metabolism in such a way that embryo developmental
parameters are affected as in the study by Comizzoli et al. Rivera et al. (2004), in
studying the effects of HS on 2-cell stage bovine embryos, concluded that levels of
reactive oxygen species – a by-product of glucose metabolism via oxidative
phosphorylation – were not altered in HS embryos when compared with controls, nor
was embryonic ATP content altered in response to elevated temperatures,
suggesting no significant shift in glucose metabolism. It is not known whether the
activity of the various metabolic pathways would be altered in heat stressed 1-cell
stage porcine embryos.

In summary, parthenogenetic porcine embryos exposed to a heat stress
episode immediately after oocyte activation form pronuclei much earlier than do nonstressed embryos. This accelerated rate of pronuclear formation was associated
with a premature inactivation of MAPK. MPF inactivation, however, proceeded at
identical rates in both HS and NHS embryos. A curious dip in MPF activity in heat
stressed embryos at 6 hpa may or may not be causally linked to the precocious
MAPK inactivation. Treatment of 06HS embryos with a phosphatase inhibitor kept
MAPK activity levels high, and at the same time served to sensitize the embryos to
the heat stress. Heat shock proteins were not noticeably upregulated in heat-treated
embryos as compared to controls. Based on this and previously reported
information, we propose a mechanism whereby heat stress transiently
hyperactivates MAPK (and possibly p38-MAPK and SAPK/JNK, as well), which
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signals the activation of protein phosphatases (perhaps MKP-1), which in effect,
prematurely quells MAPK signaling. Precocious MAPK inactivation facilitates an
“early” start to the first embryonic cell cycle, which may be perpetuated at least
through to embryonic genome activation. Exaggeratedly low levels of MAPK and/or
MPF activity during the first interphase may serve to “prime” the embryo for
successful development in the future. These surprising findings underscore the
importance of non-genomic, epigenetic phenomena in early embryo development.
What remains a mystery is how this acceleration in development during the first
embryonic cell cycle is translated into enhanced viability up to one week later, as
reported previously. Continued investigation into these questions should yield
further exciting findings concerning the biochemistry and physiology of
preimplantation embryos that may ultimately enhance the efficiency of reproductive
technologies in a variety of settings.
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CHAPTER SIX

SUMMARY

Even under the most ideal circumstances, early preimplantation-stage
embryo failure is a commonplace occurrence in most mammalian species due to
such aberrations as a compromised uterine environment, maternal rejection of the
conceptus, and embryonic chromosomal abnormalities. These embryonic losses
can be the source of significant economic losses in the case of agriculturally relevant
species, and emotional distress in subfertile human partnerships. In many parts of
the world, large domesticated species are faced with the added insult of severe heat
stress conditions for much of the year. Elevated temperatures have long been
implicated in exacerbating reproductive inefficiency in livestock species. Historically,
the bulk of the scientific research performed in this field has been to examine either
1) the effects of heat stress on the mother: uterine environment, blood flow, and/or
the effects on the hypophyseal-pituitary-ovarian hormonal axis; or 2) methods for the
mitigation of the effects of heat stress on livestock animals. Recently, it has become
feasible to produce and culture embryos from large domestic species in vitro, thus
allowing for carefully-controlled experiments to be performed on the oocyte and/or
embryo itself. The experiments detailed in the body of this dissertation were
designed to evaluate the developmental, biochemical, and physiological responses
of early cleavage stage porcine embryos to the effects of elevated temperatures.
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In chapter three, we chose to apply a nine hour heat stress of 42 C to in vitrofertilized (IVF) and parthenogenetically-activated (PA) pig embryos during the late 1cell stage, and assess the apoptotic response and developmental potential of heat
stressed (HS) versus non heat stressed (NHS) embryos. It was expected that heat
stress would induce apoptosis and dramatically disrupt the developmental program
of both IVF and PA embryos. Instead, we found that while heat stress did
significantly induce apoptosis and reduce development to blastocyst in IVF embryos,
PA embryos were rather resistant to the effects of the heat stress as applied in these
experiments.

In chapter four, we similarly assessed the response of PA embryos to timing
variations of an identically applied heat stress. Very surprisingly, we found that heat
stress served as a potent stimulator of embryo development if applied immediately
after oocyte activation. These embryos cleaved to the two-cell stage much more
quickly than did control embryos, and blastocyst rates were more than double that of
the control group. Similarly treated IVF embryos, and embryos derived from somatic
cell nuclear transfer (SCNT), demonstrated markedly accelerated development
through the first cell cycle, but blastocyst development was not dramatically
improved. Exposure of PA and IVF embryos to HS conditions at other times relative
to oocyte activation had very little or no effect on embryo development.

The experiments detailed in chapter five were designed to begin a more
complete characterization of the molecular events responsible for the phenomenon
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described in chapter four. Discrepancies between NHS and HS embryos were
apparent as early as three hours post activation (hpa), thus implicating one or both
of the two principal biochemical cascades in the early oocyte-to-embryo transition:
Maturation Promoting Factor (MPF) and Mitogen-Activated Protein Kinase (MAPK).
While the dynamics of MPF inactivation were not shown to be altered in HS embryos
as compared to controls, MAPK inactivation occurred much earlier in HS embryos
than in NHS embryos. Accelerated development was not observed in HS embryos
treated with Okadaic Acid – a protein phosphatase inhibitor that maintained MAPK
active at high levels. Okadaic Acid instead appeared to sensitize the zygotes to the
effect of the heat stress, as HS embryos exposed to OA developed much more
slowly than did untreated HS embryos, and more slowly than NHS OA-treated
embryos as well. It appears then, that the accelerated development of embryos heat
stressed immediately after oocyte activation is correlated to accelerated MAPK
inactivation. Our efforts to demonstrate a definitive link between HS and MAPK
inactivation have as yet proven unfruitful.

The experiments detailed in Appendix I are interesting attempts at more
completely characterizing the developmental and biochemical response of the 09HS
embryos as compared to NHS controls. In some other species, embryo cleavage
rate appears to be tightly correlated to successful development in vitro, with faster
cleaving embryos being much more likely to develop into blastocysts than slower
cleaving embryos. Our verification of this data in the porcine embryo model system
provided the basis on which we assessed cleavage rates 24 hours after activation or
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insemination throughout our experiments. A global proteomics approach yielded no
significant findings for our purposes, but the techniques were shown to be amenable
to this research, and may serve as powerful tools for similar experiments in the
future. Pharmacologic inhibitor compounds provided means whereby individual
candidate pathways and processes could be tested as to their involvement in the
phenomenon outlined in chapter four. None of the pathways or processes inhibited
was definitively shown to be associated with the observed discrepancies between
HS and NHS embryos. These experiments did serve, however, to rule out certain
pathways that were not likely to be involved, such as gene transcription, PI3Kmediated enhancement of cyclin D protein activity, and SAPK/JNK activation.

In conclusion, then, porcine parthenogenetic embryos are much more
resistant to heat stress than are in vitro fertilized embryos, and the heat-induced
enhancement of developmental potential in parthenogenetic embryos appears to be
related to the precocious inactivation of MAPK early during the first embryonic cell
cycle. Further investigation into the dynamics of nuclear reprogramming and
remodeling, and other epigenetic and/or metabolic effects that are influenced by
heat treatment may warrant consideration. It is possible that complete elucidation of
these mechanisms may lead to genetic or pharmacologic manipulations that can be
made to improve the efficiency with which embryos from a number of species can be
produced in vitro – especially in embryos produced using some of the newer
assisted reproductive technologies (SCNT, ICSI, etc.) that will surely be important
tools in the scientific research community well into the future.
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APPENDIX I

ADDITIONAL EXPERIMENTS

Introduction

Throughout the course of the research detailed in the previous chapters of this
dissertation, many experimental procedures were carried out that provided valuable
information, but were not particularly relevant to the bulk of the content of any of the
chapters. This first appendix, then, will serve to present the details of these
experiments.

Experiment 1: 24-hour cleavage rates

Early on in the previously detailed research, we sought a reliable phenotypic
marker that would predict developmental success or failure of parthenogeneticallyactivated (PA) embryos in vitro. In many species, including mouse, human, and
especially bovine, it has been demonstrated that the timing of the first embryonic
cleavage event can serve as a reliable indicator of an embryo’s potential to develop
to the blastocyst stage in vitro.

We proceeded to examine whether this

phenomenon would hold true in porcine PA embryo development as well.
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PA embryos were generated as outlined in the body of this dissertation.
Embryos were allowed to culture in PZM-3 culture medium at 39 C in 5% CO2 in air
as described previously. At 24 hours post activation (hpa), the embryos were
visually inspected, and those embryos that had cleaved to the two-cell stage were
removed into a separate well, and were cultured together thereafter. At 30 hpa, this
process was repeated, removing from the original culture well all of the embryos that
had cleaved between 24 and 30 hpa. These embryos were then cultured together in
a group separate from the others. The remaining embryos were left together to
culture for the remaining time until blastocyst rates were determined. Cleavage
rates of this final group were determined retrospectively by staining the nuclei with
Hoechst 33342 on day 7 of culture – anything that had more than one nucleus and
looked as if at least one “regular” cytokinesis event had taken place was scored as
cleaved. Three groups were available for analysis, then: one group that had
cleaved by 24 hpa (< 24 h), one group that cleaved between 24 and 30 hpa (24-30
h), and one group that cleaved after 30 hpa (> 30 h). The percentage of embryos
that developed to blastocyst in each of these groups was recorded. Also, the overall
cleavage rate and the overall blastocyst rate were noted.

Only a small percentage (14.7%) of embryos had cleaved prior to 24 hpa;
20% of the remaining embryos cleaved between 24-30 hpa; and of those embryos
that had not cleaved by 30 hpa, only 29% went on to ultimately cleave at least once.
The overall cleavage rate for the group was 51.7% in these experiments. Very
interestingly – but in accordance with what has been seen in other species – those
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embryos that cleaved prior to 24 hpa went on to develop blastocysts at a much
higher rate than did any of the other groups: 59.3%, 36.7%, and 7.5% for the < 24h,
24-30h, and > 30h groups, respectively. These data are presented visually in Figure
A.1. These data demonstrate that faster-cleaving embryos are more
developmentally competent than are their slower-cleaving counterparts – at least to
the blastocyst stage in vitro. These findings are the basis behind the routine
assessments of 24-hour cleavage rates throughout the experiments detailed in
chapters four and five herein.

In the porcine preimplantation embryo, activation of the embryonic genome
does not occur until the 4-8 cell stage. Therefore, progression through the first two
cell cycles is completely dependent on maternally-derived and stored materials.
Inherent maternally-dictated differences between faster- and slower-cleaving
embryos must exist in order for developmental discrepancies to be made manifest
during these first two cell cycles. Further investigation into the nature of these
discrepancies might yield a wealth of very interesting data as to the identity of the
constituents of a healthy, viable oocyte/embryo.

Experiment 2: Proteomes of NHS and HS embryos

Given the dramatic phenotype of the 09HS embryos detailed in chapter four,
and the fact that such observations are essentially without documented precedent,
attempts to describe this response on a global scale were initially very appealing. In
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other words, because we had no idea what was going on in these embryos, instead
of looking at each protein or pathway that might be involved individually, it made
sense to attempt a comprehensive analysis that might provide clues as to which
direction we should go to look for answers. The type of analysis that we elected to
pursue was a proteomics approach – looking for obvious differences in proteins
present in heat shocked embryos as compared with control embryos.

These analyses were performed for us by the University of Missouri
Proteomics Center. Two separate analyses were performed: 2-D Fluorescence
Difference Gel Electrophoresis (DIGE), and a more traditional separate, but
concurrent two-dimensional protein separation followed by staining with both
phosphoprotein-specific (Pro Q Diamond; Invitrogen; Carlsbad, CA) and total protein
(Deep Purple Total Protein Stain; Amersham Biosciences; Piscataway, NJ) dyes.

For the DIGE analysis, NHS and 09HS PA embryos were produced as
detailed in the body of this dissertation. At 21 hpa, NHS and 09HS embryos were
collected, stripped of their zonae pellucidae, and snap frozen as described
previously. A total of 640 NHS and 640 09HS embryos were generated and
collected over a period of several days. In preparation for protein separation,
embryos were lysed, and the lysate was subjected to Trichloroacetic acid (TCA)
precipitation for protein purification. Proteins were then resuspended in isoelectric
focusing (IEF) buffer. NHS embryos were labeled with the fluorescent dye Cy3;
09HS embryos were labeled with Cy5. Labeled proteins from the two groups were
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then pooled together, subjected to isoelectric focusing over a pH range from 3-10,
then separated in the second dimension according to molecular weight via
polyacrylamide gel electrophoresis. The concept of this procedure is that identical
proteins from the two groups of embryos will co-migrate in both dimensions, but that
the CyDye labels corresponding to the different treatment groups would allow for
visual assessment of relative protein levels at any given spot. If a protein is present
in equal amounts in NHS and 09HS embryos, the emissions from the Cy3 and Cy5
dyes will be of equal intensities, and the spot will appear yellow or orange. If,
however, a protein is present at higher or lower levels in one of the treatment groups
relative to the other group, then that protein spot will appear green or red, as
appropriate.

The more traditional 2-D analysis was performed in a similar manner, except
that NHS and 09HS embryo lysates (1000 embryos per treatment group) were not
subjected to any protein precipitation, were not prelabled with protein dyes, and
were run separately, but simultaneously, first on IEF strips (3-10), and then on
separate polyacrylamide gels. After separating the proteins in both dimensions,
proteins were stained with the Pro Q Diamond phosphoprotein-specific dye as
outlined in chapter five. After visualization and image acquisition, gels were
exposed to the Deep Purple Total Protein Stain according to the manufacturer’s
directions. Image acquisition proceeded as described previously. Images were
acquired in .TIFF format, and the entire images were manipulated for size, contrast,
and intensity for optimum visualization.
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The images acquired from both methods can be seen in Figures A.2 (DIGE)
and A.3 (Traditional). Both methods provided good protein separation, with many
spots for evaluation. The results of the analyses of these images, however, were
mostly inconclusive, but for different reasons. The DIGE method appeared to be the
attempt that gave the best results – but those results indicated that essentially no
differences in detectable protein levels existed between the two groups. The
professionals at the University of Missouri Proteomics Center were concerned that
perhaps a significant amount of protein was being lost during the TCA precipitation,
and thought that it might be a good idea to try again with raw embryo lysate as the
starting material. We proceeded as recommended, but this time not attempting the
DIGE, but going instead with the more traditional approach outlined above.
Unfortunately it appears that either 1) more protein was loaded onto the 09HS gel
than the NHS gel, 2) some of the NHS proteins were lost after loading (washes, etc),
or 3) protein labeling was not as efficient in the NHS gel as compared to the 09HS
gel. It is also possible that the heat stress simply stimulated protein production to
that degree, or that embryo lysis was not complete in the NHS sample tube, but the
analysis does not bear those hypotheses out: quantification of protein content prior
to protein loading determined that equivalent levels of protein were present in both
samples. Whatever the reasons, the differences in apparent protein levels between
the two gels made a direct comparison between the two impossible. Normalizing
one gel to the other based on one or a few protein spots would defeat the purpose of
the analysis, unless absolute levels of that specific protein were known for each of
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the samples. This information was not available, and no meaningful data was
gleaned from this analysis.

In retrospect, The DIGE analysis may have been an accurate representation
of what was going on at that time. Although we know there are differences between
NHS and 09HS embryos at 21 hpa (cell-cycle stage, etc.), the DIGE method can
only detect only the very most abundant proteins in the cell – perhaps less than 1%
of the total protein content of the cell. It is therefore not likely that we would be able
to detect the subtle differences in protein content that are likely associated with
changes in cell-cycle stage and etc. There are more sensitive approaches that
might be more efficient in detecting differences in samples such as these. Fourier
Transform Ion Cyclotron Resonance (FTICR) – Mass Spectrometry is one such
technology that may be useful if this analysis were to be pursued further in the
future. Before embryonic genome activation the embryo is wholly reliant on
maternally stored proteins and mRNAs. It is likely that the total protein content of
the embryos does not vary greatly during this period of development. Indeed, our
analysis of HSP protein content in NHS and 09HS embryos at 21 hpa indicated that
not even chaperone protein levels change in the 1-cell stage embryo in response to
heat stress. It is much more likely that subtle post-translational modifications of
existing proteins are responsible for most of the developmental changes and
responses to stress observed in embryos prior to the activation of the embryonic
genome. Our attempts at detecting differences in phosphoprotein levels were
confounded as described above. However, in chapter five of this dissertation, we
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detail similar analysis done on 3 hpa and 6 hpa NHS and 09HS embryo lysates
separated only in one dimension. No differences in phosphoprotein content were
detected in that experiment, although we know that MAPK is differentially
phosphorylated in NHS and 09HS embryos at 6 hpa. It is probable that the majority
of these changes occur much below our limits of detection using this technology as
outlined here.

Experiment 3: Biochemical inhibitors

Almost simultaneously with our attempts at detecting differences in the global
proteomes of NHS and 09HS embryos, we undertook a series of experiments in
which we took the exact opposite approach from the proteomic analysis: to examine
a number of very specific biochemical pathways and physiological processes
individually as to their potential association with the observed differences between
09HS and NHS embryos. Chemical inhibitors of a wide variety of physiological
enzymes, pathways, and processes are now available, and we chose to investigate
the role of some of these pathways by applying these specific inhibitors to our NHS
and 09HS embryo culture schemes and assess their effect on embryo development.
We carefully chose a number of pathways and processes that were either A) shown
in the literature to be involved in stress response (specifically heat stress) in other
systems; and/or B) involved in crucial developmentally-regulated events in the early
cleavage stage embryo that, if impinged upon, might serve to alter embryo
development. A very brief summary of these biochemical and physiological
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pathways is found in Table A.1. A more complete description of the rationale behind
these particular pathways is as follows:
•

mRNA Transcription: Although the major activation of the embryonic
genome does not occur until the 4-8 cell stage, it was hypothesized that a
premature activation of embryonic transcription (i.e. a heat stress
response) might allow for increased developmental potential. α-amanitin
is a potent inhibitor of RNA polymerase II – the enzyme responsible for the
vast majority of protein-coding gene transcription. If 09HS embryos
continued to develop much faster than NHS embryos even in the
presence of α-amanitin, it could be safely assumed that the observed
phenomenon was not due to new mRNA transcription in response to heat
stress.

•

Maturation Promoting Factor (MPF) Activity: One of the most highly
conserved events in embryology is the rapid Ca2+-induced decline in MPF
activity upon activation of the oocyte. It was reasonable to surmise that
perhaps premature MPF inactivation in response to the elevated
temperature in 09HS embryos was responsible for their accelerated
development as compared to control embryos. Application of the MPF
inhibitor roscovitine would serve to artificially block MPF activity, thus
mimicking the presumptive effect of premature MPF inactivation.
Specifically, we would look for accelerated development in NHS embryos
exposed to roscovitine as compared to NHS control-treated embryos.

•

26S Proteasome Activity: Many of the events associated with oocyte
activation and early embryo development are mediated by the 26S
proteasome. Such events include cyclin B degradation, which leads to
MPF inactivation; Mos destruction, resulting in MAPK inactivation; and the
general demise of many maternally-derived proteins. There have been
reports made that heat stress can hyperactivate some components of the
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ubiquitin-proteasome pathway, of which 26S proteasome-mediated protein
destruction is the final step. Therefore, heat stress might simply serve to
accelerate the destruction of MPF, MAPK, or other proteins, and thereby
hasten embryo development in the 09HS embryos. MG132 is a
compound that effectively blocks proteasome-mediated proteolysis, and
would allow us to assess the potential involvement of the proteasome in
the phenomenon we have observed in 09HS embryos.
•

mRNA polyadenylation: the poly(A) tail is an important feature of mRNA
species that can serve to regulate recruitment for translation as well as
dramatically affect message stability. mRNA polyadenylation and/or
deadenylation can have dramatic effects on protein production within a
cell. We wondered whether elevated temperature could affect message
polyadenylation in 09HS embryos, and by so doing alter the protein
content of the embryos in such a way that development was enhanced.
Cordycepin is a nucleotide analog that, once incorporated into a poly(A)
strand, cannot be added onto, thus effectively blocking further adenylation.
Treatment of 09HS and NHS embryos with cordycepin should give some
indication as to the role that mRNA polyadenylation has on our observed
embryonic phenotype.

•

Stress-Activated Protein Kinase/c-Jun N-terminal Kinase (SAPK/JNK)
activity: SAPK/JNK is a classic stress-response enzyme that has been
shown to be activated in many other systems by heat stress. We
theorized that SAPK/JNK activation in our 09HS embryos might potentially
impinge on other pathways, thus altering the dynamics of oocyte activation
and/or early development. SP600125 is a potent, specific inhibitor of
SAPK/JNK at low levels, but at higher concentrations, its inhibition
becomes much less specific, affecting other pathways such as Erk1/2
MAPK and p38MAPK. Because of its known activity in mediating stress
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responses in other systems, we thought it prudent to assess its role in our
09HS embryo system as well.
•

Phosphoinositide 3-kinase (PI3K) activity: The PI3K pathway is one that
is very ubiquitous, and has many roles in a wide variety of situations.
PI3K is well documented as an important promoter of cell survival. There
is some evidence that heat stress might activate the P13K pathway in
some somatic cell types, and by so doing stimulate the production of Dtype cyclins which are important cell-cycle regulatory proteins. We chose
to block PI3K activation with LY294002 in order to determine whether or
not the response of the 09HS embryos to elevated temperature was
mediated by the PI3K pathway.

For these experiments, we monitored embryo development in NHS and 09HS
untreated, vehicle-treated, and inhibitor-treated embryos. We assessed the
development of the embryos at 24 hpa, 48 hpa (some groups), and day 7. The
developmental data for the embryos cultured as described can be found in Tables
A.2 – A.7. Because of that nature of the question we were asking, what we really
wanted to know is whether or not there was an interaction between the heat and
inhibitor treatments. Such an interaction would indicate that the inhibitor had an
effect on one heat treatment group and not the other. This would suggest that the
pathway being inhibited was active in that heat treatment group, but not important to
the heat treatment group that remained unaffected by the inhibitor, and thus might
be responsible for moderating, at least in part, the difference between the 09HS and
the NHS control embryos. A summary of the statistical significance of the heat-byinhibitor interactions can be found in Table A.8. Of the 13 scenarios tested for heatby inhibitor interactions, four were deemed significant: MG132 at 48 h, cordycepin
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at 24 h and 7 d, and SP600125 at 24 h. After further analysis, the only interactions
that stood up to additional scrutiny were the effect of MG132 on the cleavage rate at
48 hpa, and possibly the effect of cordycepin on blastocyst development on day 7.
The significant effect of cordycepin on 24 hour cleavage rates was seen as an effect
of solute concentration, rather than biological activity, as 100 μM of an inert
compound of similar composition elicited the same significant interaction with 09HS
and NHS embryos as did 100 μM cordycepin. The significant interaction between
heat and SP600125 application appeared only at 24 hpa at the higher (50 μM)
concentration of the inhibitor, when all cleavage in both 09HS and NHS groups was
inhibited. This response can most likely be attributed to the non-specific inhibitory
effects of SP600125 at higher concentrations. The effect of MG132 treatment for 08 hpa on blocking development in 09HS – but not NHS – embryos at 48 hpa is an
interesting effect. We surmise that the accumulation of misfolded proteins in heat
stressed embryos progressed to the point of embryo-toxicity in the absence of
proteasome activity in 09HS embryos. The role of cordycepin in moderating the
effect of heat stress on blastocyst development is not clear. In summary, none of
the inhibitor treatments yielded results that were deemed encouraging enough to
warrant further investigation.

Conclusion

In conclusion, these three sets of experiments provided some valuable
information that was used in the body of the dissertation. Many references are
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made to the 24-hour cleavage rate of heat-treated embryos in chapters four and five.
It is interesting to note that accelerated passage through the first embryonic cell
cycle is a good indicator of in vitro developmental potential. It is as yet unclear
whether oocyte quality predicts cleavage rate, and thus developmental potential, or
whether successful development in vitro is a reflection of embryo cleavage rate,
irrespective of oocyte quality. Our data would suggest the later, but there is
evidence in the literature that supports the former. The proteomics experiments did
not yield any useful data, but did provide some interesting indications that this might
be a viable option for future experiments. The number of protein spots resolved in
the Deep Purple-stained gel was substantial – especially considering the small size
and scarcity of starting material. As the call for “systems biology” approaches to
biological analysis continues to grow, these and other techniques will almost surely
become important tools in the repertoire of technologies available to those involved
in studying rare samples such as oocytes and early cleavage-stage embryos.
Finally, while the inhibitor studies did not provide a “smoking gun” to implicate a
culprit pathway or process responsible for the enhanced development of 09HS
embryos, they did provide valuable information as to which processes were not
responsible, which allowed for a more appropriate allocation of time and resources.
The definitive answers to the issues propounded by these embryos have proven
elusive. Perhaps with continued concerted effort, further information will become
available – information that may ultimately help to increase the efficiency of porcine
assisted reproductive technologies.
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a
b

c

< 24 h

24-30 h
% cleaved

> 30 h

Overall

% blast

Figure A.1. Timing of embryo cleavage as a possible predictor of
developmental potential. Depicted is the percentage of embryos cleaving
during three different windows of time. Also, the percentage of the cleaved
embryos that ultimately developed to the blastocyst stage on day 7 of
development. All embryos are parthenogenetic embryos. a,b,c Signify
differences between <24 h, 24-30 h, and >30 h blastocyst groups at a level
of P < 0.05.
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Figure A.2. Difference In-Gel Electrophoresis (DIGE). Cy3-labeled
NHS-derived and Cy5-labeled 09HS-derived proteins were pooled and
separated in 2-dimensions. Green spots indicate proteins that are
more abundant in NHS embryos; red spots indicate overabundance in
09HS embryos. Orange or yellow spots suggest equivalent protein
levels in both embryo sets.
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A

B

C

D

Figure A.3. Traditional 2-D protein analysis. A. 09HS total protein. B. NHS total
protein. C. 09HS phosphoprotein. D. NHS phosphoprotein. 1000 embryo equivalents
per gel. A,C and B,D are identical gels stained with different dyes.
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Inhibitor
α-amanitin
Roscovitine

MG132

Cordycepin

SP600125

LY294002

Process/Pathway

RNA polymerase II-dependent
transcription

Maturation Promoting Factor (MPF)
Activity

26S Proteasome-mediated protein
degradation

mRNA poly-adenylation

Stress-Activated Protein Kinase /cJun N-terminal kinase (SAPK/JNK)
activity

Phosphoinositide 3-kinase (PI3K)
activity

5 μM,
20 μM

10 μM,
50 μM

193

0-7 days

0-24 hpa

0-7 days

20 μM,
100 μM

Evaluate the potential involvement of the PI3K pathway in
stimulating development in 09HS embryos

Assess whether SAPK/JNK activation in response to HS conditions
might be the cause for the observed phenomenon

Investigate whether or not differential mRNA polyadenylation in
NHS vs 09HS embryos might be responsible for the observed
differences in development

Determine if the phenotype of the 09HS embryos was due to
increased proteasomal degradation of maternal proteins

0-8 hpa,
8-16 hpa,
16-24 hpa

30 μM

20 μM

Assess whether HS could activate gene transcription to increase
cleavage in 09HS embryos

Rationale

Evaluate if artificial inhibition of MPF activity could mimic the
effect observed in 09HS embryos

0-24 hpa

Timing of
Application

0-24 hpa

20 μg/mL

Concentration(s)

Table A.1. Summary of inhibitor experimental design.

194
n
85
80

NHS
% ± SEM
15.0 ± 1.3a
18.8 ± 1.0a

n
80
80

Control

20 μg/mL α-am. (0-24h)

24 h Cleavage

194

47.5 ± 2.2b

09HS
% ± SEM
51.8 ± 11.9b
-

n
-

a-b

Values with different

N/A

-

N/A

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
N/A
N/A

Table A.2. Developmental data of α-amanitin-treated HS and NHS embryos.
superscripts are significantly different at a level of P < 0.05.

195
128

41.9 ± 3.2bj

124

124

DMSO

30 μM Roscov. (0-24h)

75.0 ± 3.1ak
92

92

124

54.0 ± 4.9aj

n
124

Control
77.4 ± 5.4ak

n
92

24 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
45.2 ± 3.2abj
124 74.2 ± 1.9ak

195

79.3 ± 2.2ax

70.7 ± 4.3aw

92

92

89.1 ± 5.2ax

85.9 ± 4.9ax

48 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
71.7 ± 5.8aw
92
85.9 ± 3.2ax

122

122

n
122

23.8 ± 8.7ay

23.8 ± 9.2ay

120

122

30.0 ± 10.3ay

36.1 ± 6.7ay

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
19.7 ± 5.1ay
122 32.8 ± 7.7ay

Table A.3. Developmental data of roscovitine-treated HS and NHS embryos. a-b Signify differences between inhibitor treatment groups within a
column. j,k Denote differences in cleavage rates at 24 h between NHS and 09HS embryos within a given inhibitor treatment group. w,x Indicate differences
in 48 h cleavage rates between NHS and 09HS embryos within an inhibitor treatment group. y,z Specify significant differences between NHS and 09HS
embryos in development to blastocyst on day 7 within a given inhibitor treatment group. Significance was assigned at P-values < 0.05.

196
103
119

0.0 ± 0.0bj
0.0 ± 0.0bj

103

103

103

20 μM MG132 (0-8h)

20 μM MG132 (8-16h)

20 μM MG132 (16-24h)

12.6 ± 4.6cj

20.4 ± 5.5ck
103

103

103

102

0.0 ± 0.0bj

n
120

Control
0.0 ± 0.0bj

n
120

24 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
29.2 ± 4.7aj
121 48.8 ± 9.8ak

196

64.1 ± 3.4aw

73.8 ± 6.0aw

52.4 ± 4.2aw

102

103

103

66.7 ± 2.9aw

69.9 ± 15.1aw

0.0 ± 0.0bx

48 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
61.7 ± 2.3aw
121 64.5 ± 6.0aw

103

103

103

n
120

15.5 ± 3.8ay

11.7 ± 3.7ay

1.9 ± 1.7by

102

103

103

13.7 ± 3.4bcy

17.5 ± 7.6acy

0.0 ± 0.0by

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
16.7 ± 4.4ay
121 26.4 ± 9.6ay

Table A.4. Developmental data of MG132-treated HS and NHS embryos. a-c Signify differences between inhibitor treatment groups within a column. j,k
Denote differences in cleavage rates at 24 h between NHS and 09HS embryos within a given inhibitor treatment group. w,x Indicate differences in 48 h
cleavage rates between NHS and 09HS embryos within an inhibitor treatment group. y,z Specify significant differences between NHS and 09HS embryos
in development to blastocyst on day 7 within a given inhibitor treatment group. Significance was assigned at P-values < 0.05.

197
70.8 ± 6.5ak

106
95
95

31.1 ± 1.1abj
37.2 ± 2.0bj
31.2 ± 6.4abj

n
135
106
94
93

Control

20 μM dA

100 μM dA

100 μM dG

197

42.1 ± 3.5cj

53.7 ± 0.9bck

09HS
% ± SEM
60.4 ± 5.4abk

24 h Cleavage
NHS
% ± SEM
n
26.7 ± 1.5aj
134

93

94

106

n
135

9.7 ± 2.9by

26.6 ± 3.6ay

20.8 ± 2.9aby

95

95

106

28.4 ± 3.9az

29.5 ± 9.2ay

47.2 ± 4.2bz

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
22.2 ± 2.6aby
134 40.3 ± 3.3abz

Table A.5. Developmental data of cordycepin-treated HS and NHS embryos. a-c Signify differences between
inhibitor treatment groups within a column. j,k Denote differences in cleavage rates at 24 h between NHS and
09HS embryos within a given inhibitor treatment group. y,z Specify significant differences between NHS and
09HS embryos in development to blastocyst on day 7 within a given inhibitor treatment group. Significance was
assigned at P-values < 0.05.

198
93
93

33.3 ± 2.9aj
0.0 ± 0.0bj

92
93
93

DMSO

10 μM SP600125

50 μM SP600125

198

0.0 ± 0.0bj

74.2 ± 2.0ak

93

93

92

93

38.0 ± 8.7aj

n
91

Control
74.2 ± 2.3ak

n
91

24 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
34.1 ± 5.2aj
93
71.0 ± 4.8ak

32.3 ± 6.5az

32.3 ± 3.5az

30.4 ± 8.5az

93

93

93

47.3 ± 4.5az

38.7 ± 2.8az

40.9 ± 8.1az

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
19.8 ± 6.7ay
93
44.1 ± 2.7az

Table A.6. Developmental data of SP600125-treated HS and NHS embryos. a-c Signify differences between
inhibitor treatment groups within a column. j,k Denote differences in cleavage rates at 24 h between NHS and
09HS embryos within a given inhibitor treatment group. y,z Specify significant differences between NHS and
09HS embryos in development to blastocyst on day 7 within a given inhibitor treatment group. Significance was
assigned at P-values < 0.05.

199
78
80

33.8 ± 7.6aj
28.6 ± 13.6aj

77
77
77

DMSO

5 μM LY294002

20 μM LY294002

199

66.3 ± 8.5bk

60.3 ± 6.5abk

77

77

77

78

31.2 ± 6.5aj

n
78

Control
66.7 ± 5.7bk

n
78

24 h Cleavage
NHS
09HS
% ± SEM
n
% ± SEM
23.1 ± 7.7aj
77
49.4 ± 11.8ak

15.6 ± 7.2ay

13.0 ± 2.3ay

13.0 ± 6.4ay

80

78

77

20.0 ± 5.8ay

28.2 ± 6.1abz

31.2 ± 8.3az

Day 7 Blastocyst %
NHS
09HS
% ± SEM
n
% ± SEM
14.1 ± 5.0ay
77
24.7 ± 3.9aby

Table A.7. Developmental data of LY294002-treated HS and NHS embryos. a-c Signify differences between
inhibitor treatment groups within a column. j,k Denote differences in cleavage rates at 24 h between NHS and
09HS embryos within a given inhibitor treatment group. y,z Specify significant differences between NHS and 09HS
embryos in development to blastocyst on day 7 within a given inhibitor treatment group. Significance was assigned
at P-values < 0.05.

200

Heat X Inhib.
Interaction
(24h Cleavage)

P = 0.4357

P = 0.6055

P = 0.1307

P = 0.0085

P = 0.0001

P = 0.3535

Inhibitor

α-amanitin

Roscovitine

MG132

Cordycepin

SP600125

LY294002

N/A

N/A

N/A

P = 0.0140

P = 0.9134

N/A

Heat X Inhib.
Interaction
(48h Cleavage)

200

P = 0.2955

P = 0.5299

P = 0.0433

P = 0.4544

P = 0.7874

N/A

Heat X Inhib.
Interaction
(d 7 Blastocyst)

Comments

No apparent effect of PI3K pathway on embryo development or HS response

Significant interaction only because of the 50 μM treatment, where inhibition
becomes non-specific. Control vs 10 μM displayed no Heat X Inhib.
interactions at 24 hpa

Interactions only because of 100 μM group; treatment with 100 μM of a similar
inactive compound provided the same results. Control vs. 20 μM showed no
interaction.

Interaction significant at 48 h because in the 0-8 treatment group, NONE of the
09HS embryos ever recovered and cleaved, whereas > 50% of the NHS
embryos had survived and cleaved at least once

Artificial inhibition of MPF had no noticeable effect on embryo development
or response to HS

Increased cleavage at 24 hpa not result of RNA pol. II-dependent gene
transcription. α-amanitin treatment for 24 h blocked ALL embryos from
developing to blastocyst.

Table A.8. Summary of data from inhibitor experiments.
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Stephen Clay Isom was born on March 20, 1975 in Logan, UT, where his
parents were attending Utah State University. Shortly after his birth, his parents
moved to Lyman, WY to begin their lives as ranchers. Clay grew up with the cold
Wyoming sagebrush range as his backyard. He was actively involved in all of the
work associated with farm life – from putting up hay to branding calves to moving
sprinkler pipe to mucking out barns to shearing sheep to milking cows – and he grew
to love and appreciate the hard work and independence associated with the
ranching lifestyle. Clay graduated from Lyman High School in May 1993. After high
school, Clay returned to Cache Valley, UT to attend Utah State University for one
quarter, after which time he served two years as a missionary for The Church of
Jesus Christ of Latter-Day Saints in Miami, FL. After his mission, Clay returned to
Utah State University, where he majored in Animal Science. While at USU, Clay
met and fell in love with a fellow Animal Science student – the former Jerilyn Giles
from Fairfield, MT. Clay and Jerilyn were married August 13, 1999. Clay continued
his studies, and went on to graduate Cum Laude with a B.S. degree in Animal
Science from Utah State University in May of 2000. Shortly after graduation from
USU, Clay was accepted into the Animal Science graduate program at the University
of Missouri – Columbia, where Drs. Edmund B. Rucker III and Randall S. Prather,
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agreed to co-advise a research project designed to evaluate the effects of heat
stress on preimplantation stage porcine embryos. Two wonderful children were born
to Clay and Jerilyn during his studies at the University of Missouri: Daniel in 2001
and Emma in 2003. Clay graduated with his Ph.D. in Animal Science in May 2006,
and looks forward to continuing his research career.
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