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Thyroid hormone receptors (THRα and β) mediate the genomic action of
thyroid hormones (TH) which play a role in bovine embryo development,
however, little is known about the THR in the preimplantation embryo. Therefore,
the objective of this study was to investigate the importance of THRs in in vitro
preimplantation bovine embryos. To do this, the levels of THR mRNA and protein
were monitored in oocytes and developing embryos up to the blastocyst stage.
Subsequently, embryos were treated with THs and mRNA levels and
developmental rates were determined. Finally, embryonic transcription of THR α
and β was inhibited by α-Amanitin and maternal and embryonic transcripts were
knocked down by siRNA micro-injection and THR mRNA and protein levels
were assessed by RT-PCR and immunoflouresence techniques.
TH treatment increased the rate of development but did not affect THR
mRNA levels. THR mRNA and protein levels were shown to rise after
fertilization in untreated controls but inhibition of transcription and knock-down
by siRNA confirmed a significant (p<0.05) level of transcript of the THRs genes

from 2-cell stage onwards. THR protein levels was not altered at 2-cell stage, but
exhibited a significant (p<0.05) decrease from the 4-cell stage. Inhibition of THR
α and β by siRNA led to a significant decrease in the developmental rate, embryo
morphology and cell number. It was concluded that THR α and β are transcribed
soon after fertilization, before the major activation of the embryonic genome, and
that they are essential for bovine embryo development in vitro.
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INTRODUCTION

The first successful in vitro fertilization (IVF) (Trounson et al., 1994) in
mammals was reported in the rabbit in 1959 (Chang, 1959). Much later
successful IVF was reported in humans in 1978 (Steptoe and Edwards, 1978) and
cattle in 1981 (Brackett et al., 1982). These accomplishments have led to the
development of global commercial and clinical applications for IVF. As of 2012
worldwide, there have been over 5 million human babies born as a result of IVF
(Shufaro and Laufer, 2013). In livestock, cattle have the most reported number of
IVF produced embryo transfers, increasing from 50000 per year in 2000 to
350000 in 2012 per year, with an average of 250000 within the last decade
(Stroud and Callesen, 2012). Even though a large number of individuals from
several different species including humans have spent the earliest stages of their
life in an in vitro environment, what constitutes optimal culture conditions or what
makes an embryo capable of developing in vitro is not well understood (Melin et
al., 2009). In cattle less than half of all the in vitro matured oocytes reach the
blastocyst stage (Ideta et al., 2013), among those that do and are transferred to in
vivo, less than 50 % survive to term and are live births (Chiles, 2013). This is due
to a number of factors including variations in the manner in which the embryos
are produced. Among the several factors in in vitro embryo production (IVP)
systems, the composition of the culture media plays a critical role in early
embryonic development (Mantikou et al., 2013).
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Significant advances in improving the success rate of IVF has been made
through modifications to the basic composition of the in vitro maturation and
culture media. However, with the shift towards development of defined media
devoid of serum and other biological extracts many important compounds such as
hormones, present in trace amounts in sera, are excluded from media (Summers
and Biggers, 2003). Even though the developmental effects of addition or
exclusion of such biological components have been observed in many studies, the
inter-cellular and molecular effects of excluding or adding those compounds are
not well documented. The biological processes in which these missing factors
participate needs to be elucidated in order to better define in the best composition
for embryo culture systems. Such knowledge includes; metabolism, genomic
pathways, signal pathways and cytoskeleton structure modulation. Recent studies
from our lab showed that supplementing in vitro bovine culture media with
thyroid hormones (THs) was significantly beneficial effect in terms of
developmental rates and overall embryo quality (Ashkar et al., 2010c). While the
mechanisms of action of THs in adult and fetal tissue are well known there is
limited information concerning THs and the early stages of embryo development.
Studying the mechanism of action of THs in the early bovine embryo will provide
new insight into the mechanisms governing embryo development and the
importance of THs in modulating development.
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REVIEW OF LITERATURE

Early embryo development in mammals

Mammalian gametogenesis -oogenesis in the female and spermatogenesis in
the male- result in ova and sperm, respectively. The ova and sperm fuse by the
process of fertilization to form the zygote. This is followed by programmed cell
division, differentiation and development that will eventually lead to a fully
formed offspring. Generally the term “embryo” refers the developmental stages
from fertilization until the fetus is formed and is often separated into preimplantation and post-implantation stages (Red-Horse et al., 2004). The preimplantation period is, in turn, separated into the pre-hatching or early embryo
stages and the post-hatching periods. Here the term “early embryo” will be used
for the period from the zygote stage to the blastocyst. In cows, early embryonic
phase is the first 7-8 days of development (Gilbert and Epel, 2009).

Oocyte maturation and fertilization
During prenatal development of the mammalian ovary the total reserve of
oocytes is established and meiosis is initiated and then arrested at the dictyate
stage, also known as the germinal vesicle stage (GV) (Brevini et al., 2005). At
birth, a female calf is estimated to have approximately 120,000 to 150,000
3

primordial or primary follicles, 200 to 500 growing follicles and 20 to 50 antral
follicles (Yang et al., 1998). Yet over her normal production life time less than
one percent are actually ovulated, while unovulated oocytes either remain arrested
in the dictyophase stage or undergo atrophy to be eliminated (Rawlings et al.,
2003). Prior to ovulation follicular growth, maturation of the oocyte nucleus and
cytoplasm must occur (Hennet and Combelles, 2011). In response to cyclical
changes in the hormonal profile of the mature female, notably a surge in
luteinizing hormone (Giebelhaus et al., 1985) meiosis is resumed allowing the GV
stage oocyte to complete meiosis I, extrude the first polar body and proceed to
metaphase II, and ovulation to occur (Eppig et al., 1996). The disappearance of
the GV is accompanied by an increase in the cytoplasmic volume, which is
initiated by cyclic Adenosine Mono Phosphate (cAMP), protein kinase A (PKA)
and mitogen activated protein kinase (MAPK) (Sutton et al., 2003a).
Simultaneously accumulation of maternal mRNAs, and proteins as well as
changes to the structure and distribution of organelles such as mitochondria, Golgi
bodies and endoplasmic reticulum occurs (Adhikari and Liu, 2013). Together
these events are known as cytoplasmic maturation which is mediated by
molecular mechanisms including cAMP, PKA, G protein-coupled estrogen
receptor 3 (GPR3) and ion currents (Durocher et al., 2006; Freudzon et al., 2005;
Miyazaki et al., 1993; Sirard and First, 1988; Stricker, 1999; Yi et al., 2002).
Fertilization is a multistep process resulting in the fusion of the matured
oocyte and sperm, leading combination of genetic material from both parents.
While sperm travels through different regions of the female reproductive tract, it
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undergoes a process known as capacitation (De Jonge, 2005), a morphological
change of sperm that enables the interaction of sperm and oocyte. This includes
attachment of the spermatozoa to the zona pellucida, induction of the acrosome
reaction, exocytosis of the outer acrosome membrane, penetration of the zona
pellucida, binding to and interaction with the oocyte plasma membrane, activation
of completion of meiosis II and extrusion of the second polar body (Evans and
Florman, 2002). These events are regulated by factors such as fertilization
promoting peptide (FPP), which is a tri-peptide related to thyrotrophin releasing
hormone (TRH). FPP is found in seminal plasma and has been shown to play an
important regulatory role in sperm fertility (Fraser and Adeoya-Osiguwa, 2001).
Moreover, adenosine, calcitonin and angiotensin II have shown to stimulate and
maintain the fertility potential (Funahashi et al., 2000).

Bovine in vitro embryo production (IVP)

In vitro embryo production (IVP) consists of three main, equally important
steps; in vitro oocyte maturation (IVM), in vitro fertilization of oocytes (IVF) and
in vitro culture (IVC) of the fertilized eggs. Comparison studies of the outcome
of in vitro and in vivo bovine embryo production have revealed that more
blastocysts are formed and more pregnancies are established from in vivo than in
vitro fertilized ova (Pontes et al., 2011; Pontes et al., 2009; Rizos et al., 2002b;
Suzuki et al., 2009), which suggest physiological, technical and environment
conditions play important roles in early embryogenesis. Furthermore, recent
5

studies have shown that there are significant differences between in vivo and in
vitro produced bovine embryos in the transcriptome levels and differential
expression of embryonic genome (Driver and Khatib, 2013; Gad et al., 2012;
Kanka et al., 2009; Katz-Jaffe et al., 2009; Vigneault et al., 2009b). The
following sections will focus on bovine IVP embryos and their development.

In vitro oocyte maturation (IVM) and fertilization (IVF)
In preparation for fertilization, oocyte maturation requires both cytoplasmic
and nuclear maturation, which as mentioned above involves protein synthesis and
hormone regulation from both the oocyte and the surrounding cumulus and
granulosa cells in the antral follicle (Ducibella et al., 1988). The process of
maturation not only reduces the diploid germ cell to a haploid gamete but it
allows the oocyte to store nutrients and energy for fertilization and the first stages
of embryo development. However, intrinsic factors including the size of the
follicles, the age and general reproduction health of donors as well as the breed
influence the competence of oocytes for further development (Gilchrist et al.,
2004; Hagemann et al., 1999).
Diverse research has provided knowledge about the types and concentrations
of substances present in the in vivo environment (Watson, 2007), which has
enabled mimicking of these conditions to create in vitro maturation (IVM) media
for in vitro oocyte maturation (Russell et al., 2006). However, there are still many
limitations in the standard IVM media, due to continual changes to the follicular
environment, unknown factors that are present in follicular fluid and surrounding
6

female reproductive environment yet missing from static defined IVM media
(Sutton et al., 2003b). Modification that have been made to IVM medium over
the years include changes in supplementation of serum, which resulted higher
embryo development rates compared to bovine serum albumin (BSA)
(Mastromonaco et al., 2004). Essential hormones such as luteinizing hormone
(Giebelhaus et al., 1985) and follicle stimulating hormone (FSH), has promoted
oocyte maturation by expansion of the cumulus-oocyte complexes (COCs)
(Buccione et al., 1990; Kowalik et al., 2010). Moreover, energy substrates,
nutrients and environmental conditions including amino acids, oxygen
concentration, gas exchange, temperature and pH are other important factors that
impact maturation (Galli et al., 2003a). However, even though IVM conditions
are suboptimal compared with in vivo ones, a significant proportion of bovine
oocytes are considered mature after IVM and capable of fertilization.
Under current conditions of in vitro bovine production, fertilization rates
vary from 79-91% (Macaulay et al., 2013;Ruggeri et al., 2012; Senatore et al.,
2010). Since the first successful birth in mammals using IVF (Chang, 1959),
many techniques for improving IVF have been tried. The current IVF
methodology includes use of frozen sperm being thawed. The motile sperm is
separated from the dead sperm either by using Percoll gradient separation or by a
swim-up method. Both techniques use medium that contain Tyrode’s albumin
lactate pyruvate (TALP) or Synthetic oviductal fluid (SOF) system (Galli et al.,
2003b; Mastromonaco et al., 2007), with optimized ionic balance, essential for
inducing sperm capacitation.
7

Successful fertilization depends on both oocyte and sperm quality, however,
interactions between sperm and factors secreted from the female reproductive
organs such as steroidal content of follicular fluid, estrous associated proteins are
also required for sperm capacitation and fertilization in vivo (Bousquet et al.,
1988). In IVF these have been substituted by heparin, a sulphated
glycosaminoglycan, which is added to fertilization media to promote the
acrosome reaction and capacitation of sperm to enable fertilization in cattle and
many other mammalian species (Bergqvist et al., 2007; Bergqvist and RodriguezMartinez, 2006; Cordoba et al., 2007).

In vitro embryo culture (IVC) and embryo development
From the time of insemination to initiation of mitotic division and the first
cleavage it takes 22-24 hours in cattle (Hyttel et al., 1988a). During this time
several developmental processes are initiated that are critical for embryo
development, one of which is known as activation of the embryonic genome. In
mammals the oocyte is ovulated with reserve messages such as RNA and protein
to support the initial phases of development (Sirard, 2010; Telford et al., 1990).
During this time development is regulated by maternal transcripts. This is
considered a necessary period of transcriptional arrest to allow the reprogramming
of DNA of combined oocyte and sperm origins. The shift in control of
development from maternal (oocyte) messages to those of embryonic origin is
known as the maternal to embryonic transition (Pfaffl et al., 2004; Telford et al.,
1990). As transcription from the embryonic genome begins, known as embryonic
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genome activation (EGA) the maternal transcripts begin to degrade. Initiation of
EGA occurs differently among species at specific time point. In cattle, minor
EGA initiates from early 2-cell stage and continue major EGA at the late 8-cell
stage of preimplantation embryos (Memili and First, 2000;Plante et al., 1994;
Telford et al., 1990). While the importance of the MET is well known since its
inhibition of transcription blocks embryonic development (Barnes and First,
1991), very few transcripts of embryonic origin have been identified at this
crucial step in embryogenesis.
As the cytoplasm is reduced, the embryo undergoes morphological changes
known as compaction to the morula stage and subsequent differentiation into the
blastocyst with two different cell lines - trophoblast and inner cell mass, the
blastocoel or cavity. These events are regulated by complex molecular activities
that bring about morphological and well as physiological changes (Watson et al.,
2004). In cattle IVP methodology, the presumptive zygotes are transferred to in
vitro embryo culture (IVC) medium after 18 to 22 hours post insemination (hpi)
(Mastromonaco et al., 2004). IVC condition provides the embryo with a
supportive environment in which it can grow and develop to the blastocyst stage,
however early embryos are vulnerable and susceptible to slight changes in the
culture medium or other stresses that affect the overall outcomes, including
embryo death or subsequent aberrant development (Gardner, 2008). During IVC,
the majority of embryos undergo the first cleavage stages, however only about
one third survives until blastocyst stage. Embryos either die or are arrested at one
of the early cleavage stages, between 2- to 16-cell stages (Betts and King, 2001;
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Betts and Madan, 2008). The etiology and mechanism behind the embryo arrest
are not yet well known. However, the difference in the developmental behavior
between in vitro and in vivo derived embryos is an indication of a response to
environmental factors that differ from the in vivo condition of the female
reproductive tract; arrest in vivo is not common (Mastromonaco et al., 2004).
Since the advent of IVP many modifications have been made to improve the
quality and quantity of in vitro produced embryos especially in humans and cattle
(Rizos et al., 2003). Nonetheless in vivo cultured embryos still have higher
blastocyst formation rates than in vitro produced ones (Galli et al., 2003a). Only
about 40 percent of in vitro produced embryo transfer to recipient females result
in live birth of an offspring compared to over 85 percent success in vivo (Greve et
al., 1987; Leibfried-Rutledge et al., 1987; Lonergan and Fair, 2008; Marquant-Le
Guienne et al., 1989; McCaffrey et al., 1991; Van Soom and de Kruif, 1992).
Moreover, IVP embryos appear to have poor morphological quality and their
development is impaired compared to in vivo produced embryos (Hyttel et al.,
1989; Hyttel et al., 1988b; Hyttel et al., 1986; Massip et al., 1995; Sirard and
Blondin, 1996; Wright and Ellington, 1995). It has been shown that in vitro
produced embryos have dark and low density cytoplasm compared to in vivo
derived ones (Pollard and Leibo, 1993). Fragile zona pellucida (Duby et al.,
1997), low growth rate (Leibo and Loskutoff, 1993) and low survival rate after
cryopreservation has also been associated with IVP technologies. In addition,
transcriptome and proteome profiles differ between in vitro and in vivo produced
blastocysts (Driver et al., 2012;Gad et al., 2012;Kanka et al., 2009; Vigneault et
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al., 2009a).
As mentioned above the composition of IVP media is critical for successful
in vitro embryo development. IVC media were initially developed with the
addition of biological components such as serum to support development of an
embryo up to blastocyst stage (Gardner et al., 1996; Lawitts and Biggers, 1992).
However, with the trend towards developing defined media to avoid possible
health risks of adding biological compounds (Gardner et al., 2000) has led to a
media environment devoid of many of the components that are known for their
importance in the physiology and maintenance of healthy embryos in vivo. One
such group of compounds are the thyroid hormones (THs). A recent study
involving supplementation IVC media with THs showed improved blastocyst
formation rate as well as better overall quality of the embryo (Ashkar et al.,
2010b). THs are important endocrine factors in the regulation of cell
differentiation, growth and metabolism, which have been found in follicular fluid
and in the reproductive tract of several mammals including human and cattle
(Ashkar et al., 2010b; Slebodzinski, 2005). Further, King and colleagues (King
and Ashkar, 2013) showed a significant effect of TH enriched IVC media on gene
expression of IVP bovine embryos.

Thyroid hormones (THs)

Thyroid hormones (THs) are critical for mammalian metabolism, growth and
development. Many studies have revealed that THs play an important role in
11

regulation and physiological function of almost all parts of the body systems
(Bernal, 2002; McNabb and King, 1993). Additionally, it has been documented
that THs have crucial role in mammals in the development and function of
reproductive system of both males and females (Jannini et al., 1995; Krassas,
2000). With THs broad range of regulating actions in most of the body systems,
inappropriate levels of THs can lead to minor as well as major consequences in all
parts of the body systems (Breall et al., 1984; Francavilla et al., 1991; Gauthier et
al., 1999; Koibuchi and Chin, 2000; Silva, 1995).
Interestingly, TH action during development is not limited to stages with
fetal thyroid gland present but also during the period of development when the
thyroid gland is absent or developing (i.e. in the first trimester) (Contempre et al.,
1993; Thorpe-Beeston et al., 1991). Moreover, THs metabolizing enzymes are
detectable during implantation, such as in embryo-trophoblast and embryonic
cavity (Contempre et al., 1993; Obregon et al., 1984a), suggesting possible
regulatory role of during early embryo development stages.

Structure of THs
THs are derivatives of the amino acid tyrosine and produced in the thyroid
gland and mainly present in two forms; thyroxin or T4 (L-3,5,3’5’tetraiodothyronine) and triodothyronine or T3 (L-3,5,3’-triiodothyronine), both
comprised of two tyrosine residues bound by phenolic rings and iodine attached to
the outer rings of the tyrosine, which holds 4 and 3 iodine atoms, respectively.
Generally the more active form of THs is T3 (Viguerie and Langin, 2003), where
12

T4 is morphologically a storage form that has a longer life span and abundance in
the circulation. T4 is metabolized to T3 by the enzyme selenodeiodinase, which
selectively removes iodine to form T3 (Gereben et al., 2008). The conversion of
T4 to T3 is critical for achieving maximum biological activity (Carter et al., 1974;
Frumess and Larsen, 1975).

THs Biosynthesis and Secretion
The biosynthesis and secretion is regulated by the hypothalamus-pituitary
(HP)-thyroid axis by negative feedback (Dahl et al., 1994; Galton et al., 2007;
Larsen, 1981; Pandiyan et al., 2013; Yang et al., 1999). Low circulating levels of
THs signal the hypothalamus to release thyroid releasing hormone (TRH), which
in turn stimulates the pituitary gland to secrete thyroid stimulating hormone (TSH)
that directly targets the thyroid gland to synthesize and secrete THs. In contrast,
higher level of T3 negatively signals the HP-axis inhibit the production of THs
(Paschke and Ludgate, 1997).
Synthesis of THs primarily occurs in thyroid gland follicles, by recruiting
thyroglobulin which holds tyrosine residues. The epithelial cell of thyroid gland
has sodium-iodine symporter on the outer membrane (basal membrane) that
captures iodine from the circulation and transports into the lumen (Dai et al.,
1996). The lumen possesses an important enzyme called thyroid peroxidase. It
catalyzes a series of oxidizing reactions in order to oxidize iodide to be ready to
bind with tyrosine on thyroglobin in the colloid of thyroid follicles for production
of THs; T3 and T4 (De Groot and Jameson, 2013). Secretion of free THs into the
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blood circulation from the thyroid gland follicle occurs by endocytosis from the
thyroid epithelial cell, and depends on the concentration of circulating TSH (De
Groot and Jameson, 2013). Once released, most of the free THs bind to plasma
proteins; thyroid binding globulin (TBG), transthyronine and albumin either as
directly participating in the transport to target cells or as storage form until needed
(Flink et al., 1986;Robbins, 2002; Visser et al., 2008).

Physiological action of THs
THs have been shown to have physiological effects in almost all cells of
vertebrates, from embryonic to post natal and adult stages (de Escobar et al., 2004;
Ohara et al., 2004). However the effects of THs vary among species and the stage
of development. Diverse effect of THs are shown in fetal tissues even before the
fetal thyroid is functional (Obregon et al., 1984b; Porterfield and Hendrich, 1992),
which indicates maternal THs are transferred through the placenta to the embryo
and have functional importance during the embryo and fetal development
(Contempre et al., 1993).
THs act by two main mechanisms; non-genomic and genomic. Both require
THs to be present in serum and interstitial tissue, for transport to the target cell
cytoplasm. There are a few known transportation mechanisms, for example a
“carrier-mediated mechanism” specifically transports proteins that carry THsbound-proteins to designated cells (Hennemann et al., 2001; Visser et al., 2008).
As well, circulating THs-bound-proteins can be selectively picked up by specific
receptors on target cell surfaces, promoting entrance into subcellular sites
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(Robbins, 2002). Once THs enter target cells, cytosolic binding proteins or
cytosolic receptor interactions occurs to exert physiological actions that are
performed by either genomic (nuclear action) or non-genomic mechanisms (extranuclear action) (Wu and Koenig, 2000; Zhang and Lazar, 2000); both mechanisms
are important for maintenance and regulation of the proper cellular functions.

Non-genomic action
Non-genomic action of THs does not involve gene transcription rather
effects are rapid and immediate from interactions occurring in the cell surface.
Most known non-genomic activity of THs includes interaction with specific cell
surface G protein-coupled receptors to activate signal transduction kinases such as
mitogen-activated protein kinase (MAPK) (Davis et al., 2002), as well as
regulation of pH and ion exchange (Ca2+ and Na2+). Moreover, mitochondrial
function is partly regulated by non-genomic action of THs (Davis and Davis,
2003).

Genomic effect (Thyroid hormone receptors)
The genomic actions of thyroid hormones are those involving nuclear thyroid
hormone receptors (THRs) that act as transcription factors. THRs belong to the
larger nuclear receptor super family of steroid hormone nuclear receptors (Laudet
et al., 1992) that activate gene expression by hormone responsive elements (HRE)
(Heldring et al., 2007). Two genes encode THRs; THR α and β, which in humans,
are located on chromosomes 17 and 3, respectively (Cheng, 2000). THR mRNAs
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isoforms vary by cell type and species (Harvey and Williams, 2002a; O'Shea and
Williams, 2002), but nevertheless always contains three common functional
domains. These are, 1) transactivation domain, 2) DNA-binding domain and 3)
ligand-binding and dimerization domain, and all participate in the ligand or
hormone mediated transcriptional complex on the promoter of target genes
(Mangelsdorf et al., 1995; O'Shea and Williams, 2002).
THRs consist of single chain polypeptides with highly conserved DNA
binding domains, and interact directly with TH response elements (TREs). THs
bind the carboxyl-terminal ligand binding domain (LBD). Interestingly, the LBD
binds not only T3, but various co-activators (CoA) and co-repressors (CoR) as
well, thereby adding multiple levels of THR control. T3 binding to THR has been
shown to induce structural changes that favor activator binding but not repressor
binding (Cheng et al., 2010).
Studies have demonstrated that THR isoforms in the absence of THs have an
inhibitory effect on gene expression (Izumo and Mahdavi, 1988;Katz et al., 1995;
Koenig et al., 1989). However, THR isoforms in the presence of T3 further bind
to DNA sites as homodimers or heterodimers with retinoid X receptors (RXR)
that initiate gene transcription (Reginato et al., 1996). Although non-T3 binding
receptor isoforms do not seem to be involved in transactivation, some studies
have shown significant amounts of these isoforms in particular tissues with
unknown function which needs to be elucidated (Harvey and Williams, 2002b;
Oppenheimer and Schwartz, 1997). Generally in mammals, THR α isoforms
include one T3 binding receptor (THR α1) and three non-T3 binding receptors
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(THR α -2, -3, -4), whereas THR β have two T3 binding receptors isoforms
(Chassande et al., 1997; Hodin et al., 1989; Ng et al., 1995; Sjoberg and
Vennstrom, 1995). The level of expression of these isoforms varies in different
tissues and cell types (Cheng, 2000;O'Shea et al.,2003; Wondisford, 2003).
Of the THR isoforms (α1, α2, β1, β2, β3), THR α1 is constitutively expressed
during embryonic development, whereas THR β is expressed later (Williams,
2000). Furthermore, spatial and temporal patterns in isoform expression in
development have been identified, but what presently complicates interpretation is
an apparent redundancy in their function; THR isoforms have been shown to have
both subtype-specific and overlapping functional roles (Forrest et al., 1996a;
Forrest et al., 1996b; Fraichard et al., 1997; Gothe et al., 1999).
In adult mice tissue distribution of THRs has been determined; THR α
isoforms have been found in brain, heart and bone, whereas THR β is localized to
kidneys and thyroid (Cheng et al., 2010). THs genomic effects may be amplified
or inhibited through crosstalk with other signaling pathways. THR behavior as T3
gene binding elements has been shown to involve binding as both homodimers
and heterodimers that include retinoid X-receptor (RXR), vitamin D receptor
(VDR) and retinoic acid receptors (RAR). Moreover, it has been shown that
heterodimerization of THR with RXR increases responsiveness to T3 by
increasing binding of THRs with TREs (Zhang and Kahl, 1993).
THR knockout studies in adult mammals led to the discovery that THs
function in development in multiple species. THR β isoforms are crucial for
controlling the feedback mechanism of the pituitary-thyroid axis and essential for
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auditory function (Forrest et al., 1996a; Rusch et al., 1998), while THR α isoforms
tend to be involved more in maintenance of body systems such as controlling
heart rate, body temperature, development and fertility (Gothe et al., 1999;
Johansson et al., 1998; Wikstrom et al., 1998).
The first isoform of THR detected in the conceptus was THR α1
(Wondisford, 2003), which can be supportive of the idea of actions of THs that are
mediated by THRs during early embryo development. Studies have shown that
knocking out THR α isoform resulted in abnormal development of fetal organs
and higher rate of miscarriage than THR β knockout studies (Flamant and
Samarut, 2003; Fraichard et al., 1997). THR α expression has been shown to be
important for activating genes that are crucial for fetal brain development,
contributing to neuronal differentiation (Wondisford, 2003), whereas THR β
isomers contribute to neuroblast proliferation after birth (Jones et al., 2003;
Leonard, 2008; PEREZ-CASTILLO et al., 1985; SCHWARTZ and
OPPENHEIMER, 1978).
THs have been shown to promote the expression of their own receptor in in
vitro and in vivo studies. In humans T3 promote the expression of THR α, which
is associated with normal homeostasis of skeletal tissue (Waung et al., 2012). In
amphibians, there was differential expression of THRs and related genes along
with steroid hormones related genes when they were treated with exogenous T3
(Duarte-Guterman et al., 2012). Also in mice, T3 not only increased hepatocyte
proliferation but also up regulated THR β expression (Kowalik et al., 2010).
These studies indicate that THRs can be induced by the THs themselves.
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THs in the reproductive tract and developing embryo
Almost all the body systems are under influence of endocrine hormones most
of which are controlled directly or indirectly by central nervous system.
Hormones are biological chemicals produced in endocrine organs. Each of them
is responsible for one or several biological processes of the body systems.
Development and maintenance of both females and males reproductive system are
regulated by hormones. Gametogenesis and reproductive behaviors, (Datta et al.,
1998; Wagner et al., 2008) are regulated by endocrine hormones. Among these
hormones THs have profound effects within the reproductive systems (Krassas,
2000).
Numerous studies have shown that maintaining and producing optimum
level of THs are important for both mother and fetus. However during the early
stages of embryo development TH functions are not fully understood. It has
recently been shown that THs have a beneficial effect on bovine oocyte and
embryo quality, as well as developmental rates in vitro (Ashkar et al., 2010c;
Costa et al., 2013). Costa and colleagues reported that addition of thyroid
hormone T3 to oocyte maturation medium increased the quality of oocytes and
rate of development to the blastocyst stage (Costa et al., 2013). Further they
reported that the THRs α and β were detectable in granulosa cells but only THR α
was detected in oocytes. While Ashkar et al (Ashkar et al., 2010b) did not find a
beneficial effect of supplementing bovine oocytes during in vitro maturation with
THs (T3 and T4), however, they reported a 25% increase in development rate by
supplementing in vitro culture media. Furthermore, they observed a decrease in
19

the rate of apoptosis and an increase in the cryotolerance of THs treated embryos.
Subsequent mirco-array analysis revealed the presence of transcripts for TH
related genes (eg. THR α and β, deiodinases 1 and 2) and differential expression
of over 1,200 gene sequences in the embryos treated with THs compared to nontreated controls (Ashkar et al., 2010c; King and Ashkar, 2013).
Moreover, there are several studies that examined TH and THR in late fetal
and postnatal period, however, studies focusing on preimplantation mammalian
embryos are not widely reported. While, they did not directly look at THRs
Landles et al, demonstrated the importance of THR associated protein (TRAP),
coactivating complexes that mediate signaling between transcriptional activators
and initiation factors, during the preimplantation of mouse embryos (Landles et
al., 2003). The study showed that inhibition of TRAP in mouse preimplantation
embryo resulted in placental insufficiency, leading to death. This study has
helped to speculate the THR action in preimplantation embryo development. It
can be predicted that inhibition of THRs will fail to form TRAP and lead to
abnormalities during preimplantation embryo development.

Transcript inhibition techniques to study embryonic transcription

Inhibition of transcription is a powerful method to identify and define the
function of particular genes. There are many methods and approaches available,
depending on the target gene or whether effects on the entire transcriptome are
investigated. In this thesis two transcriptional inhibitory methods α-amanitin
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treatment (global effect) and the incorporation of RNA interference (RNAi)
(single gene targeted) were used to investigate the role of THR transcription.
α-Amanitin is a cyclic peptide compound, which is isolated from Amanita
Phalloides mushrooms. α-Amanitin inhibits the transcription by targeting the
catalytic active site of RNA polymerase II (RNAP II) within the nucleus (Lindell
et al., 1970). Numerous studies have shown that α-Amanitin effectively inhibit
RNAP II during the preimplantation stage of embryos of different mammalian
species in vitro (Golbus et al., 1973). Moreover, to detect the transition of
maternal to embryonic genome activation during the preimplantation embryo
development in different mammalian species, α-amanitin has been used to block
new transcription in the embryo (Golbus et al., 1973; McGaughey and Van
Blerkom, 1977; Memili and First, 1998; Osborn and Moor, 1983). Maternal
mRNA that is present in the oocyte at the time of fertilization is not affected by
the addition of α-amanitin to IVC media while new transcription by the
embryonic genome is blocked.
The other technique widely used in many gene knock-down experiments is
RNA interference (RNAi) (McManus and Sharp, 2002). Briefly, a synthetic
sequence (20 nucleotides) of double stranded RNA corresponding to a portion of
the gene of interest is incorporated into a cell (or zygote). RNA interference
(RNAi) is initiated by cleaving double stranded RNA (dsRNA) into small
fragments, so called small interfering RNA (siRNA), which are less than 20
nucleotides in length by the enzyme RNase-III-like dsRNA-specific ribonuclease
known as Dicer. The guide strand of siRNA incorporates into the RNA-induced
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silencing complex (RISC) and consequently base pairs with the complementary
sequence of the mRNA, which is cleaved by the catalytic component of RISC
complex called Argonaute (Tijsterman and Plasterk, 2004) and the target
sequences are degraded thus becoming non-functional (Figure 1). This
methodology provides a means of silencing RNA of both maternal and embryonic
origin (Dorsett and Tuschl, 2004; Fire, 2007).
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Figure 1 - Schematic mechanism of siRNA silencing
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http://www.uni-konstanz.de/FuF/chemie/jhartig/

1) Synthetic sequence of double stranded RNA correspondent to gene of interest
incorporates into a cell (or zygote)
2) Double stranded RNA (dsRNA) cleaves small interfering RNA (siRNA) by
Dicer
3) Guide strand of siRNA incorporates with RNA-induced silencing complex
(RISC), which base pair with the complementary sequence of the target mRNA
4) Argonaute, a catalytic component of RISC complex cleaves the target
sequences in order to silence the gene expression
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RATIONALE, HYPOTHESIS AND OBJECTIVES

Rationale:

Thyroid hormones (THs) are key regulators of mammalian metabolism,
growth and development in almost all body systems in adults and fetuses (Bernal,
2002; McNabb and King, 1993). Recently it has been shown that THs play an
important role in in vitro embryo production and development (Ashkar et al.,
2010c;Costa et al., 2013; King and Ashkar, 2013). Current in vitro embryo
productions rates in humans and livestock species are 30-50% lower than in vivo
(Hasler, 2014; Rizos et al., 2002a). Our laboratory has shown that addition of
THs to commercially available in vitro culture medium, which currently does not
contain THs, can increase development of bovine IVP embryos by as much as 25%
suggesting that THs may be essential for optimal in vivo embryo development.
Further, our recent microarray studies (Ashkar et al., 2010c; King and Ashkar,
2013) have shown that transcripts for receptors related to TH function (i.e. thyroid
hormone receptor genes α and β and deiodinases -1, -2 and -3) are present at the
blastocyst stage. Also, TH supplementation alters the sex ratio and the
transcriptome of in vitro produced embryos with some 1,234 gene sequences
differentially expressed compared with untreated controls. However, the
mechanism of this important action of THs is unknown therefore the aim of this
study was to investigate the importance of THR during early in vitro development
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in bovine embryos in order to better understand the beneficial effect of THs
supplementation of IVC media.

Hypothesis: THs regulate early embryonic development by their genomic effect
and inhibition of THR expression affects embryonic development in
bovine embryos in vitro.

Objectives: To test the hypothesis, the following four interrelated objectives
were formulated to guide the experiments and experimental
approaches;
I)

To determine whether THR (α and β) mRNA and protein are
present at different developmental stages.

II)

To determine the effect of TH (T3/T4) supplementation on
THR mRNA gene expression.

III)

To determine the effect of inhibition of transcription on the
relative gene expression of THRs, and assess the inhibition of
THR protein expression and distribution prior to activation of
the embryonic genome.

IV)

To evaluate the effects of THR mRNA knockdown on
developmental rates, THR mRNA levels and THR protein
expression and distribution within the embryo.

25

MATERIALS AND METHODS

Experimental Design

Bovine oocytes collected from domestic cattle (Bos Taurus) ovaries at a local
slaughterhouse (Cargill, Meat Solutions, Guelph, Ontario, Canada) were used to
produce in vitro matured oocytes and in vitro produced embryos. Four distinct
experiments were conducted to address the 4 primary objectives (Fig 2). In the
first experiment, IVM oocytes and IVP embryos of different stages were subjected
to either immunocytochemical analysis with THR antibodies to determine the
presence of THR protein or to quantitative PCR to determine if mRNA for THR α
and β subunits were present.
In the second experiment 2- to 8-cell stage IVP, embryo transcription was
blocked with α-amanitin. IVP embryos were then subjected to either
immunocytochemical analysis with THR antibodies to detect the THR protein or
to quantitative PCR to determine if the embryonic genome is transcribing mRNA
for the THR α and β subunits.
In the third experiment, effects of T3/T4 supplementation on THR protein
and mRNA levels of THR α and β subunits were evaluated. IVP embryos
produced in IVC medium supplemented with 50 ng/ml of TH (T3 and T4) were
compared to the unsupplemented control group consisting of standard IVC
medium only. To obtain the baseline, THR protein and mRNA levels of THR α
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and β subunits were determined in IVM oocytes prior to fertilization and
incubation in IVC medium. The effect on THR protein and mRNA levels of
THR α and β subunits were determined in IVP embryos of different stages.
In the fourth experiment, microinjection of THRs siRNA were performed to
knockdown the level THRs mRNA and the embryo developmental rates were
assessed prior to subjecting them to either immunocytochemical analysis with
THR antibodies to determine the changes of THR protein quantity and
localization or to perform quantitative PCR to determine if mRNA for THR α and
β levels were altered.
Overview of schematic experimental design is shown in figure 2.

All chemicals were purchased from sigma chemical company (Sigma-Aldrich,
Oakville, ON, Canada) unless otherwise stated.
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Figure 2 - Schematic Experimental Designs

Oocyte Aspiration and Collection

IVM

IVF

OBJECTIVE 1

OBJECTIVE 4

Determine if THR mRNA
and protein are present at
different
developmental
stages

Determine the effects of
THR RNA knockdown on
in vitro development; THR
mRNA levels, THR protein
quantity and distribution.

OBJECTIVE 2

OBJECTIVE 3

Determine the effect of
inhibition of transcription on
levels of THR mRNA and
protein levels and distribution
prior to activation of the
embryonic genome

Determine the effect of TH
supplement on levels of THR
mRNA and THR protein
levels and distribution
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Oocyte Collection and in vitro maturation (IVM)
Ovaries were obtained from the slaughterhouse and kept in 33-37°C warm
phosphate buffered saline (PBS) solution during collection and transport. Ovarian
follicular fluid was aspirated from 3 to 6 mm follicles using an 18 gauge needle
and collected into 15 ml suction pump attached vacutainer. Follicular fluids (FF)
containing oocyte collection medium (Hams F10) were poured into a petri dish to
search and collect the cumulus-oocyte complexes (COCs) under the 40X
magnification using Leica inverted microscope. COCs that showed compact and
non-atretic cumulus structures were selected for IVM. COCs were washed twice
in IVM media, composed of TCM 199, with 25mM HEPES, 2% steer serum
(Cansera), 1 µg/ml luteinizing hormone (Giebelhaus et al.), 0.5 µg/ml Folliclestimulating hormone (FSH) (Bioniche, Belleville, ON) and 1 µg/ml estradiol (E2)
(Veterinary Chiron, Guelph, ON). COC’s were then transferred into 80 µl IVM
media micro drops that are covered with mineral oil and containing 20 oocytes.
Oocytes were incubated at 38.5°C with 5% CO2 for 20-24 hours for maturation.

In vitro fertilization (IVF)
After 20-24 hours of maturation, COCs were washed twice in Sperm HEPES
TALP containing bovine serum albumin (BSA), and twice in IVF TALP
containing BSA. Washed oocytes were transferred to 80 µl micro drops of IVF
TALP under mineral oil (Paisley Products, Scarborough, ON, Canada) in groups
of 20, prior to fertilization.
Cryopreserved domestic bovine sperm (Gencor, Guelph, ON, Canada) was
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thawed in 35-37°C water bath and placed in an equilibrated Sperm-TALP (1.5 ml)
tube at 38.5°C for at least 30 min to allow motile sperm to swim up, while
immotile or dead sperm remained in the bottom of the tube. The top portion of
(~1 ml) from each tube containing live sperm was collected and combined with
fresh Sperm-TALP (10 ml) and centrifuged under the low RPM (2000X), for 7
min. The supernatant was removed and IVF TALP was added to the remaining
suspension in the centrifuged tube to obtain concentration of 106 sperm/ml sperm.
A haemocytometer was used to assess the concentration of the sperm.
Approximately 10-15 µl of sperm solution, which contained approximately 106
sperm/ml sperm, was pipetted into 80 µl IVF micro drops that each contained 20
mature oocytes. IVF drops were incubated at 38.5°C with 5% CO2 for 18 hours.

In vitro culture (IVC)
After 18hr of culture, presumptive zygotes were removed from the IVF drops
and vortexed for 1 min to remove the cumulus cells, and then washed once in
Sperm-TALP and three times in IVC medium, prior to transferring the zygotes to
the IVC micro drops. The IVC medium was composed of 10 ml synthetic oviduct
fluids (SOF) (BSS0460, Chemicon-Millipore, Billerica, MA), 50 µl sodium
pyruvate (P4562-5G, Invitrogen, Burlington, ON), 200 µl non-essential amino
acids 100x (11140050, Invitrogen), 100 µl essential amino acids (11130051,
Invitrogen), 5 µl gentamycine (G-1397, Invitrogen), 560 µl EFAF BSA 15% in
SOF (A-88096-5G, Sigma-Aldrich, Oakville, ON) and 200 µl bovine steer serum
(B15008, PAA Lab formerly Cansera, Rexdale, ON). Embryos were evaluated for
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cleavage, development competence and morphologies on days 1 to 8, depending
in the end use of the embryos. For Objective 2, 25 μg of α-amanitin (SigmaAldrich, Oakwille, ON, Canada) was added to each ml of IVC medium and
zygotes were incubated at 38.5oC for up to 9 days or until cleavage was arrested.
For Objective 3, IVC medium for the TH (T3/T4) treatment group was
supplemented with 50ng/ml TH (T3 and T4). In these experiments vortexed and
washed zygotes were placed in 30 µl of IVC or IVC+TH (T3/T4) micro droplets,
(depending on the experimental objectives) in groups of 30 under the mineral oil.
IVC was carried out at 38.5°C in 5% CO2, 5% O2 and 90% N2 for 8-9 days post
fertilization.

Microinjection
Microinjection was performed at the presumptive zygote stage between 1618 hours after initiation of IVF. Zygotes were collected from IVF drops and
placed into a 15 ml tube with 1.5 ml of HEPES TALP for removing excess sperm
and granulose cells, vortexed for 90 sec followed by pre-warmed washing media;
once in Sperm-TALP and twice in IVC medium.
Before transferring to IVC media drops, embryos were divided into 4 groups
depending on microinjection of specifically designed synthetic siRNAs tagged
with green fluorescent protein (GFP) to visualize the injection status. The four
groups were; Non-injected (NI), injected with Scrambled siRNA molecules
(Sham), injected with THR α siRNA (THR-α) or injected with THR β siRNA
(THR-β) (Table 1).
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The NI group was transferred into droplet of IVC medium (30ul) under the
mineral oil, while 3 other microinjection groups underwent microinjection process
before transfer to IVC medium. Prior to microinjection, 30~50 zygotes were
placed in a straight line droplet that consisted of 20 µl of HEPES TALP under
mineral oil on a 35mm cell culture dish lid (Nunc; Roskilde Life Technologies)
(Figure 3).
Microinjection was performed using an inverted microscope (Leica DMIRE2)
at 60x magnification with Nikon objective lenses. Micromanipulation was
achieved using Eppendorf (Hamburg, Germany) manipulator. A total of 3 μl of
each siRNAs corresponding to the embryo groups were loaded into Sterile
injection capillary (Femtotip II; Eppendorf) using a microloader. The injection
capillary was then loaded onto the injecting arm of the manipulator that was
connected Femtojet, which controlled injection pressure. Under the microscope,
zygotes were held in place by a holding pipette. The holding pipette was
produced by using Brosilicate Glass capillary tubes with outer diameter of (OD)
1.0 mm, inner diameter (ID) of 0.75 mm and 15 cm length, pulled by Sutter
Micropipette puller P-97 (Sutter Instrument Co. Novato, California) with; P=50,
1/Heat=550, Pull=100, Vel=30, Del=10 that is controlled by a CellTram Air
manual piston pump. Micromanipulation of zygotes was controlled using
TransferMan NK2 micromanipulators for X, Y and Z axis movement of injection
needle and holding pipette (Figure 4). Injection success was confirmed by
visualization of the fluorescent tag in cytoplasm of the injected zygote (Figure 5).
The injection was 150 hPa (hector Pascal) of injection pressure, 15 hPa of
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compensation pressure, and 0.2 sec injection duration, which delivered a volume
of 15 pl of siRNA into each zygote (suggested by the manufacturer; personal
communication, 2011; Choi, 2009).
After injection each group of zygotes were washed 2X in HEPES TAPL
followed by a 2X wash in IVC medium. Lysed cells were removed and the
remaining viable zygotes were transferred into 30 µL IVC medium drops under
the mineral oil, and allowed to resume culture.
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Table 1 - List of sequence specific RNA used for microinjection

Sequence (5’–3’)

Primer
length

5’
Mods

3’
Mods

BC114725_siRNA_779
BC114725_siRNA_779
THR β siRNA (THR-β)

F-GACUUGGUUCUAGAUGAUTT
R-AUCAUCUAGAACCAAGUCCTT

21N
21N

Flu
Flu

-

XM_001255421.2_siRNA_138
XM_001255421.2_siRNA_138
Control siRNA (Sham)

F-CCAUCCUAUUCCUGUAAAUTT
R-AUUUACAGGAAUAGGAUGGTT

21N
21N

Flu
Flu

-

BC114725_siRNA_control_779
BC114725_siRNA_control_779

F-GGAGUUGCUAUAGUCUGAUTT
R-AUCAGACUAUAGCAACUCCTT

21N
21N

Flu
Flu

-

siRNA Name
THR α siRNA (THR-α)
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Figure 3 - Schematic representation of the microinjection media dish

Figure 4 - Schematic representation of holding and injection pipette
representative to zygote location
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Figure 5 - Injection process with fluorescent tagged siRNA
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RNA Extraction
Prior to RNA extraction, embryos were collected at specific time points after
fertilization, hours post insemination (hpi); 2-cell (24-36 hpi), 4-cell (36-48 hpi),
8-cell (48-64 hpi), 16-cell (63-82 hpi) and blastocyst (142 hpi, day 7) (Table 2).
Collected embryos were washed three times in PBS, and placed in 0.5 ml
nuclease-free tube with 5-10 µl of PBS in pools of 10 that were subsequently
snap-frozen in liquid nitrogen and immediately stored under -80°C until used.
Total RNA was isolated from 10 pooled embryos and RNA was extracted
using Arcturus PicoPure RNA Isolation Kit (Arcturus, Mountain View, CA)
following the manufacturer's guidelines. A total of 100 µl of extraction buffer was
added to each sample tube, which was then incubated at 42°C for 30 min. The
mixtures were pipetted thoroughly and 100 µl of 70% ethanol was added. The
mixture was then transferred into the purification column. After several (at least 4
times) washings of the purification column, then DNase I (Qiagen, Inc.,
Mississauga, ON, Canada) was added to remove residual DNA. Finally, to extract
total of 11 µl of pure RNA per sample, 10 µl of elusion buffer was added to the
purification column.

37

Table 2 - Time Points of Embryo Cleavage

Cell Stages

Cleavage hours post insemination (hpi)

2-Cell

24 – 36

4-Cell

36 – 48

8-Cell

48 – 64

16-Cell

63 – 82
~ 142, day 7

Blastocyst
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Reverse Transcription
Isolated RNA was immediately reverse transcribed to cDNA using reverse
PCR transcription following the standard Oligo dT protocol as described by
Favetta et al (2007).
A volume of 10 µl RNA from the total amount of 11 µl (1 µl was used for
the RNA quantification using pico-pure DNA/RNA quantification software) was
reverse transcribed into cDNA. 1 µl of Oligo (dT) was added to 10 µl of sample
with gentle pipetting and placed into the PCR plate, which undergo incubation at
72°C for 2 min (for denaturation) until it cools down to 42°C. While the RNA
sample was incubated, master mix that contained 1x RT buffer, 0.01M DTT, 1mM
dNTP, 20U RNasin (Promega), 200U Superscript II and Oligo (dT)12–18
(Invitrogen, Canada Inc., Burlington, ON, Canada) was prepared. During the cool
down period (at first 2 min of 42°C), 8.5 µl of master mix was loaded to each
RNA sample and then incubated at 42°C for 1 hr (for annealing) followed by
70°C for 30 min (for elongation) and ends at 4°C. Reverse transcribed cDNA
samples were removed from the PCR plate and kept in -20° until further analysis.

Real Time PCR (RT-PCR)
Quantitative real-time PCR was used to quantify expression of target genes
in IVP embryos and IVM oocytes. The master mix was prepared using the Sybr
green kit (Roche 12239264001). A total of; 6.2 µl water, 0.8 µl MgCl2, 1 µl primer
mix (1µM in final concentration from both forward and reverse primers) and 1 µl
of Syber green were added to 1 µl of the cDNA sample reaction, to bring the total
39

volume to 10 µl. The RT-PCR was carried out on an Bio-Rad CFX 96TM RealTime PCR detection system (Bio-Rad Laboratories) according to the following
protocol; denaturation at 95°C for 10 min, followed by 50 rounds of amplification
cycles with denaturation, annealing and elongation for 10 sec at 95° C, 60°C and
72° C respectively. There was a final elongation step of 83°C for 1 sec. The
melting curve was adjusted to 95°C for 10 sec and ramped from 65°C to 95°C by
0.5°C/step at the end of the reaction. Amplicon specific thresholds were selected
to determine Cq values and calculate relative expression ratios in the BioRad CFX
Manager 3.0 software (Bio-Rad). The gene specific PCR efficiency was
calculated by averaging the individual amplification curve based values
determined by the LinRegPCR software (Ramakers et al., 2003).
Specific primers were designed using the Primer3 plug-in of Geneious 3.8.5
(www.geneious.com) for reference genes (Gapdh, H2a, 18s) and target genes
(THR α, THR β) from Invitrogen. The latter was tested for stability across the
experimental groups using the GeNorm tool (Biogazelle) to select appropriate
reference genes for normalization. Primer sequences, product sizes and accession
numbers are in (Table 3). The Pearson correlation coefficient of the array
expression ratios and qPCR relative expressions was calculated in Microsoft
Excel 2010.
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Table 3 - List of genes used for qPCR validation with Primer Sequence

Gene Name

GeneBank ID No.

Gapdh

281181

Primer Sequence

Product Length

F-TTCCTGGTACGACAATGAATTTG
153
R-GGAGATGGGGCAGGACTC
F-TTCAGGCCAGCAGAGTGAAG
H2 A

533652

182
R- GATCTCGGCCGTTAGGTACTC
F- GAGAAACGGCTACCACATCC

18s

514749

134
R- AGAGATCAGGCAGGTTAGCAAG

THRα

F-GCAGTCCATAAACCCACATTTC
281668

164
R-CTGGCTGAACCTGTAAATATCG

THRβ

F-ATCTATGATCCTGCCAAACG
281061

119
R-TGACACAACACAGGGAAACTG
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Whole Mount Immunofluorescence
At specific time intervals, embryos were collected for localization of THRs
proteins by whole mount immunofluorescent staining. Prior to confocal
microscopy the embryos underwent fixation, immunofluorescent staining,
mounting and imaging, in accordance with previously established protocols in our
lab (Drs. Pavneesh Madan, Tamas Revay and Laura Favetta; personal
communication). Briefly, embryos from the IVC drops at different stages of
development were washed three times in 0.3% PBS-PVA and transferred to 4%
Paraformaldeyde (PFA) for a 1hr for fixation and then transferred to 2% PFA and
placed in 4 ºC until the immunofluorescent staining. Subsequently, fixed embryos
from 2% PFA were transferred to the blocking solution (1X PBS + 0.01% Triton
X100 + 5% NDS) at room temperature for 1hr and washed with 1X PBS for 20
min at 37-39 ºC. Washed embryos were incubated with the primary antibody
(Rabbit Anti-THRα; Sigma-Aldrich) in dilution buffer (1:100) (1XPBS + 0.005%
Triton X100 +0.05% NDS) at 37 ºC for at least 1 hr. Embryos were then washed
3 times with antibody dilution buffer at 10min intervals at 37 ºC. Then, under
reduced lighting, embryos were stained with the secondary antibody (Goat AntiRabbit; Sigma-Aldrich) dilution buffer (1:200) (1XPBS + 0.005% Triton X100
+0.05% NDS) for at least 1hr at 37 ℃ and washed once in PBS followed by 30
min Hoechst staining (1:2000) (1XPBS + 0.005% Triton X100 +0.05% NDS) at
37 ºC. Lastly, 2 or 3 washes of variable duration were performed in PBS, the
length of time and numbers of washes were varied to increase the resolution and
decrease background staining. Stained embryos were placed in 4 μl of vector
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shield on a slide, covered with a cover slip and sealed using nail polish. Slides
were maintained at 4ºC in the dark until examination under the confocal
microscope.

Confocal Imaging
Immunofluorescent stained embryo samples were visualized through
Olympus Fluoview Laser Scanning Confocal System on an IX81 inverted
microscope under 20-40 X magnification. The images were captured in TIFF
files by computer operating Olympus Fluoview software (v.4.3). From the
Olympus Fluoview software the two filters were selected for nucleus and THR
fluorescence, which were Hoechest and TIRC channels respectively.
Additionally, for optimal intensity of signal against the background noise the laser
intensity was adjusted to 10% for both filters. The sensitivity detector, HV was
set to 350 and 630 for Hoechest and TIRC filters, respectively. The captured
images were saved in TIFF files, which were converted to JPEG files to calculate
relative fluorescent intensity of the sample. The relative quantification of the
specific fluorescent was calculated using the Corrected Total Cell Fluorescence
(CTCF), which is a measurement of intensity of the specific fluorescent against
the background (Burgess et al., 2010). *CTCF = Integrated Density–(Area of
selected cell X Mean Fluorescence of background readings). The measurement of
the images for the calculation was obtained using Image J software.

Statistical Analysis
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Analysis of the differences in cleavage rate and blastocyst formation rate
between the control and treatment group was performed using the Wilcoxon rank
Test and Fisher exact test in Statistical Analysis System (SAS) program. All
values were expressed as means ± SEM, with significant difference considered as
p-value < 0.05.
Statistical analysis of RT-PCR relative expression between the groups and
among the cell stages were calculated in Microsoft Excel 2010 and BioRad CFX
manager software, which were based on t-statistics. The two reference genes,
H2a and 18s were selected and normalized to calculate the relative THRs mRNA
transcript expression values. All values were expressed as means ± SEM with
significant difference considered as p-value < 0.05. Microsoft Excel 2010
containing ANOVA software were used to analyzed the difference in relative
protein levels among the different groups and cell stages also with significant
difference considered as p-value < 0.05.
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RESULTS

Experiment 1 THRs mRNA transcripts and protein in preimplatation embryo
development

To determine whether THR transcripts and protein for both α- and βsubunits are present during different stages of bovine development in vitro, THR
mRNA and protein were determined using RT-PCR and immunofluorescence
staining in oocytes and embryos from 2-cell stage to blastocyst. Approximately
1000 oocytes were used to produce in vitro matured oocytes and IVP embryos and
of that, 825 were subjected to RT-PCR analysis and Immunofluorescent.
Prior to determining the presence of THRs α and β mRNA transcript using
RT-PCR analysis; 1) a total of 180 oocytes (pools of 15 X 5, n=75; distributed to
each germinal vesicle (GV) and meiosis II (MII) stages), 2) a total of 360
embryos (pools of 15 X 5, n=90; distributed to each 2-, 4-, 8-, 16-cell stages), 3) a
total of 225 blastocyst (pools of 15 X 15, n=225) were subjected to RNA
extraction.
For immunofluorescence of a total of 60 embryos, 15 for each of the
corresponding cell stages from 2-, 4-, 8-cell and blastocyst, were examined
individually for the presence of thyroid hormone receptor protein.
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Expression of THR α and β mRNA at different stages of early embryo
development

Results showed both THR α and β transcripts were present in oocytes and
across all embryo stages from zygote to blastocyst (Figures 6- a,b). Interestingly,
at all stages THR α mRNA expression was at least two fold higher than THR β
mRNA transcript levels. Although THR β mRNA transcripts showed very low
expression compared to THR α mRNA, they exhibited significantly different
expression at the various embryonic stages. In particular, relative quantification
of THR β mRNA transcript against normalized H2a and 18s showed a significant
increase from MII to 2-cell and from 4-cell to 8-cell.
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Normalized THR α gene
expression

Figure 6 - Relative abundance of THR α and β mRNA in preimplantation stage
bovine embryos
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Fig (6a) graph represents THR α mRNA transcript expression and Fig (6b)
represents THR β mRNA transcript expression, which were normalized against
H2A and 18S transcripts in in vitro matured oocytes and IVP embryos at different
cell stages.
Data are mean ± SEM, 5 biological replicates and 3 technical replicates. Different
superscripts above the columns indicate significant differences (P<0.05).
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Expression of THR protein in different stages of early embryo development

Using immunofluorescence staining technique the expression of THR protein
was analyzed by confocal microscopy. Fluorescent antibody signals against
THRs antibody (Red-Horse et al.) showed that the localization of the receptor
protein was mostly diffuse throughout the cytoplasm. The nucleus was clearly
observed and localized using the DNA stained with Hoechst (blue) within
embryos up to blastocyst. THR protein was present at all stages of early
development (Figure 7).
Using Image J software, arbitrary units of THR protein was determined. The
immunofluorescence signal intensity showed significant differences at all stages
of embryo development with a decreasing trend in concentration as the embryo
developed. Interestingly, at the 4-cell stage there was a relatively higher level of
fluorescence detectable than in all other stages examined (Figure 8).
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Figure 7 - Localization and distribution of THRs protein in preimplantation stage
bovine embryos
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*Blue signal represents the DNA and red signal represents THR protein
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Relative Fluorescence
THR protein Arbitraray Unit

Figure 8 - Densitometric quantification of THR protein in preimplantation stage
bovine embryos expressed in arbitrary units
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Data are mean±SEM, 15 biological replicates; different superscripts above the
columns indicate significant differences (P<0.05).
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Experiment 2 Effect of inhibiting embryonic origin THRs mRNA transcripts and
protein during the first three cleavage stages of preimplantation embryo
development

To determine whether the THR genes are transcribed during the first three
cleavage stages of development, 25 µl/ml of α-amanitin, which is known to
inhibit RNA polymerase type II that ultimately blocks mRNA transcription, was
added to IVC medium.
A total of 360 embryos were used for THR mRNA transcript level and
expression was assessed by RT-PCR and THR protein localization and
quantification was observed using immunofluorescence staining.
Prior to determining the presence of THRs mRNA transcript using RT-PCR
analysis 1) a total of 135 embryos (pools of 15 X 3 =45, each assigned to 2-, 4-, 8cell stages) were exposed to 25 µl/ml α-amanitin and 2) total of 135 embryos
(pools of 15 X 3 = 45, each assigned to 2-, 4-, 8-cell stages) untreated controls
were subjected to RNA extraction.
For assessment of THR protein localization and relative quantification, a
total of 90 embryos (15 each assigned to 2-, 4-, 8-cell stages) of both α-amanitin
treated and control group were stained by immunoflouresence using an antibody
against THRs.
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THR genes are transcribed from the embryonic genome

Expression of THRα mRNA transcripts detected by RT-PCR showed a
significant low level at 2-cell stage in α-amanitin treated embryos compared with
untreated controls. However, from 4- to 16-cell stage the level of THRα mRNA
transcripts significantly increased compared to the controls (Figure 9a).
Surprisingly, THR β mRNA which was detected in control embryos at all stages
was absent or below detection levels in α-amanitin treated controls at all 2- and 4cell stages (Figure 9b).
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Normalized THR α gene expression

Figure 9 - Relative abundance of THR α and β mRNA measured in α-amanitin
treated and untreated preimplantation stage bovine embryos
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Fig (9a) graph represents THR α mRNA transcript expression and Fig (9b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts in in vitro matured oocytes and IVP embryos at different cell stages
between control and α-amanitin treated groups.
Data are mean ± SEM, 5 biological replicates and 3 technical replicates. Different
superscripts above the columns indicate significant differences between the
control and α-amanitin at indicated embryo stages (P<0.05).
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THR protein localization and relative levels

Immunofluorescence staining of THR protein in untreated controls showed,
as in experiment 1, a diffuse cytoplasmic localization (Figure 10) that generally
decreased in staining intensity as the embryos progressed from 2-cell to 8-cell
stage. However, in α-amanitin treated embryos staining intensity was
dramatically reduced (Figure 11) and THR protein was mainly located at the
periphery of the blastomeres. The overall quantitative measure of THR protein
showed a significant decrease of 51%, 77% and 30% compared to controls at the
2-, 4, and 8-cell stage, respectively.

54

Figure 10 - Localization and distribution of THR protein in control and α-amanitin treated preimplantation stage bovine embryos
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THR

Merged

Figure 11 - Densitometric quantification of THR protein in α-amanitin treated and
untreated control bovine preimplantion embryos

1

c

Relative Fluorescence
THR protein Arnitrary Unit

0.9
0.8

a

0.7
0.6
0.5
0.4

b

0.3
e

0.2
d

0.1

d

0
2-cell

4-cell
Embryo Stages
Control

8-cell

α-Amanitin treated

Data is mean ± SEM of 15 embryos. Different superscripts above the columns
indicate significant differences between control and α-amanitin treated at
corresponding embryonic stages (P<0.05).
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Experiment 3 Effect of exogenous THs (T3/T4) supplementation in IVC

Experiment 1 demonstrated the presence of both THRs α and β mRNA in
oocytes and embryos at stages from 2-cell to blastocyst. The objective of this
experiment was to determine if the level of mRNA expression for THRs differs
in developing embryos cultured in IVC supplemented with TH (50 ng T3/ml
and 50 ng T4/ml) compared to the control. During these experiments,
developmental rate of embryos were also determined. A total of approximately
2000 embryos were used, with half assigned as control and half to T3/T4
supplemented media.
Cleavage and blastocyst formation rate were assessed and a total of 1800
embryos (pools of 15 X 5 = 75, assigned for each embryo stages from 2-, 4-, 8-,
16- and blastocyst) were collected, where 900 from control and other half from
TH (T3/T4) treated group, which were subjected to quantitative RT-PCR to
determine the levels of THR α and β mRNA transcripts.
There was no-significant difference in cleavage rate between two groups
(Figure 12a). However, the blastocyst formation was significantly (p<0.05)
higher in the THs treated group (Figure 12b).
While the relative levels of mRNA were highly variable and numerically
higher in the treated groups compared to controls, the differences were not
statistically significant (Figures 13- a, b).
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Cleavage rate (%)

Figure 12 - Cleavage rates and blastocyst formation rate of untreated and T3/T4
treated bovine preimplantation stage bovine embryos

100
90
80
70
60
50
40
30
20
10
0
Control

T2/T4 Treated
Groups

Blastocyst foration rate (%)

(12a)
100
90
80
70
60
50
40
30
20
10
0

b

a

Control

T3/T4Treated
Groups

(12b)
Control and T2/T3 treated in graphs represent untreated IVC medium and TH
(T2/T3) supplemented to IVC medium respectively.
Fig (12a) graph represents cleavage rate between the untreated IVC medium
(control) and TH (T2/T3) treated embryo group. Fig (12b) graph represent
blastocyst formation rate in IVC medium (control) and TH (T2/T3) treated
embryo group.
Data is mean ± SEM, 1 IVF runs. In Cleavage rate there were no significant
difference, however in blastocyst formation rate, different superscript above the
columns indicate significant differences within two groups (P<0.05).
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Normalized THR α gene
expression

Figure 13 - Relative abundance of THR α and β mRNA transcripts in control and
T3/T4 treated in preimplantation stage bovine embryos
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Fig (13a) graph represents THR α mRNA transcript expression and Fig (9b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts at different cell stages between control and TH (T3/T4) treated groups.
Data is mean ± SEM, 5 biological replicates and 3 technical replicates.
Significant difference was only present in 2-cell and 4-cell in THR α mRNA
transcripts expression between control and TH (T3/T4) treated groups. No
significant differences were shown between the control and T3/T4 treated group
in both THR α and β mRNA transcripts were shown in other stages.
Different superscripts above the columns indicate significant differences within
two groups (P<0.05).
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Experiment 4 Effect of knocking down of THRs α and β in preimplantation
bovine embryo development

With the observation of an increase in the developmental rate in the embryos
treated with THs in the previous experiment and detectable new embryonic
transcripts for both THRs subunits, the aim of this experiment was to determine
the functional role of THRs expression in the developing preimplantation
embryos. THRs α and β siRNAs (THR-α THR-β) were microinjected into the
zygote to knockdown either THR α or β mRNA, respectively. Non-coding
scramble (Sham) siRNA were microinjected as a control.
Approximately 3000 embryos were processed for IVP for this experiment.
Those, which developed beyond the zygote stage, were subjected for RT-PCR and
immunostaining. However unfertilized oocytes or degenerating embryos were
eliminated while performing the experiment.
A total of 1200 zygotes were used for RT-PCR for THR α and β mRNA
analysis. Specifically 300 embryos (pools of 15 X 5= 75 embryos from each
embryonic stages; 2-, 4-, 8- cell and blastocyst) from 4 different groups; NI, Sham,
THR-α, THR-β, were collected, which were subjected to RNA extraction.
240 embryos (15 embryo collected at each 2-, 4-, 8- cell, blastocyst stage within
each 4 different groups; 15 X 4 = 60, 60 X 4 = 240) were subjected to
immmunostaining for localization and quantification of THR protein expression.
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Developmental rate

The result for embryo blastocyst formation rate in non-injected (NI) embryo
group was slightly over 30%, whereas blastocyst formation in all three other
siRNA microinjected embryo groups were significantly lower (< 20%). Among
siRNA microinjected groups, THR-β siRNA injected embryo groups exhibited the
lowest blastocyst formation rate at 5%. All of these groups exhibited significant
differences among each other (Figure 14).
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Figure 14 - Blastocyst formation rate in non-injected controls and following
siRNA injection

100%

Blastocyst formation rate (%)

90%
80%
70%
60%
50%
40%

a

30%

b

20%

c
d

10%
0%
NI

Sham

THR-α

THR-β

Groups

Each group represents;
NI: Non-injected embryo groups, Sham: Embryos injected with non-coding
scrambled siRNA, THR-α: Embryos injected with THR-α siRNA and THR-β:
Embryos injected with THR-β siRNA
Data is mean ± SEM, 15 biological replicates; different superscripts above the
columns indicate significant differences within each groups of NI, Sham, THR-α
and THR-β (P<0.05).

62

Relative expression of THRs mRNA, THR protein localization and quantification
in the embryos injected with siRNA vs. non- injected controls

Both THR α and β mRNA transcripts were detectable at all stages in the noninjected group, also known as the control, previously seen in experiment 1 (Figure
R-1a,-1b) by RT-PCR.
Knocking down the receptors in the siRNA injected groups exhibited more
prominent decrease than scrambled (Sham) siRNA injected embryos (p<0.05).
Similarly, expression of THR β mRNA transcript level showed significant
reduction in microinjected groups compared to non-injected (NI). Also, THR
protein levels were decreased in both THR siRNA injected groups (THR-α and
THR-β), however, it seems that in general, the THR-α siRNA injected group
showed the highest decrease of the4 groups. Also, among the microinjected group,
THR siRNA injected groups, especially THR-β siRNA injected group showed the
lowest expression level compared to the Sham (control group) and THR-α siRNA
injected group.
It was observed that both THR-α and -β siRNA injections decrease the THR
mRNA level, but showed more decrease in their corresponding THR siRNA
groups to the THR mRNA level. For example, in THR α mRNA transcript
expression, injection of THR-α siRNA and THR-β siRNA both showed decreased
levels of the THR α mRNA compared to controls, but THR-α siRNA injected
group had the most decrease in the level of THR α mRNA transcript (Figures 15,
18, 21, 24).
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THR protein localization demonstrated that both THR siRNA injected group
showed that THR were present more around the outer membrane of the cell,
whereas the two control groups showed more within the cytoplasm from 2-cell to
8-cell stage. However, in blastocyst stage, THR siRNA injected embryos, which
had developed into blastocyst, showed abnormal morphologies and les cell
numbers, compared to the two controls. Particularly THR-α siRNA injected
groups exhibited the most abnormalities (Figures 16, 19, 22, 25).
Moreover, the figures from THR protein localization were calculated in
relative units. Relative quantification of THR protein level showed gradual
increase from 2-cell to 4-cell and started to decrease from 8cell to blastocyst in NI
and Sham (control) group. THR protein level in THR-β siRNA injected group
showed significant decrease at 2-cell stage, however from 4-cell to blastocyst,
THR-α siRNA injected groups exhibited significant decrease throughout the
development stage, from 4-cell to blastocyst (Figures 17, 20, 23, 26).

64

2-Cell Stage:

THR α and β mRNA transcript expression
THRα and β mRNA transcript expression in NI, Sham, THR-α and THR-β
groups in 2-cell stage embryos showed significant decrease in the level THR
mRNA transcripts resulting from injection of corresponding THRs siRNA
(Figure 15- a,b).
Figure 15 demonstrates the decrease in the level of THR α mRNA transcript in
THR-α siRNA injected group, the successful knocking down of its THR.
Similarly, decrease in the level of THR β mRNA transcripts in THR-β siRNA
injected group shows THR knockout success.

THR protein localization
Localization of THR protein in the 2-cell stage shows distinctive features
between THR siRNA microinjected groups compared to control groups. Both
THR siRNA injected groups exhibited more prominent THR localization at the
periphery of the cell, while the two control groups showed consistent difuse
localization of THR within the cytoplasm of the cells (Figure 16).

Relative quantification of THR protein
Relative quantification of THR protein level at the 2-cell stage showed
significant decrease in THR-β siRNA injected group, where NI and 2
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microinjected groups (Sham and THR-α) represented nearly similar levels (figure
17).
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Figure 15 - THR α and β mRNA transcripts at 2-cell stage in 4 different groups;
NI, Sham, THR-α and THR-β
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Fig (15a) graph represents THR α mRNA transcript expression and Fig (15b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts at 2-cell stages across NI, Sham, THR-α and THR-β groups.
Data is mean ± SEM, pools of 15 X 5 biological replicates, and 3 technical
replicates. Different superscripts above the columns indicate significant
differences across NI, Sham, THR-α and THR-β at 2-cell stage (P<0.05).
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Figure 16 - THR protein localization at 2-cell in 4 different groups; NI, Sham,
THRα and THRβ
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Figure 17 - Relative quantification of THR protein in 2-cell stage across 4
different groups; NI, Sham, THR-α and THR-β
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Graph represents relative THR protein quantification in NI, Sham, THR-α and
THR-β groups.
Data is mean ± SEM, 15 biological replicates; different superscript above the
columns indicate significant differences across the 4 different groups (p<0.05).
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4-Cell Stage:

THR α and β mRNA expression
In 4-cell stage embryos both THR α mRNA transcript level in control group
showed a slight decrease compared to 2-cell stage embryo controls. However
THR β mRNA transcript level increased approximately 10-fold in the both control
groups compared to 2-cell stage controls.

Similar to the 2-cell stage, THR

siRNA injection significantly decreased both THR α and β mRNA transcript
levels (Figure 18- a, b).

THR protein localization
Comparison of THR protein localization in 4 groups showed a significant
decrease in intensity of THR-α siRNA injected embryo compared to 3 other
groups (Figure 19).

Relative quantification of THR protein
As seen in (Figure R-20), THR-α siRNA injected embryo exhibited the
lowest relative THR protein level in 4-cell stage among the 4 groups (Figure 20).
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Normalized THR α gene expression

Figure 18 - THR α and β mRNA transcripts at 4-cell stage in 4 different groups;
NI, Sham, THR-α and THR-β
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Fig (18a) graph represents THR α mRNA transcript expression and Fig (18b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts at 4-cell stages across NI, Sham, THR-α and THR-β groups.
Data is mean ± SEM, pools of 15 X 5 biological replicates, and 3 technical
replicates. Different superscripts above the columns indicate significant
differences across NI, Sham, THR-α and THR-β at 4-cell stage (P<0.05).
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Figure 19 - Localization of THR protein in 4 different groups; NI, Sham, THR-α
and THR-β
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Figure 20 - Relative quantification of THR protein in 4 different groups; NI,
Sham, THR-α and THR-β
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The graph represents relative THR protein quantification in NI, Sham, THR-α and
THR-β groups.
Data is mean ± SEM, 15 biological replicates; different superscript above the
columns indicate significant differences across the 4 different groups (p<0.05).
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8-Cell Stage:

THR α and β mRNA expression
THR β mRNA transcripts in control groups showed a 10-fold increase
compared to the previous 4-cell stage THR β mRNA transcript expressions.
Interestingly, THR-α siRNA injected groups showed THR α mRNA transcript
level down to non-detectable and similarly THR-β siRNA injected group
exhibited THR β mRNA transcripts down to non-detectable (Figure 21- a, b).

THR protein localization
Immunostaining THR in 8-cell showed the least staining intensity compared
with embryos at 2-, 4-, 8-cell.stages (Figure 22).

Relative quantification of THR protein
Relative quantification of THR protein level showed no significant
difference except in THR-α siRNA injected group (Figure 23).
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Normalized THR α gene expression

Figure 21 - THR α and β mRNA transcripts at 8-cell stage in 4 different groups;
NI, Sham, THR-α and THR-β

1
0.9

a

0.8
0.7

a

0.6

a

0.5
0.4
0.3
0.2
0.1

b

0
NI

Sham

THR-α

THR-β

b

c

THR-α

THR-β

Groups

Normalized THR β gene expression

(21a)
0.1
0.09
0.08

a
a

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
NI

Sham
Groups

(21b)
Fig (21a) graph represents THR α mRNA transcript expression and fig (21b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts at 8-cell stages across NI, Sham, THR-α and THR-β groups.
Data is mean ± SEM, pools of 15 X 5 biological replicates, and 3 technical
replicates; different superscripts above the columns indicate significant
differences across NI, Sham, THR-α and THR-β at 8-cell stage (P<0.05).
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Figure 22 - Localization of THR protein at 8-cell in 4 different groups
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Figure 23 - Relative quantification of THR protein at 8-cell in 4 different groups
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The graph represents relative THR protein quantification in NI, Sham, THR-α and
THR-β groups at 8-cell stage. Data is mean ± SEM, 15 biological replicates;
different superscript above the columns indicate significant differences across the
4 different groups (p<0.05).
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Blastocyst:

THR α and β mRNA expression
Transcript levels for both THR– α and –β were significant lower than
controls in both THR– α siRNA and THR –β siRNA injection groups (Figure 24a, b).

THR protein localization
Confocal imaging showed that the non-injected control group had the largest
size, the highest number of nuclei (distributed throughout the blastocyst), and a
greater intensity of THR fluorescence, compared to the microinjected groups. In
the injection control group (sham control), the number of nuclei and blastocyst
size were slightly lower than the non-injected control group, but had slightly
higher THR fluorescence intensity. Among the microinjection groups, THR
siRNA injected group (THR–α and THR–β) had a lower number of nuclei,
abnormal blastocyst morphology and reduced THR fluorescent intensity
compared to controls; NI and Sham. In particular, THRα siRNA injected group
exhibited a greater reduction in fluorescent intensity than THR–β or control
groups (Figure 25)

Relative quantification of THR protein
Analysis of images captured from the confocal microscope, relative
quantification of THR fluorescent intensity was converted into arbitrary numerical
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units. As shown in Fig 23, relative quantification of THRs protein level was
significantly lower in THR-α and -β siRNA injected groups (Figure 26).
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Normalized THR α gene expression

Figure 24 - Expression of THR α and β mRNA transcripts at blastocyst stage in 4
different groups; NI, Sham, THR-α and THR- β
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Fig (24a) graph represents THR α mRNA transcript expression and fig (24b)
represents THR β mRNA transcript expression; normalized against H2A and 18S
transcripts at blastocyst stage across NI, Sham, THR-α and THR-β groups.
Data is mean ± SEM, pools of 15 X 5 biological replicates, and 3 technical
replicates. Different superscripts above the columns indicate significant
differences across NI, Sham, THR-α and THR-β at blastocyst stage (P<0.05).
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Figure 25 - Localization of THRs protein in blastocyst stages in 4 different
groups; NI, Sham, THR-α and THR-β
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Figure 26 - Relative quantification of THR protein at blastocyst stage in 4
different groups; NI, Sham, THR-α and THR-β at blastocyst stage
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Graph represents relative THR protein quantification in NI, Sham, THR-α and
THR-β groups at blastocyst stage. Data is mean ± SEM, 15 biological replicates;
different superscript above the columns indicate significant differences across the
4 different groups (p<0.05).
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Figure 27 - Overview of THR protein localization from 2-, 4-, 8- cell and blastocyst in 4 different groups; NI, Sham, THR-α and
THR-β
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DISCUSSION

The main aim of the research for this thesis was to determine if thyroid
hormone receptors α and β are important for bovine embryo development in vitro.
The results have shown that the receptor genes transcript levels rise significantly
after fertilization while protein levels initially rise after fertilization, and fall from
the 8-cell to blastocyst stage. Inhibition of transcription indicated that significant
increase in THR transcript at the 2-, 4- and 8-cell stages results from the
embryonic genome. Transcription of THR-α and THR-β is not responsive to
exogenous thyroid hormone. siRNA knockdown of THR receptor mRNA resulted
in a significant decrease in THR mRNA transcript and protein level and inhibited
blastocyst development and embryo quality. Together these observation show that
not only are the THR genes important for early embryo development, they are
among the first to be transcribed after fertilization.
The positive effects of THs on in vitro preimplantation embryo development
that were shown in previous studies from our laboratory (Ashkar et al., 2010c;
King and Ashkar, 2013) and others (Costa et al., 2013) have been confirmed in
this thesis. For example, Ashkar (2010) showed that supplementation of IVM and
IVC media with THs (T3/T4; 50 μg T3 and 50 μg T4) had a positive effect on
bovine embryo development in vitro. That is, fertilization rate as assessed by
cleavage to the 2-cell stages was not affected, however the rate of development
was increased by approximately 25% and morphological quality of embryos at the
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blastocyst stage was improved. Further, Ashker et al (2010) showed that the
greatest effect of TH (T3/T4) supplementation was during the post fertilization
culture (IVC) period. Consistent with previous studies (Arunakumari et al.,
2007;Ashkar et al., 2010b; Costa et al., 2013) the present study (experiment 3)
showed a beneficial effect of THs during in vitro development. As with (Ashkar
et al., 2010c) a similar increase in rate of development to blastocyst stage (43%)
but not fertilization or cleavage rate resulting from TH (T3/T4) supplementation
of IVC media was observed. Taken together the results suggest that THs exert
their effects after fertilization in vitro, however, if this extends to development in
vivo is not known. It has, however, recently been demonstrated that the THs are
present in the follicular fluid surrounding the oocyte prior to ovulation and in the
reproductive tract at the site of fertilization and early development (Ashkar et al.,
2010a). The lack, or minimal effect of supplementing IVM media may reflect
that the oocyte has already been exposed to high levels of TH, which primes the
oocyte for development and after fertilization, in the absence of THs, the
stimulatory effect decreases (Costa et al., 2013). Alternatively, it is possible that
prior to the major activation of the bovine genome (MGA) and the transition from
control of development by transcripts from the maternal genome to those from the
embryonic genome at the 8- to 16-cell stage (Telford et al., 1990) the embryo is
unable respond to THs.
It is well recognized that the main mechanism of action of the THs is by the
THR α and β. Using RT-PCR analysis, Costa et al (2013) showed the presence of
mRNA for both THR α and β in bovine granulosa cells but only THR α in oocytes,
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suggesting that the oocyte may only be able to partially respond to THs. Using a
similar approach, Ashkar (2013) reported the presence of mRNA for both THR α
and β in the developing bovine embryos from the 2-cell stage to the blastocyst
stage. In the present study (experiment 1 and 3) using a more sensitive RT-PCR
approach (Goossens et al., 2005) both THR α and β were detected in germinal
vesicle stage (immature) and MII oocytes (mature) and at the 2-, 4-, 8-, 16-cell
and blastocyst stage. However, the relative level of THR β was notably very low
and almost at the limit of detection (figure 6b) particularly in oocytes and at 4-cell
stage. The relative quantification of both THR α and β transcripts showed
significant increases in transcript levels after fertilization at the 2-cell and at the 8cell stages compared with immature and mature oocytes as well as with each
other (experiment 1) suggestive of transcription from the embryonic genome
after fertilization.
Immediately following fertilization, development of the zygote is directed by
messages stored in the oocyte prior to fertilization. Subsequently, there is
depletion and degradation of maternal messages and as the embryonic genome
becomes transcriptionally active during the MET and during the early cleavage
stages mRNA of embryonic origin increase in abundance (Hamatani et al., 2004;
Vigneault et al., 2004a). The delay in the onset of transcription of the embryonic
genome has been postulated to be due in part to lack of functional transcriptional
apparatus (Vigneault et al., 2004a), which in bovine embryos is during the period
from zygote to 8- to 16-cell stages (Telford et al., 1990). While the major
activation of the bovine (MGA) occurs at the 8- to 16-cell stage it has been shown
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that a very low level of transcription from the embryonic genome occurs at the 2cell stage (Memili and First, 2000; Plante et al., 1994; Vigneault et al., 2009b;
Vigneault et al., 2004b). The observation that the mRNA levels of both THR α
and β significantly rise between the mature oocyte and 2-cell embryo stage
suggest that THR α and β genes are amongst this cohort of early transcribed genes
with the sharp increase at the 8-cell stage corresponding to the MGA. These two
peaks in THR mRNA presumably represent transcription from minor activation of
the embryonic genome and MGA phase respectively. Because MGA phase is
responsible for transcriptional changes leading to differentiation of blastomeres
from early cleavage stage embryos (Hamatani et al., 2004; Kues et al., 2008;
Misirlioglu et al., 2006) it can be speculated that THR receptors are important for
this process.
The suggestion that THR α and β mRNA transcribed from the embryo
genome origin occurs at the 2-cell stage is further supported by experiments 2 and
4 which aimed to inhibit transcription and knock down transcripts, respectively.
First, the observation that exposure of zygotes and 2-cell embryos to the RNA
polymerase II inhibitor α-amanitin (experiment 2) prevented the rise in THRs
mRNA. Consequently, the levels of THR α and β at the 2-cell stage were not
significantly different from those of maternal origin in the mature oocytes.
Moreover, relative to control groups knocking down THRs mRNA by siRNA
showed a significant decrease in the levels of THR α and β mRNA transcripts by
90-98% at the 2-cell stage (figure 15a, 15b) while in the α-amanitin treated
embryos, THR α and β transcript level were decrease by 22% and 92%
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respectively (figure 9a, 9b). Also, THR α mRNA level in GV and MII had 90%
and 66% lower expression than 2-cell control group, while THR β mRNA level in
both GV and MII had 99% lower level than 2-cell control group.
Interestingly, it is likely that the differences THR mRNA transcript levels
between the siRNA knock down and α-amanitin treatment are reflective of the
differences between maternal and embryo transcript levels at the 2-cell stage. As
seen in supplementary data 1, there are significant differences in inhibition of
THRs mRNA transcripts using the two transcription inhibition methods. THRs
siRNA injection significantly reduced the THRs mRNA transcript level compared
to treatment of α-amanitin, which may be explained by the specificity of their
target sequences. For example, siRNA is specifically designed to knock out the
existing and newly transcribed target genes’ mRNA in each sample, while αamanitin inhibits the RNA polymerase II, leaving some possible RNA polymerase
II to transcribe as well as preexisting mRNAs.
While the evidence for active transcription of the THR genes at the 2-cell
stage is strong it may be argued that the inherent weaknesses in the RT-PCR
technique for estimating transcript levels of genes of interest can lead be
misleading. Since the analysis is based on calculating relative levels of transcripts
compared to known highly stable reference genes in the embryo such as H2A and
18S (Jeong et al., 2005; Robert et al., 2002). However, when transcription and or
cellular metabolism are disrupted by elimination of essential messages by RNA
interference or highly toxic inhibitors such as α-amanitin, other transcripts
including the house keeping comparators may also be disrupted (Robert et al.,
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2002; Suzuki et al., 2000; Thellin et al., 1999). This may be indeed the case at the
4- and 8-cell stages where THR α and β mRNA were seen to rise above that of
non-treated controls. This may be due to inhibition of transcription of the
housekeeping genes that were used for relative quantification of THRs mRNAs
and might cause what appears to be a relatively higher expression than the
reference genes, ribosomal RNA 18s and histone acetylase (H2a), respectively.
Previously in our laboratory, THRs mRNA transcripts were normalized
against 3 genes; GAPDH, H2a and 18s (data not shown). However the
transcription levels were not constant in preimpantation embryos due to relatively
higher expression of 18s and H2a compared to GAPDH across the different cell
stages. Also, others have shown that 18s and GAPDH have transcription levels
that are not constant in preimplantation embryos (Robert et al., 2002;Suzuki et al.,
2000; Thellin et al., 1999). Therefore, gene normalization using unstable
reference genes can result in erroneous conclusions emphasizing the need for
selecting stable housekeeping genes with similar expression patterns of genes,
particularly, in experiments designed to detect specific mRNA transcripts across
the different stages of cells (Goossens et al., 2005). Here, the 18s and H2a
reference genes were found to be the most stable during the embryonic stages
examined which is consistent with previous studies (Jeong et al., 2005; Robert et
al., 2002). However, transcription of the two genes, 18s and H2a were shown to
be significantly inhibited by α-amanitin (Supplementary data 1), probably
contributing to the higher relative expression of THRs mRNA transcripts in the
treated 4-cell and 8-cell stages compared with controls.
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It is known that bovine embryos are capable of protein synthesis at the 2- to
4-cell stage (Barnes and Eyestone, 1990; Barnes and First, 1991; Frei et al., 1989;
Memili and First, 1998) and further support the notion that transcription of THRs
mRNA occurs before the MGA is derived from the immunocytochemical
analysis of THR proteins, which were localized in both the cytoplasm and
nucleus at all stages examined. Interestingly, the relative quantity of THR
proteins as determined by densitometry analysis of confocal derived images
showed a pattern opposite or delayed by one cell cycle compared to that of THRs
mRNA transcripts across the all stages, particularly the 4- and 8-cell stage
compared with the 2-cell stage. This pattern suggests an increase in translation
of message as cleavage progresses.
As described above, THR mRNA transcript levels were lowest at the 4-cell
and highest at the 8-cell stage (Figure 6). However, as reported by others (Frei et
al., 1989; Latham et al., 1991) while the relative quantity of THRs protein
paralleled that of the transcript levels, there was one cell cycle delay
(supplementary data 2, 3). In addition, the drop in the relative levels of transcripts
after the 8-cell stage may suggest that once MET and MGA occur this
consequently reduces THRs which are actively metabolized and mRNA
transcripts are rapidly consumed. Since α-amanitin-sensitive protein synthesis
was first detected at the 2- to 4-cell stage at 36h-48h pi (post-insemination) and
continues up to the 8- to 16-cell stage at 84h pi (Barnes and First, 1991), our
observations of loss of generalized diffuse localization and decline relative to
THR protein quantity at the 4- and 8-cell stages in α-amanitin treated embryos are
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consistent with the concept of α-amanitin-sensitive protein synthesis in the 2- and
4-cell embryo proposed by Barnes and First (Barnes and First). That is, they are
resulting from decrease in mRNA syntheses from the embryonic genome. This
further supports the idea that THR genes are being transcribed at the 2-cell stage.
Finally, in support of the suggestion that there is significant transcription of
THR genes from the embryonic genome, 2-, 4-, and 8-cell stage embryos
examined after siRNA injection showed significant decreases in both THR α and
β transcripts and protein which were significantly different from controls
(experiment 4). Interestingly, the 2-cell stage transcript levels in siRNA treated
embryos had a lower level than in oocytes and α-amanitin treated embryos
indicating a knock down of THR transcripts of both maternal origins (data not
shown).
THRs regulate gene expression in a variety of tissues and organs principally
by binding with hormone response elements (HREs) in DNA, which in the
presence of TH conformational changes alter DNA regulatory elements and
allows downstream transcription of mRNA (Lazar, 2003; Wu and Koenig, 2000).
In the absence of TH, THR and HREs form a complex with co-repressor proteins
to inhibit transcription (Graupner et al., 1991). As mentioned previously, the main
effect TH treatment on developing embryos appears to be mediated through
increased transcription via the THRs. Ashkar (2013) using micro array analysis of
treated embryos at blastocyst stage has shown differential expression of over 1000
gene sequences. Interestingly, although THR α and β transcripts were present,
there were no differences between treated blastocysts compared with untreated
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controls as observed in this study. T3 has also been shown to induce THR β
transcription in mouse liver cells (Kowalik et al., 2010) and THR α in adult bone
tissue (Waung et al., 2012). However, in experiment 3, it was noted while there
was variation in relative amounts of THR α and β transcripts in THs (T3/T4)
treated and untreated embryos before (2-cell to 8-cell stage) and after (blastocyst
stage) the MGA differences were not significant. This suggests that in embryos
up to blastocyst stage transcription of THR genes is not responsive to exogenous
TH supplementation and hence in the absence of TH, the embryo is able to
transcribe THRs, which has a function of repressing transcription from the
embryonic genome (Chatterjee et al., 1989).
Even though there was strong evidence in support of transcription and
translation of THR genes during early embryo development (experiments 1 and 2),
it was not clear if these genes play a significant role in development. To
investigate this further siRNA knock down of THR α and β was undertaken. This
approach was chosen because of previous experiments in our laboratory (Favetta
et al., 2007) and others (Driver and Khatib, 2013; Vigneault et al., 2004b), which
provided evidence of its effectiveness in bovine embryos. In experiment 4 the
overall rate of development to blastocyst stage in injected embryos was
significantly different from the non-injected (NI) control group. Considering the
scramble injection (Sham) group as the control group for loss due to the process
of injection, siRNA injection groups had over all a significantly lower rate of
development to blastocyst stage. Interestingly the decrease in rate of development
compared with the sham group was significantly higher in the THR-β group (72%)
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than the THR α group (39%). This is consistent with the THR α and β function in
both stimulating and repressing transcription in the early developing embryo
(Tagami et al., 1999). Knock-out mice models have shown that in the absence of
THR α or THR β there is redundancy in metabolic pathways (Hsu and Brent,
1998) with THR α able to compensate for THR β in the case of THR β knock outs
and vice versa (Hsu and Brent, 1998). Additionally knockout mice survive to
term although the phenotype for THR α knock out is more sever and results in
postnatal death. In the present study, the embryos had very poor morphological
quality and low cell numbers (data not shown), which is inconsistent with
continued development in vitro. However, in contrast to the mouse knock out
model, which developed in vivo in the presence of TH, the bovine knock down
embryo in vitro appears to have nearly complete failure of development.
However, it should be noted that while the knockdown of THRs mRNA
significantly reduced levels of THR α and β mRNA and protein trace amounts
were detected at all stages examined. It is unknown if total absence of THRs
mRNA or protein would cause developmental failure at earlier stages of
development.
One of the limitations of correlating phenotypic effects and gene silencing of
THRs might be the microinjection of siRNA process, which although there is
visual detection of injected siRNA into the embryo while injecting there is some
possibility that the injection amount in each embryo could vary, causing variation
in knockdown efficiency. Although, the settings of the injection pressure are
equal throughout the injection procedures, different intrinsic capacity and
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resistance that each embryo have might alter the amount of siRNA that are
injected. Since mRNA analysis was conducted on pools of embryos which
actually contained 15 different embryos and studies have shown that each embryo
has a different expression patterns that also varies from cell stages to cell stage
(Niemann and Wrenzycki, 2000; Niemann et al., 2002) one or two embryos could
cause the variation in THRs mRNA transcripts level that were detected among
pools (De Sousa et al., 1998; Mamo et al., 2007). Others have also reported
incomplete knockdown of the mRNA following siRNA by injection. For example
in our lab Favetta et al (2007) showed a significant phenotype effect but only 54%
reduction in mRNA. Comparison between the siRNA injection and siRNA
transfection in mouse embryo showed that the target gene was specifically down
regulated in siRNA injected embryos. However, the mRNA transcript level and
the development rate showed variation with different dosages (O'Meara et al.,
2011). It was not clear whether the transfected siRNA actually inhibits the target
mRNA or other non-significant mRNAs. Another important factor that we must
consider is the half-life of siRNA that were injected into the embryos. We
injected the 15 pl of siRNA at 16-18 hpi at zygote stage. Although the exact halflife of the siRNA molecule injected is not known, the relative drop in mRNA
levels from 2-cell (over 90%) to 8-cell (70%) stage, was consistent therefore we
speculate that the THRs siRNA has long term effect. However, we are confident
that the designated amount of siRNA that we have used was sufficient enough to
inhibit the mRNA transcripts of THRs during the preimpantation embryo
development. Also, (Haraguchi et al., 2004) has demonstrated that injection of
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siRNA in mouse preimplantation embryo has effectively silenced the genes,
which were able to determine the developmental competence or functional role of
specific genes.
Interestingly, Lipardi at al. (2001) has suggested that synthetic siRNA might
have possibility to serve as primers to transform the target mRNA into double
stranded RNA (dsRNA). This later dsRNA becomes degraded in order to
eliminate the incorporated target mRNA, which generating new siRNAs in a cycle
of dsRNA synthesis and degradation. This was detected by the RNA-dependent
RNA polymerase activity (RdRP) (Lipardi et al., 2001). In either explanation,
siRNA might have; 1) long term effect of inhibition, or 2) as suggested by Lipardi
et al (2001), siRNA might have ability to generate its own siRNAs, providing a
useful tool in such experiments in determining function of specific genes
throughout both short and long term cell development.

Conclusions

The underlying hypothesis for this MSc thesis was that THR (mRNA and
protein) are present throughout early stages of in vitro bovine development and
that inhibition of THR transcription will impair development. The results of the
experiments conducted here strongly support this hypothesis. THR proteins were
detected at all stages examined. In addition not only were THR transcripts α and
β present throughout early bovine embryo development, transcription inhibition
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and transcript knock down (supplement data 2, 3) have shown, for the first time,
that they are not uniquely of maternal origin from the oocyte but are transcribed
from the embryonic genome at the 2-cell stage prior to the major genome
activation at the 8- to 16-cell stage and are essential for embryo development.
Interestingly, although supplementation of culture media with THs (T3/T4) had a
stimulatory effect on embryo development it did not alter the relative levels of
THR transcripts while post-transcriptional inhibition of THR transcripts had an
almost total inhibitory effect on development. This provides new insight into the
role of TH and THR in development of bovine embryos in vitro. Since THR’s
both stimulates and represses the transcription, their involvement in embryo
development is essential and complex. It might be speculated that during
following fertilization, before the MGA, the role of THR is to form a complex
with co-repressor proteins to aid in the prevention of transcription of most of the
embryonic genome. Following the MGA at the 8- to 16-cell stage, THRs bind
with TH resulting in alteration of DNA histone complexes which stimulates
transcription.

Future directions

While the results presented in this thesis have shown that TH and THR are
essential for bovine embryo development in vitro, further research will deepen the
understanding of the mechanism by which this occurs. First, investigating in
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more detail the events surrounding MET and MGA and the impact of TH
supplementation of THR action during this phase of development is needed. In
previous studies exogenous TH was present in culture media from fertilization to
blastocyst stage (day 8 post fertilization). However, the effect at individual
developmental stages such as pre- and post-MSA of the bioavailability of TH are
not known. Hence, stage specific TH supplementation would provide more
insight to the effect of TH in the pre and post MGA stages. Also, the inhibition of
THR α and β resulted in variability of mRNA level in embryo pools, experiments
using other long lasting or reversible RNA inhibition techniques would be of
interest.
Secondly, injection of THR α and β siRNA individually and together as well
as siRNA against other isoforms of THRs of into embryos might be able to
demonstrate the functional role of each THRs and which THRs are more
functional during the preimplantation embryo development. Moreover, THRs
siRNA injection in mature oocyte will be able to demonstrate more in details
about the THRs activation between maternal to embryonic gene transitions, also
possible action of paternal inheritance that involve in gene activation.
As it was shown the THs (T3/T4) supplementation had a major impact on
global transcription, it would be informative to examine total RNA synthesis and
micro array analysis of individual transcripts after THRs siRNA would provide
more precise information about specific genes regulated by THRs and the
relationship between THRs and THs during preimplantation embryo development.
Finally, it would be informative to determine the developmental effects
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beyond the blastocyst stage by transfer siRNA knockdown embryos to recipient
cows.
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SUMMARY

Here the presence of both THR α and β RNA transcripts at different cell
stages from oocyte to blastocyst of in bovine preimplantation embryos has been
demonstrated by using RT-PCR analysis. However, relative expression level of
THR α showed much higher level than THR β at all stages of the development.
Inhibition of maternal to embryonic genome activation by α-Amanitin
supplementation showed significant decrease in THR mRNA at 2-cell stage but
increased from 4-cell stage up to embryo arrest (p<0.05). This rise in mRNA was
through to be due to disruption in transcript levels of the house keeping reference
genes (H2A, 18S). However, relative THR protein level, determined by
immunocytochemistry was significantly decreased from 4-cell stage until the
embryo arrest (p<0.05).
Supplementation of exogenous thyroid hormones (T3/T4) in IVC media did
not show significant difference in cleavage rate but did increase the blastocyst
formation rate by 8% compared to control. However, supplementation of THs did
not alter THRs mRNA transcripts level significantly at all stages of embryo
development.
Embryonic and maternal THRs mRNA knockout has shown importance of
THRs during preimplantation embryo development. The relative quantification of
THRs mRNA transcripts confirmed the effectiveness of THRs knockout using
THRs siRNA injections in embryos.
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THRs mRNA transcript expression was decrease with designated THRs
siRNA injected groups (ex. THR α siRNA injected embryos exhibited more
decrease in THR α mRNA transcript than THR β mRNA transcript and vice versa).
THR protein in THRs siRNA injected embryos has shown significant decrease
compared to the control groups. Moreover, images obtained with embryos
injected with THRs siRNA showed abnormal morphologies during the
development, which had small cell number and size of blastocyst. Over all, the
embryo developmental competence was significantly reduced in THRs (α and β)
siRNA injected embryos compared to the control (p<0.05). Among the THRs
siRNA injected embryo, THR β siRNA injected embryos showed the lowest
developmental rate.
Taken together, the data shows the THR genes are transcribed from the
embryonic genome soon after fertilization and that they are essential for
preimplantation in vitro bovine embryo development.
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APPENDIX I: SUPPLEMENTARY DATA

Relative quantification of H2a

Supplementary data 1: Relative expression of H2a and 18s in control vs. αamanitin treated group
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S1-a: Graph representing relative H2a transcripts in control and α-amanitin
treated group.
S1-b: Graph representing relative 18s transcripts in control and α-amanitin treated
group.
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APPENDIX II: SUPPLEMENTARY DATA

Normalized THR α gene
expression

Supplementary data 2: THR α and β mRNA transcript expression in control, αamanitin treated, injected with THR-α siRNA and THR-β siRNA.
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S-2a: Graph representing THR α mRNA transcripts in control, α-amanitin treated,
injected with THR-α siRNA and THR-β siRNA
S-2b: Graph representing THR β mRNA transcripts in control, α-amanitin treated,
injected with THR-α siRNA and THR-β siRNA
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APPENDIX III: SUPPLEMENTARY DATA

Relative Fluorescence
Arbitrary Units

Supplementary data 3: Relative quantification of THR protein levels in control,
α-amanitin treated, injected with THR-α siRNA and THR-β siRNA
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S-3a: Graph representing relative THR protein levels in control, α-amanitin
treated, injected with THR-α siRNA and THR-β siRNA
S-3b: Trend of relative THR protein levels in control, α-amanitin treated, injected
with THR-α siRNA and THR-β siRNA.
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APPENDIX IV: MATERIALS AND SUPPLIES

CHEMICAL

SUPPLIER

BSA (Bovine Serum Albumin)
Calcium Chloride
Cansera (Steer Serum)
Cloprostenol
CO2
Culture media
Estradiol (E2)
EFAF
Essential amino acid
F10
FSH
Gentamycine
Ovary collection medium: PBS
Heparin
HEPES
Magnesium Chloride
Na-Pyruvate
NaHCO3
Needle (23g)
Non-essential amino acids
Paraformaldehyde
Penicillin
Potassium Chloride
Serum
Silicon Oil
Sodium Bicarbonate
Sodium Pyruvate
SOF Media
Steer Serum
TCM 199
Thyroxine (T4)
Triiodotyronine (T3)
TritonX-100

Sigma-Aldrich, Oackville, ON, Canada
Fisher Scientific, Unionville, ON, Canada
Cansera, Rexdale, ON, Canada
Shering-Plough, Pointe, Claire, PQ, Canada
BOC Gases, Guelph, ON, Canada
Invigtrogen, Burlington, ON, Canada
Vet, Chiron Co., Guelph, ON Canada
Sigma-Aldrich, Oackville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Invigtrogen, Burlington, ON, Canada
Bioniche, Belleville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Invigtrogen, Burlington, ON, Canada
Invigtrogen, Burlington, ON, Canada
Invigtrogen, Burlington, ON, Canada
Fisher Scientific, Unionville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Invigtrogen, Burlington, ON, Canada
Fisher Scientific, Unionville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Sigma-Aldrich, Oackville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Fisher Scientific, Unionville, ON, Canada
Invigtrogen, Burlington, ON, Canada
Paisley, Scarborough, ON, Canada
Fisher Scientific, Unionville, ON, Canada
GibcoBRL, Burlington, ON, Canada
Chemicon-Millipore, Billerica, MA, USA
Cocalico Biologicals Inc., Reamstown, PA, USA
Invigtrogen, Burlington, ON, Canada
Sigma-Aldrich, Oackville, ON, Canada
Sigma-Aldrich, Oackville, ON, Canada
Bio-Rad, Mississauga, ON, Canada
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APPENDIX V: MEDIA PREPARATION

1. Ovary Collection Medium
Phosphate buffered saline (PBS)

2. Oocyte Collection Medium
1pkg (9.8gm)
10.0ml (10mM)
20ml
10ml
0.2ml (2IU/ml)
1.2g
1000ml

F-10 (Powder)
HEPESa
Serumb
P/Sc
Heparind
NaHCO3
Water (Milli-Q)

pH adjusted to 7.35-7.40.
a: HEPES stock 1.0 M, pH 7.4
b: Estrous Cow Serum or Steer Serum
c: Penicillin = 5,000 I.U./ml and Streptomycin = 5,000 µg/ml
d: "Hepalean" = 10,000 I.U/ml

3. Maturation Medium (Serum plus Hormones)
For IVM, use protein-free TCM 199, plus 25mM HEPES (re-adjust osmolality),
supplement with 2% steer serum (Cansera) and hormones*.
*Hormone Supplementation: 1ug/ml LH, 05ug/ml FSH, and 1ug/ml estradiol
The concentrations of LH and FSH depend upon the specific activity of the
preparations used. Current Source of LH and FSH is USDA Hormone program
(Dr. AF Parlow).
4. Commercial SOF media
Use 10ml stock of Commercial SOF in the IVF fridge or 50ml for long term
storage in -80°C freezer.
10ml
50ul
100ul

SOF
Na-Pyruvate
Non-Essential Amino Acids 200x
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200ul
5ul
200ul
560ul

Essential Amino Acids 100x
Gentamicin
Cansera
EFAF BSA 15% (in SOF)
No feeding or change of Media is required.
5. Modified Tyrode’s medium
Tyrode’s Salts Stock solution (5X)

NaCl
KCl
NaH2PO4.H2O
CaCl2.2H2O
MgCl2.6H2O
Water

IVF TALP Salts
g/500ml
g/1L (mM)
33.0 (114)
1.18 (3.16)
0.24 (0.35)
1.47 (2.0)
0.51 (0.5)
To 1000ml
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Sperm TALP Salts
g/500ml
g/1L (mM)
28.5 (99.0)
1.18 (3.1)

APPENDIX VI: PROTOCOLS

DAY 1

1. Ovary collection
Ovaries with good follicles (>5 per ovary) are collected following slaughter and
placed into PBS (at 33 to 37oC) within a thermos. The thermos is then placed
into an insulated container for transport to lab. Upon arrival at the lab, the
temperatures of thermos contents are recorded. Ovaries are washed at least twice
with sterile saline.

2. Ovary follicular aspiration
Oocyte collection medium (F-10) is prepared and warmed to 38oC and equipment
is placed in warm hood (temp 32 - 36oC).
Any latex gloves used during ovary handling must be well washed to remove all
traces of powder.
Aspiration: A gentle vacuum pump is attached by tubing to a vacuum flask and a
vacutainer tube and 18G vacutainer needle. The vacutainer needle is bent as
required, and used to puncture suitable follicles. Aspirated follicular fluid is
collected from the vacutainer tubes, washed with oocyte collection medium, and
searched for COC’s.

3. Oocyte Maturation
After 5-10 ovaries have been processed, good cumulus oocyte complexes (COCs)
are recovered under a dissecting microscope into fresh collection medium.
Excellent/good quality COCs are washed 3 times in maturation medium in 35 mm
dishes and transferred into previously prepared microdrops - 20 COC's per 100 ul
drop (or 10 COC's per 50 ul drop). Microdrops of maturation media should be
equilibrated under washed silicone oil in a 38.5 °C incubator, in 5% CO2 for at
least 2 hours prior to oocyte addition.
*COCs are cultured as above for 20 to 24 hours.
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DAY 2

1. Prepare IVF drops (80 ul IVF TALP under filtered oil) in 35 mm dishes at least
2hrs before IVF. Equilibrate Sperm/Hepes TALP for 2 hours prior to use.
2. Prepare oocytes
After 24hrs maturation, wash oocytes 2X in Hepes TALP and 2X in IVF TALP
and transfer in groups of approximately 30 oocytes from IVM drops through 2
washes of SpTALP and 2 washes of IVF TALP into IVF drops.
Leave cumulus cells on while washing
3. Sperm Preparation
Swim-up method
1) Four tubes containing 1.25 ml sperm-TALP are pre-incubated in CO2
incubator
2) Two straws of frozen semen are thawed in a 33 - 36°C water bath (10 - 20
seconds)
3) 250 µl of sperm suspension is layered under each of four volumes of
Sperm-TALP
4) Tubes are incubated at 38.5°C for approximately 1 hour (Swim-up)
5) Top 1ml from each tube is aspirated and combined, washed with fresh SpTALP (10 mls) and centrifuged at 200g for 10 minutes
6) Supernatant is discarded, leaving ~ 300 µl of combined swim-up sample
Sperm Counting
An aliquot of the final sperm suspension is diluted 1:1 with 10% formalin to
immobilize sperm. Trypan blue is added at 20% v:v and sperm heads are counted
using a hemocytometer. Sperm concentration (after calculation, allowing for
dilution factors) should be ~10 - 30 X 106 motile sperm/ml, and insemination is
usually with 1 to 3 X 105 per drop (10 ul of sperm suspension per 100 ul).
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DAYS 3 – 10

In vitro embryo culture (Summary)
1. IVC drops: L- SOF (30ul) prepared fresh on first day of IVC
2. Cumulus cells removed. Vortex 30 seconds
3. Presumptive zygotes washed in separate 35 mm dishes of culture medium
and placed in IVC drop (~30 per 30 µl drop of L-SOF) on the morning
following IVF
4. Cleavage rate determined at 48hrs after insemination
5. 2cell (between 36-48hpi), 4cell (between 36-48hpi) and 8cell (between
48-64hpi) harvested post IVF
6. Blastocysts harvested on days 7-9 days post IVF. Hatching rate are
determined on day 9

Incubators
All incubations are at 38.5oC, with a humidified environment of 5% CO2. The
CO2 content is verified weekly, and temperature calibration checked periodically.
Defined (SOF) culture systems require a low oxygen environment (5 to 7%),
achieved by displacement of oxygen with medical grade nitrogen.
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