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ABSTRACT

PLCZ mRNA INJECTION: A NATURAL APPROACH TO ACTIVATE BOVINE
SOMATIC CELL NUCLEAR TRANSFER EMBRYOS

By

Pablo Juan Ross

Somatic cell nuclear transfer (SCNT), whereby a somatic cell nucleus is
transplanted into an enucleated oocyte, has been successfully used in various
mammalian species to derive live cloned offspring. A broad variety of
applications that range from agriculture to biomedicine have been envisioned for
SCNT; however, its efficiency remains very low. Activation of embryonic
development is triggered by the sperm upon fertilization and it involves repetitive
increases in intracellular free-Ca2+ ([Ca2+]i). Upon fusion with the oocyte, the
sperm delivers a factor (phospholipase C-zeta; PLCZ) which induces long-lasting
[Ca2+]i oscillations. During SCNT, the activation stimulus must be provided
artificially. In cattle SCNT, the most common activation protocols induce a single
[Ca2+]i increase and treatment with protein synthesis or kinase inhibitors, which
may have detrimental consequences for embryonic development. The hypothesis
that an activation protocol that closely mimics the mechanism of activation
initiated by the sperm has the potential to improve nuclear reprogramming after
SCNT was tested. The activity of bovine- and mouse-derived PLCZ cRNA on
bovine oocytes was characterized. Mouse and bovine PLCZ activated
development of bovine oocytes in a concentration dependent fashion. At its most

effective concentrations, PLCZ induced parthenogenetic development at rates



similar to those observed after using common chemical activation protocols.
Moreover, PLCZ cRNA injection induced sperm-like [Ca2+]i oscillations and IP3R
downregulation. Then PLCZ was implemented as an activation agent for SCNT
embryos. SCNT embryos generated by PLCZ cRNA injection where compared
with those produced by standard chemical activation protocols (lonomycin/DMAP
and lonomycin/CHX), and to IVF-derived embryos as controls. PLCZ cRNA
injection induced [Ca2+]i oscillations similar to those observed after fertilization
and induced blastocyst development at rates similar to IVF embryos. Gene
expression analysis at 8-cell and blastocyst stages revealed that some
abnormalities observed in SCNT embryos activated by chemical means were not
found in SCNT embryos activated using PLCZ cRNA injection. Finally, chromatin
modifications were analyzed at the blastocyst stage. The levels of trimethylated
lysine 27 at histone H3 were higher in bovine SCNT embryos activated using
CHX and DMAP than in those activated using PLCZ or derived from IVF. In
summary, this dissertation shows that PLCZ cRNA injection can; 1) induce
sperm-like calcium oscillations, 2) be effectively used to trigger the initiation of
development in SCNT embryos, and 3) produce cloned embryos that have more
similar characteristics to their IVF counterpart than chemically activated cloned

embryos.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



Introduction

Somatic cell nuclear transfer (SCNT) is a technique by which the nucleus
of a somatic cell is introduced into an enucleated oocyte. As a result, the somatic
nucleus is modified by the recipient oocyte cytoplasm allowing the development
of the reconstructed embryo into a whole individual. The result is a genetic clone
of the animal from which the donor cell was derived. Several species were
successfully cloned using this methodology [1] and a broad variety of
applications were envisioned for SCNT-cloning [2]. The ability to produce
offspring from cultured somatic cells allows the production of biopharmaceuticals
and nutriceuticals by cloned animals, organs for xenotransplantation, genetically
engineered animal models of human diseases, derivation of isogenic embryonic
stem (ES) cells for cell therapies, preservation of endangered species, genetic
improvement of domestic species, as well as propagation of superior genotypes
[2].

The most important limitation of SCNT is the inefficiency of producing
healthy offspring in all species studied so far [3]. The frequency of development
to term of SCNT-derived embryos is well below that observed after in vivo and in
vitro fertilization. Overall, the efficiency of producing offspring after SCNT was
lower than 5% [3]. Less than 50% of embryos reached the blastocyst stage in
vitro. Then, after transferring blastocysts to surrogate mothers, about 50%
established a pregnancy [4-6], but most of them failed to develop past the first
trimester of gestation [5-7]. The remaining pregnancies were gradually lost at

different stages [6], with only a small proportion reaching full term development.



This is in great contrast to pregnancies derived from fertilized embryos, in which
pregnancy losses were rare after the first trimester. Moreover, perinatal mortality
was high for cloned offspring [8]. Among the common abnormalities associated
with mortality of cloned embryos were placental insufficiencies and
malformations, fetal abnormalities, prolonged gestations, parturition difficulties,
musculoskeletal problems, and respiratory problems [8]. The basis for these
abnormalities are poorly understood, but are generally attributed to faulty or
incomplete nuclear reprogramming [9-11]. Nuclear reprogramming involves
silencing of somatic specific genes and reactivation of embryonic genes through
erasure of the epigenetic cell memory and establishment of an epigenetic pattern
that is suitable for embryonic development [12]. However little is known about the
mechanisms that promote these changes.

The initiation of embryonic development is triggered by the sperm upon
fertilization. Oocytes of most mammalian species are arrested at the metaphase
stage of the second meiotic division (Mll) at ovulation, and only complete meiosis
upon fertilization. The sperm activating stimulus not only released the oocyte
from its meiotic arrest but also induced a series of orderly processes that are
referred to as oocyte activation [13, 14]. These include oocyte exit from meiosis,
cortical granule exocytosis, recruitment of maternal mRNA, and pronuclear
formation [13, 14]. In all mammals studied so far, a series of elevations in
intracellular free calcium concentration ([Ca2+]i) was observed upon sperm entry
[15]. This Ca2+ signal was indispensable and sufficient to induce oocyte

activation [16]. Moreover, a different number of [Ca2+]i oscillations was required



to initiate the different events of oocyte activation [13]. This gives credence to the
notion that [Ca2+]i oscillations are not only needed to induce the events of oocyte
activation but also to ensure the orderly completion of these events leading to the
normal initiation of embryonic development [13].

In recent years, a sperm-specific PLC isoform, PLCZ, was suggested to
be the factor that the sperm introduces into the oocyte to induce its activation [17,
18]. This PLC variant was sperm specific [17] and, when introduced into mouse
oocytes, induced sperm-like [Ca2+]i oscillations [19]. When cRNA coding for
PLCZ was introduced into mouse [17], human [20], and pig [21] matured oocytes,
it induced [Ca2+]i oscillations and oocyte activation. In mouse sperm, PLCZ was
localized to the postacrosomal region [19], the area thought to first interact with
the oocyte membrane [22]. Functional studies using RNAi to reduce the level of
PLCZ in sperm showed that [CaZ+]i oscillations were reduced after
intracytoplasmic sperm injection (ICSl), and a lower number of progeny was
obtained after natural mating [23]. Also, in fractionation studies, the presence of
immunoreactive PLCZ correlated with the ability of fractions to induce oocyte
activation [19], and immunodepletion of PLCZ from sperm extracts suppressed
its [Ca2+]i oscillation-inducing ability [17]. Altogether, this evidence indicates that
PLCZ delivered into the oocyte upon sperm-oocyte fusion is the factor
responsible for oocyte activation.

The pattern of [Ca2+]i oscillations is species-specific and is observed over
a relatively long period (34 hours in mice; 16-18 hours in cattle). The importance

of the [Ca2+]i oscillatory pattern was well studied in mice and rabbits [24, 25]. It



was shown that alterations in Ca2+ signaling not only affected the early events of
embryonic development [13, 26], but also 8-cell [27] and blastocyst stage
embryonic gene expression [28], peri-implantation phenotype [24, 28], and even
development to term [28]. It is possible that the long-lasting effect of [Ca2+]i
oscillations was mediated by alterations in chromatin structure and
reprogramming of gene expression that occur after fertilization [24, 27, 28]. For
instance, perturbations of the pattern of [Ca2+]i oscillations were shown to affect
oocyte mRNA recruitment [13], thus probably affecting zygotic genome activation
[13].

Activation protocols commonly used in SCNT rely on chemicals that not
only induce a non-physiological [Ca2+]i oscillation pattern, but also affect other
cellular processes, with possible negative consequences for embryonic
development [29]. Thus, an activation protocol that closely mimics the
mechanism of activation initiated by the sperm has the potential to improve the
developmental capacity of cloned embryos.

Thus, the hypothesize that bovine preimplantation embryos produced by
SCNT and activated using PLCZ mRNA recapitulate developmental events
observed in fertilized embryos when compared to chemically activated SCNT

embryos was tested. The following objectives were proposed:

o Test different sources and concentrations of PLCZ on the capacity
to induce parthenogenetic activation of bovine oocytes.

. Compare embryonic development of SCNT embryos activated by



PLCZ, ionomycin/6-dimethylaminopurine (DMAP),
ionomycin/cycloheximide (CHX), and in vitro fertilization (IVF)
derived embryos.

° Determine the effect of activation stimuli on SCNT embryo ploidy,

apoptosis, gene expression, and chromatin modifications.

It is expected that this novel activation protocol will improve the

reprogramming of the somatic cell leading to a more efficient SCNT technique.



Cloning by somatic cell nuclear transfer

In the 19th century, August Weisman proposed a theory for the
phenomena of cell differentiation during development of an individual from a
zygote. He theorized that cell differentiation results from the differential and
sequential partitioning of the genome. Roux provided evidence toward that
hypothesis in 1888, when he was not able to obtain development after destroying
one blastomere with a hot needle from a two-cell frog embryo. However, he did
not realize that the destroyed blastomere prevented the complete development
due to the positional effect it had on the intact blastomere.

In 1894, Dreisch repeated the experiment using a two-cell and four-cell
sea urchin embryo separated into individual blastomeres by shaking. He found
that each blastomere developed into a complete larva, suggesting that the entire
genetic information was present in each blastomere during cell division, in
contrast to Weismann'’s theory. In 1914, Hans Spemann further extended these
results by partially constricting a salamander zygote with a baby hair and forcing
the nucleus of the embryo to one side [30]. The part containing the nucleus
started to divide and develop, and at the 16-cell stage the ligature was loosened
allowing one nucleus to enter the unnucleated portion. Finally the ligature was
completely tightened cutting the embryo in two. The result was the development
of two larvae, suggesting that a nucleus from a 16-cell embryo was able to direct
the development and differentiation of a complete amphibian. In his report,

Spemann proposed what he called a "fantastic experiment®, where a nucleus



from a somatic adult cell would be transplanted into an enucleated zygote or
oocyte to test the genomic potential of older nuclei [31].

The required technology to perform Spemann’s proposed experiment was
developed in the 1950’s. In 1952, Briggs and King injected blastula nuclei into
enucleated oocytes obtaining tadpoles, and later adult animals [32]. However, all
the attempts to generate adult animals from adult differentiated cells were
unsuccessful [33, 34], leading to the conclusion that the genetic potential of a cell
declined as it differentiated.

In mammals, the technology of nuclear transfer was developed several
decades later. The transfer of a blastocyst-cell nucleus into an enucleated mouse
zygote was reporter by limensee and Hoppe in 1981, with the development of
adult animals t35]. However, controversy surrounded these results, as other
groups were unable to repeat the experiment. McGrath and Solter developed a
more efficient technique by which the donor cell was fused with the enucleated
zygote [36]. However, these and other authors were not able to obtain offspring
after embryonic cell nuclear transfer. Only pronuclear transfer in mouse-
enucleated zygotes resulted in viable offspring [37].

_In contrast to the mouse, Willadsen obtained offspring after fusing sheep
MIl oocytes with 8 or 16-cell embryonic blastomeres [38]. Later this procedure
was successfully repeated in several species including cattle [39], rabbits [40],
pigs [41], mice [42], and monkeys [43]. Cloning from morula and blastocyst cells

was soon achieved [44, 45].




In 1996, Campbell et al. reported the production of offspring from sheep
embryonic disc cells cultured for 6 to 13 passages [46], opening the possibility of
introducing genomic modification during cell culture. A year later, Wilmut et al.
announced a great breakthrough when they reported the birth of Dolly, a sheep
obtained after the transfer of an adult mammary cell into an enucleated oocyte
[47]). Dolly was the only cloned animal resulting from 277 attempts (0.3 %
efficiency). Many other mammals have been cloned from an adult donor cell
nucleus. These include cattle [48], mouse [49], goat [50], pig [51], gaur [562],
mouflon [53], rabbit [54], cat [55], rat [56], mule [57], horse [68], african wildcat
[59], dog [60], ferret [61], wolf [62], buffalo [63], and red deer [64]. In each of
these species, the efficiency has remained very low, with less than 1 % of all
nuclear transfers from adult cells developing into normal offspring. Nevertheless,
the success of SCNT cloning in several species has demonstrated that the
cytoplasm of the MIl oocyte has the potential to reprogram a somatic cell nucleus

to an embryonic stage, capable of generating a complete individual.

Applications of SCNT: Why clone mammals?

Cloning by nuclear transfer has the potential to contribute substantially to
animal agriculture, biotechnology, biomedicine, preservation of endangered
species and basic research. The success of adult SCNT with almost all
agriculturally important species [47, 48, 50, 54, 65] confirms its usefulness for the
clonal expansion of animals with superior genotypes. Moreover, SCNT makes

possible germline genetic modifications in domestic species [48]. Traits which



have been considered for genetic modification include feed utilization, resistance
to diseases (thus reducing drug/antibiotic use), reduction of animal waste,
anddiversification of agricultural products, i.e., providing new economic
opportunities in rural areas, and generation of new consumer products [66].
SCNT can also be used for gene targeting, making additions or deletions in the
genome feasible. Using this approach, cattle that lack the prion gene responsible
for bovine spongiform encephalopathy were recently produced [67]. Targeted
modifications have also been successfully achieved in sheep [68] and pigs [69].
Farm animals carrying genetic modifications have great potential in
biotechnology. Engineered animals are being used as bioreactors for the
production of pharmaceuticals and as potential organ donors for the human
population. Further, SCNT offers alternative means to preserve endangered, and
even to recover extinct species. Wells et al. reported the use of SCNT to clone
the last surviving animal of the Enderby Island cattle breed [70], and Lanza et al.,
using interspecies nuclear transfer, were able to clone an endangered species
(Bos gaurus) [71]. The same approach was used to clone Mouflons (an
endangered breed of sheep) with tissue collected from dead animals [53].
Although all of the above-described applications for SCNT are far-reaching, its

broad implementation has been hindered by low efficiency.

Abnormalities associated with somatic cell nuclear transfer
From the first successful attempt in 1997 to date, the efficiency of

producing live offspring from nuclear transfer using somatic cells remains low.
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Surprisingly, the development of SCNT embryos to the blastocyst stage was
similar to that attained by IVF. Moreover, after embryo transfer, a similar
pregnancy rate was observed between SCNT- and IVF- or in vivo-derived bovine
embryos [4-6]. However, high incidence of pregnancy losses occurred during the
first trimester of gestation [5-7]. Also, late gestation losses increased in SCNT
pregnancies as compared with IVF and in vivo derived pregnancies [6]. Fetal and
placental abnormalities are often reported. Abnormal development of the
placenta, with defects in vasculature formation, was a principal contributor to the
early losses observed in cattle [§]. Examination of the placenta of embryos
between days 40 and 50 of gestation revealed hypoplastic placentas with
partially developed cotyledons or completely normal placentas [5). Late losses
were usually associated with hydroallantois, a rare defect observed in artificial
insemination or IVF pregnancies [6]. Moreover, high proportion of cloned
offspring was larger than normal and often died soon after birth.

A comprehensive analysis of the health profiles of cloned animals
indicated that 32% of cattle exhibited some form of abnormality [8]. Various
abnormalities were manifested in animals derived from SCNT including “Large
Offspring Syndrome”, diabetes, pulmonary hypertension, viral infection, dystocia,
kidney problems, leg malformations, pneumonia, heart defects, liver fibrosis,
osteoporosis, joint defects, anemia, and placental abnormalities. However, all the
abnormalities seen in clones disappeared in the clone’s offspring, leading to the
conclusion that the abnormalities must be of epigenetic rather than of genetic

origin. This also indicated that even though cloned embryos develop to the
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blastocyst stage at similar rates as fertilized embryos, their developmental
capacity is severely hampered. This was interpreted to be the result of

incomplete or aberrant chromatin reprogramming.

Epigenetic modifications and nuclear reprogramming after fertilization and
SCNT

As two highly differentiated cells meet at fertilization to generate a new
individual, their genomes must be combined and rendered amenable to direct
embryonic and fetal development. Cell identity is established during
differentiation by epigenetic modifications of the genome, which are heritable
changes in chromatin that control/establish gene expression patterns without
affecting the underlying DNA sequence. After SCNT, the epigenetic profile of the
donor cell has to be modified; erasing the epigenetic memory of the somatic cell
and establishing the epigenetic program of the early embryo. Although the
mechanism of reprogramming is not well understood it involves changes in DNA
methylation and histone tail modifications. DNA methylation in the promoter
region of gene is associated with gene silencing. Histone tail modifications
include acetylation, methylation, phosphorylation, and ubiquitination among
others [72]. Among these modifications, histone acetylation and methylation are
better characterized. Histone acetylation was associated with transcriptional
permissiveness, while histone methylation can indicate repression or activation of
transcription depending on which residue was modified [72]. Moreover, histone

tail residues can be mono-, di-, or tri-methylated, and the number of methyl
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groups can have different consequences for transcription. In general, Histone 3
Lysine 4 methylation (H3K4me) was associated with transcriptional activation
and H3K9me indicated gene silencing [72]. Another methylation mark that is well
characterized in terms of its function is H3K27me3 [72]. This mark is established
by Polycomb group proteins and is generally associated with stable repression of
gene expression [72].

Global DNA methylation patterns undergo marked changes during early
development of mammalian embryos [73, 74]. Initially, DNA methylation levels
were high in sperm and oocyte chromatin. After fertilization, paternal DNA was
actively and rapidly demethylated by still unknown factors [75]. In contrast,
maternal DNA was passively demethylated within the subsequent cell divisions,
mainly by lack of maintenance of DNA methylation [75]. In bovine embryos,
remethylation of DNA started at the 8-16 cell stage, and at the blastocyst stage
the inner cell mass (ICM) was hypermethylated compared to the trophectoderm
(TE) [73]. These events were somewhat recapitulated after SCNT, albeit with
errors [73, 74]. The somatic cell chromatin had a high degree of DNA methylation
and after nuclear transfer demethylation was observed although not to the extent
observed in IVF embryos [73]. Interestingly, in cloned blastocysts the methylation
levels at the ICM appeared nomal while the TE cells presented increased
methylation [74]. In fertilized embryos, histone acetylation increased at the 8-cell
stage coincident with embryonic genome activation [74, 76]). In bovine SCNT
embryos, acetylation of lysine 9 and 18 at histone H3 was higher than control IVF

embryos [74, 77], while histone H4 lysine 5 acetylation was lower in cloned
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embryos at the 8-cell stage and similar to fertilized embryos at all other stages
[76]. Methylation of H3K9 followed a pattern similar to DNA methylation in
fertilized embryos [78]. In blastocysts, methylation levels of H3K9 were higher at
the TE in SCNT than in IVF-derived embryos [74].

As the roles that different histone modifications play in establishing and
maintaining cell identity and the enzymes that induce such modifications are
uncovered, it will be important investigating their involvement in reprogramming
the embryonic genome after fertilization and SCNT, as they are likely to play a

critical role during nuclear reprogramming.

Gene expression in cloned preimplantation embryos

Because epigenetic changes underlie changes in gene transcription, a
number of studies analyzed gene expression in SCNT embryos. Microarray
studies which evaluated gene expression at a global scale found that less than 3
% of the genes were differentially expressed between cattle SCNT and fertilized
embryos [79-83]. Curiously, although all microarray studies suggested that the
proportion of misregulated genes was low, there was no agreement on the
identities of the aberrantly expressed genes. Candidate gene approaches such
as RT-PCR [84-87] and quantitative real time PCR [88-90] were also used to
evaluate differences in gene expression between SCNT versus fertilized
embryos. To date, no clear picture has yet emerged as to which genes are
consistently misexpressed in cloned preimplantation embryos. This is not

surprising considering that several aspects of the nuclear transfer procedure,
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including donor cell type, type of recipient cytoplast, enucleation and transfer
procedures, activation method, and embryo culture environment differed among
the various studies, and some of these factors affected gene expression of
cloned embryos [80, 83, 84, 86, 87, 89]. Alternatively, discrepancies among
studies may indicate the stochastic nature of the reprogramming errors [82].
Furthermore, technical aspects of gene expression analysis in embryos can
confound the interpretation of results. For instance, the low amount of material
obtained from preimplantation embryos pushed available techniques to their
sensitivity limits. Of particular concern is the use of appropriate controls to correct
gene expression levels for differences in input mMRNA, mRNA extraction
efficiency, and reverse transcription. Housekeeping genes that show no
differences in gene expression among the treatments to be compared represent
the best control; however, it is very difficult to validate this assumption.
Alternatively, external controls can be used to normalize gene expression levels,
which when introduced before RNA extraction can reliably control for RNA
extraction and reverse transcription efficiency [91]. Nonetheless, they can not
control for the amount of input sample. This factor can be precisely determined
when using early stage preimplantation embryos. When analyzing blastocyst
gene expression however, the number of cells in the embryo may influence the
amount of input RNA, thus a system that accounts for the number of cells in the

embryo is required to correctly interpret blastocyst gene expression results.
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Paternal contribution to the embryo: what is missing in SCNT?

The union of a sperm and oocyte initiates the development of a whole new
individual. Through gametogenesis, these cells acquire unique characteristics
that combined upon fertilization allow the development of the zygote into all the
cell types that constitute an organism. The most basic information that the
gametes contribute is the DNA complement that each carry. However, the
information contained in the reconstituted zygotic DNA is not used until zygotic
genome activation which occurs at different times after fertilization (up to 3 days
after fertilization in cattle [92]). The molecular contributions of the oocyte at
fertilization have long been recognized [93]. The oocyte is equipped with a large
pool of proteins and RNAs that will facilitate the transition from gametes into an
embryo and drive the initial stages of embryonic development [94]. In contrast,
the sperm has been regarded as a mere vehicle for the paternal genetic
complement [95]. In recent years, the contribution of the sperm towards the
embryo is being reconsidered [96]. It is now well known that the spem
contributes centrioles, the oocyte activation stimulus, genetic imprints and
mRNAs [96]. SCNT offers a unique opportunity to test the functional relevance of
these factors (Figure 1.1). The low efficiency of cloning by nuclear transfer could
be reasonably attributed to the lack of sperm contribution. The somatic cell
nucleus introduced into an enucleated oocyte replaces both male and female
DNA complements. Also, provided that the information has been successfully

maintained, both maternal and paternal imprints are supplied by the somatic cell.
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In most mammalian species, the sperm also contributes the centriole, which in
combination with oocyte derived proteins, will form the microtubule organizing
center of the cell, known as the zygotic centrosome [97]. After SCNT, the
centrosome was provided by the somatic cell [97]. The activation stimulus that
the sperm delivers upon fusion with the oocyte is lacking in somatic cells, and
thus artificial activation has to be performed [98]. Artificial protocols used to
activate the oocyte failed to completely recapitulate the effects the sperm induces
upon fertilization. The recent identification of the sperm factor that induces oocyte
activation offers a unique opportunity to test its function in the absence of other

factors derived from the sperm.

Oocyte activation

Most mammalian oocytes are ovulated arrested at the MIl stage of
meiosis. The meiotic arrest is released upon fertilization which also triggers a
series of events that lead to initiation of early embryonic development. These
events included cortical granule exocytosis, pronuclear formation, and mRNA
translation which collectively are referred to as oocyte activation [13, 14]. It was
suggested that the activation process is initiated by a soluble factor that diffuses
from the sperm cytoplasm into the oocyte upon fusion [99]. A different hypothesis
was based on the activation of an oocyte membrane receptor upon sperm-oocyte
contact. Evidence supporting the former hypothesis includes the observation that
normal oocyte activation and embryonic development was achieved after

injecting the sperm into the oocyte [100], without allowing gamete membrane
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interaction. Moreover, microinjection of sperm extract into MIl oocytes was
capable of inducing oocyte activation. Oocyte activation did not occur when
extracts from other tissues were used, or when the sperm extract was added to

the medium containing the oocytes [101-105].

Role of Ca2+ during oocyte activation and early development

The involvement of Ca2+ in the signaling events leading to oocyte
activation was suggested in the early 1930s (cited by [106]). This idea was first
substantiated 40 year later by the finding that the Ca2+ ionophore A23187 was
capable of activating sea urchin, starfish and hamster oocytes [107]. Later, the
rise in calcium that immediately follows gamete fusion was recorded using the
Ca2+-binding bioluminescent protein aequorin. Furthermore, activation was
induced by injecting Ca2+ into oocytes and was prevented when EGTA, a Ca2+
chelator, was preinjected into oocytes. This evidence indicated that [Ca2+]i
increase is necessary and sufficient to induce oocyte activation after fertilization
and thus initiate embryonic development [106]). Later experiments in hamster
oocytes showed that a series of hyperpolarizations followed fertilization,
indicating repetitive increases in [Ca2+]| occur, as each hyperpolarization was
due to a Ca2+-activated K" conductance increase [108]. Using Ca2+ sensitive
electrodes and aequorin bioluminescence the repetitive nature of the Ca2+ signal
was confirmed [106). Thereafter, with the use of fluorescent reporters of [Ca2+]i,

it was established that the Ca2+ signal in all mammals studied so far adopts an
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oscillatory pattern that persists for several hours after fertilization [109].
Curiously, the pattern of [Ca2+]i oscillations is largely species specific [110].

The role of the oscillatory Ca2+ signal was extensively studied using a
system that permits a precise control of [CaZ+]i elevations in oocytes without
compromising their developmental ability [24]. This system consists of an
electroporation chamber that allows for the rapid exchange of buffers and culture
media [24]. Using this methodology, it was shown that the Ca2+ stimulus is more
efficient to activate oocytes when it is applied in a repetitive manner [24].
Moreover, the temporal modulation of the Ca2+ signal during oocyte activation
affected the developmental performance and morphology of rabbit
parthenogenetic conceptuses at day 11.5 of pregnancy [24]. Also, a different
number of [Ca2+]i oscillations was required to initiate different of oocyte activation
events and a higher number was required to complete all these events [13]
(Figure 1.2). Specifically, cortical granule exocytosis was initiated by only 1-4
[Ca2+]i elevations, resumption of meiosis required 4-8, and maternal mRNA
recruitment was initiated by 8 [Ca2+]i rises but became more apparent after 24
[Ca2+]i elevations [13]. More important, altering the pattern of [Ca2+]i oscillations
in fertilized mouse embryos resulted in gene expression alterations at the
blastocyst stage and although no differences in blastocyst production were
observed, fewer offspring were born after embryo transfer [28]. When [Ca2+]i
oscillations were precociously interrupted, the incidence of implantation

decreased, whereas extending the Ca2+ signal resulted in
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Figure 1.2: a) Schematic model of the molecular events that encompass
mammalian fertilization. Upon sperm oocyte fusion, phospholipase C-zeta
(PLCZ) diffuses into the oocyte’s cytoplasm where it catalyzes the conversion of
phosphatidylinositol-4,5-bisphosphate  (PIP2) into 1,2-diacylglycerol (DAG) and
inositol-1,4,5-tri-phosphate (IP3). IP3 binds to its receptor (IP3R) in the
endoplasmic reticulum (ER) inducing a conformational change that allows Ca2+
to freely diffuse into the oocyte’s cytoplasm. Ca2+ activates Ca2+/calmodulin—
dependent protein kinase Il (CaMKIl) and possibly Calcineurin which then act at
different targets inducing the events of oocyte activation. Continuous arrows
indicate direct relation, dashed arrows represent indirect relations (Adapted from
Malcuit et al. [111]). b) Representative temporal profile of intracellular free-Ca2+
concentration ([Ca2+]i) and CaMKIl activity observed after fertilization. c) Graph
representing the persistence of [Ca2+]i oscillations required to complete the
different events of oocyte activation as indicated by Ducibella et al. and Ozil et al.
[13, 26]. Solid bars represent the level of [Ca2+]i required to initiate the events

and grey bars represent the amount required to complete the events.
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postimplantation abnormalities and the offspring born showed a greater
variability in weight compared to controls [28]. The mechanism by which the
Ca2+ signal that persists for only a few hours after fertilization influenced long-
term development is not yet understood; however, a role for [Ca2+]i oscillations in
chromatin remodeling and reprogramming of gene expression following
fertilization is possible.

Some of the downstream effectors of Ca2+ were elucidated (Figure 1.2).
Calcium/calmodulin-dependent protein kinase |l (CaMKIl) plays an important
role, as its activity oscillated in parallel with [Ca2+]i oscillations [112]. Introducing
constitutively active CaMKII into Mil oocytes triggered several activation-related
events including cell cycle resumption, recruitment of maternal mRNAs, and
development to blastocyst stage, in the absence of [Caz+]i increase [113-115].
However, cortical granule exocytosis and the membrane block of polyspermy did
not occur normally after CaMKII injection [113, 115], indicating that mechanisms
independent of CaMKIl are also involved in translating the Ca2+ signal at
fertilization.

MIl arrest is characterized by high levels of maturation promoting factor
(MPF) activity, which rapidly fall at fertilization. MPF is composed of a catalytic
subunit (CDK1) and a regulatory subunit (cyclin B). For meiosis to progress, MPF
activity has to decrease. This is accomplished by inducing the destruction of
cyclin B by the anaphase promoting complex/cyclosome (APC/C). To prevent
premature APC/C activity as cells enter mitosis, an inhibitor (EMI1) holds APC/C

inactive [116, 117]. An EMI1 related protein (ERP1/EMI2) was identified to be
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oocyte and testis specific [118-120]). Knock-down of EMI2 in mouse MIl oocytes
induced parthenogenetic activation [121], and when EMI2 synthesis was
prevented during oocyte maturation, oocytes failed to arrest at Mil [122]. Such
results indicate that EMI2 is necessary to achieve meiotic arrest. It was shown
that CaMKII phosphorylated and thus inactivated EMI2 [118-120], which released
the inhibition of APC/C which in turn degrades cyclin B and thus decreases MPF
activity releasing the Ml arrest (Figure 1.2).

Protein expression following fertilization was coupled to [Ca2+]i oscillations
in mouse oocytes [13]. Because there was no transcription during this period of
embryonic development, these changes were attributed to translation of maternal
mRNA. It was shown in hippocampal neurons that CaMKIl can phosphorylate
and activate cytoplasmic polyadenylation element binding protein (CPEB) [123].
In turn, CPEB played an important role in mMRNA polyadenylation and expression
in oocytes [124]. Thus it can be speculated that Ca2+-activated CaMKIl can
induce recruitment of maternal mMRNA and affect protein expression through
activation of CPEB in oocytes (Figure 1.2). Furthermore, recruitment of maternal
mRNA was required for subsequent embryonic genome activation, thus
representing a possible mechanism by which Ca2+ signaling may affect
embryonic development in the short and long term.

Recently, studies in xenopus indicated that calcineurin, a Ca2+-dependent
protein phosphatase, functions as a Ca2+ second messenger during oocyte
activation [125, 126] (Figure 1.2). After Ca2+ was released in frog oocytes,

calcineurin was transiently activated independently of CaMKII. Also, inhibition of
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calcineurin impaired cyclin-B degradation, dephosphorylation of proteins
phosphorylated during metaphase Il stage, migration of pronuclei, and
rearrangement of the cytoskeleton in the cortical areas of the oocyte [125, 126].
So, two pathways that usually act in opposition (CaMKIl and calcineurin) are
coordinated after fertilization to synergistically elicit the same final effect, oocyte

activation.

Phosphoinositide (Pl) signaling pathway and oocyte activation
Overwhelming evidence indicates that inositol-1,4,5-tri-phosphate (IP3) is
involved in the generation of [Ca2+]i oscillations at fertilization. Activation of the
Pl pathway results in the hydrolysis of phosphatidylinositol-4,5-bisphosphate
(PIP2), producing IP3 and 1,2-diacylglycerol (DAG). The elevation in IP3
concentration is responsible for inducing [Ca2+]i release from the endoplasmic
reticulum (ER) in response to IP3 receptor (IP3R) binding. Also, production of
DAG via activation of protein kinase C (PKC) was involved in regulating Ca2+
influx [127]. The most compelling evidence for an involvement of this pathway in
oocyte activation is that injection of IP3R competing functional inhibitor, heparin,
or a blocking antibody, prevented fertilization-induced [Ca2+]i oscillations [15].
Similarly, experimentally induced downregulation of IP3R before fertilization
blocked sperm-induced [Ca2+]i oscillations [128]. Moreover, all three known IP3R
types are expressed in mammalian oocytes, although type 1 is more abundant.
IP3R-1 is localized to the cortex of the oocyte’s cytoplasm, where [Ca2+]i release

first takes place, and is degraded shortly after fertilization [128, 129]. IP3R
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degradation can be considered evidence of IP3 production, because in somatic
cells IP3R degradation only occurred as a consequence of IP3 binding [111].
IP3R-1 is believed to play an important role in controlling the duration of [Ca2+]i
oscillations in mammalian oocytes [111, 130]. Following fertilization, IP3R-1 was
degraded to about 50 percent of that present in MIl stage oocytes [128, 129],
which was believed to contribute to the decreased responsiveness to IP3
observed after fertilization [131]. Moreover, post-transiational modifications of
IP3R-1 by cell-cycle-dependent kinases also played an important role in reducing
IP3R-1 activity [132].

Unfortunately, IP3 determination in single oocytes/zygotes is not possible.
However, direct evidence that the sperm induces IP3 production came from
experiments using sea urchin egg homogenates. In such studies sperm extracts
induced [Ca2+]i release by IP3 production and the activity that generated IP3 was
in the sperm rather than in the oocyte [133, 134].

Involvement of the PI signaling pathway indicated the participation of a
phosphoinositide-specific pholpholipase C (PLC) activity. PLCs, catalyze the
hydrolysis of PIP2, producing IP3 and DAG. PLCB1, y1, 12, 13, 81, and 84 are
known to be present in mammalian sperm [109]. However most of the above
enzymes were regarded improbable players since they do not correlated with
[C32+]i oscillating activity in chromatographically separated fractions of sperm
extract [135]. Also, microinjection of recombinant proteins coding for active
PLCB, v, and & at levels similar to those found in sperm failed to induce oocyte

activation [136]. Recombinant PLCy1 was able to induce [Ca2+]i oscillation in
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mouse oocytes only when injected at levels 500-900 times greater than those
found in a single sperm [136, 137]. Recently, a novel PLC isoform, PLC-zeta
(PLCZ) was discovered and shown to be expressed in sperm. Further evidence
indicates that PLCZ may represent the long sought after sperm factor

responsible for oocyte activation [17].

PLCZ: the putative sperm factor

In 2002, using bioinformatics and cDNA library screening, Saunders et al.
identified a novel PLC isozyme, PLCZ [17]. They showed that PLCZ was
specifically expressed in sperm and injection of PLCZ cRNA into mouse MIl
oocytes induced sperm-like [Ca2+]i oscillation. Furthermore, they showed that
injection of PLCZ cRNA induced oocyte activation and early embryonic
development and PLCZ immunodepletion from sperm extracts abolished the
ability of the extracts to induce [Ca2+]i oscillations [17].

Further studies supported the notion that PLCZ is the long sought after
sperm factor. Injection of cRNA coding for PLCZ into mouse [17], human [20],
and pig [21] oocytes, induced [Ca2+]i oscillations and oocyte activation.
Furthermore, injection of recombinant PLCZ into mouse oocytes was sufficient to
induce sperm-like [CaZ+]i oscillations [138]. PLCZ localized to the postacrosomal
region in mouse sperm [19], the area thought to first interact with the oocyte
membrane [22], and to the equatorial region in bull sperm [139], also an area
expected to come in contact with the ooplasm rapidly after gamete fusion [22].

Accordingly, 90 minutes after ICSI, PLCZ was completely released into the
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ooplasm and the sperm head lost its ability to induce further [Ca2+]i oscillations
[139]. In fractionation studies, the presence of immunoreactive PLCZ correlated
with the ability of the fractions to induce oocyte activation [19], and
immunodepletion of PLCZ from sperm extracts suppressed its [Ca2+]i oscillation-
inducing ability [17].

In vitro assays of PIP2 hydrolysis activity at various Ca2+ concentrations
revealed significant PLCZ activity at Ca2+ concentrations as low as 10 nM, and
70% maximal activity at 100 nM, corresponding to the basal [Ca2+]i in oocytes
[138]. A PLC activity with similar characteristics was previously described in boar
sperm extracts [134]. Comparatively, the half maximal effective concentration
(ECs0) of PLCZ was 52 nM while that of PLC31 was 5.7 uM [138]. The potent
activity of PLCZ is critical to oocyte activation because upon entry into the oocyte
the sperm factor triggers Ca2+ release without any previous [Ca2+]i rise, and
must maintain long lasting [Ca2+]i oscillations.

Functional studies using a transgenic RNAi approach to reduce PLCZ in
sperm showed that reduced [Ca2+]i transients were observed after
intracytoplasmic injection of PLCZ depleted sperm [23]. Also, a lower number of
progeny were obtained when the transgenic males were mated to wildtype
females [23]. More significantly, no transgenic offspring were produced,
suggesting mosaicism was likely and that sperm with decreased PLCZ content
were not able to induce full term development [23].

PLC isozymes are characterized by the presence of distinct domains.

PLCZ contains EF, X, Y and C2 domains, common to other PLCs. However,
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PLCZ lacks the PH domain (pleckstrin homology) found in all other PLC
isoforms. The PH domain is the major determinant of PLC binding to
phosphoinositol-containing lipids and thus of PLC localization to the membrane.
The catalytic domain of PLC is divided in two parts named X and Y domains,
separated by the X-Y linker region. The X-Y linker region may be important for
PLCZ binding to lipid membranes by electrostatic interactions [140]. The EF-
hands are domains that change their conformation upon Ca2+ binding. PLCZ has
four EF-hands, and EF1 and EF2 were important for PLCZ activity and EF3 was
responsible for its high [Ca2+]i sensitivity [141]. The C2 domain binds
phospholipid headgroups, and PLCZ's C2 domain bound preferentially to
phosphatidylinositol-3-phosphate (PI(3)P) and phosphatidylinositol-5-phosphate
(PI(5)P). Such binding suppressed PLCZ activity, possibly by reducing access of
PLCZ to its substrate PIP2 [141]. Deletion of the EF domains of PLCZ or of the
C2 domain resulted in complete loss of PLC activity [141], [Ca2+]i oscillation
induction and oocyte activation potential of PLCZ [141, 142] .

The PLCZ locus was identified in several species including human,
monkey, mouse, rat, chicken, cow, pig, and dog [143]. A high degree of
conservation was observed at the characteristic domains, but the inter-domain
regions differed significantly among the different transcripts. For example human
PLCZ had the shortest X-Y linker region of all PLCZs, which may be important
considering that PLCZs from different species displayed different potency to
induce [Ca2+]i oscillations [144]. For instance, human PLCZ cRNA was able to

. 2+ I . .
induce [Ca™ ]; oscillations in mouse oocytes at much lower concentrations than
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mouse PLCZ cRNA did [144]. Whether the interdomain regions play a role in
PLCZ activity remains to be elucidated [142].

The involvement of other PLCs in modulating/supplementing PLCZ at
fertilization has recently been investigated. Transgenic RNAi studies indicated
that oocyte-derived PLCB1 helped in modulating the [Ca2+]a response initiated by
PLCZ [145]). Considering that only a 30% reduction in PLCB1 protein was
achieved it would be interesting to see if a conditional knockout approach reveals
a greater involvement of this isoform on modulating/supplementing the oscillation
generating activity of PLCZ.

Taken together, the above evidence suggests that PLCZ is the sole factor

provided by the sperm that is required to induce oocyte activation.

Oocyte activation after SCNT - the artificial way

Activation of mammalian oocytes after SCNT is absolutely required, as
somatic cells do not carry the activity required to induce this event. Thus,
numerous procedures have been developed to artificially activate mammalian
oocytes [146]. These artificial stimuli were design to induce oocyte activation and
early embryonic development. The development of oocytes without the
contribution of the sperm is defined as parthenogenesis, and this model has
been extensively used to study artificial activation protocols and early embryonic
development.

As Ca2+ is a key regulator of oocyte activation, several approaches to

artificial oocyte activation rely on inducing a single or repetitive [Ca2+]i rise. In
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cattle, oocyte activation was successfully achieved through a variety of protocols
[146]. The most prevalent protocols induced a single [Ca2+]i rise, which can be
achieved by physical or chemical ways [29]. Electrical stimulation by
administration of direct current (DC) pulses in the presence of exogenous Ca2+
induced Ca2+ influx through pores formed in the plasma membrane [147]. This
activation method was successfully used in cloning the first sheep and goats [47,
50]. Treatment of oocytes with ethanol also resulted in [Ca2+]i increase and
oocyte activation [148]. The most commonly used activation protocols in bovine
SCNT utilize a Ca2+ ionophore such as A23187 or lonomycin [146]. lonophores
allow passive diffusion of Ca2+ though the plasma membrane and the ER and
thus induce a single large increase in [Ca2+]i [148] (Figure 1.3). Because a
single [Ca2+]i rise is not enough to completely downregulate MPF activity and
initiate embryonic development, the Ca2+ stimulus was supplemented with
protein kinase or protein synthesis inhibitors [29]. Among them, DMAP, a broad
serine/threonine kinase inhibitor, was used after ionomycin treatment to induce
high rates of bovine parthenogenetic development [149]. Moreover, this
activation treatment was used in production of the first cloned calves [48] and is
widely used today. DMAP acts by inhibiting phosphorylation at cdc25 [29]). Cdc25
is required for MPF activation from its inactive form pre-MPF. By inhibiting cdc25,
pre-MPF fails to become activated and meiosis arrest is terminated. In spite of
the successful use of DMAP, its broad-spectrum of targets may have adverse

consequences [29]. For instance, parthenogenetic embryos activated with
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Figure 1.3: Ca2+ response after incubation of MIl oocytes with ionophore (a) or

after fertilization (b) (data from Nakada and Mizuno [148]).
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ionomycin and DMAP often displayed chromosomal abnormalities, with an
abnormal pattern of karyokinesis described during the first cell cycle [150]. More
specific compounds to target CDKs were also used to activate bovine oocytes.
Butyrolactone 1, a natural inhibitor of CDK1, the catalytic unit of MPF, was
successfully incorporated in cloning procedures [151]. Other inhibitors were
synthesized using combinatorial chemistry [152]. These small molecules, like
roscovitine, olomoucine and bohemine, are purine analogs that compete for the
ATP-binding site of CDKs, including CDK1 [152]. Incubation with bohemine after
ionomycin treatment induced parthenogenetic activation [153] activated SCNT
embryos at high rates [154]). However, the derivation of live offspring after
activating SCNT embryos using these specific inhibitors was not reported.

Another possible way to inhibit MPF activity is by using protein synthesis
inhibitors. Their utility is based on the fact that cyclin B concentrations oscillate
during the cell cycle and levels of MPF molecules are dependent on the
continued synthesis and degradation of cyclin B. Thus, inhibiting protein
synthesis leads to depletion of MPF. CHX is a widely used protein synthesis
inhibitor used in activation protocols for mouse, human, pig and bovine oocytes.
Moreover, cloned bovine offspring was produced by activating oocytes after
SCNT using CHX [155]. However, inhibition of protein synthesis in the early
zygote may have adverse consequences. Indeed, initiation of DNA synthesis was
delayed in SCNT embryos activated using CHX [156].

Among the systems that induce repetitive [Ca2+]i transients, SrCl2 is

routinely used to clone mice [49]. Some evidence indicated that SrCly acts by
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sensitizing IP3R to low IP3 concentrations causing the gating of IP3R and Ca2+
release [157]. Unfortunately, SrCl2 did not elicit [Ca2+]i oscillations in bovine
oocytes [98]. Moreover, in mice the oscillations induced by SrCl2 treatment were
of longer duration than those induced by fertilization and IP3R downregulation
was not achieved following SrCl2 treatment, which indicated that the Pl pathway
was not completely activated [128].

[Ca2+]i oscillations were also induced by repetitive electrical stimulations.
The administration of DC pulses allowed for very precise regulation of [Ca2+]i
transients [24]. Using this system, efficient parthenogenetic development was
achieved by mimicking the sperm induced [Ca2+]i oscillations in mouse and
rabbit oocytes [13, 24]. Unfortunately, the delivery of repetitive DC pulses is
technically challenging and thus this method has not been implemented to
activate cloned embryos.

Other methods to induce repetitive [Ca2+]i rises include injection of sperm
extracts. Activation of SCNT embryos after boar sperm extract injection and
production of live offspring was reported. However, [Ca2+]i oscillations generated
from this protocol were short lived and did not induce downregulation of IP3R-1,
as observed after fertilization [158], and thus incompletely mimicked the
fertilization-induced activation stimulus.

Several factors may be implicated in the alterations observed in SCNT
derived embryos. However, the activation stimulus should not be ignored as a
potential cause of failure in the production of normal cloned animals. The non-

physiological pattern of calcium oscillations and the use of non-specific inhibitors
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of several metabolic pathways in early zygotes may have negative
consequences for embryonic development by inhibiting important
uncharacterized processes or by failing to correctly initiate them. Therefore, a
method that consistently recapitulates the events taking place after fertilization is

needed for the activation of SCNT embryos.
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FULL DEVELOPMENTAL POTENTIAL OF MAMMALIAN PREIMPLANTATION
EMBRYOS IS MAINTAINED AFTER IMAGING USING A SPINNING-DISK
CONFOCAL MICROSCOPE
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ABSTRACT

Fluorescent live imaging of cells and embryos at subcellular resolution
poses significant challenges for biologists due to morbidity and mortality ensuing
from phototoxicity. Here we report the use of a spinning-disk confocal
microscope to image mouse and bovine preimplantation embryos without
impairing their developmental potential. We also present data indicating that this
imaging technique does not affect the functionality of subcellular components as
assessed by ROS production, caspase activity and DNA integrity. Spinning-disk
confocal microscopy was also useful in determining cell number and allocation in
transgenic bovine blastocysts. We conclude that this imaging method is suitable

for monitoring preimplantation embryos.
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INTRODUCTION

Fluorescent probes are being used extensively in developmental biology
for various imaging techniques, including nontoxic live staining and visualization
of expressed fluorescent proteins. These techniques have enabled the
identification and tracing of numerous cellular and subcellular structures and
molecules. Nonetheless, a number of limitations are associated with the use of
existing microscopy techniques. For instance, live cell fluorescence microscopy
using laser-scanning confocal microscopy (LSCM) induces embryo damage, as
the cells are exposed to high-intensity light [159]. A couple of microscopic
techniques that are less toxic to cells lend themselves to exploitation. Two-
photon fluorescence microscopy has proven less toxic for live samples and was
used by Squirrell and colleagues to image hamster preimplantation embryos with
no signs of developmental damage [159]. However, despite its lower
phototoxicity, the use of two-photon fluorescence microscopy has been hindered
by its high cost and demand for technical expertise. In contrast, spinning-disk
confocal microscopy is significantly more affordable and causes no discernable
cellular damage and, as a consequence, is becoming the method of choice for
dynamic imaging of living cells [160, 161].

The spinning-disk technology uses a Nipkow disk, which was invented in
1884 [162] and adapted for optical microscopy in 1968 [163]. In essence, the
spinning-disk apparatus uses the same principle as LSCM to obtain confocal
images, i.e., the excitation light goes through a small pinhole and then the

fluorescence emission passes back through a pinhole, thus eliminating out-of-
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focus light. The main difference of the spinning-disk systems is that they rely on
several confocal pinholes mounted on a perforated disc that rotates at high
speed, thus merging the fluorescence into one uniform two-dimensional image.
As a result, photobleaching and damage to the living cells are minimal. This
technology is particularly useful in biological studies that require a high rate of
microscopic imaging [160]. Applications of the technique include, among other

things, monitoring cytokinesis regulation [164], microtubules dynamics [165],

Ca2+ and cAMP signaling [166] calcium dynamics [167], membrane receptor

internalization [168], and microvasculature physiology [169].

We have extended the use of the spinning-disk confocal technology to
image live mammalian embryos (mouse and bovine) without compromising their
developmental potential. We hypothesize that by using fluorescent markers
during preimplantation development, it should be possible to capture high-
resolution images that can later be correlated with the developmental
competence of the embryos. Such a procedure could be useful for monitoring
embryos of certain species, particularly under experimental conditions in which
few embryos develop into normal individuals. For instance, only about 20 to 30
percent of bovine two-cell embryos produced by in vitro fertilization (IVF) reach
the blastocyst stage, and barely half of these generate a pregnancy when
transferred into a synchronized recipient [170]. In contrast, ~70 percent of in vivo-
produced bovine embryos, when transferred to the uterus of a recipient cow, give
rise to healthy calves. Likewise, a dramatically lower developmental efficiency is

seen in somatic-cell-nuclear-transfer- (SCNT-)derived embryos, in which only 1
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to 10 percent of the embryos transferred into the uterus develop into healthy
offspring [171]. This implies that most of the in vitro-produced embryos are
destined to die; yet it remains very difficult to identify the phenotype of a
developmentally competent embryo. Therefore, there is an imminent need for an
affordable and reliable method to assess preimplantation embryos before they
are transferred into surrogate mothers.

Similarly, despite the fact that SCNT has been successfully implemented
in several mammalian species, attempts to improve its efficiency are hindered by
the lack of reliable markers to indicate when the somatic nucleus transferred into
the oocyte has undergone complete genome reprogramming and when the
resulting embryo is able to generate a live offspring once transferred into the
uterus of a surrogate mother. To date, the only reliable marker for success of
complete reprogramming is the birth of a healthy offspring. This implies a long
waiting period — at least nine months in cattle — to determine the health status
of the cloned offspring; it is therefore of utmost importance to find alternative
markers for determining the developmental competence of a cloned
preimplantation embryo. Each marker should be easily detectable by noninvasive
methods and must be nontoxic to the embryo.

Among traits that have been suggested as potential markers for
reprogramming are gene expression and cell number and their allocation (CN&A)
to embryonic cell lineages at the blastocyst stage. Gene expression can be also
monitored using fluorescent reporters driven by gene-specific promoters. Such

an approach has been used in the mouse to identify cloned embryos with higher

41



chances of generating embryonic stem cells [172]. CN&A are determined, so far,
by techniques that require the destruction of the embryos [173] and are
inherently limited in terms of correlating any trait with developmental potential.
Therefore, we have devised a methodology based on confocal resolution in order
to determine blastocyst CN&A without destroying the embryo. This method
emanated from our hypothesis that the spinning-disk technology, coupled with
standard fluorescent illumination, could provide the required spatial resolution
without compromising the viability of the embryo.

Here, we present data on the use of spinning-disk confocal microscopy to
image bovine and mouse preimplantation embryos without compromising their in
vitro development and functionality. In addition, imaged mouse embryos gave
rise to healthy offspring. Moreover, this imaging technique allowed us to
determine cell number and allocation in live bovine blastocysts, thus facilitating
the association of preimplantation phenotypes (e.g., CN&A) with developmental

potential.

MATERIALS AND METHODS
Chemicals
All materials were obtained from Sigma Aldrich (Saint Louis, MO) unless

otherwise specified.

Animals and embryos

CD1 mouse two-cell embryos were collected from superovulated females
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40 to 45 hours after hCG. The embryos were stained with 300 nM Mitotracker
Red CMXRos (Molecular Probes, Eugene, OR) for 15 minutes. Outside the

incubator and during imaging, embryos were maintained in HEPES-buffered

HECM medium [174] (HH; 114 mM NaCl, 3.2 mM KCI, 2 mM CaClz, 0.5 mM

MgClz, 0.1 mM Na pyruvate, 2 mM NaHCOg3, 10 mM HEPES, 17 mM Na lactate,

1X MEM nonessential amino acids, 100 IU/ml penicilin G, 100 pg/ml

streptomycin, 3 mg/ml BSA). After imaging, embryos were cultured in KSOM
medium (Specialty Media, Phillipsburg, NJ) at 37°C and 5% CO2. Blastocyst

development was assessed on day 4 after fertilization, and embryos were
surgically transferred into the uterus of day 2-3 pseudopregnant CD1 recipients.
The pregnancies were allowed to proceed to term, and the number of pups born
was recorded.

Bovine embryos were produced by in vitro fertilization of oocytes collected
from slaughterhouse ovaries. The oocytes were matured in Medium 199
supplemented with 10% FBS (HyClone, Logan, UT), 1 pg/ml of FSH (Sioux
Biochem, Sioux, IA), 1 ug/ml of LH (Sioux Biochem, Sioux City, 1A), 2.3 mM of
sodium pyruvate, and 25 ug/ml of gentamicin sulphate (Gibco, Grand Island, NY)
and fertilized in vitro using TALP-based medium [175]. Embryo culture was
performed in KSOM medium supplemented with 3 mg/ml of BSA, but all
manipulations outside the incubator were performed in HH medium. Eight- to 16-
cell embryos were collected for staining on day 3 after fertilization. After imaging,

the embryos were cultured in KSOM medium supplemented with 3 mg/ml of BSA
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and 10% FBS at 38.5°C and 5% COa.

All procedures involving animals were approved by the Michigan State

University IACUC (East Lansing, Michigan, USA).

Mitochondria imaging

In vitro-generated bovine eight-cell embryos and in vivo-produced mouse
two-cell embryos were stained with Mitotracker Red CMXRos (300 nM in HH
medium for 15 minutes; Molecular Probes, Eugene, Oregon) and individually
imaged using a spinning-disc confocal module (CARV, Atto Bioscience, Inc.,
Rockville, MD) attached to a Nikon TE2000-U microscope and a 40X Plan Fluor
oil objective (1.3 NA). The sample was excited with a 120-W metal halide lamp
(X-Cite 120, Fluorescence lllumination System; EXFO, Quebec, Montreal,
Canada) at full intensity, using a fluorescent filter set (Exciter HQ575/50x,
Dichroic Q610LP, Emitter HQ640/50m; Chroma Technology Corp., Rockingham,
VT). Images were captured with an EMCCD camera fitted with on-chip
multiplication gain (Cascade 512B, Roper Scientific, Tucson, AZ), using

MetaMorph software. Sets of exposures of different durations were taken.

Measurement of reactive oxygen species

Reactive oxygen species (ROS) formation was determined through the

use of 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular Probes,

Eugene, OR). The H2DCFDA dye is membrane permeant; upon entering the cell,
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the acetate groups are hydrolyzed, creating a membrane impermeant form of the

dye (H2DCF). When present, endogenous reactive oxygen species will oxidize

this polar form of the dye to a quantifiable fluorogenic compound (DCF); by
proxy, this represents the level of ROS present in the cell, which can be detected
by fluorescent microscopy with excitation and emission settings at 488 and 525
nm, respectively. ROS content was evaluated before and after confocal imaging
to determine the amount of ROS generated, and the average fluorescence
intensity was measured using MetaMorph software. Embryos were pretreated
with 10 nM DCHFDA for 15 minutes prior to imaging. ROS production was
calculated as the proportion of fluorescence intensity observed after imaging
compared to the level registered just before imaging. To corroborate that the
substrate was activating properly, a positive control was included that involved
exposing the embryos to epifluorescence for 5 to 10 seconds, which has been

previously shown to increase ROS content in embryos [159].

Caspase 3 activity assay

Caspase 3 activity was measured using the cell-permeable fluorogenic
substrate (PhiPhiLux-G1D2) according to the manufacturer's recommendations
(Oncolmmunin, Inc., Gaithersburg, MD). Briefly, after imaging, the embryos were
incubated in 10 pl of 10 uM PhiPhiLux-G1D2 substrate solution in RPMI 1640.
After incubation for 1 hour at 37°C in the dark, the embryos were rinsed once in
HH medium and imaged using epifluorescence microscopy fitted with FITC

fluorescence filters. Average fluorescence intensity was measured using
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MetaMorph software (Universal Imaging Corp., Downingtown, PA). As a positive

control, embryos were incubated in 100 uM H202 in HH medium for 1 hour.

Pancaspase activity assay

Active caspases were measured using the Caspatag Pan-Caspase In Situ
Assay Kit (CHEMICON International, Temecula, CA), following the
manufacturer’s specific protocol. This reagent is based on the use of a caspase
inhibitor that is labeled with carboxyfluorescein (FAM-VAD-FMK). The inhibitor is
cell permeable and noncytotoxic; once inside the cell, it binds covalently to active
caspases and becomes sequestered in the cytoplasm. Unbound reagent will
diffuse out of the cell during the washing steps. The green fluorescent signal is a
direct measure of the amount of active caspase(s) present in the cell at the time
the reagent was added. After labeling for 1 hour, the embryos were imaged using
epifluorescence microscopy fitted with FITC fluorescence filters. Average

fluorescence intensity was measured using MetaMorph software. Positive

(embryos incubated in 500 mM H202 for 1 hour) and negative controls

(nonimaged embryos) were included in all assays.

Comet assay

The comet assay was performed to determine the effect of confocal
imaging using the CARV system on embryonic DNA integrity. DNA damage was
analyzed in whole embryos. The comet assay kit from Trevigen Inc.

(Gaithersburg, MD) was used according to the manufacturer's protocol. Briefly,
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the embryos were rinsed in PBS solution and placed on the supplied slides.
Then, 75 ul of low-melting-point agarose was added. The slide was left at 4°C for
30 minutes for the agarose to solidify. Next, the embryos were lysed in cold
buffer and their DNA denatured in alkaline solution (PH > 13). Electrophoresis
was performed in neutral buffer (TBE), and finally DNA was stained using SYBR-
green. The comets were imaged using a standard epifluorescence microscope
with the appropriate excitation and emission filters. The comet length and total
intensity were determined using MetaMorph software.

A group of treated embryos and a group of negative controls were loaded

separately on each slide. As a positive control, embryos were treated with 500

pM H202 in HH medium for 30 minutes.

Somatic cell nuclear transfer

Oocytes that had matured for 16-18 hours were separated from the
surrounding cumulus cells by vortexing in HH medium containing hyoluronidase
(1 mg/ml) for 5 minutes. All micromanipulations were carried out in HH medium
supplemented with 7.5 pg/ml cytochalasin B and 20% FBS (HyClone, Logan,
UT). Oocyte enucleation was performed, using a 15-pm (internal diameter) glass
pipette, by aspirating the MIl plate in a small volume of surrounding cytoplasm.
Oocytes were previously stained in KSOM medium containing 5 pg/ml of
bisbenzidine for 10 minutes. Enucleation was performed under ultraviolet light to
ensure the removal of the oocyte’s DNA. Donor cells were dissociated by

treatment with 10 1U/ml of pronase in HH media for 5 minutes. A single cell was
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inserted into the perivitelline space of the enucleated oocyte using a 20-pm
(internal diameter) glass pipette. Bovine skin fibroblasts expressing nuclear-
targeted HcRed1 protein driven by chicken-beta-actin promoter and CMV
enhancer were used as donor cells. Oocyte-cell couplets were fused in sorbitol
fusion medium (250mM D-sorbitol, 0.5 mM MgOAc and 1 mg/ml BSA). Oocytes
were placed in a fusion chamber with a 0.5-mm gap between electrodes,
mechanically aligned, and fused with a single direct current pulse of 200
volts/mm for 15 ps.

Activation of the NT units was performed 2-4 hours after fusion by
treatment with 5 pM ionomicin (Calbiochem, San Diego, CA) for 4 minutes
followed by incubation in KSOM media containing 2 mM DMAP for 4 hours. After
activation, the NT units were rinsed several times in HH medium and cultured in

400-ul drops of KSOM media supplemented with 3 mg/ml of BSA under mineral
oil at 38.5°C and 5% CO2 in air. On day 3 (NT=day 0), the embryo culture drops

were supplemented with 10% FBS and cultured under the same conditions until

day 7, when blastocysts were recovered for imaging.

Plasmid vector construction

We used a plasmid vector containing a chicken beta-actin promoter and a
CMV enhancer driving expression of nuclear localized HcRed1 protein. The CMV
promoter of pHcRed1-Nuc plasmid (Clontech, Mountain View, CA) was excised
by digesting with Asel and Eco47Ill restriction enzymes and replaced with a

multiple cloning site (MCS) from pBluescript Il KS+ plasmid (Stratagene, La Jolla,

48



CA) which was previously amplified by PCR using T3 and T7 primers. Then, the
chicken beta-actin promoter and cytomegalovirus IE enhancer combination (Sal1
to EcoR1) from the pCX-EGFP vector [176] was subcloned into the MCS

upstream of HcRed1 protein sequence.

Differential staining for inner cell mass and trophectoderm cell number
determination of bovine blastocysts

The zona pellucida of each blastocyst was removed by incubation in 0.5%
pronase for 1 minute. Embryos were exposed to a 1:5 dilution of rabbit anti-pig
whole serum for 1 hour, rinsed three times for 5 minutes each in HH media, and
placed into a 1:5 dilution of guinea pig complement containing 10 pg/ml of
propidium iodide and 10 pg/ml of bisbenzimide for 1 hour. After a short rinse in
HH media, embryos were mounted in 70 percent glycerol solution on a glass
slide under a coverslip. Total cell count and allocation of cells to trophectoderm
(TE) and inner cell mass (ICM) lineages were determined using an
epifluorescence microscope. TE cells were observed as red nuclei and ICM cells

as blue nuclei.

Confocal imaging for ICM and TE cell number determination of bovine
blastocysts

Bovine blastocysts produced by IVF, parthenogenesis, and SCNT were
imaged to determine their cell number and allocation using a spinning-disk

confocal microscope followed by three-dimensional deconvolution. Imaging was
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performed in embryos stained with Syto 16, a cell-permeant nuclear stain
(Molecular Probes, Eugene, OR; 5 pM in HH medium for 15 minutes) and in
transgenic embryos expressing HcRed1 fluorescent protein targeted to the
nucleus. Embryos were placed with the ICM facing the objective lens in between
two coverslips separated from each other by 150 um. The sample was excited
with a 120-W metal halide lamp (X-Cite 120, Fluorescence lllumination System;
EXFO, Quebec, Montreal, Canada) using a fluorescent filter set specific for the
fluorophores (Syto-16: Exciter HQ470/40x, Dichroic Q495LP, Emitter
HQ525/50m; HcRed: Exciter HQ575/50x, Dichroic Q610LP, Emitter HQ640/50m;
Chroma Technology Corp, Rockingham, VT). A Z-stack of the embryo was
acquired every 5 um using a spinning-disk confocal system, and the images were
processed using AutoQuant and MetaMorph software. All nuclei were marked by
drawing a contour on the image for each focal plane and were then counted.
Nuclei in the periphery of the embryo were assigned to the TE, with the

remaining nuclei assigned to the ICM.

Statistical analysis

Fluorescence intensity data and comet length were analyzed by ANOVA,
using the MIXED procedure of SAS considering different variances (i.e.,
heteroskedasticity). Multiple mean comparisons were performed using the Tukey
adjustment. Means and standard error of means were used to plot the data.

Embryo and pup development were analyzed by chi square test.
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RESULTS
Viability of preimplantation embryos following confocal imaging

Following imaging using the CARV system (Figure 2.1), mouse two-cell
embryos did not differ in blastocyst rate formation from stained, nonimaged
controls when subjected to a series of 5, 10 or 20 fluorescence exposures taken
along the z-axis of the embryo at 50-ms exposures. Surprisingly, embryos
stained with MitoTracker had a greater rate of development to blastocysts
compared to nonstained embryos. Transferring these embryos to
pseudopregnant females did not affect the proportion of pups born (Table 2.1).
However, there was a tendency for the 20-z, 50-ms exposures to decrease pup
rate (P=0.085). All pups born reached adulthood and generated healthy offspring.

We found that a set of 20 exposures of 50 ms each is the maximum
tolerated by mouse embryos. Beyond this threshold, blastocyst development
decreased abruptly and embryos were incapable of generating offspring (Table
2.1, Figure 2.2A).

Bovine embryos imaged at the eight- to 16-cell stage showed no
differences in blastocyst development (d7.5; day 0=IVF) or number of hatched
blastocysts (d11) in comparison with nonimaged embryos (Table 2.1, Figure
2.3A). Despite numerous attempts, we were unable to find a level of exposure

that disturbed embryonic development in the bovine embryo.
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Table 2.1. Embryonic development after confocal fluorescence imaging. Mouse
embryos were tested at the 2-cell stage while bovine embryos were evaluated at
the 8- and 16-cell stage. All embryos were stained with Mitotracker Red
CMXRos and imaged using the CARV system.

Experiment Treatment Z planes Exposure n Bl Hatched Bl
(n)  time (ms) rate’ rate’
Bovine 1 Control - - 63 36% 36%
Stained - - 49 39% 26%
30Z-50ms 30 50 56 37% 26%
Bovine 2 Stained - - 69 31% 16%
30Z100ms 30 100 67 33% 18%
60z100ms 60 100 68 32% 21%
90z100ms 90 100 68 37% 19%
Bovine 3 Stained - - 55 25% 22%
60z100ms 60 100 56 23% 23%
60z250ms 60 250 56 29% 25%
60z500ms 60 500 56 25% 20%

Pups born3

Mouse Control - - 87 7992 17/28 (57%)

Stained - - 106 g0, ©  22/36 (61%)

5z50ms 5 50 122 ggo, P 37/66 (56%)

10z50ms 10 50 55 g39,°  19/39 (49%)

20250ms 20 50 54 ggo,30  11/29 (38%)
30z50ms 30 50 97 309 ° 0/27

1,2 Percentage of embryos developing to the indicated stage over embryos
imaged. Bl = blastocyst
3 Pups born/embryos transferred. Only pregnant recipients considered.

a.b.c Groups with different superscripts were significantly different (P<0.05)
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Figure 2.1: Embryos stained with MitoTracker Red and imaged using the CARV

system. (A) Mouse two-cell embryo and (B) bovine eight-cell embryo. Different Z-

planes of the same embryo are shown.

53



Figure 2.2: Effect of imaging mouse embryos using a spinning-disk confocal
microscope. (A) Brightfield image of embryos at indicated times after imaging. (B)
Brightfield and fluorescent images of embryos labeled with DHF for determination
of ROS production. (C) Quantitation of ROS production. Bars indicate mean
fluorescent intensity of each embryo relative to the intensity before imaging.
Positive control = exposure to 5 seconds of epifluorescence. (D) Mean comet

length (open bar) and caspase activity (gray bar) of embryos after imaging using

the CARV system. Positive control: incubation in 100 mM H202 for 1 hour.

Different letters indicate statistical differences between treatments (P<0.05).
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ROS content was evaluated immediately before and after confocal
imaging to determine the amount of ROS generated. Mouse embryos exposed to
imaging significantly increased their ROS content when compared with
nonimaged controls. When the embryos were subjected to 5 or 30 consecutive
50-ms exposures, the increase in ROS content was 7 and 50 percent,
respectively, over the levels registered before imaging (Figure 2.2B,C). Similarly,
a significant increase was observed in bovine embryos after exposure (Figure
2.3B,C).

We also evaluated whether high exposure to fluorescent light induces
caspase activation directly or following accumulation of ROS. The data revealed
that pancaspases (Figures 2.2D and 2.3D) and caspase 3 (Supplementary
Figure S1) were not activated when measured 1.5 hours after imaging.

Since DNA damage could also be induced by fluorescent light or by the
accumulation of ROS in imaged embryos, we decided to evaluate DNA integrity
using the comet assay [177, 178]. When we evaluated bovine and murine
embryos subjected to different exposure conditions, we did not find any
differences in the length or intensities of DNA tails (Figure 2.2D, 2.3D and
Supplementary Figure S2) compared with nonexposed controls. DNA damage

was not different among embryos exposed to different levels of imaging.
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Figure 2.3: Effect of imaging bovine embryos using a spinning-disk confocal
microscope. (A) Brightfield image of blastocysts and expanded blastocysts. (B)
Brightfield and fluorescent images of embryos labeled with DHF for determination
of ROS production. (C) Quantitation of ROS production. Bars indicate mean
fluorescent intensity of each embryo relative to the intensity before imaging.
Positive control = exposure to 10 seconds of epifluorescence. (D) Mean comet

length (open bar) and caspase activity (gray bar) of embryos after imaging using

the CARV system. Positive control: incubation in 500 mM H202 for 1 hour.

Different letters indicate statistical differences between treatments (P<0.05).
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Live visualization and quantification of nuclei in bovine embryos

Currently, ‘differential staining’ is the only reliable method to differentiate cells
that belong to the ICM from those that are TE [173, 179)]. Using our spinning-disc
confocal microscope, we set out to compare the results obtained using the
traditional differential staining with our live staining in the same embryo (Figure
2.4). We stained IVF and parthenogenetically activated day 7 bovine blastocysts
using Syto16. Z-stack pictures were taken using a spinning-disc confocal
microscope. This system produces a good spatial separation, both in XY and Z
planes, allowing visualization of individual nuclei in the blastocyst-stage embryo.
Complete Z series of optical sections at 5-um intervals were acquired from each
embryo. The images stack was then subjected to three-dimensional
deconvolution using AutoQuant software, and the nuclei were manually counted.
Allocation of nuclei to ICM or TE was based on their position in the embryo.
Nuclei located at the periphery of the embryo were considered TE, while the cells
in the interior of the blastocyst were considered ICM. Subsequently we
performed standard differential staining in the same embryo and correlated the
results using both methods. Both techniques for cell counting and allocation
agreed greatly. We observed a very high correlation and a slope no different than
1 (P>0.1) for the number of ICM, TE and total cells, and for the ICM:TE cell ratio
with regression analysis (Figure 2.4). This data indicate that cell number and
allocation can be precisely determined in bovine blastocysts using a live imaging

system, without destroying the embryo.
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techniques for counting ICM, TE, and total cell numbers in bovine embryos.
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To determine the accuracy of our in vivo cell counting method, we stained
HcRed-expressing embryos with Syto-16. Subsequently, these embryos were
imaged as described, using fluorescent filters for HcRed and for Syto-16. The
processed images were compared for each embryo. We found a high level of
agreement between HcRed and Syto-16 images for blastocyst cell number and

allocation (Figure 2.5).

DISCUSSION

Microscopic imaging of live preimplantation embryos constitutes an
excellent model for evaluating phototoxicity on cellular proliferation,
differentiation, and morphogenesis — processes that are all well delineated in
embryos. Moreover, these changes can be easily assessed in a short period of
time using simple visualization tools. In the present studies, we chose to use the
spinning-disk confocal microscope to image bovine and mouse embryos at their
most sensitive stage of development, the time of embryonic genome activation,
which occurs at the two-cell stage in mice and at the eight- to 16-cell stage in
cattle. After this stage, surviving embryos undergo compaction at the morula
stage and, later, cavitation and cell differentiation into the first two embryonic
lineages (i.e., ICM and TE) to form a blastocyst. Comparison of the two models,
side by side, allowed us to establish significant species differences in the

sensitivity of embryos to fluorescent illumination.
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Figure 2.5: Comparison between HcRed and Syto 16 live imaging technique for

counting ICM, TE, and total cells in transgenic SCNT embryos.
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In general, bovine preimplantation embryos showed an amazing
adaptability to stress conditions (e.g., long exposures to fluorescent illumination),
which probably reflects the presence and effectiveness of stress protective
mechanisms. Although far more sensitive than the bovine embryo, below certain
levels of exposure mouse embryos developed and gave rise to live pups at
approximately the same ratio as unexposed embryos. We therefore conclude
that the spinning-disk confocal microscope is a suitable tool for imaging
preimplantation embryos, provided that exposure is limited to a maximum of 20
exposures of 50 ms each.

It should be noted that in the present studies we utilized a spinning-disk
confocal microscope that uses a Nipkow disk and standard fluorescent
illumination; the spinning-disk confocal apparatus can be also equipped with
laser illumination, but this light energy was not used in the present studies.
Although we have not compared the two spinning-disk systems, we would expect
a higher phototoxicity when imaging using a fluorescent source of higher energy
(i.e., lasers). In our case, a mercury halide lamp was used; this source of
illumination produces light in a similar spectrum to commonly used mercury arc
lamps, but it has greater stability in both the short and long term, and a much
longer working lifespan. Our illumination source was used at 100 percent
intensity; however, the level of illumination received at the sample was reduced
to 7 percent. This reduction is the result of passing the light through the spinning
disk that, in this case, acts as a 93 percent ND filter.

Phototoxicity is not a well-understood phenomenon, although it occurs in
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most forms of fluorescence microscopy and has been previously associated with
ROS production [180]. Light-induced ROS production can occur as a
consequence of fluorophores reacting with oxygen or following light-induced

damage in cellular components. It has been reported that blue light (450-490

nm) stimulates H202 (hydrogen peroxide) production in cultured cells by

photoreduction of flavin, which in turn activates flavin-containing oxidases [181].
Both bovine and mouse embryos exposed to imaging significantly increased their
ROS content as compared to nonimaged controls. However, only mouse
embryos were negatively affected by high levels of cytoplasmic ROS. We
speculate that bovine embryos are probably enriched with high levels of
cytoplasmic antioxidants and ROS scavengers, allowing them to quickly bring
down high cytoplasmic levels of ROS which otherwise could be detrimental for
further embryo development.

As the negative effects of imaging on embryo development can be the
consequence of both the fluorescent illumination and the excitation of
fluorochromes in the sample, we assessed the effect of fluorescent illumination
on embryos stained with MitoTracker Red, a mitochondrial probe known to be
nontoxic for embryonic development. Here, we also found surprising and
significant differences between the two species. While MitoTracker did not have
any effect on bovine embryo development, mouse embryos stained with
MitoTracker had a greater rate of development to blastocysts. However, the
reasons for this remain unknown to us at this time.

Activation of caspases and DNA damage are two major events in
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determining the fate of a cell towards apoptosis. However, in the present studies
we found no evidence to indicate that the imaging technique affected the
functionality of either one of.these subcellular components. Therefore, activation
of caspases and DNA damage do not appear to be an immediate consequence
of exposure to the spinning-disk confocal imaging. The possibility exists,
however, that activation of caspases, DNA damage, and apoptosis occur at a
later time point or that a mechanism independent of caspases could be activated.

As a possible application of preimplantation embryonic screening, we
investigated the possibility of determining cell number and their allocation to
embryonic cell lineages at the blastocyst stage in bovine embryos. This
characteristic is usually considered as an indication of embryo quality, although
no data are yet available to associate cell number and allocation directly with
developmental potential of blastocysts. Lack of these kinds of data is a
consequence of a technical limitation that could be resolved by the use of the
spinning-disk confocal microscopy. Differential staining of ICM and TE cells in
mammalian blastocysts can only be performed using differential staining
techniques, which can be achieved with a variety of different strategies [173].
However, all of these techniques require the destruction of the embryo and
hence are incompatible with embryonic development. Our data indicate that it is
possible to determine cell nhumber and allocation in embryos expressing a
fluorescent protein targeted to the nuclei. Cell number and allocation were
determined by capturing 30 images of 150 ms each at different focal planes. This

exposure level represents an exposure to fluorescent illumination well below (~
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sixfold lower) the highest exposure level we tested, which resulted in no
detrimental effect for in vitro bovine embryos stained with HcRed. Unfortunately,
the transgenic approach of this methodology limits its application to nuclear-
transfer-derived embryos. It would be desirable if a nontoxic, live nuclear staining
were available — essentially making this technology amenable to nontransgenic
embryos. To that end, we have tested some live nuclear staining alternatives
(e.g., Syto16 and Draq5), but found that the staining itself was highly toxic (data
not shown).

To our knowledge, this is the first report describing the use of spinning-
disk confocal fluorescence microscopy for monitoring mammalian embryos and
their development to term. Our results indicate that it is possible to image
preimplantation embryos without compromising their developmental potential and
functionality. Compared with mouse embryos, bovine embryos showed a greater
tolerance to imaging when in vitro development was assessed. It remains to be
determined whether these embryos are still capable of implanting and developing
into healthy offspring when transferred into recipient cows. The use of this
technology in embryological studies will enable us to correlate early

preimplantation events with subsequent development in the same specimen.
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Supplementary Figure S1: Caspase 3 activity in bovine and mouse embryos
following exposure to fluorescent imaging using the CARV system. Quantitation
of caspase activity in (A) mouse and (B) bovine embryos (above bars, total
number of embryos evaluated per group). Different letters indicate statistical
differences between treatments (P<0.05). (C) Brightfield and fluorescent images
of bovine and mouse embryos after imaging. Caspase 3 activity is determined by

fluorescent intensity.
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Supplementary Figure S2: DNA damage in imaged embryos determined by
comet assay. Mean comet fluorescent intensity of individual (A) mouse and (B)
bovine embryos measured 1.5 hours after imaging using the CARV system
(above bars, total number of embryos evaluated per group). Different letters
indicate statistical differences between treatments (P<0.05). (C) Representative

images of comet tails observed after imaging mouse embryos using the CARV

system. Positive control = incubation in 100 mM H202 for 1 hour.
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ABSTRACT

Background: During natural fertilization, sperm fusion with the oocyte
induces long lasting intracellular calcium oscillations which in turn are
responsible for oocyte activation. PLCZ has been identified as the factor that the
sperm delivers into the egg to induce such a response. We tested the hypothesis
that PLCZ cRNA injection can be used to activate bovine oocytes.

Results: Mouse and bovine PLCZ cRNAs were injected into matured
bovine oocytes at different concentrations. Mouse PLCZ injection activated
bovine oocytes at a maximum rate when the pipette concentration of cRNA
ranged from 0.25 to 1 pg/uL, while bovine PLCZ was optimal at 0.1 pg/pL. At
their most effective concentrations, PLCZ induced parthenogenetic development
at rates similar to those observed using other activation stimuli such as
lonomycin/CHX and lonomycin/DMAP. Injection of mouse and bovine PLCZ
cRNA induced sperm-like calcium oscillations, whose frequency increased over
time, and were dependent on the concentration of PLCZ cRNA injected. Injection
of bovine and mouse PLCZ cRNA induced IP3R-1 degradation, although bovine
PLCZ was more effective than mouse PLCZ.

Conclusion: PLCZ cRNA injection efficiently activated bovine oocytes by
inducing a sperm-like calcium oscillatory pattern and IP3R-1 downregulation.
Moreover, the rate of aneuploidy, usually high in embryos activated by chemical

means, was not different from that of fertilized embryos.
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BACKGROUND

Owvulated mammalian oocytes are arrested at the metaphase Il (Mll) stage
of meiosis and only complete meiosis after fertilization. Sperm is responsible for
releasing the oocyte from its meiotic arrest and also for inducing other events
that are collectively referred to as oocyte activation and include cortical granule
exocytosis, reinitiation of meiosis, extrusion of the second polar body, formation
of pronuclei, and recruitment of mRNA [13, 14]. In all mammalian species studied
so far, activation of oocytes is triggered by repetitive rises in intracellular free-
Ca2+ concentration ([Ca2+]i) [15], a sufficient and indispensable event [16]. The
[Ca2+]i rises are generated by release of Ca2+ from intracellular stores mediated
by the inositol 1,4,5-triphosphate (IP3) signaling pathway [182, 183].

It is hypothesized that upon fusion with the oocyte the sperm introduces a
protein factor responsible for inducing production of IP3 and Ca2+ release. A
growing body of evidence suggests that the factor the sperm delivers into the
oocyte is phospholipase C-zeta (PLCZ) [111]. This PLC variant was sperm
specific [17] and induced sperm-like [Ca2+]; oscillations when injected into mouse
oocytes [19]. Injection of cRNA coding for PLCZ into mature mouse [17], human
[20], and pig [21] oocytes induced [Ca2+]i oscillations and oocyte activation. In
mouse sperm, PLCZ localized to the postacrosomal region [19], the area thought
to first interact with the oocyte membrane [22]. Functional studies using RNAi to
reduce the level of PLCZ in sperm showed that [Ca2+]i oscillations were reduced
after intracytoplasmic sperm injection (ICSI) and a lower number of progeny was

obtained after natural mating [23]. Finally, in fractionation studies, the presence
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of immunoreactive PLCZ correlated with the ability of fractions to induce oocyte
activation [19], and immunodepletion of PLCZ from sperm extracts suppressed
its [Ca2+]i oscillation-inducing ability [17]. Altogether, this evidence indicates that
PLCZ delivered into the oocyte upon sperm-oocyte fusion is the factor
responsible for oocyte activation.

PLCZ, like other PLCs, catalyzes the hydrolysis of phosphatidyl 4,5-
bisphosphate (PIP2), producing IP3 and 1,2-diacylglycerol (DAG). The elevation
in IP3 concentration is responsible for inducing Ca2+ release from the
endoplasmic reticulum (ER) upon IP3 binding to the IP3R. The mechanism
responsible for maintaining [CaZ+]i oscillations for long periods is not clear.
However, IP3R-1 is believed to play an important role in controlling the duration
of [Ca2+]i oscillations in mammalian oocytes [111, 130]. Following fertilization,
IP3R-1 is degraded to about 50 percent the amount of the receptor present in a
MI| stage oobyte [128, 129]. IP3R-1 downregulation contributed to the decreased
responsiveness to |IP3 observed after fertilization [131]. Moreover, post-
translational modifications of IP3R-1 by cell-cycle-dependent kinases also played
an important role in reducing IP3R-1 activity [132]. While PLCZ clearly triggered
[Ca2+]i oscillations in the oocyte, its role in regulating IP3R-1 was not reported.

Parthenogenesis is the development of an embryo without paternal
contribution [184]. When placed in the uterus of a surrogate mother, mammalian
parthenogenetic embryos will develop to different stages depending on the
species, but never to term [185] . Bovine oocytes can be parthenogenetically

activated using ionomycin, ionophore, ethanol, or electric stimuli [29]. All of these
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compounds will trigger a monotonic [Ca2+]i increase that, while necessary, is not
sufficient to completely downregulate the synthesis of Maturation-Promoting
Factor (MPF). To accomplish this goal, these [Ca2+]i releasing agents must be
used in combination with a protein synthesis or protein kinase inhibitor such as
cycloheximide or 6-dimethylaminopurine (DMAP), respectively [29]. Using these
activation protocols, parthenotes reached the blastocyst stage at reasonable
rates; however, the impact these treatments have on in vivo development has not
been studied, mainly because parthenogenetic embryos are inherently limited in
their developmental capacity.

In cattle, immunoreactive PLCZ was found in sperm, and injection of
mouse PLCZ cRNA induced [Ca2+]i oscillation in oocytes [186]. However, the
potential of bovine PLCZ cRNA to induce [Ca2+]i oscillations and
parthenogenetic activation of bovine oocytes was not reported.

In this study, we report the calcium-oscillation-inducing activity of mouse
and bovine PLCZ cRNA injected into bovine oocytes, as well as the effect of their
injection on IP3R-1 concentration. We also compared the development of
oocytes activated using mouse and bovine PLCZ cRNA to commonly used
chemical activation stimuli and compared the effect of the activation protocol on

embryo ploidy.
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RESULTS
Validation of the intracytoplasmic injection technique for bovine oocytes
Intracytoplasmic injections into bovine oocytes represent a challenge
because of the high elasticity of the plasma membrane and the opacity and
darkness of the bovine oocyte. In this study, we adapted the technique used for
ICSI to inject consistent volumes of PLCZ cRNA into bovine MIl oocytes. Using
this technique, we were able to inject a precise amount of media, confident of
having penetrated the plasma membrane. To achieve this, a determined volume
of media was loaded into a Fluorinert-filled pipette using a hydraulic
microinjector. Then, the pipette was advanced into the oocyte up to about three-
quarters of its diameter. By applying negative pressure, the oocyte cytoplasm
was slowly aspirated. A well-defined meniscus was observed at the interface of
the oocyte cytoplasm and the media when the plasma membrane was intact.
When the plasma membrane was broken, the meniscus disappeared, and the
flow of cytoplasm into the pipette was faster as a consequence of lower
resistance. These indicators were used to determine that the membrane had
been penetrated. Then, applying positive pressure, the cytoplasm was injected
back into the oocyte, followed by the media containing cRNA (Figure 3.1a-c).
The volume of media injected was controlled by observing the meniscus at the
interface of media and Fluorinert, guided by the reticulum present in the
microscope'’s field of view (Figure 3.1d). According to our measurements of the
internal diameter of the pipette and the length of the injected column of media,

we calculated that the injection volume would be ~ 6 pL.
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Figure 3.1: Validation of intracytoplasmic injection technique. a, b, c: Sequence
of injection. a) Pipette loaded with Texas Red dextran just before injection. b)
Pipette advanced into the oocyte; cytoplasm is aspirated to break the plasma
membrane. c) Aspirated cytoplasm and Texas Red dextran are injected into the
oocyte. d) Schematic representation of the microscope reticulum used as guide
to control the injected volume. The oocyte is represented in yellow and the
pipette in blue. The red lines indicate the volume introduced into the oocyte
which, calculated measuring the pipette internal diameters at both ends, is 5.9
pL. e) An oil drop of the same size as the injected volume is shown next to an
oocyte. f) Oocytes injected using Texas Red dextran. g) From left to right, oocyte
injected 2X and 1X the normal volume of Texas Red dextran. h) Fluorescent
intensity profile of the line shown in f. i) Fluorescent intensity profile of the line
shown in g. j) Developmental rates of injected and uninjected bovine oocytes

after activation using ionomycin/DMAP.
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Measuring the diameter of oil drops released in aqueous media, we calculated an
injection volume of 7 + 0.2 pL (range 6 to 8.2 pL) (Figure 3.1e).

To corroborate the efficiency of the injection technique, we injected Texas
Red dextran into the oocytes and then checked, under fluorescence excitation,
the number of oocytes that had retained the dye. Out of 101 attempted injections,
99 resulted in successful injection of oocytes with clear red fluorescence in their
cytoplasm (Figure 3.1f). Subsequent activation of these oocytes — using
ionomycin/DMAP — induced parthenogenetic development at similar rates to
noninjected controls (data not shown). Moreover, the fluorescence intensity
observed in the oocytes was similar among injected oocytes, indicating that the
volume of media injected was consistent from oocyte to oocyte (Figure 3.1f-i).
Finally, parthenogenetically-activated (lonomycin/DMAP) sham injected oocytes

developed at similar rates than noninjected controls (Figure 3.1j).

Activation and parthenogenetic development of bovine oocytes injected
with PLCZ cRNA

We have previously shown that injection of mPLCZ cRNA into bovine
oocytes induced long-lasting [Ca2+]i oscillations [186]. However, in those studies,
we did not investigate the ability of mPLCZ to induce oocyte activation or
parthenogenetic development. In addition, whether or not injection of bPLCZ
cRNA could replicate the responses induced by bull sperm was not ascertained.
To answer these pending questions, we first determined whether mPLCZ cRNA

was able to induce oocyte activation, which was monitored by the extrusion of
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the second polar body. When bovine oocytes were injected 22 hours after onset
of maturation, extrusion of the second polar body was observed in 100 percent of
the oocytes (n=13) within five hours of PLCZ cRNA injection. More importantly,
rates of oocyte cleavage to the two-cell stage and pre-implantation embryo
development to the blastocyst stage were comparable to those observed for
oocytes activated by lonomycin/DMAP (Table 3.1). We next examined whether
injection of bPLCZ cRNA was able to induce activation and embryo development
of bovine oocytes. As shown in Table 3.2 (tenth dilutions), bPLCZ effectively
induced activation and embryo development to the blastocyst stage. We then
investigated whether an association could be established between cRNA
concentrations and high rates of pre-implantation embryo development. We first
examined tenth dilutions of our cRNA stock and then refined the concentrations
to obtain maximum embryo development. Among the concentrations tested,
mPLCZ cRNA was most effective when used at concentrations ranging from 0.25
to 1 pg/uL (Table 3.3). Injection of bPLCZ cRNAs was effective at inducing
bovine oocyte activation and embryo development at concentrations nearly 5-fold
lower than those required for mPLCZ (Tables 3.2 and 3.3). Importantly, unlike
mPLCZ, the highest concentrations of bPLCZ cRNA tested here had negative
effects both on cleavage and blastocyst rates (Table 3.2).

With the optimal concentrations of m and bPLCZ cRNAs determined, we
investigated whether PLCZ cRNAs induced pre-implantation embryo
development to the blastocyst stage at rates comparable to those induced by IVF

and by frequently used parthenogenetic procedures.
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Table 3.1: Parthenogenetic embryo development induced by injection of mouse
PLCZ cRNA into bovine oocytes (3 replicates).

lonomycin/DMAP mPLCZ
Oocytes (n) 161 123
Cleavage rate 81 88
Blastocyst rate’ 18 23
Blastocyst cell number? 63+ 16 75+ 17

! Percentage from activated oocytes
2 Mean + standard error

Table 3.2: Optimization of bovine PLCZ cRNA concentration to activate bovine
oocytes.

Experiment t;zr%c(:iaznt? Zt':)':‘] Replicates ion?:éteej CI;:::? © BI:sat?ec?/ st
1 ug/ pL 3 110 49.1° 12.7°
Tenth dilutions 0.1 ug/ puL 3 118 87.3b 29.7b
0.01 ug/ pL 3 112 69.6° 15.2°
0.5 ug/ pL 4 144 70.8° 18.8°
Refined dilutions 0.1 ug/ uL 4 154 88.3%° 29.9°
0.05 ug/ pL 4 145 89.0° 22.8°

-3'1: Percentages not sharing a common letter within experiment are statistically
different (P<0.05, Chi-square test).

! Percentage from activated oocytes.
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Table 3.3: Optimization of mouse PLCZ cRNA concentration to activate bovine
oocytes.

Experiment r:;':gﬁtf;g': Replicates S;?:ét : : CI;:::‘? © BI:S::‘?’ st
0.5 pg/ pL 3 123 90.2° 32.5°
Tenth dilutions  0.05 pg/ ul 3 112 g3¢P 8.9°
0.005 pg/ pL 3 122 48 4° 0.8°
1 ug/ pL 3 107 79.4° 33.6°
Refined dilutions 0.5 pg/ pL 3 112 92.0° 33.9°
0.25 pg/ pL 3 110 85.5° 33.6°

a"b’c: Percentages not sharing a common letter within experiment are statistically
different (P<0.05, Chi-square test).

! Percentage from activated oocytes
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Cleavage and blastocyst rates were similar among parthenogenetic embryos
regardless of the activation method (Figure 3.2a), and were higher than those
achieved by IVF-derived embryos (P<0.05). Also, parthenogenetically activated
zygotes consistently cleaved to the two-cell stage at earlier times than IVF
embryos (Figure 3.2b). Among parthenotes, a higher proportion of DMAP-
activated embryos had cleaved by 18 hours postactivation, but no differences
were observed thereafter (Figure 3.2b). Collectively, our results show that
injection of PLCZ cRNAs induces high rates of pre-implantation bovine embryo

development.

Injection of PLCZ cRNAs induces [Ca2+]i oscillations and IP3R-1 down
regulation in bovine oocytes

Our previous findings showing that concentration and PLCZ species-of-
origin affected the ability of PLCZ cRNAs to induce embryo development
suggested that the cRNAs under study were inducing specific [Ca2+]i responses,
as it is well established that too low or excessive [Ca2+]i stimulation negatively
impacts embryo development [13, 187]. Thus, we investigated the pattern of
[Ca2+]i oscillations induced by the cRNA concentrations used to induce embryo
development. Our results using mPLCZ extend our previous findings [186] and
show that sperm-like oscillations are induced over the first few hours of injection
and then transition to a higher frequency of [Ca2+]i oscillations, which likely
reflects protein accumulation with increased translation time (Figure 3.3a).

Regarding bPLCZ, the lower cRNA concentration tested (0.1 pug/uL), which
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Figure 3.2: PLCZ cRNA injection induces bovine parthenogenetic development at
similar rates to common chemical activation protocols. a) Mean cleavage (open
bars) and blastocyst (black bars) rates after IVF or parthenogenetic activation
using different methods. Error bar represents SEM. a, b or y, z: different
superscripts represent P<0.05. b) Cleavage of embryos after IVF or
parthenogenetic activation using different methods. lono = ionomycin; CHX =

cycloheximide.
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Figure 3.3: PLCZ cRNA injection induces sperm-like calcium oscillations. a)
Representative [Ca2+]i profiles. The fluorescence intensity ratio at 340/380nm is
plotted over time (minutes after PLCZ injection). The number above each graph
represents the proportion of oocytes analyzed that displayed a similar pattern to
that shown. b) Minutes after injection at which the [Ca2+]i pattern changed from
interspike intervals of > 3 minutes to < 3 minutes for each treatment. Data

represented as mean + SEM. Different letters indicate P<0.05.
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promoted high rates of embryo development, induced a pattern of oscillations
similar to that induced by 1 pg/uL of mPLCZ, and only transitioned to a high
frequency of [Ca2+]i oscillations (less than three minute intervals) after 5 to 6
hours post-injection of the cRNA (Figure 3.3b). Injection of 1 pg/uL of bPLCZ
cRNA induced [Ca2+]i oscillations that transitioned into high frequency
oscillations by ~3 hours, and in all oocytes evaluated the oscillations ceased
completely by 6 hours after injection (Figure 3.3). This complete cessation of
[Ca2+]i oscillations was not observed during the timeframe analyzed in oocytes
injected with 0.1 pg/pL bPLCZ or with 1 pg/uL mPLCZ cRNA.
Fertilization-associated [Ca2+]i oscillations are accompanied by a steady
production of IP3 [188] that leads to down-regulation of IP3R-1 [128].
Accordingly, we evaluated whether the oscillations induced by injection of PLCZ
cRNA resulted in IP3R-1 degradation, and whether the event of IP3R-1 down
regulation was associated with PLCZ species-of-origin and concentration. We
found that while injections of 0.1 ug/uL bPLCZ or 1 ug/uL mPLCZ cRNA induced
fertilization-like loss of IP3R-1 protein (Figure 3.4), injection of 1 pg/pL bPLCZ
cRNA almost completely depleted IP3R-1 from oocytes (Figure 3.4). Together,
these results demonstrate that PLCZ injection induced [Ca2+]i oscillations by
stimulating IP3 production and suggest that, while highly conserved, there is

species selectivity in terms of the potency of PLCZ molecules.
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Figure 3.4: PLCZ cRNA injection induces IP3R-1 downregulation. a) Immunoblot.
Five bovine oocytes were used per lane; samples were collected 12 hours after
cRNA injection. MIl ococytes were collected at the time of cRNA injection. Aged
MII are noninjected oocytes that were left in culture the same amount of time as
the injected ones. bPLCZ = bovine PLCZ; mPLCZ = mouse PLCZ b)
Quantification of relative abundance of IP3R-1 versus the levels observed in Mil
oocytes. The number in the bars indicates relative IP3R-1 mass. Data

represented as mean + SEM of two replications. Different letters indicate P<0.06.
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PLCZ cRNA-activated bovine embryos exhibit high degree of normal
chromosomal composition

Activation of development in oocytes of large domestic species in the
absence of fertilization requires the successive application of a Ca2+ ionophore
followed by incubation for a few hours with a protein kinase or protein synthesis
inhibitor [29]. While these treatments were highly effective at inducing pre-
implantation embryo development, they caused high rates of chromosomal
abnormalities [189-191]. Given that we have shown that injection of PLCZ cRNAs
dose-dependently induce high rates of parthenogenetic pre-implantation
development, we asked whether a higher proportion of these embryos showed
normal chromosomal composition. Accordingly, we compared the chromosomal
composition of eight-cell parthenogenetic embryos generated by injection of
PLCZ cRNAs, versus that of embryos activated by two common chemical
activation procedures, as well as of IVF-derived embryos (Table 3.4; Figure 3.5).
Embryos generated using ionomycin/DMAP showed the highest proportion of
abnormal ploidy (70%), while embryos activated using ionomycin/cycloheximide
(33%) showed a modest amount of aneuploidy when compared to IVF-derived
embryos (6 %). PLCZ cRNA-activated embryos exhibited the lowest percentage
of aneuploid embryos among the parthenogenetic treatments, although it was not
significantly different than CHX activated embryos. Moreover, the percentage of
aneuploid embryos generated by PLCZ cRNA injection (25%) was not

significantly different than that of IVF-derived embryos. These results
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